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The cdc2-like kinase (Clk) family contains four isoforms
(Clk1-4) and is proposed to alter the function of the spliceosome
by phosphorylating serine-arginine-rich (SR) proteins within the
spliceosome assembly.! The spliceosome regulates the processing,
or splicing, of pre-mRNAs, yielding mature protein-encoding
mRNAs.?> Many human genes express more than one mRNA via
alternative splicing, leading to protein diversity,* however, misre-
gulation of alternative splicing is involved in the pathogenesis of
cancer and other diseases.>® Studies have revealed that Clk
isoforms are associated with alternative splicing of PKCBII,” TF2
B-globin® and E1A pre-mRNA.'° The Clks also regulate the alterna-
tive splicing of microtubule-associated protein tau and are impli-
cated in frontotemporal dementia and Parkinson’s disease
through the phosphorylation of splicing factors (SF).!! Inhibitors
of Clk isoforms may alter these events and could prove to be useful
agents in disease phenotypes characterized by abnormal splicing.
Hagiwara reported TGOO3 (1), a small molecule benzothiazole, as
having low-nanomolar ICsq values versus Clk1 and Clk4. The patent
literature revealed structurally similar benzothiazole 1a from
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Sirtris Pharmaceuticals'? and a quinoline 3 from Chronogen, Inc.'3
reported to have activity versus Clk1 (Fig. 1). Indole 2 was recently
revealed as a potent (20 nM) ATP-competitive Clk1 inhibitor with
good selectivity over CIk3 via a unique binding mode.'* We have
previously described a series of substituted 6-arylquinazolin-4-
amines including NCGC00010037 (4, ML106) as potent inhibitors
of Clk1 and Clk4.1®

In our previous study we examined 1 and 4 within a screen of
402 kinases and found that both agents had impressive activity
versus the dual-specificity tyrosine-phosphorylation regulated
kinase 1A (Dyrk1A) (ICso values of 12 and 27 nM for 1 and 4,
respectively). Dyrk1A'® has been shown to accumulate in nuclear
speckles where it interacts and activates splicing factors.!”!®
Although the role of Dyrk1A in the development and function of
the brain is not well understood, it is proposed to play a critical
role in the development of Down Syndrome (DS) due to the loca-
tion of the Dyrk1A gene on Chromosome 21 in the Down Syndrome
critical region.’®~2> Overexpression of Dyrk1A has been associated
with DS phenotypes?®2527 while loss-of-function results in poten-
tially fatal conditions, such as decreased body and brain size.?”-*
Arron and coworkers recently found that Dyrk1A regulates calci-
neurin/NFAT (nuclear factor of activated T cells) signaling, which
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Figure 1. Structures of known Clk inhibitors including TG003 (1), KH-CB19 (2), NCGC00010037 (4, ML106) and Harmine (5).

has critical roles in human development, suggesting that increased
levels of Dyrk1A can lead to many of the developmental pheno-
types typically associated with DS.?° Given these studies, selective
inhibitors of Dyrk1A would be of great use to further elucidate the
role this kinase plays in several disease phenotypes.

The Dyrk family contains several additional isoforms (Dyrk1B,
Dyrk2, Dyrk3, and Dyrk4).2° The Dyrk1B homolog (also referred
to as Mirk) was first isolated and described by Friedman and
coworkers.3%3! Several reports suggest that Dyrk1B plays a signif-
icant role in cancer biology and muscle differentiation. Extensive
studies on the Dyrk1B gene found that overexpression is associated
with pancreatic and other cancers potentially due to its down-
stream effect on oncogenic K-ras and the hedgehog pathway.32-36
It has been hypothesized that inhibition of Dyrk1B would diminish
the ability of cancer cells to mitigate the effects of reactive oxygen
species resulting in cell damage and induction of apoptosis.>2
Accordingly, selective inhibitors of Dyrk1B could be used to under-
stand the role of this kinase in cancer progression. A prior art
search of Dyrk1A and Dyrk1B inhibitors revealed the naturally
occurring chemotherapeutic harmine (5) as a nonspecific inhibitor
with nanomolar potency (Fig. 1).223773° Harmine also represents
the only reported inhibitor of Dyrk1B, although potency is mild
and selectivity is poor.>® Given the potential associated with these
targets we aimed to further define small molecules with alterna-
tive selectivity profiles. Here, we report the results of continued

evaluations of substituted 6-arylquinazolin-4-amines as selective
and highly potent small molecule inhibitors of Clk1, Clk4, Dyrk1A
and Dyrk1B.

Previously, we utilized a synthetic strategy that relied upon an
amine displacement step starting with 6-bromo-4-chloroquinazo-
line followed by an end-stage Suzuki-Miyaura coupling with
various aryl boronic acids. In this study, we utilized a Suzuki-
Miyaura coupling to introduce a variety of aryl boronic acids
(e.g., 3,4-(methylenedioxy)-phenylboronic acid) to the commer-
cially available 6-bromoquinazolin-4-one (6) scaffold (Scheme 1).
The resulting substituted quinazolinone 7 was chlorinated using
phosphorous oxychloride to yield chloro-pyrimidine 8, which upon
reaction with a variety of commercially available amines under
mild heating gave the desired analogues.

Substituted quinazolines are a common pharmacophore for
ATP-competitive kinase inhibitors and our previous work con-
firmed that these agents are inhibiting Clk isoforms through an
ATP-competitive mechanism. Agents such as Tarceva (a clinically
used cancer therapeutic that inhibits epidermal growth factor
receptor 1) utilize substitutions on both the 6- and 7-position of
the core quinazoline structure to boost target affinity and to endow
the molecule with improved aqueous solubility.*® We had previ-
ously shown that an aryl substitution on the 6-position was a crit-
ical element of the pharmacophore of these compounds; however,
we were also interested to see if substitution at the 7-position

Scheme 1. Reagents and conditions: (i) aryl-boronic acid, Pd(PPhs)4, Na,CO3, DME, H,0, 150 °C (W), 1 h (typical yields: 40-50%); (ii) POCls, N,N-dimethylaniline, toluene,

reflux, 1 h; (iii) R,R'NH, iPr,NEt, DMF, rt to 60 °C, 2 h (typical yields: 80-95%).
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Scheme 2. Reagents and conditions: (i) HNO3;, CH3COOH, 0 °C to rt, 18 h; (ii) triflic anhydride, pyridine, DCM, 1 h, 91%; (iii) 3,4-(methylenedioxy)-phenylboronic acid,
Pd(PPhs)4, Na,CO3, DME, H,0, 150 °C (LW), 1 h, 55%; (iv) Pd/C, H, (1 atm), EtOH, 18 h, 99%; (v) NH,CHO, NH3COOH, 140 °C for 3 h, then rt for 18 h, 51%; (vi) POCls, N,N-
dimethylaniline, toluene, reflux, 1 h; (vii) RNHCHs3, iProNEt, DMF, 60 °C, 18 h (typical yields: 80-95%).
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Table 1

ICso (nM) values of selected active quinazolines (4, 15-33)?
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2 1Cso values determined by Reaction Biology (www.reactionbiology.com).
Compounds were tested in 10-dose ICso mode with 3-fold serial dilution starting at
50 uM. Reactions were carried out at 10 uM ATP.

b ICsq values determined using KinaseGlo (Promega) assay.

would be tolerated. To examine this we set out to synthesize a var-
iant of our chemotype with a methoxy group in the 7-position.
Nitration of methyl 3-hydroxy-4-methoxybenzoate (9) followed
by triflation and Suzuki-Miyaura coupling afforded methyl 5-
(benzo|d][1,3]dioxol-5-y1)-4-methoxy-2-nitrobenzoate (11) in
acceptable yields (Scheme 2). Reduction of the nitro group fol-
lowed by cyclization yielded the required quinazolin-4(3H)-one
which was then chlorinated and displaced by selected amines as
described.

Utilizing these synthetic procedures we were able to rapidly
access numerous analogues of NCGC00010037 (4) to address key
SAR questions. To evaluate these agents we utilized a biolumines-
cent luciferase-based assays capable of visualizing substrate (ATP)
depletion or product (ADP) formation.?® Utilizing this assay we
ascertained the ICsq values for our agents versus Clk4 and Dyrk1A.
To further examine their selectivity, we submitted selected agents
to a commercial provider of kinase assays (Reaction Biology Corp)
for profiling versus Clk1-4, Dyrk1A and Dyrk1B within a 3P radio-
labeled kinase assay. The data from both assay formats was highly
consistent, however for uniformity we will report only the values
generated by Reaction Biology Corp (refer to PubChem AIDs
1969, 1970, 1983, 2705, 2710, 488872, 488883, and 488887).

Our previous structure activity evaluations highlighted the util-
ity of a benzo[d][1,3]dioxole moiety at the 6-position of the qui-
nazoline ring. To further our examination at this position we
synthesized several derivatives maintaining a common thiophen-
2-ylmethanamine substituent in the 4-position while varying
the aryl substituent at the 6-position. The results are shown in
Table 1 and highlight the activity of the benzo[d][1,3]dioxole and
related substitutions [including 2,3-dihydrobenzo[b][1,4]dioxine
(29)]. Phenyl ring substitutions were less active as where furan
derivatives 16 and 17. Interestingly, furan analogues with substitu-
tions at the 5-position were found to possess activity at Clk4
including the ethyl carboxylate (30) and carboxylic acid (31).
Switching the benzo[d][1,3]dioxole from the 6- to the 7-position
of the quinazoline ring resulted in a complete loss of activity (ana-
logue 33) as did the incorporation of the methoxy group at the 7-
position (analogues 14 [IC50 >10,000 for Clk4 and Dyrk1A] and 15).

We next considered alternate substitutions at the 4-position
of the quinazoline ring system while maintaining the
benzo[d][1,3]dioxole moiety at the 6-position. These agents were
profiled versus all Clk isoforms and Dyrk1A and Dyrk1B (Table 2).
The results confirmed that these agents possessed selectivity for
Clk1 and Clk4 over Clk2 and Clk3. Five-membered heterocycles
were found to have the best activity as larger ring systems began
to lose activity (analogue 55, for example). The role of adding
(and varying) an alkyl group to the 4-position amine was also ex-
plored (direct comparisons include analogues 4, 34 and 35; 39 and
40; 45 (NCGC00185963, ML197) and 46 (NCGC00185981, ML195);
47 and 48; 50 and 51). In general, the addition of an alkyl group led
to increased activity but at least one related pair had the opposite
affect (analogues 50 and 51). Several agents had pan-activity
versus Clk1, Clk4, Dyrk1A and Dyrk1B including 34, 46 and 49.
Other agents were found to have specified selectivity’s for these
targets. For instance, the profile of 38 revealed that this analogue
had modest selectivity for Clk1, Clk4 and Dyrk1A while analogue
54 (NCGC00229610, ML196) possesses selectivity for Clk4 and
Dyrk1A over the other isoforms. Analogue 50 possesses a modest
selectivity for Clk4 over all other isoforms.

Hoping to further define selective analogues we next exam-
ined several compounds with specific parings of the optimal
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Table 2
ICso (nM) values of selected active quinazolines (4, 34-58)

Compound R! R? Clk1 Clk2 Clk3 Clk4 Dyrk1A Dyrk1B
S
4 H @/ = 59 1902 6936 39 62 697
S
34 CH; @/ s 11 173 4949 12 31 73
S
35 CH,CH3 @/ s 14 447 6172 14 38 231
S 3
36 H M s 888 >10,000 >10,000 117 1158 >10,000
S
37 CH; Q\j\/ 89 962 >10,000 29 260 1781
S 3
38 H Q\/T("; 69 2163 6555 35 35 506
O 3
39 H Q\ff’r 192 301 2556 79 84 534
O %
40 CH; @/ s 22 692 8744 36 98 452
0
4 H %j 130 801 2017 42 74 130
42 H Oé/f’f 86 2725 6450 47 57 431
43 H o@f "{ 111 877 4650 38 126 938
O
44 H \@/ > 39 651 >10,000 15 93 846
N_ <
45 H —<S | 96 1327 7448 40 206 1510
N
46 CH; —<S]/>< 20 186 1924 11 14 25
S
47 H Q\J\‘/X 176 414 3527 50 70 446
S
48 CH; Q\’E/X 28 589 4655 20 51 180
S
49 CH; }\j’\,/x 128 195 3019 37 26 48
H
50 H Q\N/w/?( 191 3594 >10,000 34 155 1125
N
N
51 CH; Q\J\j/}{ 480 3331 >10,000 120 922 4036
/<N
52 H HNM 931 2219 >10,000 161 541 2271
o)
53 CHs —<\N_WN/?< 98 3118 >10,000 45 120 1441
54 H Q/x 522 1055 3642 141 93 734
55 H c©/>< 598 882 5461 257 135 856
o)
56 H Q/?{ 90 1810 3294 29 30 458
57 H G/x 227 486 1320 90 76 313
58 H >,/?{ 173 584 435 70 17 83

ICsp values determined by Reaction Biology (www.reactionbiology.com). Compounds were tested in 10-dose ICso mode with 3-fold serial dilution starting at 50 uM. Reactions

were carried out at 10 uM ATP.

amines at the 4-position and various substituted furans at the 6-
position. The results in Table 3 highlight the fact that, in general,
these derivatives possess higher affinity for Clk4 as compared to
Clk1. At least three analogues were found that were highly spe-
cific for Clk4 over all other Clk and Dyrk1 isoforms (analogues

61, 63 and 65). It should be noted that while these activities were
consistent with in-house results (where assays were run in tripli-
cate with good SEM values—see PubChem AIDs) the usefulness of
these compounds as tools requires confirmation in cell-based
assays.
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Table 3
ICso (nM) values of selected active quinazolines (16, 59-65)

R _R?
N
N7 R?
N
N
Compound R R? R3 Clk2 Clk3 Clk4 Dyrk1A Dyrk1B
S < -
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2 [0
59 CH3 o 7;51, 899 1209 >10,000 269 1136 304
\ S
OH
< I
60 CH; \\ ~ sz o 206 889 >10,000 81 557 352
S
S <
61 H | Jﬁ: D\COOEt 798 8510 >10,000 88 1437 4269
\ >0
w2 A\ NHEt
62 H X 1"1,[ o 6164 8480 >10,000 1666 594 333
O \oH
63 H | D\/ 1522 1648 >10,000 136 >10,000 4420
\ » 0
O % N
64 H | COOEt 2083 6181 >10,000 229 3629 7990
\ e
oy -
65 H \ | 1171 o COOH 1561 1361 >10,000 104 >10,000 4927

ICs0 values determined by Reaction Biology (www.reactionbiology.com). Compounds were tested in 10-dose ICso mode with 3-fold serial dilution starting at 50 uM. Reactions

were carried out at 10 uM ATP.

While understanding the activity for these agents versus the re-
lated Clk and Dyrk1 isoforms is a key element to defining novel
probes of these targets, we also endeavored to understand their
selectivity in the context of the entire kinome. As previously dis-
cussed, quinazoline-based kinase inhibitors are well known to pos-
sess a wide range of activity and it remained critical to show that
these agents were not promiscuous across numerous targets. Our
previous report included a profile of analogue 4 across a commer-
cial kinase panel (DiscoveRx). We also included TG003 (1) in this
profile and the results demonstrated that both agents were
remarkably selective (4 was shown to possess activity [Kq values
less than 300 nM] versus Clk1, Clk4, Dyrk1A and EGFR while 1 pos-
sessed activity versus Clk1, Clk2, Clk4, Csnk1d, Csnkle, Dyrkl1A,
Dyrk1B, Pim1, Pim3, and Ysk4).!*> Often, when new analogues are
examined (even highly structurally related compounds) new activ-
ities are formed. To assure that these analogues still possessed the
high selectivity for the Clk and Dyrk1 class of kinases we selected
four representative inhibitors (45, 46, 54 and 63) to examine in the
same kinome-wide assay (possessing 442 kinases at the time of the
profile). The kinome scan records activity as a percentage of kinase
bound to an immobilized ligand in the presence and absence of
each compound. In accordance with our previous work, activities
beyond a selected threshold were submitted for Ky determination.
The resulting K4 values further validated the selectivity of 45 and
54 for the Clk and Dyrk classes of kinases (Fig. 2). Compound 46,
although slightly less selective, is highly active against the desired
targets as well as undesired kinases, Mek5 (K4 = 47 nM), a potential
prostate cancer target,*! and the kinase encoded by PIK3C2G (PI3K
family)(Kq = 40 nM), which is involved in the pathophysiology of
diabetes.*? The results for 63 suggested that this agent is some-
what promiscuous across several kinases and not acceptable as a
probe of Clk and Dyrk1 activity (and highlights the utility of these
profiles).

Our previous report included a docking study of 4 within a
homology model of Clk4. This model highlighted a potential H-
bond between an amide NH within the ATP binding pocket and
the quinazoline core. In this study, we hoped to utilize these mod-
els to better understand the interaction mode and selectivity pro-
files of the lead compounds within the Clk and Dyrk subfamilies. In
order to generate useful models (particular of the Dyrk1 family) we
performed multiple protein sequence alignments to derive homol-
ogy models for Clk4 and Dyrk1B for which there are no published
X-ray structures.!® The homology model of Clk4 was developed by
utilizing the X-ray structure of Clk1 as the template (86% sequence
identity at the catalytic domain), while the Dyrk1B homology mod-
el was built based upon the highly homologous Dyrk1A (77% se-
quence identity) using MOE molecular modeling software
(Fig. 3A).** Several of our lead compounds were then docked into
the ATP binding domains of these Clk and Dyrk1 models to achieve
an optimal binding pose using FRED (OpenEye Scientific Software
suite) (Fig. 3B).** The resulting docking poses were considered in
the context of the experimentally determined ICso and Ky values.
In agreement with our previous docking results, the quinazoline
core adopted a common pose within the ATP binding pocket form-
ing previously validated hydrogen bonds with the hinge region
(Fig. 3B highlights the docking of 46 with Clk4). As previously dis-
cussed, when an alkyl group was added to the 4-position amine
(either a methyl or ethyl) activity generally improved. Our model
rationalizes this result due to a small hydrophobic pocket (as indi-
cated by a white line) in which the alkyl group is oriented which
would likely increase specified van der Waals interactions and lock
the inhibitor in a preferred conformation (Fig. 3C). Interestingly,
the SAR surrounding the amine side-chain suggests that several
variations are well tolerated. This model suggests that the primary
role of this moiety is space-filling rather than interacting with spe-
cific protein residues via H-bonding or electrostatic interactions.
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Figure 2. Dendrogram representation of the human kinome demonstrating kinase selectivity of reported inhibitors over a panel of 442 kinases. Activity for 45: Clk1 = 50 nM,
Clk2 = 380 nM, Clk4 =43 nM, Dyrk1A =82 nM, PIP5K2C protein = 280 nM. Activity for 46: Clk1 =18 nM, Clk2 =59 nM, Clk4 = 5 nM, Dyrkl1A =13 nM, Dyrk1B =300 nM,
Dyrk2 = 480 nM, Erk8 = 430 nM, Mek5 = 47 nM, PIK3C2B protein = 340 nM, PIK3C2G protein = 40 nM, PIK3CG protein = 370 nM, PIP5K2C protein = 360 nM, Ysk4 = 190 nM.
Activity for 54: Clk1 =72 nM, Clk2 =320 nM, Clk4 = 30 nM, Dyrk1A =27 nM, PIK3C2B protein = 410 nM, PIK4CB protein = 430 nM, PIP5K2C protein = 310 nM. Data from

DiscoveRx (http://kinomescan.com).

Figure 3. (A) Ribbon representation of the catalytic clefts in the Clk1 crystal structure (green; PDB 1Z57), Clk4 homology model (cyan), Dyrk1A crystal structure (orange, PDB
2VX3) and Dyrk1B homology model (purple). The ligand shown is the co-crystal ligand in Dyrk1A. (B) Docking model of 46 in the Clk4 catalytic cleft. The binding pocket is
depicted by molecular surface and the hydrogen bonds are labeled as yellow dotted lines. (C) The close view of the small hydrophobic pocket (as indicated by a white line) in
which the methyl group is sitting in the docking model of 46 within the Clk4 catalytic cleft. (D) Docking model of 63 in the Clk4 catalytic cleft superimposed with Clk1, Dyrk1a
and Dyrk1b. The hydrogen bond from the hydroxyl group to Asp248 is labeled as a yellow dotted line. Clk4 kinase domain is a homology model derived from the X-ray
structure of Clk1 (PDB code: 1Z57). This figure was prepared with the program VIDA (OpenEye Scientific Software).

A primary hope was that these models might yield insight into
defining more selective inhibitors of the Clk and Dyrk1 targets. One
insight surrounds Clk4, which is nearly identical to Clk1 at the cat-
alytic domain, but shows a key divergence in residue Asp248. Mod-
els docking 63 at Clk4 and Clk1 suggest that this molecule’s
hydroxyl group is within an appropriate proximity to Asp248

(~3.2 A) to form a hydrogen bond (Fig. 3D). This potential interac-
tion would help rationalize the potency for 63 versus Clk4
(136 nM) as compared to Clk1 (1522 nM). In the Dyrk1A crystal
structure and the Dyrk1B homology model, the Asp residue at
the same position shifted more than 6 A away from the hydroxyl
group in analogue 63 due to a backbone conformational change.
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Table 4
Aqueous solubility and stability and Caco-2 permeability data for selected agents

Analogue Kinetic solubility® (uM) Papp (A-B)® (10~® cmy/s) Papp (B-A)° (10~ cm/s) 48 h aqueous stability©
(DPBS buffer, pH 7.4)

45 43 25.5 12.7 >95

46 6.6 189 8.9 >95

54 143.3 35.4 23.1 >95

¢ Solubility measurements done at Analiza, Inc. (http://analiza.com).
b Caco-2 permeability was measured at Cyprotex (www.cyprotex.com/adme).

€ Aqueous stability measured over 48 h in pH 7.4 DPBS buffer. Value reflects the % remaining.

This distance is too far for a viable hydrogen bond and offers a basis
for the potency decrease versus Dyrk1A and Dyrk1B (>10,000 and
4420 nM, respectively). This interaction also highlights a potential
route to furthering the SAR of this chemotype.

As it was our goal to define probe compounds for these targets
that would have use within cell-based studies it was important for
us to examine the water solubility, stability and membrane perme-
ability of selected analogues. To accomplish this, we submitted se-
lected analogues (45, 46 and 54) to commercial providers of kinetic
aqueous solubility data (Analiza, Inc.) and Caco-2 permeability
data (Cyprotex PLC). We further examined the stability of these
agents in aqueous buffered environment for 48 h (results are based
upon retention of UV/Vis signal and mass assessment within a
standard HPLC gradient). The outcome of these studies is shown
in Table 4. Compounds 45 and 46 were found to possess only mod-
est aqueous solubility while 54 was highly soluble. The Caco-2 pro-
file suggested that each agent was capable of passive membrane
permeability and had favorable efflux ratios. Finally, each agent
was highly stable in an aqueous environment for up to 48 h.

In conclusion, the expansion of our previous efforts surrounding
specific 6-arylquinazolin-4-amines as potent Clk and Dyrk1 inhib-
itors has yielded several agents with impressive potency and selec-
tivity. Selected inhibitors possess activity versus Clk1, Clk4 and
Dyrk1A below 100 nM. A broad kinome scan has confirmed that
these compounds are highly selective for these targets and molec-
ular docking studies highly suggest that they bind at the kinase
hinge region. This work also defined the first reported inhibitor
of Dyrk1B. These agents provide useful tool compounds to probe
the role of these targets in pre-mRNA splicing and, in the case of
Dyrk1B, specified roles in cancer.
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