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A novel series of 5,6,7,8-tetrahydropyrido[4,3-d]pyrimidines containing substituted phenyl sulfonamide
are synthesized and evaluated for their inhibitory activity against CaMKII. Substituents on the phenyl
group had significant impact on CaMKII inhibition, in particular, the inhibitory activity of 8p was 25-fold
higher than that of KN-93, a known CaMKII inhibitor. Michaelis-Menten analysis of a representative
compound suggested that the synthesized pyrimidines are calmodulin non-competitive inhibitors.
Finally, 8p exhibited more than 100-fold higher selectivity for CaMKII over five types of off-target kinases.

© 2010 Elsevier Ltd. All rights reserved.

Calcium (Ca?") signaling is known as a critical component of bio-
logical pathways. Ca®* is also an important second messenger for
multiple intracellular processes, including apoptosis, ion channel
and cell cycle regulation, and cellular response to oxidative stress."
Ca%*/calmodulin-dependent protein kinases (CaMKs), which are
ubiquitous serine/threonine protein kinases that are activated by
Ca?*-bound calmodulin and classified into three subtypes (I, II, and
IV), modulate many cellular functions in response to intracellular
Ca?* levels.2 CaMKII, a member of CaMKs family, assembles into a
complex of dodecamers with four isoforms (a, B, v, and §), and each
subunit is comprised of three main parts; catalytic, regulatory, and
association domains.> Upon binding Ca%*/calmodulin in the pres-
ence of ATP/Mg?*, CaMKII undergoes a rapid autophosphorylation
on Thr?®¢/Thr?®” located within the autoinhibitory domain. The acti-
vated CaMKII maintains considerable enzyme activity even without
Ca%*/calmodulin. This autophosphorylation has been reported to
cause a dramatic increase in the affinity of the enzyme for Ca%*/cal-
modulin.> CaMKII is well established for its effects on modulating
synaptic plasticity and processes like learning and memory.® In addi-
tion, CaMKII plays a role in osteoclast differentiation and bone
resorption,” and active CaMKII is known to enhance proliferation
and cytotoxic activity of T cells.?

As calmodulin-competitive inhibitor 1 (KN-93, Fig. 1)° and auto-
camtide-2-related inhibitory peptide (AIP)'° have been reported as
well-known CaMKII inhibitors, we considered CaMKII to be a good
target for the development of anti-inflammatory agents. Recently,
we launched a HTS campaign to find novel structural CaMKII
inhibitors, and compound 2 was identified as a hit compound
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Figure 1. Structures of 1, a representative CaMKII inhibitor, and 2, a hit compound
identified by HTS.

(Fig. 1)."" The ICso of 2 toward CaMKII was evaluated as 11 pM,
approximately sevenfold weaker than that of 1. Based on compound
2 we conducted a structure-activity relationship (SAR) study, and
herein report the design, synthesis, and biological activity of a novel
series of pyrimidyl sulfonamides.

The general synthesis of the pyrimidines 6-9 are shown in
Scheme 1. Compounds 6-8 were prepared by simple replacement
reaction of the dichloride 3 with appropriate nucleophiles. The first
replacement reaction with the corresponding benzenesulfona-
mides (5) proceeded completely at position 4 of the pyrimidine
ring. Compound 3 is commercially available or can be prepared
easily according to a synthetic methods in the literature.'? Cata-
lytic reduction of the benzyl (Bn) group in compound 8, followed
by reductive amination using formaldehyde and NaBH(OAc)s
afforded the N-methylated compound 9.
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Scheme 1. Synthesis of pyrimidines. Reagents and conditions: (a) R*NHSO,R" (5), K,CO3, NMP, 100 °C; (b) PhCH,CH,NH,, K,CO3, NMP, 100 °C; (c) PhCH,CH,OH, NaH, THF, rt;
(d) (1) 10%—Pd/C, H; (0.45 MPa), CF3CO,H, MeOH, rt; (2) HCHO, NaBH(OAc)s, dichloroethane, MeOH, rt.

First, we investigated the effects of various pyrimidine moieties
on CaMKII inhibition. The inhibitory activity of compounds 2, 6a,b,
7, 8a,b, and 9 for CaMKII are shown in Table 1. The results of mono-
cyclic pyrimidines (2 and 6a,b) suggested that the phenyl group
shown as R! into the sulfonamide was important for CaMKII inhi-
bition. We then focused our efforts on conversion of the mono-cyc-
lic pyrimidine to a fused-pyrimidine. The tetrahydroquinazoline
compound 7 abolished CaMKII inhibition compared to the HTS
hit compound 2. Therefore, we introduced a basic amine into posi-
tion 6 on the tetrahydroquinazoline ring based on the tertiary ami-
no moiety in 1. Among the tetrahydropyrido|[3,4-d]pyrimidine
compounds, 8a,b exhibited inhibitory activity with single micro
molar ICso, while compound 9 showed no activity. These findings
suggest that the benzyl group at the nitrogen atom of the piperi-
dine moiety could be important in filling the hydrophobic region
of the enzyme. As compound 8b exhibited potent activity threefold
that of 8a, we conducted a detailed SAR study on the phenyl group
substituents (R!).

Next, we turned our attention to the effects of different substit-
uents on both the phenyl moiety (R!) and the nitrogen atom (R?).
The results for compounds 8a-q are summarized in Table 2.
Although the methyl compound 8c had an activity comparable to
that of the hydrogen compound 8a, the propyl compound 8d
showed a complete loss of activity. These results indicate that ste-
ric hindrance produced a significant impact on CaMKII inhibition.
In order to optimize the substituent on the phenyl moiety (R!),
we chose the chlorine atom as electron-withdrawing group and
the methyl group as electron-donating one. The order of potency
was meta (8f) > ortho (8e) > para (8b) in chlorine atom substituted
compounds, whereas ortho (81) was better than meta (8m) or para
(8n) in methyl substitution. As the suitable position was different
with the chlorine atom and the methyl group, we combined these

Table 1
Effects of pyrimidines on CaMKII
00
.S.
HN™R!
X
00
Y NN
H
Compd R X, Y CaMKII
ICs0” (M)
1 1.6°
2 4-Cl-CgH4 -H, -H 11
6a Me -H, -H >60
6b Bn -H, -H 27
7 4-Cl-CgH4 ~CH,CH,CH,CH— >60
8a Ph ~CH,N(Bn)CH,CH,— 9.7
8b 4-Cl-CgHy4 —CH,N(Bn)CH,CH,- 3.2
9 Ph —CH,N(Me)CH,CHa— >10

2 Compounds inhibitory activity for CaMKII enzyme.
® In-house data.

Table 2
Effects of 5,6,7,8-tetrahydropyrido[4,3-d]pyrimidines on CaMKII

(%%

2
R\N'S‘R1
OO, 2
N>z
Compd R! R? z CaMKII
1C50* UM
8a Ph H NH 9.7
8c Ph Me NH 9.3
8d Ph CH,CH,CH3 NH >30
8e 2-Cl-CgH4 H NH 0.92
8f 3-Cl-CgHy4 H NH 0.42
8b 4-Cl-CgHq H NH 3.2
8g 2,3-Cl,-CeHy H NH 1.0
8h 3,4-Cl,—CeHy H NH 0.20
8i 1-Naphtyl H NH 3.3
8j 2-Naphtyl H NH 0.16
8k 2-Naphtyl H 0] 1.8
81 2-Me-CgH4 H NH 0.53
8m 3-Me-CgHy4 H NH 24
8n 4-Me-CgH, H NH 2.7
8o 4-OMe-CgHy4 H NH 3.2
8p 3-Cl-2-Me-CgH4 H NH 0.063
8q 3-Cl-4-Me-CgH4 H NH 0.76
1 1.6°
2 11

¢ Compound inhibitory activity for CaMKII enzyme.
" In-house data.

findings and made bis-substituted compounds. As expected, com-
pound 8p,"® considered as the best bis-substituted compound,
showed potent activity much higher than that of single substituted
compounds, including 8f and 8l. Compound 8q, with a methyl
group not in the best position, gave over 12-fold weaker activity
than 8p. Unfortunately, compound 80, which had 4-methoxyben-
zensulfonamide as a common partial structure with 1, exhibited
moderate inhibitory activity (ICsq = 3.2 pM).

In the case of di-chlorophenyl compounds, meta- and para-sub-
stitution (8g) was better than ortho- and meta-substitution (8h).
However, the tendency was different from that of 8p or 8q, sug-
gesting that sterically small substituents might be better to place
at the ortho position. As representative of the di-cyclic group, we
prepared the naphthyl compounds 8i and 8j. The 2-naphtyl com-
pound 8j was more effective than the 1-naphtyl one 8i (8,
IC50 = 0.16 uM). These findings were similar to those obtained with
di-chlorophenyl compounds. Unfortunately, using oxygen as the
linker atom (Z), gave decreased activity (8j vs 8k). Among the com-
pounds prepared, 8p showed the most potent inhibitory activity
for CaMKII with an ICsy value of 0.063 uM, that is, 170-fold
improvement from compound 2.

We next investigated CaMKII inhibition pattern of fused-pyrim-
idines. Kinetics analysis of CaMKII inhibition by compound 8j using
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Figure 2. Michaelis—Menten plot of CaMKII inhibition by various concentrations
(0 (@), 62.5 (O), 125 (V), 250 (7) uM) of compound 8j. The inhibition kinetics
analysis of CaMKII by compound 8j were performed SigmaPlot Enzyme Kinetic
Module. We calculated the goodness of fit to the enzyme inhibition model of
competitive, non-competitive, and un-competitive following equations V = Vmax/
{1+ (KanfS)1+ 1K)}, V= Vinan/(1 + KinfS)X1 + 1K), and V= Vinax /(1 + I[K; + K [S),
respectively (Vimax: the maximum velocity. Ky,: Michaelis constant for the varied
substrate. S: concentration of the varied substrate. I: concentration of the test
substance. K;: inhibition constant.). The coefficient of determination of non-
competitive was best and K; value of 8j was calculated with 930 nM.

Michaelis-Menten plot indicated that 8j was a typical non-com-
petitive inhibitor (Fig. 2) with K; value calculated using analysis
software as 926 nM.'“ This finding indicates that our compounds
can be considered as calmodulin non-competitive inhibitors. Inter-
estingly, compounds 1 and 8j displayed different inhibition pat-
terns in spite of their structural similarities (aryl-sulfonamide
moiety). We speculate that the aminopyrimidine moiety in com-
pound 8j plays an important role in the inhibition pattern of CaM-
KII enzyme.

Finally, we examined the selectivity profile of 2, 8j, and 8p
against five types of kinase. The results are shown in Table 3. The
selectivity of the 2-naphtyl compound 8j against myosin light
chain kinase (MLCK), which belongs to the CaM kinase family,
was not good enough. Fortunately, compound 8p, the most potent
compound, showed significantly high selectivity against five off-
target kinases, CaMKIV, MLCK, p38a, Akt1, and PKC.

In summary, we herein disclose a novel class of pyrimidine-
based CaMKII inhibitors. Key SAR as well as the synthetic methods
for these inhibitors are described. In particular, we found that com-
pound 8p inhibits CaMKII with an ICsq value of 0.063 puM, which is
substantially superior to that of the known CaMKII inhibitor 1
(ICs0 = 1.0 uM, Table 1). We therefore expect 8p to be a novel lead
compound in the development of treatments for inflammatory dis-
eases, including rheumatoid arthritis.

Table 3
Kinase selectivity

Compd CaMKII Kinase selectivity
ICs0™ (LM) ICs0 (ULM)
CaMKIV MLCK p38a Akt1 PKC
2 11 Nt® 51 Nt Nt® Nt®
8j 0.16 >60 0.90 11 8.5 22
8p 0.063 >60 36 11 30 21

2 Compounds inhibitory activity for CaMKII enzyme.
b Nt: not tested.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2010.09.005.
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