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From an HTS hit, a series of potent and selective inhibitors of GSK3p have been designed based on a Cdk2-
homology model and with the help of several crystal structures of the compounds within Cdk2.

© 2010 Elsevier Ltd. All rights reserved.

Glycogen synthase 38 (GSK3p) is one of the two major tau phos-
phorylating enzymes.! As tau hyperphosphorylation has been
linked to both cytoskeletal dysfunction and the formation of neu-
rofibrillary tangles, one of the major hallmarks of Alzheimer’s dis-
ease,? inhibiting these events could potentially be beneficial in the
treatment of this chronic neurodegenerative disease. In the course
of a programme aimed at identifying inhibitors of this enzyme, we
initiated a high throughput screening approach. This led to the hit
1 with an ICsg in the micromolar range (1.18 pM). The object of the
present paper is to describe how we have optimized this hit into
potent and selective inhibitors.
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At the time this work was initiated, no structural data on GSK3p
was available. Based on the 28% identity (45% homology) of GSK3p
with Cdk2, we built a homology model from the reported structure
of Cdk2.> Compound 1 was therefore crystallized with human
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monomeric Cdk2 (see Supplementary Fig. S1) and the results were
transferred into the GSK3B homology model, clearly suggesting
that the aminoindazole moiety interacted with the hinge area of
the kinase, while the carboxylic acid chain was pointing towards
the solvent area (Fig. 1). The model also showed that two important
areas of the protein were poorly or not occupied, namely the ribose
and the hydrophobic pockets, suggesting that occupying these
pockets would have the potential to greatly enhance the affinity
of this series for the kinase.

Our medicinal chemistry programme can be summarized as fol-
lows: introduce substitutions in the 5- and 6-position of the amin-
oindazole moiety to improve affinity and replace the carboxylic
acid by a chain more amenable to brain penetration (Fig. 2).

As the carboxylic acid chain sits in the solvent area, it was
hypothesized that it contributed little to the activity. Indeed re-
moval of the carboxylic acid moiety, as in 2, resulted in better inhib-
itor activity (0.35 puM) than the initial hit 1 (1.18 pM). This gain of
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Figure 1. Docking model of 1 into GSK3p.
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activity is probably due to less desolvation energy upon binding. We
therefore selected 2 as a starting point for further optimization.
We first investigated the hydrophobic pocket. To this end, the
chlorine atom in the 6-position was replaced by several groups.
While the majority of substitutions were detrimental to the activ-
ity, introduction of a phenolic or anilinic group in the 6-position
(compounds 3-7) increased potency by up to 10-fold (Table 1).
We hypothesized that this improvement was linked to a favor-
able interaction with the catalytic lysine in the bottom of the
hydrophobic pocket. Many attempts to obtain a co-crystal struc-
ture of 4 with Cdk2 were not successful. However, a co-structure

obtained by soaking 4 with the Aurora2 kinase showed that this
interaction was not observed (Fig. 3). Nevertheless, since the resi-
dues around the DFG motif are displaced by packing interactions,
we cannot exclude the possibility that this results from the crystal
arrangement. On the other hand, 4 did not show any significant
inhibition of Aurora2 (ICso >30 M) so the better activity on GSK3f
could be partly explained by this extra H-bond and stabilization of
the ring orientation.

Since, as we had predicted, potentially good inhibitory activity
could be gained from the introduction of groups towards the ribose
pocket, we decided to keep the chlorine atom of 2 in position 6,
while investigating position 5. This turned out to be quite profit-
able, as some of the disubstituted analogs displayed up to 100-fold
improvement in activity, compared to the 6-chloro derivative 2. A
non-substituted phenyl was the best 5-substituent; substitution
on the phenyl ring did not improve activity (Table 2). Compound
37 was chosen for further optimization.

A classical approach in medicinal chemistry is to try and com-
bine the best substitutions in the same compound. However, com-
bining the 4-phenol in position 6 with the best substituents of
position 5 was detrimental to the activity (Table 3). When aryl
groups were introduced at both positions 5 and 6 the level of

Catalytic lysine

Ribose pocket
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Figure 3. Crystals of Aurora2 kinase domain (125-399CterHistag) with 4 (2.2 A).
Red dashes represent hydrogen bonds to the hinge region of the kinase. The
distance between the phenolic OH and the catalytic lysine nitrogen is 4.8 A.>

Table 1
GSK3p activity (ICso)* of compounds modified in 6-position (Fig. 2)?

Compd# R® GSK3p (M) Compd# R® GSK3p (uM)
2 Cl 0.354 20 CeHsCH,— 4.140
3 3,4-(OH),-CeH3- 0.027 21 4-F-CgHy- 5.008
4 4-OH-CeHy— 0.044 22 3,5-Cl,—-CeH3- 5413
5 4-0OH-2-Cl-CgH3~ 0.055 23 4-F3CO-CgHy— 5.498
6 4-NH,-CeHa- 0.076 24 4-MeS-CgHy- 7.165
7 3-OH-CgHy— 0.094 25 CeHs(CHz)2— 8.525
8 CF5- 0.195 26 4-CF3-CgHa— 10.546
9 Br- 0.198 27 3-Py 10.892

10 3-Furyl 0.260 28 4-Me,N-CgHy- 12.247

11 4-Pyridinyl 0.661 29 2-0OH-5-Pyridinyl 16.784

12 3-Thienyl 0.935 30 4-Me-CgHy— 17.103

13 2-NH,-5-pyridinyl 1.088 31 4-CN-CeHy— 20.532

14 4-0Bn-CgHa— 1.184 32 3,4-Dioxolano-CeHy— 25.038

15 CeHs— 1.281 33 4-NO,-CgHy— >100

16 2-Cl-CgHy- 1.353 34 4-MeO-CgHy4- >100

17 (E)-CH3CH=CH- 2.459 35 4-Et-CgHa— >100

18 3,5-F,-CgH3- 2.894 36 4-Cl-CeHy— >100

19 4-tBu-CgHy— 3.808

3 R®=C(0O)n-Pr, R°=H.



D. Lesuisse et al./Bioorg. Med. Chem. Lett. 20 (2010) 1985-1989 1987

Table 4
Selectivity of 37 versus a panel of kinases

Table 2
GSK38 activity (ICso) of compounds modified in 5-position Fig. 2)*
Compd# R® GSK3B (nM) Compd# R® GSK3p (nM)
2 H 354 42 4-Me-CgHs- 14
37 CeHs— 7 43 4-NO,-CeHys- 18
38 4-NH,-CeHs~ 8 44 4F-CeHy— 22
39 4-OH-CgHy4- 10 45 4-BnO-CgHy— 23
40 3-Furyl- 11 46 4-Pyridinyl 50
a1 4-Et-CgHy— 12 47 Br- 55

2 R3=C(0)n-Pr, R®=Cl.

Table 3
GSK3p activity of compounds combining the best substitutions at 5 and 6-positions
(Fig. 2)*

Compd# R® R® GSK3p (nM)
48 2-Furyl- 4-OH-CeHy— 14

49 3-Pyridinyl- 4-OH-CgH,— 149

50 4-Et-CeHy- 4-OH-CgHy4- 49

51 3-Furyl- 4-OH-CeHy- 98

52 4-OH-CgH,4— 4-OH-CgH,— 56

53 4-OBn-CgHy— 4-0OBn-CgHy— >10,000

54 CeHs— 4-OH-CeHy— 55

55 CgHs— CgHs— 1720

56 Br- 4-OH-CgHy— 5

2 R3=C(0)n-Pr.

inhibitory activity decreased to that of one of the monosubstituted
aryl derivatives in Table 1. The only combinations that proved suc-
cessful were aryl and halogen at position 5 or 6, such as in 59 or
compounds 37-41 from Table 2.

The superposition of the crystal structures of compounds 37
and 57 in Cdk2 shows that the bulky aromatic substituent intro-
duces some small, but significant, changes (Fig. 4) that might ac-
count for the lower affinity of 57. The plane of the indazole ring,

Figure 4. (Top), Superposition of 57 (yellow) and 37 (green) in Cdk2. The hinge
segment is behind the inhibitors. For clarity, side chains are only shown for the gate
keeper residue Phe80 and for Asp145. (Bottom), Superposition of the Cdk2:57
complex (yellow) with GSK3p (grey, protein chain taken from PDB 1Q4L), showing
the potential interaction of the phenolic hydroxy group with Glu97GSK3p (blue
dashes).>®

Kinase % Inhibition of Kinase % Inhibition of
37 at 20 pM 37 at 20 pM
EGF-tyrosine —24 MAP kinase (ERK 42) 13
kinase (h)
CAM kinase II —10 MEK1 kinase 13
Plk1 -6 Protein kinase C-a (h) 14
Akt -2 Protein kinase A (stimulated) 21
Protein -2 Aurora 34
kinase
p56Ick
Src kinase (h) -2 Casein kinase II (h) 38
Fak 1 ZAP70 kinase (h) 45
Pak3 2 Jnk3 58
Abl 3 cdk4 72
IGF1R 5 cdkl1 95
p38 5 Cdk2 93
Tie2 7

Leut32 et gl

Figure 5. Superimposition of the crystal structure of 60 (orange) in Cdk2 (cyan)
with GSK3p (grey; protein chain taken from PDB 1Q4L). Nonpolar interactions
between the 7-fluorine and Cdk2 gate keeper Phe80 are indicated by cyan dashes.
Corresponding distances to GSK3p residue Leu132 are shown in grey. Hydrogen
bonds to the backbone atoms of the hinge segment are depicted with red dashes.

including the butyramide, is inclined by about 12° with respect
to the inhibitor position of 37. In addition, the conformation of
the phenyl ring in the 5-position of 57 is rotated by 40° with re-
spect to 37 due to intramolecular repulsion between R5 and R6.
The orientation of the 6-phenol on this part is determined by the
protein environment, in particular the main chain at Asp145 and
the gate keeper residue Phe80.

In related crystal structures with smaller substituents (not
shown) both the orientation of the aromatic plane along the hinge,
as well as the orientation of an aryl moiety in the 5-position,
resemble those seen in 37 and suggest that this is a preferred con-
formation within the binding pocket.

Table 5
Effect of a halogen in position 7 on the selectivity of 5,6-substituted 3-
aminoindazoles®

3 3
H e N_R N_R
N— Ph Ph
Ph N N
\ / 7
N cl N cl N
cl N
H F cl
Compd# 37 57 58
GSK3p (nM) 7 6 12
cdk1 (nM) 100 2500 -
cdk2 (nM) 2500 3160 >10,000

2 R3=C(0)n-Pr.
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Scheme 1. Reagents and conditions: (1) NH,NH,-H,0; EtOH; X, Y = Br, H (90%), Cl, H (93%), F, Cl1 (26%), F, F (42%); (2) nPrCOCI/Py (80%-Q); (3) SEMCI/NaH/DMF/RT (31-61%);
(4) (Het)ArB(OH),/Pd[P(Ph)3]4/Na,COs/dioxane/H,0; (5) BuyNF/THF/reflux; (6) Pd(dba),/PPhs/bis(pinacolato)diborane/AcOK/dioxane/H,0; (Het)ArBr/Pd[P(Ph)s;]4/Na,COs/

dioxane/H,0; (7) Br,/CHCls/Py XY = CLH (75%), E,F (36%).

Once again, no hydrogen bond between the hydroxyl from the
phenol and the protein could be observed, but this is likely to be
different in GSK3p where the conserved Glu97%53# carboxylate is
near the position of Leu148P%? of our surrogate and may form a
hydrogen bond with the inhibitor OH group.

With this SAR, and taking into account the generally poor PK
properties of phenols resulting from phase Il metabolism and elim-
ination and the propensity of anilines to give Ames positive results,
we chose to keep 37 for further optimization. An important aspect
of this programme is the selectivity of the compounds for other ki-
nases. Pan kinase inhibitors, even if tolerated in cancer treatment,
are probably not suitable for the prolonged treatment of chronic
diseases, such as Alzheimer’s disease. 37 displayed good selectivity
versus a panel of kinases’ belonging to the 4 major kinase classes,
AGC, CMGC, CLK and TK® (Table 4).

However, 37 displayed potent inhibition of Cdk1 and Cdk2 (0.1
and 2.5 uM, respectively). As Cdk’s and GSK3p belong to the same
family of CMGC kinases, they share a high degree of sequence and
structural homology. Indeed, several reported inhibitors of GSK38
are non-selective vs. Cdks.>!® Particularly noteworthy in this re-
spect are the reported series of pyrazolo[3,4-b]pyridine and pyraz-
olo[3,4-b]pyridazine GSK3p inhibitors, !! as these compounds are
quite similar to the ones described in this Letter in terms of struc-
tures and binding modes. These authors were able to successfully
address the Cdk2 selectivity of their series by introducing a basic
function in a position equivalent to our position 3 which resulted
in a steric/electronic clash with a salt bridge present in Cdk2 but
not in GSK3b.'? This concept was also applied successfully in the
case of a series of 4-acylamino-6-arylfuro[2,3-d]pyrimidines.’® In
our case, a close comparison of the ATP-binding site of both kinases
revealed a significant difference regarding the nature of their gate
keeper residues. This residue controls access to a hydrophobic
pocket not exploited by ATP.'* This structural difference has been
previously used to tune the selectivity for protein kinases.!®> While
GSK3pB has a leucine, Cdks have a phenylalanine at this position.
This amino acid is bulkier (see Fig. 5) and when looking at the model
of our aminoindazoles in the protein, it clearly appeared that the
interaction of position 7 was pointing right towards the gate keeper
residue and that introduction of a small substituent in this position,
while acceptable for GSK3p, could de detrimental to Cdks’ activity.

This turned out to be the case, as shown in Table 5. When a fluo-
rine was introduced in the 7-position (60), activity on GSK3B was
maintained but activity on Cdkl was lowered by 20-fold. The
superposition of the crystal structure of 60 complexed to Cdk2

and the crystal structure of GSK3p,'® which became available in
the later stage of our project, nicely shows the unfavourably close
contact of the 7-fluorine to the gate keeper Cdk2-Phe80, while the
corresponding Leu132 in GSK3p leaves significantly more space
(Fig. 5). Introduction of the larger chlorine was even able to totally
abolish the Cdk2 activity (58), but only marginally affected the
activity on GSK3.

The synthesis of these compounds was straightforward and lar-
gely derivative, as illustrated in Scheme 1.!”7 The aminoindazole
moiety B was built from a halo substituted aryl cyanide A by reac-
tion with hydrazine, followed by propyl amide introduction and
SEM protection. The halogen atom in B was replaced by an aryl
or heteroaryl group upon either direct Suzuki coupling with an
arylboronic acid, or via an intermediate pinacolborane to afford
monosubstituted aminoindazoles C (from Table 1). A 5-bromine
could be introduced by bromination of B and C, that could be fur-
ther substituted by an aryl or heteroaryl group using the same
strategy, leading to aminoindazoles D bearing one or two aryl or
heteroaryl groups in the 5- and 6-positions (compounds from Ta-
bles 2 and 3).

From a homology model built from Cdk2 and several co-crystal
structures of inhibitors with Cdk2, a series of potent GSK3p inhib-
itors were designed. The model was also used to understand and
build in selectivity versus Cdk’s for these compounds. These com-
pounds displayed good cellular inhibition of Tau phosphoryla-
tion.'® However, their poor ADME properties made it difficult to
obtain reliable in vivo activities. Optimization of these parameters
will be the object of a following paper.
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