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Research by Klein and co-workers suggests that the inhibition of
GSK-3 by small molecules may offer an important strategy in
the treatment of a number of central nervous system (CNS) disor-
ders including Alzheimer’s disease, Parkinson’s disease, and bipo-
lar disorders. Based on results from kinase-screening assays that
identified a staurosporine analogue as a modest inhibitor of GSK-
30, a series of 3-indolyl-4-indazolylmaleimides was prepared for
study in both enzymatic and cell-based assays. Most strikingly,
whereas we identified ligands having poor to high potency for
GSK-3p inhibition, only ligands with a K; value of less than 8 nm,

Introduction

It is now well-appreciated that many disease pathways involve
abnormal regulation of phosphorylation events, and to date, a
variety of kinase inhibitors have proven effective in the treat-
ment of certain forms of cancer. As there are estimated to be
approximately 600 protein kinases and 80 phosphatases,”” a
large number of potential targets are present toward which
drug discovery efforts can be directed. Whereas early efforts in
the kinase inhibitor field focused on the design of molecules
selective for a single kinase, recent findings suggest that the
development of compounds which target more than a single
kinase may lead to the discovery of more efficacious drugs.
This design strategy is based in part on preventing cells from
developing resistance to the kinase inhibitor through muta-
tions that give rise to changes in the amino acid residues pres-
ent in the active site.

In the work described herein, we directed our attention to
the discovery of inhibitors of the glycogen synthase kinase-3f
(GSK-3p), as the research results of Klein and others suggest
the possibility to use such inhibitors in the treatment of a
number of CNS disorders including Alzheimer's disease (AD),”
Parkinson’s disease, bipolar disorders,>** and even traumatic
brain injury. In humans, two genes are present that encode the
related GSK-3 isoforms GSK-3a. and GSK-3[3, which exhibit ap-
proximately 98% sequence identity within their catalytic do-
mains. It now appears that GSK-3-induced increases in the
level of B-catenin and nuclear translocation play a role in the
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namely maleimides 18 and 22, were found to inhibit Tau phos-
phorylation at a GSK-3p-specific site (Ser396/404). Accordingly,
maleimides 18 and 22 may protect neuronal cells against cell
death by decreasing the level of a-Syn protein expression. We
conclude that the GSK-3f3 inhibitors described herein offer prom-
ise in defending cells against MPP*-induced neurotoxicity and
that such compounds will be valuable to explore in animal
models of Parkinson’s disease as well as in other Tau-related neu-
rodegenerative disease states.

signal-transduction cascade in which [-catenin may regulate
the expression of genes involved in adult neurogenesis, neuro-
plasticity, and ultimately, behavioral alterations beneficial in
the treatment of mood disorders.

Our work in this area was influenced by the maleimide-bear-
ing natural product staurosporine, which is a compound that
was first identified as having inhibitory activity toward protein
kinase C (PKC), although it is now known to be rather promis-
cuous in its activity; it is able to block other protein kinases.
Over the years, a variety of staurosporine analogues have been
synthesized and optimized for the inhibition of several differ-
ent kinase targets, including GSK-3p.5" However, the SAR pat-
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terns we have observed for some of these maleimides are
unique, with the biological activity found in the Parkinson’s
disease cell models significant and highly dependent on the
observed K; values for GSK-3f inhibition.

Results and Discussion

Identification of 3-indolyl-4-indazolylmaleimides as potent
GSK-3f inhibitors: synthesis and screening

Initially, in an effort to develop some analogues of staurospor-
ine as inhibitors of 3-phosphoinositide-dependent protein
kinase-1 (PDK-1),"" we screened a number of staurosporine-
based structures composed of two indole rings, one indazole
ring, and one indole ring or two indazole rings against a family
of 30 kinases. Of the compounds tested, we found that one,
the indolyl-indazolylmaleimide (Figure 1), was able to inhibit
98% of the kinase activity of GSK-3 at a concentration of
10 pum.

H,CO

NHCH,
staurosporine

Figure 1. Lead candidate inhibitor (right) of GSK-3f3 discovered through a
kinase screening study.

At that time, the connection had already been made be-
tween the mood-stabilizing action of lithium and its ability to
inhibit GSK-3f (with a K; value of 2 mm) by Klein and co-work-
ers,®" and we elected to further explore the SARs of this com-
pound to discover more potent versions of our lead candidate.
Accordingly, a series of 3-indolyl-4-indazolylmaleimides was
prepared by using the methods given in Scheme 1. The selec-
tion of new compounds for synthesis was guided in part by
structure-based modeling methods in conjunction with general
principles of medicinal chemistry.

The 3-(indol-3-yl)-4-(1H-indazol-3-yl)maleimide-based ligands
5-35 were prepared by condensation of the indolyl-3-glyoxy-
late esters 3 and the indazolyl-3-acetamides 4"'? (Scheme 1). N-
Alkylation of indoles 1 with various alkyl halides in the pres-
ence of sodium hydride followed by acylation of the resulting
indoles 2 with oxalyl chloride and then ester formation afford-
ed the precursors 3. The required reaction partners, the inda-
zolyl-3-acetamides 4, were prepared from the appropriate
ortho-nitrobenzaldehyde according to a previously published
procedure.'*' The appendage of an alkyl side chain onto the
indazole ring (as in compound 11) was carried out by treat-
ment of the acetamides 4 with 2-bromoethyl methyl ether in
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Scheme 1. Synthesis of 3-indolyl-4-indazolylmaleimides: a) alkyl halide, NaH,
N,N-dimethylformamide (DMF); b) (COCI),, Et,O, then NaOMe; c) 3, tBuOK,
THF; d) 1. CH;0(CH,),Br, NaH, DMF, 2. 3, tBuOK, THF.

the presence of sodium hydroxide followed by column chro-
matography.

The new compounds were then screened for their potency
to inhibit GSK-3f. Briefly, recombinant human His,-GSK-3[3
(53 nm) produced in our laboratories or commercially available
human GSK-3f (21 nm) was assayed for the ability to
phosphorylate the pGSM peptide substrate
(RRRPASVPPSPSLSRHSSHQRR; 10 pum) in the presence of the
maleimides at various concentrations (0-50 pum). For compari-
son, we also determined the K; values of the known GSK-3f3 in-
hibitors SB-415286 and SB-216763. As presented in Table 1, the
K; values vary from poor (4500 nm) to excellent (2 nm).

Unique SAR exhibited by the bromo- and fluoro-substituted
3-(indol-3-yl)-4-(1H-indazol-3-yl)maleimides analyzed by
docking experiments

Of particular interest in this series are the differences in activity
between the bromo- and fluoro-substituted 3-indolyl-4-indazo-
lylmaleimides, which either contain or lack an N-methyl sub-
stituent on the indole nitrogen atom. As is apparent in
Figure 2, the presence of the N-methyl group has opposite ef-
fects on GSK-3f3 activity. The N-methyl group enhances activity
for the brominated ligand, but decreases the activity of the flu-
orinated ligand. To understand this apparent anomaly, we
made use of docking experiments and the known crystal struc-
ture of GSK-3f (Figure 2).

According to these experiments, the 5-fluoro substituent in
the indole ring of compounds 18 and 19 occupies a position
close to the amino group of the positively charged Lys85,
while the indazole ring engages in lipophilic contact with
Tyr134 and lle62. Unlike the 5-fluoro substituent, the larger 5-
bromo substituent in compounds 21 and 22 cannot occupy
the same position, as the larger bromo group would clash
with the side chains of Leu132 and Lys85. Instead, ligands 21
and 22 shift their position slightly to avoid this steric clash,
and the 5-bromo substituent of 21 and 22 slides inside the rel-
atively lipophilic pocket formed by the lipophilic portions of
Glu97, Leu130, Leu 132, Val 110, Met 101, Phe 201, Cys 199, and
Lys85. Overall, the 5-fluoro-substituted ligands 18 and 19 are
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Table 1. GSK-3f inhibition by substituted maleimides, SB ligands, and
LiCl.
Compd X vy Rl R? ICso [1m] K; Inm]

LiCl 2000 3.33x10°
SB-415286 1.3 180
SB-216763 0.050 35
bis-indole- 13 225
maleimide

5 H H H H 12.0 22509

6 H H CH,4 H 26 433

7 H H (CHpOTr H 27 4500

8 H H (CH,),0H H 1.8 300

9 H H (CH,),0CH, H 2.5 417

10 H H CH, CH, 0120 80

1 H H CH,  (CH),0CH, 0049 33

12 CN H H H 0.081 54

13 5-NO, H CH, H 0.46 57

14 5-NO, H (CH,),0CH, H 0052 35

15 5CI H CH,4 H 1.1 183

16 5Cl H (CH,);OH H 5.0 833

17 5CI  H (CH,),0CH, H 0.38 41@

18 5-F H H H 0.0114 7.6

19 5-F H CH; H 0.049 33

20 5F H (CH,),0OCH, H 0036 24

21 5-Br H H H 0.850 567

22 5-Br H CH; H 0.0035 23

23 5-F  5-Cl (CH,),0CH; H 0.165 110

24 5-OBn H CH,4 H 1.2 200

25 5-OBn H (CH,);OH H 0.100 67

26 5-0Bn H (CH,),0CH, H 0130 87

27 5-OBn 5-Cl (CH,),OCH, H 0.750 500

28 6-NO, H CH, H 13 200

29 6-Cl H CH; H 3.1 517

30 6-F H H H 0.535 357

31 6-CH; 5-Cl (CH,),OCH, H 24 1600

32 6-0Bn H (CH,),0CH, H 0450 300

33 7-0Bn H (CH,),0CH, H 0400 267

34 H 5 CH; H 3.1 517

35 H 5Cl (CH,),0H H 36 600
[a] K; values are the average of experiments performed at both 10 and
100 um ATP. The apparent equilibrium dissociation constants of the inhib-
itors (K) were estimated with the Cheng-Prusoff equation and a K, for
ATP equal to 20 pm. [b] Bn=benzyl. [c] Tr=triphenylmethyl.

more exposed to the solvent, whereas 21 and 22 are inserted
more deeply into the binding pocket. This is consistent with
the 4.3-fold difference in activity between ligands 18 and 19—
both compounds are equally exposed to the solvent, but the
NH group of the indole ring in 18 is better solvated than the
corresponding N-methyl group in the indole ring of 19. The re-
spective NH and N-methyl groups of the 5-brominated ligands
21 and 22 are less exposed to the solvent, and they make
tighter contact with the binding site. The relatively lipophilic
N-methyl group of 22 forms a favorable contact with the lipo-
philic area formed by Val70. The less lipophilic NH group of
21, on the other hand, cannot form similar interactions, and it
is also somewhat close to the positively charged amino group
of Lys 85. Together these differences decrease the inhibitory ac-
tivity of ligand 21 by ~250-fold relative to that of ligand 22.
This fascinating aspect of the SAR is worth probing further, as
such structural differences may be used to adjust the overall
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kinase selectivity as well as the cellular biology (including
ADMET parameters) of these inhibitors.

GSK-3 and CNS disorders: inhibition of Tau phosphorylation
at Ser396/404 in a cellular model of Parkinson’s disease by
selected 3-(indol-3-yl)-4-(1H-indazol-3-yl)maleimides

In pursuing the possible clinical applications of the GSK-3f in-
hibitors that we identified, we next investigated their action in
certain cellular models relating to neuroprotection. It is well-es-
tablished that the Tau protein is the main component of
paired helical filaments (PHFs), aberrant structures that develop
in the brain of patients with a number of late-onset neurode-
generative disorders, including Alzheimer’s disease and other
tauopathies such as front temporal dementia and parkinson-
ism associated with chromosome 17 (FTDP-17)."'® Hyper-
phosphorylation of Tau is thought to result in the destabiliza-
tion of microtubles (MTs), giving rise to a “pretangle” stage'”
and subsequent loss of dendritic MTs and synapses, cytoskele-
tal destabilization, and eventually cell death."® GSK-33 phos-
phorylates the majority of sites on Tau which become abnor-
mally hyperphosphorylated in PHFs, as shown both in cell cul-
ture™ and in rodents.”*?" GSK-3f is located at the conver-
gence of pathways involved in AD-like Tau hyperphosphoryla-
tion.”>® Induction of GSK-3p transgene expression in the
brain causes adult mice to develop hyperphosphorylated Tau
at the PHF-1 site (phospho-epitope at Ser396/404),%" a site
critical for PHF formation that represents a specific phosphory-
lation site on Tau in AD brain.*” Transgenic mice that overex-
press GSK-3f3 also develop pretangle structures in the hippo-
campus, and experience increased neuronal death, gliosis, and
spatial learning deficits in the Morris water maze.®" It has also
been shown that filaments resembling PHFs assemble when
Sf9 cells overexpress FTDP-17 Tau (a form of Tau which in-
cludes three major mutations (G272V, P301L, and R406W)).
The amount of these polymers is decreased in lithium-treated
cells, which suggests that phosphorylation of FTDP-17 Tau by
GSK-3p induces a conformational change favoring the forma-
tion of fibrillar polymers.®?? Moreover, a growing body of evi-
dence suggests that GSK-3f is an important modulator of
apoptosis.”?*>* The increase in GSK-3f activity precedes the in-
duction of apoptosis. GSK-33 sits at the convergence of several
signaling pathways that are critical for neuronal viability and
proper function. Several apoptotic stimuli including Af} pep-
tide, ischemia, and excitotoxicity appear to be involved in
pathways that activate GSK-3[3.2”

Thus, GSK-3 appears to be associated with a multitude of
adverse events linked to MT dynamics, neurotic dystrophy,
PHF-Tau, plasticity, cognitive deficits, neurodegeneration, and
potentially amyloid production. Given the significant role of
GSK-3f in a variety of processes linked to pathophysiological
mechanisms related to AD and other CNS disorders, GSK-3 in-
hibition with small-molecule inhibitors affords a testable hy-
pothesis which may be readily translated to the clinic.

Recent studies by our research group have shown that the
PD-linked neurotoxin MPTP (N-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine) induces the hyperphosphorylation of Tau in a

ChemMedChem 2006, 1, 256 — 266


www.chemmedchem.org

GSK-3(3 Inhibitors

Figure 2. Compounds 18, 19, 21, and 22 docked to the ATP-binding site of GSK-3f: a) 21
(rose) and 22 (yellow); b) another projection of 21 and 22. The protein surface inside the
binding site is colored by lipophilic potential (blue =hydrophilic, brown =lipophilic);

c) 19 (rose) and 18 (yellow); d) another projection of 19 and 18.

manner dependent on both the dopamine transporter and o-
synuclein (a-Syn). Several of the novel GSK-3f3 inhibitors identi-
fied from the chemistry efforts presented herein were exam-
ined for their capacity to interfere with two of the regulated
processes that play an important role in the MPP*-induced
model of neurodegeneration: Tau phosphorylation at the PHF-
1 binding site (PHF-Tau; the epitope which belongs to AD-like
Tau antigenicity) and a-Syn-induced toxicity. (MPP* is an active
metabolite of MPTP) In our studies, treatment with MPP*
(50 um, 48 h) induces PHF-Tau immunoreactivity. The Tau im-
munoreactivity was studied biochemically in two ways:
through Western blot analysis by using the PHF-1 antibody,
which recognizes a Tau phospho-epitope at Ser396/404 in ex-
tracts from MPP*-treated mesencephalic neurons (Figure 3a);
and through the use of SHSY5Y cells stably transfected with
wild-type a-Syn (SHa-Syn cells), and transiently co-transfected
with the human dopamine transporter (hDAT) cDNA (SHa-Syn/
hDAT cells) (Figure 4a). Immunodetection of PHF-Tau revealed
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that lysates from MPP-treated mesencephalic pri-
mary neurons and SHo-Syn/hDAT cells were almost
twice as immunoreactive for PHF-1 than those ob-
tained from vehicle-treated cells. We next analyzed
the action of six of our GSK-3f inhibitors on the for-
mation of PHF-1 in the presence of MPP*. Whereas
no significant change in the immunoreactivity
toward PHF-1 in MPP*-treated neurons or SHa-Syn/
hDAT cells was observed in the presence of com-
pounds 8 (K.=300nm), 14 (K=35nwm), 16 (K=
833 nm), or 19 (K;=33 nwm), a strong decrease in PHF-
Tau levels was observed after treatment with either
18 (K,=7.6 nm) or 22 (K,=2.3 nm). These data appear
to correlate with the in vitro potency of these ligands
as GSK-3f inhibitors. Indeed, PHF-1 immunoreactivity
was decreased in mesencephalic neurons by 102 and
90% relative to the corresponding MPP*-treated
groups, with compounds 18 and 22, respectively,
whereas the respective analogous decreases were
104 and 78% in SHa-Syn/hDAT cells (Figures 3a and
4a). Moreover, the potent GSK-3f inhibitors 18 and
22 led to effects similar to those observed with lithi-
um (1 mm) on the MPP*-induced alterations in PHF-
Tau levels, both in neurons and in the transfected
neuroblastoma cells (data not shown). The total Tau
levels in the neurons and SHa-Syn/hDAT cells under
MPP™* exposure (by using the phosphorylation-inde-
pendent antibodies Tau5) were approximately the
same under all experimental conditions. The PHF-1/
Tau5 ratio was measured by densitometric scanning,
and the results are shown in the lower panel (Fig-
ure 3a and 4a). Data shown reflect the mean values
+SD from three independent experiments.

It has been shown that the a-Syn protein is essen-
tial to MPTP (MPP*)-induced neurotoxicity. Moreover,
specific deletion of the a-syn gene by homologous
recombination techniques appears to attenuate the
degeneration of nigrostriatal dopaminergic neurons
following acute and subchronic MPTP administra-
tion. a-Syn has been suggested to modulate dopamine
(DA) homeostasis by regulating DA vesicular storage, uptake,
synthesis, and release.*®**” Results from a subchronic MPTP
rodent model study™" revealed that the loss of striatal DA con-
centrations and VMAT-2 protein expression following sub-
chronic and prolonged, chronic MPTP treatment is attenuated
in mice lacking a-Syn.

In the study reported herein, we demonstrated that treat-
ment with MPP* also results in an increased a-Syn protein ex-
pression in mesencephalic primary neurons (Figure 3b) and in
SHa-Syn/hDAT neuroblastoma cells (Figure 4b). The mean den-
sity of a-Syn relative to that of B-actin (used as a control for
protein loading) increased by 689% in primary neurons and by
47% in SHa-Syn/hDAT after MPP™ treatment, in comparison
with the corresponding vehicle-treated control cells. Surpris-
ingly, in the presence of compounds 18 and 22, no significant
increase in a-Syn level relative to that of -actin was detected
after MPP* exposure, in comparison with control (vehicle-

[36,37]
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Figure 3. Cellular changes in mesencephalic neurons after treatment with MPTP and GSK-3f inhibitors. Expression levels of a) PHF-Tau, b) a-Syn, and c) p-GSK-
3f were assessed by Western blots of the control and MPP *-treated mesencephalic neurons in the presence or absence of specific GSK-3f inhibitors. Results
in part d) show cell viability measured by the MTT cell-viability assay. Three independent experiments were performed with embryonic rat ventral mesence-
phalic neuronal cultures. One timed-pregnant rat at gestational day 16 was used per experiment. Mesencephalic neurons were treated with MPP™* (50 um) for
48 h or with vehicle in DMSO (0.2% v/v) in the presence or absence of the GSK-3f3 inhibitors (1 um added for the last 16 h of MPP™ exposure). The lower
panel in each individual part shows quantitation of the results, obtained by measuring the optical density of each band. These are expressed as the ratio of
the densities between a) PHF-Tau and total Tau, b) a-Syn and $-actin, and c) p-GSK-3p(Y 216) and GSK-3f. Values from each treatment are expressed as the
mean =+ SD. The significance of difference relative to the respective vehicle-treated groups (which were set at 100%) was determined by the Student’s t-test

(*p <0.05 for immunoblot analysis; *p <0.01 for MTT assay).
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Figure 4. GSK-33 Hyperphosphorylation of Tau is dependent on the presence of both DAT and a-Syn. Immunoblot analysis of the expression levels of Tau
phosphorylated at a) Ser396/404, b) a-Syn, and c) p-GSK-3f evaluated from cell lysates of vehicle- or MPP " -treated SHSY5Y neuroblastoma cells stably trans-
fected with wild-type a-Syn (SHa-Syn cells) and transiently co-transfected with the human dopamine transporter (hDAT) cDNA (SHa-Syn/hDAT cells) in the
presence or absence of specific GSK-3f inhibitors. Results in part d) show cell viability, measured by the MTT reduction assay. Experimental design, figure ar-
rangements, and statistical analysis (n=3) were performed as described in Figure 3, except that p <0.01 was chosen to denote statistical significance (*) by

the Student’s t-test analysis of the MTT assay results in part d) (n=3).

treated) cells. Results are reported as the mean +SD of three
separate experiments.

Oxidative damage, which is a putative trigger of GSK-3f acti-
vation, might also be involved in the MPP*-induced hyper-
phosphorylated Tau at the PHF-1 binding site. As shown in Fig-
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ures 3¢ and 4c¢, the parkinsonism-related neurotoxin MPP*
was able to increase the expression level of the active form of
GSK-3f (phosphorylation of Tyr216“? in mesencephalic neu-
rons and in SHa-Syn/hDAT cells). Immunoblot analysis with the
anti-GSK-3f phosphorylation-specific (pY216) antibody, which
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recognizes phosphotyrosine forms of GSK-3f3, revealed that the
level of the active form of GSK-3f increased significantly in
mesencephalic neurons (by 140%) and in SHa-Syn/hDAT cells
(by 20%) after treatment with MPP™, in comparison with vehi-
cle-treated control cells (Figures 3c,d and 4c,d). Incubation
with 18 and 22 (1 pum) significantly decreased (by more than
76 and 50%, respectively) GSK-33 phosphorylation observed in
the primary mesencephalic neurons (Figures 3¢,d and 4c,d). In
SHa-Syn/hDAT, both inhibitors restored the quantity of the
active form of GSK-3f3 to normal levels in this cellular model.
Representative immunoblots are shown. Quantities obtained
by the densitometry of blots probed with the antibodies raised
against phosphorylated GSK-3f3 (pY216) were normalized with
respect to the densitometric values determined with the total
anti-GSK-3f antibody. Results represent the mean +SD of
three separate determinations.

MPP™ leads to neuronal death through inhibition of the mi-
tochondrial complex | which results in oxidative stress.*! As
active GSK-3f triggers signal transduction events which partici-
pate in cell death,***! we suggest that blocking the expression
of the active form of GSK-3f3 or blocking its activity by malei-
mides 18 and 22 may inhibit the MPP*-induced decrease in
the number of viable neuronal cells.

Primary cultures of mesencephalic neurons and SHa-Syn/
hDAT cells were treated with MPP* (50 um) for 48 h in the ab-
sence or presence of GSK-3f inhibitors. MPP* treatment
caused a decrease in viability in mesencephalic neurons by
47% (Figure 3d) and in SHa-Syn/hDAT cells by 37% (Fig-
ure 4d), relative to the respective vehicle-treated controls.
Treatment of both neurons and SHa-Syn/hDAT cells with malei-
mides 18 and 22 led to attenuated decreases in cell viability as
assessed by the MTT assay, which were not significantly differ-
ent than the number of viable cells found for the respective
vehicle-treated control groups. Viability was assessed by the
MTT assay. Values from each treatment are expressed as mean
OD =+SD determined in triplicate from three independent cul-
tures.

Conclusions

All the results presented herein support the hypothesis that
MPP™ is a neurotoxin that drives the phosphorylation of Tau
by GSK-3f at the PHF-1 binding site. Furthermore, changes in
the level of phosphorylated PHF-Tau are shown to be associat-
ed with increased a-Syn protein expression accompanied by
decreases in cell viability. We have shown that the maleimides
18 and 22 inhibit Tau phosphorylation at a GSK-3[3-specific site
(Ser396/404). Accordingly, compounds 18 and 22 may protect
neuronal cells against cell death by decreasing the level of a-
Syn protein expression. We conclude that the GSK-3f inhibitors
described herein may be promising in defending cells against
MPP*-induced neurotoxicity, and that such compounds are
valuable to explore in animal models of Parkinson’s disease as
well as in other Tau-related disease states. By using the SAR in-
formation presented herein in concert with broader screening
assays performed to assess the inhibitory activity of these com-
pounds toward other kinases together with data from animal
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studies, it is our plan to optimize the druglike character of
these maleimides for use in neurodegenerative conditions.

Experimental Section

Synthesis: '"HNMR and "CNMR spectra were recorded on a
Bruker spectrometer at 360 and 75 MHz, respectively, with TMS as
an internal standard. MS data were measured in the El or ESI mode
at an ionization potential of 70 eV; HRMS experiments were per-
formed on a Q-TOF-2TM (Micromass). TLC was carried out with
Merck 250 mm 60 F,s, silica gel plates. Preparative TLC was per-
formed with Analtech 1000 mm silica gel GF plates. Column chro-
matography was performed with Merck silica gel (40-60 mesh). An-
alytical HPLC was carried out on an Ace 5AQ column (25 cm X
4.6 mm), with detection at A=254 and 366 nm on a Shimadzu
SPD-10A VP detector.

General procedure for maleimides 5-35: The following method
represents a typical procedure for the synthesis of the 3-indolyl-4-
indazolylmalemide-based ligands.

3-[5-Chloro-1-(2-methoxyethyl)-1H-indol-3-yll-4-(1H-indazol-3-
yl)-pyrrole-2,5-dione (17): NaH (55% suspension in mineral oil,
290 mg, 6.60 mmol) was added to a solution of 5-chloroindole
(500 mg, 3.30 mmol) in dry DMF (6 mL) cooled with an ice bath,
followed by 2-bromoethyl methyl ether (500 mg, 3.60 mmol), after
which the reaction mixture was allowed to warm to room temper-
ature. After 6 h, the reaction mixture was poured into ice water;
HCI (1 Nn) was added to adjust the solution to ~pH 4, and this was
followed by extraction with ethyl acetate. The ethyl acetate extract
was washed with water and brine, dried over anhydrous Na,SO,,
and concentrated in vacuo. The residue was filtered through silica
gel (ethyl acetate/hexane 1:4). The product was subjected to fur-
ther reaction without additional purification. A solution of oxalyl
chloride in THF (1.0 M, 6.60 mL) was added dropwise to a solution
of 5-chloro-1-(2-methoxyethyl)-1H-indole in Et,O (10 mL) cooled to
0°C. The reaction was then stirred for 0.5h at 0°C, warmed to
room temperature, and stirred overnight. It was then cooled to
—60°C, and a solution of NaOMe in MeOH (21%, 3.50 mL,
13.19 mmol) was added, after which the reaction mixture was al-
lowed to warm to room temperature. The reaction was quenched
by the addition of water and diluted with ethyl acetate. The organ-
ic layer was separated, dried over anhydrous Na,SO,, and concen-
trated. The residue was purified by column chromatography (ethyl
acetate/hexane 1:3) to give the product (570 mg, 58%). 'H NMR
(CDCl;, 360 MHz): 6=3.28 (s, 3H), 3.67 (t, J=5.4Hz, 2H), 3.94 (s,
3H), 4.24 (t, J=5.4 Hz, 2H), 6.42 (d, J=2.9 Hz, TH), 7.13 (dd, J=2.0,
82Hz, 1H), 7.16 (d, J=29Hz 1H), 7.25 (d, J=82Hz, 1H),
7.57 ppm (d, J=2.0, TH).

The indazolyl-3-acetamides 4 were prepared from 2-nitrobenzalde-
hyde and 5-chloro-2-nitrobenzaldehyde according to published
procedures."*™A solution of tBuOK in THF (1.0m, 1.0 mL) was
added dropwise to a suspension of indazolyl-3-acetamide (4: Y=
H, R?=H; 42 mg, 0.24 mmol) and indolyl-3-glyoxylate (3: X=5-Cl,
R'=3-methoxyethyl; 92 mg, 0.31 mmol) in dry THF (2.5 mL) at 0°C,
and the reaction mixture was allowed to stir at room temperature
overnight. The reaction was quenched with HCl (12n) and diluted
with EtOAc. The organic solution was washed with saturated
NaHCO;, brine, then dried over Na,SO,, evaporated in vacuo, and
purified by preparative TLC (MeOH/CHCl; 1:9) to afford product
(53 mg, 53%) as an orange solid. '"H NMR ([D;]JDMSO, 360 MHz):
0=3.19 (s, 3H), 3.63 (t, J=5.4 Hz, 2H), 439 (t, J=5.4Hz, 2H), 6.20
(d, J=8.6 Hz, 1H), 7.02-7.06 (m, 2H), 7.34 (t, J=7.2 Hz, 1H), 7.50-
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7.60 (m, 3H), 8.19 (s, 1H), 11.20 (s, 1H), 13.48 ppm (s, 1H); *C NMR
([DgIDMSO, 75 MHz): 6 =46.8, 58.9, 71.4, 104.8, 111.1, 113.0, 121.3,
121.6, 122.0, 122.5, 123.1, 124.5, 125.5, 127.0, 127.1, 134.6, 125.7,
136.6, 141.4, 172.6, 172.9 ppm; FAB-HRMS calcd for C,,H;,CIN,O;
[M+Na]*: 443.0887, found: 443.0872; HPLC purity: 96 %.

3-(3-Indazolyl)-4-(3-indolyl)-1H-pyrrole-2,5-dione  (5): 'H NMR
([DgIDMSO, 300 MHz): 6=6.31 (d, J=7.8 Hz, 1H), 6.60 (t, J/=7.2 Hz,
1H), 6.96-7.06 (m, 2H), 7.30-7.38 (m, 2H), 7.55 (d, /=8.7 Hz, 1H),
8.12 (d, J=3.0Hz, 1H), 11.12 (s, TH), 11.86 (s, 1H), 13.39 ppm (s,
TH); ®CNMR ([DJDMSO, 75 MHz): 6=105.3, 1104, 112.1, 119.9,
120.8, 121.5, 122.0, 122.6, 123.1, 124.9, 126.3, 131.6, 134.9, 135.7,
136.5, 140.6, 172.2, 172.4 ppm; FAB-HRMS calcd for C,oH;,N,O,
[M+Na]": 351.0857, found: 351.0852; HPLC purity: 97 %.

3-(3-Indazolyl)-4-[(1-methyl)-3-indolyl]-1H-pyrrole-2,5-dione (6):
'HNMR ([Dg]DMSO, 360 MHz): 6=3.88 (s, 3H), 6.21 (d, J=8.1 Hz,
1H), 6.62 (t, J=8.1 Hz, TH), 7.02-7.08 (m, 2H), 7.34 (t, J=8.1 Hz,
1H), 7.43 (d, J=8.1 Hz, 1H), 7.54-7.59 (m, 2H), 845 (s, 1H), 11.14
(s, TH), 13.38 ppm (s, TH); *C NMR ([Ds]DMSO, 75 MHz): 6=33.2,
104.3, 110.6, 120.3, 120.9, 121.5, 122.2, 125.3, 126.4, 135.3, 137.1,
172.2, 1724 ppm; FAB-HRMS calcd for C,H{,;N,O, [M+Na]™:
365.1014, found: 365.1014; HPLC purity: 95 %.

3-(3-1H-Indazol-3-yl)-4-[1-(3-trityloxypropyl)-1H-indol-3-yl]-pyr-
role-2,5-dione (7): 'H NMR ([D;]DMSO, 360 MHz): 6 =1.80-1.95 (m,
2H), 3.4-3.43 (m, 2H), 433 (t, J=6.9Hz, 2H), 4.68 (t, /=4.8 Hz,
1H), 6.29 (d, J=8.1Hz, 1H), 6.64 (t, J=7.5Hz, 1H), 7.05 (t, J=
8.1Hz, 2H), 7.34 (t, /=84 Hz, 1H), 7.48 (d, J=8.4Hz, 1H), 7.54-
7.59 (m, 2H), 8.15 (s, 1H), 11.14 (s, 1H), 13.41 ppm (s, TH); *C NMR
([Dg]DMSO, 75 MHz): § =32.8, 43.1, 57.7, 104.5, 110.4, 110.6, 120.2,
1209, 121.1, 121.5, 122.1, 1225, 1254, 1264, 1345, 1721,
172.4 ppm; FAB-HRMS calcd for C,H;,N,O; [M+Nalt: 651.2372,
found: 651.2386; HPLC purity: 98 %.

3-(3-Indazolyl)-4-[1-(3-hydroxypropyl)-3-indolyl]-1H-pyrrole-2,5-
dione (8): 'HNMR ([Dg]DMSO, 360 MHz): 0=1.80-1.95 (m, 2H),
3.4-3.43 (m, 2H), 433 (t, J=6.9Hz, 2H), 468 (t, J=4.8Hz, 1H),
6.29 (d, J=8.1Hz, 1H), 6.64 (t, J=7.5Hz, 1H), 7.05 (t, J=8.1 Hz,
2H), 7.34 (t, J=8.4Hz, 1H), 7.48 (d, J=8.4Hz, 1H), 7.54-7.59 (m,
2H), 8.15 (s, 1H), 11.14 (s, 1H), 13.41 ppm (s, 1H); CNMR
([Dg]DMSO, 75 MHz): § =32.8, 43.1, 57.7, 104.5, 110.4, 110.6, 120.2,
1209, 121.1, 121.5, 122.1, 1225, 1254, 1264, 1345, 1721,
172.4 ppm; FAB-HRMS calcd for C,,HsN,O; [M+Nal*: 409.1276,
found: 409.1270; HPLC purity: 96 %.

3-(1H-indazol-3-yl)-4-[1-(2-methoxyethyl)-1H-indol-3-yl]-pyrrole-
2,5-dione (9): 'H NMR ([D¢g]DMSO, 360 MHz): 6 =3.21 (s, 3H), 3.65
(t, J=5.0 Hz, 2H), 441 (t, J=5.0Hz, 2H), 6.28 (d, J=79Hz, 1H),
6.62 (t, J=7.2Hz, 1H), 7.00-7.05 (m, 2H), 7.33 (t, J=7.2 Hz, 1H),
7.47-7.59 (m, 3H), 8.13 (s, TH), 11.11 (s, 1H), 13.36 ppm (s, 1H);
BCNMR ([DgIDMSO, 75 MHz): 6=46.8, 58.9, 71.4, 1048, 111.1,
113.0, 121.3, 121.6, 122.0, 122.5, 123.1, 124.5, 125.5, 127.0, 127.1,
134.6, 125.7, 136.6, 141.4, 172.6, 172.9 ppm; FAB-HRMS calcd for
C,HgN,O; [M+Nal™: 409.1285, found: 409.1276; HPLC purity:
95 %.

3-(1-Methyl-1H-indazol-3-yl)-4-(1-methyl-1H-indol-3-yl)-pyrrole-
2,5-dione (10): '"H NMR ([DJDMSO, 360 MHz): 6 =3.90 (s, 3H), 3.98
(s, 3H), 6.20 (d, J=7.5Hz, 1H), 6.67 (t, J=7.2 Hz, 1H), 7.06-7.11 (m,
2H), 7.37-7.46 (m, 2H), 7.57 (d, J=8.4Hz, 1H), 7.68 (d, J=9.0 Hz,
1H), 8.20 (s, TH), 11.15 ppm (s, TH); *C NMR ([D4g]DMSO, 75 MHz):
0=33.2, 35.8, 104.3, 110.0, 110.5, 120.0, 121.0, 121.3, 121.7, 122.2,
123.2, 125.2, 126.4, 134.5, 135.5, 137.0, 1404, 172.1, 172.4 ppm;
FAB-HRMS caled for CyH;N,O, [M+Na]™: 379.1170, found:
379.1166; HPLC purity: 96 %.
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3-[1-(2-methoxyethyl)-1H-indazol-3-yl]-4-(1-methyl-1H-indol-3-
yl)-pyrrole-2,5-dione (11): 'H NMR ([DJDMSO, 360 MHz): 6=3.14
(s, 3H), 3.51 (t, J=5.0 Hz, 2H), 3.88 (s, 3H), 4.48 (t, J=5.0 Hz, 2H),
6.24 (d, J=79Hz, 1H), 6.64 (t, J=7.2Hz, 1H), 7.04-7.09 (m, 2H),
735 (t, J=7.2Hz, 1H), 743 (d, J/=79Hz, 1H), 7.59 (d, /=8.2 Hz,
1H), 7.67 (d, J=82Hz, 1H), 820 (s, 1H), 11.13 ppm (s, TH);
3C NMR ([Dg]DMSO, 75 MHz): 6 =33.8, 49.0, 56.6, 71.3, 104.9, 111.0,
111.1, 120.9, 121.6, 121.9, 1224, 122.7, 122.8, 123.8, 125.8, 127.0,
135.1, 135.6, 136.2, 141.3, 172.8, 173.0 ppm; FAB-HRMS calcd for
CysHyoN,O; [M+Nal™: 423.1433, found: 423.1432; HPLC purity:
96 %.

3-[4-(1H-indazol-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl]-1-

methyl-1H-indole-5-carbonitrile  (12):  'HNMR  ([DJDMSO,
360 MHz): 6=6.75 (s, 1H), 7.05 (t, J=49Hz, 1H), 7.31-7.42 (m,
2H), 7.53-7.60 (m, 3H), 8.28 (s, 1H), 12.34 (s, 1H), 13.57 ppm (s,
1H); CNMR ([DgDMSO, 75 MHz): 6=102.3, 106.0, 110.7, 113.8,
1203, 121.3, 121.6, 122.6, 124.9, 125.0, 125.5, 126.7, 126.8, 133.8,
134.1, 135.5, 138.6, 141.0, 172.1, 172.4 ppm; FAB-HRMS calcd for
CyoH1NsO, [M+Nal*: 376.0811, found: 376.0801; HPLC purity: 95 %.

3-(1H-Indazol-3-yl)-4-(1-methyl-5-nitro-1H-indol-3-yl)-pyrrole-2,5-
dione (13): '"H NMR (MeOD, 360 MHz): 6=3.32 (s, 3H), 7.05 (t, J=
6.9 Hz, 1H), 7.21 (d, J=2.0 Hz, 1H), 7.34 (t, J=6.9 Hz, 1H), 7.57 (m,
2H), 7.66 (d, J=9.1Hz, 1H), 7.95 (dd, J=9.1, 2.0 Hz, 1H), 8.37 (s,
1H), 11.29 (s, TH), 13.50 ppm (s, 1H); *C NMR (MeOD, 75 MHz): 6 =
34.3, 107.0, 111.2, 111.9, 117.7, 1189, 121.75, 122.0, 123.0, 125.2,
126.0, 127.17, 133.5, 135.8, 138.8, 141.5, 141.7, 172.4, 172.7 ppm;
FAB-HRMS calcd for C,H;3NsO, [M+Nal™: 410.0865, found:
410.0862; HPLC purity: 97 %.

3-(1H-Indazol-3-yl)-4-[1-(2-methoxyethyl)-5-nitro-1H-indol-3-yl]-
pyrrole-2,5-dione (14): '"H NMR (MeOD, 360 MHz): 6=3.97 (s, 3H),
3.74 (t, J=5.0Hz, 2H), 447 (t, J=5.0Hz, 1H), 6.93 (t, /=79 Hz,
1H), 7.16 (d, J=2.1 Hz, 1H), 7.28-7.36 (m, 2H), 7.53 (d, /=82 Hz,
1H), 7.56 (d, J=9.0Hz, 1H), 7.90 (d, J=9.0 Hz, 1H), 8.31 ppm (s,
1H); *CNMR (MeOD, 75 MHz): 6=47.0, 58.1, 71.2, 107.1, 110.5,
110.7, 117.2, 118.2, 120.9, 121.3, 122.7, 125.2, 126.9, 137.59, 140.0,
141,95, 172.2 ppm; FAB-HRMS calcd for Cy,H;;N;Os [M+Na]*:
4541127, found: 454.1124; HPLC purity: 96 %.

3-(5-Chloro-1-methyl-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyrrole-
2,5-dione (15): 'H NMR ([Dg]DMSO, 360 MHz): 0 =3.87 (s, 3H), 6.19
(d, J=8.0Hz, 1H), 6.65 (t, J=7.2Hz, 1H), 7.06 (t, J=7.2Hz, 1H),
735 (dd, J=1.8, 88 Hz, 1H), 7.44 (d, J=8.0Hz 1H), 759 (d, J=
88Hz, 1H), 7.70 (d, J=1.8Hz, 1H), 8.13 (s, 1H), 11.14 (s, 1H),
13.53 ppm (s, TH); *CNMR ([DJDMSO, 75 MHz): 6 =33.8, 104.8,
111.2, 112.9, 120.9, 121.5, 121.6, 122.8, 122.9, 124.0, 125.8, 125.9,
127.4, 135.2, 136.0, 136.2, 137.8, 139.9, 172.8, 173.0 ppm; FAB-
HRMS calcd for CyH,;CIN,O, [M+Na]*: 399.0624, found: 399.0618;
HPLC purity: 97 %.

3-[5-Chloro-1-(3-hydroxypropyl)-1H-indol-3-yl]-4-(1H-indazol-3-
yl)-pyrrole-2,5-dione (16): "HNMR ([DJJDMSO, 360 MHz): 6 =1.87
(m, 2H), 3.34 (t, J=6.8 Hz, 2H), 4.30 (t, J/=6.8 Hz, 2H), 4.66 (br s,
1H), 6.31 (d, J/=8.6 Hz, 1H), 6.70 (dd, J=1.8, 8.6 Hz, 1H), 7.02 (t,
J=79Hz 1H), 732 (t, J=7.9Hz, 1H), 7.54 (d, J=8.6 Hz, 2H), 8.13
(s, TH), 11.15 (s, TH), 13.43 ppm (s, 1H); *CNMR ([DJDMSO,
75 MHz): 6 =33.4, 43.8, 58.3, 106.3, 111.2, 120.9, 121.6, 122.2, 123.0,
123.1, 124.8, 1249, 127.0, 127.6, 134.3, 135.8, 136.0, 137.5, 1414,
172.8, 173.0 ppm; FAB-HRMS calcd for C,,H,,CIN,O; [M+Na]':
443.0887, found: 443.0887; HPLC purity: 95 %.

3-(5-Flouro-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyrrole-2,5-dione
(18): '"HNMR ([DJDMSO, 400 MHz): 6=5.93 (dd, J=2.0, 11.2 Hz,
1H), 6.85 (ddd, J=2.0, 9.0, 11.2Hz, 1H), 7.02 (t, J=8.0Hz, 1H),
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7.33-7.39 (m, 2H), 7.55-7.59 (m, 2H), 8.19 (s, TH), 11.16 (s, TH),
11.98 (s, TH), 13.48 ppm (s, TH); 3C NMR ([DJJDMSO, 75 MHz): 6 =
105.6, 105.7, 106.1, 106.3, 110.3, 110.6, 110.7, 113.3, 113.4, 121.2,
121.7, 122.8, 123.6, 125.7, 125.8, 126.7, 133.4, 133.5, 134.9, 135.9,
140.9, 156.1, 1584, 172.3, 172.6 ppm; FAB-HRMS calcd for
CyoH; FN,O, [M+H]IT: 347.0944, found: 347.0952; HPLC purity:
97 %.

3-(5-Flouro-1-methyl-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyrrole-
2,5-dione (19): '"H NMR ([DJDMSO, 400 MHz): 6 =3.88 (s, 3H), 5.87
(dd, J=2.4, 9.0Hz, 1H), 6.92 (td, /=20, 9.0Hz, 1H), 7.06 (t, J=
7.6 Hz, 1H), 736 (t, J=7.6 Hz, 1H), 745 (dd, J=4.5, 9.0 Hz, TH),
7.58 (m, 2H), 8.22 (s, 1H), 11.15 (s, TH), 13.47 ppm (s, 1H); *C NMR
([Dg]DMSO, 75 MHz): 6=31.7, 105.6, 105.7, 106.1, 106.3, 110.3,
110.6, 110.7, 113.3, 113.4, 121.2, 121.7, 122.8, 123.6, 125.7, 125.8,
126.7, 133.4, 1335, 1349, 1359, 1409, 156.1, 1584, 1723,
172.6 ppm; FAB-HRMS calcd for C,oH;sFN,O, [M+Na]™: 383.0921,
found: 383.0923; HPLC purity: 96 %.

3-[5-Fluoro-1-(2-methoxy-ethyl)-1H-indol-3-yll-4-(1H-indazol-3-
yl)-pyrrole-2,5-dione (20): 'H NMR ([Dg]DMSO, 360 MHz): 6 =3.36
(s, 3H), 3.65 (t, J=5.0 Hz, 2H), 4.42 (t, J=5.0 Hz, 2H), 5.91 (dd, J=
2.5,9.0 Hz, TH), 6.91 (td, J=2.5, 9.0 Hz, 1H), 7.06 (t, J=7.5Hz, TH),
735 (t, J=7.5Hz, 1H), 7.51 (9, J=9.0Hz, 1H), 7.56-7.59 (m, 2H),
821 (s, 1H), 11.16 (s, TH), 13.45 ppm (s, 1H); >*C NMR ([DJDMSO,
75 MHz): 6 =46.9, 58.9, 71.4, 105.2, 105.3, 106.7, 107.0, 110.6, 110.9,
111.1, 1125, 112.6, 121.6, 122.1, 123.1, 124.0, 1264, 126.5, 127.1,
133.9, 134.7, 136.2, 136.9, 141.3, 156.5, 159.1, 172.7, 172.9 ppm;
FAB-HRMS calcd for C,,H,;FN,O; [M+Nal*: 427.1182, found:
427.1183; HPLC purity: 97 %.

3-(5-Bromo-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyrrole-2,5-dione
(21): "H NMR ([Dc]DMSO, 400 MHz): 6=6.36 (d, J=1.4 Hz, 1H), 7.05
(t, J=75Hz 1H), 6.1 (dd, J=1.5, 8.5 Hz, 1H), 7.33-7.37 (m, 2H),
7.55 (d, J=8.5Hz 1H), 7.58 (d, J=8.5 Hz, 1H), 8.17 (s, 1H), 11.16 (s,
TH), 12.02 (s, 1H), 13.50 ppm (s, 1H); >C NMR ([D]DMSO, 75 MH2):
0=105.1, 110.7, 112.9, 114.2, 121.2, 121.5, 122.8, 123.8, 124.1,
1247, 126.7, 1269, 133.0, 134.8, 1354, 1358, 141.0, 1723,
172.5 ppm; FAB-HRMS calcd for C;oH;,BrN,O, [M+Nal*: 428.9963,
found: 428.9955; HPLC purity: 98 %.

3-(5-Bromo-1-methyl-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyrrole-
2,5-dione (22): 'H NMR ([Dg]IDMSO, 400 MHz): 6 =3.87 (s, 3H), 6.25
(d, J=14Hz, 1H), 7.06 (t, J=7.2Hz, 1H), 7.17 (dd, J=1.4, 8.6 Hz,
1H), 736 (t, J=7.2Hz, 1H), 7.42 (d, J=8.6 Hz, 1H), 7.58 (m, 2H),
8.20 (s, 1H), 11.18 (s, 1H), 13.49 ppm (s, 1H); *C NMR ([Ds]DMSO,
75 MHz): 6=33.6, 104.1, 110.7, 112.8, 113.3, 121.2, 121.5, 122.9,
123.9, 124.0, 124.7, 126.6, 127.2, 134.3, 135.8, 136.0, 136.6, 141.0,
172.3, 172.5 ppm; FAB-HRMS calcd for CyH;;BrN,O, [M+Na]™:
443.0120, found: 443.0126; HPLC purity: 97 %.

3-(5-Chloro-1H-indazol-3-yl)-4-[5-fluoro-1-(2-methoxyethyl)-1H-
indol-3-yl]l-pyrrole-2,5-dione (23): '"H NMR (MeOD, 360 MHz): 6=
3.32 (s, 3H), 3.74 (t, J=5.0 Hz, 2H), 4.33 (t, J=5.0 Hz, 2H), 5.99 (dd,
J=25,9.0Hz, 1H), 6.82 (td, J=2.5, 9.0 Hz, TH), 7.22-7.27 (m, 2H),
7.35 (dd, J=0.7, 1.8 Hz, 1H), 7.46 (dd, J=0.7, 9.0 Hz, 1H), 8.11 ppm
(s, TH); ®*C NMR (MeOD), 75 MHz): 6 =47.0, 59.0, 71.0, 105.0, 105.1,
106.7, 107.0, 110.6, 110.7, 111.0, 111.6, 119.7, 120.6, 122.2, 1234,
126.2, 126.3, 126.9, 127.4, 133.2, 134.5, 135.3, 135.8, 139.4, 156.3,
159.3, 171.7, 1719 ppm; FAB-HRMS calcd for C,,H;cCIFN,O;
[M+Na]": 461.0792, found: 461.0790; HPLC purity: 96 %.

3-(5-Benzyloxy-1-methyl-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyr-

role-2,5-dione (24): 'H NMR ([DJJDMSO, 360 MHz): 6 =3.88 (s, 3H),
3.94 (s, 2H), 5.58 (d, J=2.4Hz, 1H), 6.73 (dd, J=8.7, 2.4 Hz, 1H),
7.06-7.15 (m, 3H), 7.23-7.39 (m, 5H), 7.59 (d, J=8.1 Hz, TH), 7.69
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(d, J=8.4Hz, 1H), 8.14 (s, TH), 11.12 (s, TH), 13.43 ppm (s, TH);
FAB-HRMS caled for C,;H,,N,O; [M+Nal': 471.1433, found:
471.1421; HPLC purity: 97 %.

3-[5-Benzyloxy-1-(3-hydroxypropyl)-1H-indole-3-yl]-4-(1 H-inda-
zol-3-yl)-pyrrole-2,5-dione (25): 'HNMR (MeOD, 360 MHz): 6=
2.06 (m, 2H), 3.58 (t, J=6.8 Hz, 2H), 3.94 (s, 2H), 434 (t, J=6.8 Hz,
2H), 5.69 (s, TH), 6.70 (dd, J/=2.4, 8.6 Hz, 1H), 7.03-7.11 (m, 3H),
7.23-7.38 (m, 5H), 7.52-7.57 (m, 2H), 8.13 ppm (s, 1H); *CNMR
(MeOD, 75 MHz): 6 =32.7, 43.4, 58.4, 69.4, 104.0, 105.0, 111.0, 113.5,
121.3, 121.6, 123.3, 126.5, 127.2, 127.3, 127.6, 128.2, 132.1, 134.9,
1359, 1374, 1539, 1728, 1729 ppm; FAB-HRMS «calcd for
CyoHuN,O, [M+Na]l*: 515.1695, found: 515.1704; HPLC purity:
98 %.

3-[5-Benzyloxy-1-(2-methoxyethyl)-1H-indole-3-yl]-4-(1H-indazol-
3-yl)-pyrrole-2,5-dione (26): '"H NMR ([D;]DMSO, 360 MHz): 6 =3.11
(s, 3H), 3.65 (t, J=5.0 Hz, 2H), 3.91 (s, 2H), 439 (t, J=5.0 Hz, 1H),
6.68 (dd, J=2.5, 9.0 Hz, TH), 7.02-7.04 (m, 2H), 7.09-7.13 (m, 2H),
7.22-7.40 (m, 6H), 7.56 (d, J/=8.4Hz, 1H), 7.68 (d, /=82 Hz, 1H),
8.11 (s, TH), 11.10 (s, TH), 13.41 ppm (s, 1H); *C NMR ([Dg]DMSO,
75 MHz): 6 =46.8, 58.9, 69.1, 71.5, 104.5, 105.0, 121.6, 122.2, 122.5,
123.5, 127.2, 128.0, 128.2, 128.7, 128.8, 129.0, 132.3, 135.4, 135.8,
137.5, 141.5, 153.5, 1729, 173.0 ppm; FAB-HRMS calcd for
CyoHuN,O, [M+Na]l*: 515.1695, found: 515.1700; HPLC purity:
98 %.

3-[5-Benzyloxy-1-(3-methoxyethyl)-1H-indole-3-yl]-4-(5-chloro-
1H-indazol-3-yl)-pyrrole-2,5-dione (27): 'H NMR (MeOD, 360 MH2):
0=3.32 (s, 3H), 3.74 (t, J=5.0Hz, 2H), 4.06 (s, 2H), 438 (t, J=
5.0 Hz, 2H), 5.68 (d, /=2.3, 1H), 6.73 (dd, /=2.3, 8.6 Hz, 1H), 7.08-
721 (m, 2H), 7.22-7.33 (m, 5H), 7.50-7.53 (m, 2H), 8.13 ppm (s,
TH); ®CNMR (MeOD, 75 MHz): §=58.2, 69.5, 71.3, 104.0, 104.9,
111.1, 111.6, 113.5, 120.9, 127.1, 127.6, 127.7, 128.2, 132.3, 135.5,
137.3, 153.9, 172.6, 172.7 ppm; FAB-HRMS calcd for CyoH,N,O,
[M+Na]*: 549.1306, found: 549.1309; HPLC purity: 96 %.

3-(1H-Indazol-3-yl)-4-(1-methyl-6-nitro-1H-indol-3-yl)-pyrrole-2,5-
dione (28): '"H NMR (MeOD, 360 MHz): =4.00 (s, 3H), 6.50 (d, J=
9.0 Hz, 1H), 7.05 (t, J=7.9 Hz, TH), 7.33 (t, J=7.9 Hz, 1H), 7.48-7.57
(m, 2H), 7.62 (d, /=83 Hz, 1H), 841 (s, 1H), 8.45 ppm (s, TH);

3C NMR (MeOD, 75 MHz): 6 =34.3, 105.6, 108.3, 111.2, 115.4, 121.8,
121.9, 122.3, 1229, 126.6, 127.1, 130.7, 133.4, 135.8, 136.3, 140.8,
1414, 143.0, 172.7, 172.9 ppm; FAB-HRMS calcd for CyH;3N;0,
[M+Na] *: 410.0865, found: 410.0865; HPLC purity: 97 %.

3-(6-Chloro-1-methyl-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyrrole-
2,5-dione (29): 'H NMR (MeOD, 360 MHz): §=3.82 (s, 3H), 6.12 (d,
J=8.6Hz, 1H), 6.51 (dd, J/=1.8, 8.6 Hz, 1H), 6.96 (t, J=7.5 Hz, TH),
7.31-7.40 (m, 3H), 7.53 (d, J=8.6Hz, 1H), 8.04 ppm (s, TH);
3C NMR (MeOD, 75 MHz): 6 =32.5, 105.1, 110.0, 110.2, 120.6, 121.2,
121.3, 122.1, 124.5, 127.0, 128.3, 136.0, 138.2, 172.0, 172.1 ppm;
FAB-HRMS calcd for CyHi5CIN,O, [M+Nal™: 399.0625, found:
399.0627; HPLC purity: 96 %.

3-(6-Flouro-1H-indol-3-yl)-4-(1H-indazol-3-yl)-pyrrole-2,5-dione
(30): 'HNMR ([Dc]DMSO, 360 MHz): 6=6.31 (dd, J=4.1, 6.8 Hz,
1H), 6.50 (ddd, /=1.8, 7.2, 8.8 Hz, 1H), 7.02 (t, J=5.6 Hz, 1H), 7.16
(dd, J=1.8, 7.2 Hz, 1H), 7.32 (t, J=5.6 Hz, 1H), 7.54 (m, 2H), 8.09 (s,
TH), 11.14 (s, 1H), 11.88 (s, 1H), 13.42ppm (s, 1H); "*C NMR
(IDIDMSO, 75 MHz): 6 =98.3, 98.6, 105.6, 108.4, 108.7, 110.7, 121.2,
121.8, 121.9, 123.1, 124.1, 126.6, 132.4, 134.7, 135.8, 136.7, 136.8,
140.9, 172.3, 172.6 ppm; FAB-HRMS calcd for C,sH;FN,O, [M+Na]*
: 369.0764, found: 369.0774; HPLC purity: 95 %.

3-(5-Chloro-1H-indazol-3-yl)-4-[1-(2-methoxyethyl)-6-methyl-1H-
indol-3-yl]l-pyrrole-2,5-dione (31): '"H NMR (MeOD, 360 MHz): 6 =
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2.30 (s, 1H), 3.31 (s, 3H), 3.71 (t, J=5.4 Hz, 2H), 4.26 (t, J/=5.4 Hz,
2H), 6.27 (d, J=8.2Hz, 1H), 6.51 (d, J=8.2Hz, 1H), 7.05 (s, TH),
7.21 (dd, J=1.6, 9.0 Hz, 1H), 7.36 (d, J=1.6Hz, 1H), 743 (d, J=
9.0Hz, 1H), 8.00 (s, 1H), 851 ppm (brs, TH); CNMR (MeOD,
75 MHz): 6 =22.0, 47.0, 59.4, 71.2, 105.4, 110.1, 110.2, 112.1, 121.3,
123.6, 123.7, 123.9, 127.3, 127.6, 128.0, 133.1, 134.8, 137.5, 139.7,
171.3, 171.4 ppm; FAB-HRMS calcd for C,3H,,CIN,O; [M+Na]™:
457.1043, found: 457.1057; HPLC purity: 97 %.

3-[6-Benzyloxy-1-(2-methoxyethyl)-1H-indole-3-yl]-4-(1H-indazol-
3-yl)-pyrrole-2,5-dione (32): 'H NMR (MeOD, 360 MHz): §=3.28 (s,
3H), 3.69 (t, J=5.4 Hz, 2H), 4.32 (t, J=5.4 Hz, 2H), 5.01 (s, 2H), 6.10
(d, J=8.6 Hz, 1H), 6.31 (dd, J=2.1, 8.6 Hz, TH), 6.95 (t, J/=7.5 Hz,
1H), 6.97 (d, J=2.1 Hz, 1H), 7.25-7.39 (m, 7H), 7.53 (d, J=8.6 Hz,
1H), 8.01 ppm (s, 1H); ®CNMR (MeOD, 75 MHz): 6=46.7, 58.8,
67.9, 71.5, 104.3, 106.0, 121.6, 122.4, 122.5, 123.2, 127.5, 128.0,
128.2, 128.6, 128.8, 129.0, 132.6, 135.4,135.8, 138.0, 141.5, 153.7,
172.8, 1729 ppm; FAB-HRMS calcd for CyH,,N,O, [M+Na]™:
515.1695, found: 515.1690; HPLC purity: 98 %.

3-[7-Benzyloxy-1-(2-methoxyethyl)-1H-indole-3-yl]-4-(1H-indazol-
3-yl)-pyrrole-2,5-dione (33): '"H NMR (MeOD, 360 MHz): 6 =3.29 (s,
3H), 3.62 (t, J=5.4 Hz, 2H), 4.58 (t, J=5.4 Hz, 2H), 5.13 (s, 2H), 5.90
(d, J=7.8Hz, 1H), 6.47 (t, J=7.8Hz, 1H), 6.64 (d, J=7.8Hz, 1H),
7.28-7.52 (m, 8H), 7.92 ppm (s, 1H); *C NMR (MeOD, 75 MHz): 6 =
425, 58.6, 70.0, 105.0, 105.9, 111.0, 113.7, 121.1, 121.6, 123.3, 126.0,
127.2, 127.3, 128.0, 128.2, 132.1, 135.0, 135.9, 137.6, 153.2, 172.7,
172.8 ppm; FAB-HRMS calcd for CyoH,,N,0, [M+H]*: 493.1876,
found: 493.1882; HPLC purity: 98 %.

3-(5-Chloro-1H-indazol-3-yl)-4-(1-methyl-1H-indol-3-yl)-pyrrole-
2,5-dione (34): '"H NMR ([DJDMSO, 360 MHz): 6 =3.87 (s, 3H), 6.29
(d, J=8.0Hz, 1H), 6.65 (t, J=7.2Hz, 1H), 7.06 (t, J=7.2Hz, TH),
735 (dd, J=1.9, 86 Hz, 1H), 7.44 (d, J=8.0Hz, 1H), 759 (d, J=
88Hz, 1H), 770 (d, J=1.9Hz, 1H), 813 (s, TH), 11.14 (s, TH),
13.53 ppm (s, TH); *CNMR ([DJDMSO, 75 MHz): 6 =33.8, 104.8,
111.2, 112.9, 120.9, 121.5, 121.6, 122.8, 122.9, 124.0, 125.8, 125.9,
127.4, 135.3, 136.0, 136.2, 137.8, 139.9, 172.8, 173.0 ppm; FAB-
HRMS calcd for CooHy5 CIN,O, [M+Nal*: 399.0625, found: 399.0631;
HPLC purity: 96 %.

3-(5-Chloro-1H-indazol-3-yl)-4-[1-(3-hydroxypropyl)-1H-indol-3-
yll-pyrrole-2,5-dione (35): '"H NMR ([Dg]DMSO, 360 MHz): 6 =1.80
(m, 2H), 3.39 (m, 2H), 4.32 (m, 2H), 6.25 (d, J/=8.0 Hz, TH), 6.64 (t,
J=7.5Hz, 1H), 7.04 (t, J=7.5Hz, 1H), 7.33 (d, /=8.6 Hz, 1H), 7.48
(d, J/=8.0Hz, 2H), 7.56-7.61 (m, 2H), 8.13 (s, 1H), 11.14 (s, TH),
13.56 ppm (s, 1H); *CNMR ([DJDMSO, 75 MHz): 6=33.5, 43.7,
58.35, 105.0, 111.3, 1129, 120.9, 121.5, 121.7, 122.8, 123.1, 124.0,
125.9, 126.0, 127.3, 135.2, 136.2, 137.0, 139.8, 172.7, 172.9 ppm;
FAB-HRMS calcd for C,,H,,CIN,O; [M+Na]*: 443.0887, found:
443.0903; HPLC purity: 97 %.

Cloning and purification of GSK-3: The cDNA for human GSK-3f3
was obtained from Dr. J. R. Woodgett (University of Toronto, Ontar-
io, Canada) and subcloned into the pET29b vector (Novagen, Madi-
son, WI, USA). The protein (Hise-GSK-33/pET29b) was purified on a
His-Select Nickel agarose column as described by the manufacturer
(Sigma, St.Louis, MO, USA). As an alternate source, His,-GSK-3f was
purchased from EMD Biosciences/Calbiochem (Madison, WI, USA).

Kinase assays: Kinase assays were performed essentially as de-
scribed by Welsh and co-workers.*® GSK-3p activity was measured
as the ability to transfer y-**P from [y-*?P]ATP to the primed glyco-
gen synthase peptide substrate (RRRPASVPPSPSLSRHSSHQRR, in
which S denotes the designated primed phosphoserine residue).
The ability of recombinant human His;-GSK-33 (Hise-GSK-33/
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pPET29b, 4-53 nm, or 21 nm, EMD Biosciences) to phosphorylate
the pGSM peptide substrate (10 um final concentration) was as-
sayed in the presence of ATP (10 or 100 um, specific activity:
1.3 uCi [y-**P]JATP nm ). After incubation for 30 min at 30°C, sam-
ples (25puL volumes) were spotted on P81 Whatman filters
(2.5 cm), dried for 30's, and immediately transferred into a beaker
containing 0.75% phosphoric acid. The filters were dried and
counted in ScintiSafe cocktail (3 mL, Fisher Scientific, Hanover Park,
IL, USA) in a Beckman LS6000IC scintillation counter (Beckman
Coulter, Fullerton, CA, USA).

Docking: All molecular modeling studies were performed on an
SGI or a Linux computer with the SYBYL 7.0%” and CHARMM®®
(version 31) software packages. The coordinates for the kinase
domain of GSK-3f3 were extracted from the co-crystal structure
data of the complex between GSK-3f and staurosporine (PDB
code: 1Q3D). The backbone atoms were fixed, and the complex
was subjected to a short MD relaxation of the side chains followed
by energy minimization using CHARMM. The resulting model of
GSK-38 was examined by using the PROCHECK“**® program to
verify its stereochemical quality. The stereochemical quality of the
protein was similar to that of the starting protein. The active site
was designated to consist of the amino acid residues within a
radius of 6.5 A from the original ligand. Val 135, Asp 133, Leu132,
Lys85, Glu97, and Arg 141 were set as a core subpocket. The fol-
lowing FlexX-Pharm settings were used to restrict the binding of
the ligands to the ATP-binding site of GSK: Asp 133 is an optional
acceptor, Val 135 is an optional donor, and a minimum of one op-
tional criterion has to be satisfied.

A total of 95 GSK-3f ligands and their biological activity data were
collected from several publications®”>'*® and used for verifying
the insilico docking and scoring methods. After ligand docking
was performed by the FlexX and Flex-Pharm modules in SYBYL,
the 30 best poses were selected for each ligand and saved for
analysis by CScore. The Flex-Pharm method was used to restrict
the docking of the ligands to the ATP-binding site. We used a com-
bination of several functions and the criterion of consensus >3 to
select the best pose for each ligand.***" The binding modes of
the docked ligands were found to be consistent with those expect-
ed for compounds that are structurally related to staurosporine
and I-5.°% Overall, the selection of the poses using Gold score and
FlexX score, and scoring of the poses using the Chem score scoring
function performed better than other docking/scoring functions
available in CScore (Figure 5, correlation coefficient=0.69). There-
fore, the combination of these functions was used for further dock-
ing experiments® (see Table 2).

Cell culture and transfection: Human neuroblastoma SHSY5Y cells
stably transfected with human wild-type a-Syn c¢cDNA (SHa-Syn)
were grown in DMEM/F12 medium containing FBS (10%), L-gluta-
mine  (2mwm), penicllin  (100UmL™"), and streptomycin
(100 pgmL ™). Cells were transiently transfected with human dopa-
mine transporter (hDAT; 2 pug DNA per 1.0x10° cells for 12-well
dishes, and 4 pg DNA per 1.2x10° cells for 6-well dishes) at 80%
confluency by the Lipofectamine reagent, accordingly to the man-
ufacturer’s protocol (Invitrogen). Cells were grown for a further
48 h after transfection to allow expression of the transgenes.

Primary mesencephalic neuronal cultures were prepared from the
ventral mesencephalon of gestational 16-18-day-old rat embryos,
and grown in Neurobasal medium (Invitrogen) supplemented with
B27 Supplement (2% v/v, Invitrogen), a mixture of penicillin/strep-
tomycin (10 UmL™), and 25 um B-mercaptoethanol at 37°C and
5% CO,.
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in 2x Laemmli stop buffer, and the indicated amounts

= 070 of protein were resolved by 10% SDS-PAGE. Blots were
;3 0.60 - 5 D_score probed with the antibodies raised against: Tau, which in-
§ 050 - W B @ PMF cludes the phosphorylation-independent antibody Tau5
g 0.40 - EE E O G_score (1:1000; Chemicon International, Inc., MAB361) and
% 030 - H H 8 Chem_score  PHF-1 (1:500; a gift from Dr. P. Davies, Albert Einstein
,_E 0.20 - EE E m F_score College of Medicine, Bronx, NY, USA), which recognizes
O 0.10 - H H the phosphorylated forms of Tau at Ser396/404); a-Syn

0.00 - H H (1:1000; mouse monoclonal antibody; BD Transduction

G P D C F Multi
Pose selection functions

Figure 5. The Pearson correlation coefficient.

Table 2. Pearson product moment correlation coefficients between the
docking scores and the experimental plCs, values.

Pose Selection Scoring Functions

Function
Dock PMF Gold Chemscore FlexX Average

Gold 0.44 037 044 0.65 0.48 0.48
PMF 0.43 044 033 0.8 0.40 0.44
Dock 0.46 0.41 0.33 0.59 0.51 0.46
Chem score 0.45 038 037 0.65 0.46 0.46
FlexX 0.44 037 034 0.69 0.53 0.47
Multi® 043 047 036 065 0.55 049
Average 0.44 0.41 0.36 0.63 0.49

[a] Gold:PMF:Dock:Chem score:FlexX =1:1:1:1:1.

Cell treatment: MPP™ iodide was prepared at a concentration of
50 um and then added directly to the medium in the 6- or 12-well
dishes. Cells were exposed to MPP™ for 48 h. Concentrated stock
solutions of the synthesized GSK-3f3 inhibitors 14, 16, 8, 19, 18,
and 22 were prepared in DMSO at a concentration of 10 mm. On
the day of each experiment, each inhibitor was added to the wells
to a final concentration of 1 um. GSK-3f3 inhibitors were applied for
the last 16 h of MPP* treatment.

Sample preparation and immunoblot analysis: Owing to different
biochemical properties of the proteins analyzed, two separate pro-
tocols were used to check protein expression levels of a-Syn and
GSK-3p (protocol I) and the phosphorylation pattern of Tau (proto-
col Il) by Western blot.

Protocol I: Tissue or cells were collected by gentle scraping, were
washed three times with DPBS, and lysed in buffer (50 mm Tris—
HCl, pH 7.5, 150 mm NaCl, T mm EDTA) containing 0.1 % Nonidet P-
40, 0.1% Triton X-100, 1 mm phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail tablets (Complete Mini, EDTA-free,
Roche Diagnostics GmbH, Germany). The cellular material was left
for 20 min on ice. The lysate was then centrifuged for 10 min at
14000 g, and the supernatant was collected. Protein concentra-
tions were measured with the Bradford assay (Bio-Rad, Richmond,
CA, USA).

Protocol II: Cells were washed twice with ice-cold PBS and collected
with 200 uL 2x stop solution (500 mm Tris-HCl, pH 6.8, 10%
sodium dodecyl sulfate (SDS), 100 mm EDTA, 100 mm EGTA, 10%
glycerol) containing a protease inhibitor mixture and the phospha-
tase inhibitor sodium orthovanadate (1 mm). Samples were soni-
cated, and protein concentrations were determined with the DC
Protein assay (Bio-Rad, Richmond, CA, USA) for protein measure-
ment following detergent solubilization. The samples were diluted
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Laboratories, 610786); GSK-3 (1:1000; Chemicon Inter-
national, Inc., AB8687); and GSK-3 (pY216; 1:1000; BD
Transduction Laboratories, 612312). To confirm equal
protein loading, blots were re-probed with anti-B-actin
antibody (1:500; Santa Cruz Biotechnology, sc-1616).

Cell viability: The cell viability assay was performed by the MTT
test (MTT =3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide). Briefly, after cell treatment in 12 wells, cells were carefully
washed twice with D-PBS and incubated for 2 h (37°C in an atmos-
phere containing 5% CO,) in the appropriate medium without
serum containing 0.5 mgmL~" MTT (Sigma). After two careful
washes with D-PBS, formazan salts were solubilized with pure etha-
nol (1 mL per 12 wells), and the absorbance at 1=564 nm was
measured by UV/Vis spetrophotometry against an ethanol blank.

Statistical analysis: Cell viability results are expressed as ODsg,
SD as a percent of the value determined for control (vehicle-treat-
ed) cells. Statistical significance was obtained by Student t test.
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