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Glycogen synthase kinase 3 (GSKS3) is a serine/threo-
nine kinase that has been implicated in pathological
conditions such as diabetes and Alzheimer’s disease. We
report the characterization of a GSK3 inhibitor, AR-
A014418, which inhibits GSK3 (IC;, = 104 = 27 nm), in an
ATP-competitive manner (K; = 38 nm). AR-A014418 does
not significantly inhibit cdk2 or c¢dk5 (IC5, > 100 um) or
26 other kinases demonstrating high specificity for
GSK3. We report the co-crystallization of AR-A014418
with the GSK3p protein and provide a description of the
interactions within the ATP pocket, as well as an under-
standing of the structural basis for the selectivity of
AR-A014418. AR-A014418 inhibits tau phosphorylation
at a GSK3-specific site (Ser-396) in cells stably express-
ing human four-repeat tau protein. AR-A014418 protects
N2A neuroblastoma cells against cell death mediated by
inhibition of the phosphatidylinositol 3-kinase/protein
kinase B survival pathway. Furthermore, AR-A014418
inhibits neurodegeneration mediated by p-amyloid pep-
tide in hippocampal slices. AR-A014418 may thus have
important applications as a tool to elucidate the role of
GSK3 in cellular signaling and possibly in Alzheimer’s
disease. AR-A014418 is the first compound of a family of
specific inhibitors of GSK3 that does not significantly
inhibit closely related kinases such as cdk2 or cdk5.

Alzheimer’s disease (AD)! affects more than 18 million peo-
ple worldwide. The onset is insidious, and the loss of memory is
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an early indicator of the disease. As the disease progresses,
there are psychiatric abnormalities and motor deficits and
death occurs within 7—8 years after diagnosis. The pathological
hallmarks of AD include extracellular amyloid plaques and
intraneuronal neurofibrillary tangles (NFTs) (1, 2). Neurode-
generation is also evident in the limbic regions of the brain, and
brain atrophy occurs at the later stages. The density of NFTs
correlates extremely well with the clinical severity of the dis-
ease, and the distribution follows a characteristic pattern of
expansion as the disease progresses (3). This provides a com-
pelling argument that strategies to inhibit factors leading to
NFT development and neuronal death would be useful in the
treatment of mid-moderate stage AD.

NFTs are found in the neuronal cell bodies and apical den-
drites and comprise aggregates of paired helical filaments
(PHF's), which are assembled from hyperphosphorylated forms
of the microtubule-associated protein tau (4—6). Pathologic
alterations in the microtubule-associated protein tau leading to
PHFs and subsequently NFT have been implicated in a number
of neurodegenerative disorders, particularly dementias, includ-
ing AD, dementia pugilistic, progressive supranuclear palsy,
frontotemporal dementia, and amyotrophic lateral sclerosis de-
mentia (6).

GSK3p, also called tau phosphorylating kinase I (7), is a
serine/threonine kinase that has highest abundance in brain
and is localized primarily in neurons (8-10). It is highly con-
served throughout evolution, and its expression is decreased in
the adult (10). Aberrant increase in GSK33 expression and
activity in adult brain has been directly linked to several of the
key neuropathological mechanisms of AD (11, 12, 51). GSK3
has two major isoforms (a and B), which are 98% identical
within the catalytic domain. GSK3 phosphorylates tau at most
sites, which becomes abnormally hyperphosphorylated in
PHFs, both in cells (13) and in rodents (14, 15), and has been
linked to the production of B-amyloid, the chief constituent of
amyloid plaques (51). The most crucial pathological link with
AD has been its association with PHFs (16, 17).

GSK3 has also been linked to the downstream effects of
B-amyloid. Exposure of cortical and hippocampal primary neu-
ronal cultures to B-amyloid induces the activation of GSK3p3
(18) and cell death (19, 20). Blockade of GSK3 expression by
antisense oligonucleotides (20) or its activity by lithium (21)
inhibits AB-induced neurodegeneration of cortical and hip-
pocampal primary cultures. Presenilin-1 (PS-1), a protein in-
fluencing APP metabolism and linked to familial AD, has been

saline; eIF2B, eukaryotic initiation factor 2B; PI3K, phosphatidylinosi-
tol 3-kinase; PKB, protein kinase B.
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ScHEME I. AR-A014418 synthesis. Reagents and conditions were as follows: N,N-dimethylformamide, 100 °C, 15 h.

shown to directly bind GSK38 and tau in co-immunoprecipita-
tion experiments from human brain samples (22). Thus, the
ability of PS-1 to bring GSK3B and tau into close proximity
suggests that PS-1 may regulate phosphorylation of tau by
GSK3p. Mutant PS-1 results in increased PS-1/GSK3p associ-
ation and increased phosphorylation of tau (22). Furthermore,
PS-1 forms a complex with the GSK33 substrate B-catenin in
transfected cells (23, 24) and in vivo (23, 25), and this interac-
tion increases B-catenin stability (25). Pathogenic PS-1 muta-
tions reduce the ability of PS-1 to stabilize B-catenin, which in
turn results in decreased B-catenin levels in brains from AD
patients with PS-1 mutations (25). GSK3B phosphorylates
pyruvate dehydrogenase and inhibits it in response to B-amy-
loid; as a consequence, a reduction in ATP and ACh synthesis
has been described in hippocampal neurons (26). Taken to-
gether, these data indicate that GSK3p is located at the con-
vergence of pathways involved in AD-like tau hyperphospho-
rylation, B-amyloid-induced toxicity, PS-1 mutations, and ACh
metabolism, all of which are relevant to AD. Recent evidence
using lithium and short interfering RNAs directed toward
GSK3a block the production of AB by interfering with APP at
the y-secretase step but not Notch processing (51). The effects
of the GSK3 inhibitor lithium was observed in cells, as well as
in transgenic mice that overproduce APP.

An increase in GSK3 levels or activity in AD post mortem
tissue, compared with non-diseased human brain, has been
described by several researchers. Using active site antibodies,
GSKS3 has been shown to localize to pretangle neurons, dystro-
phic neurites, and NFTs in AD brain (12). Neurons actively
undergoing granulovacular degeneration are also immunoposi-
tive for active GSK3 (27). A spatial and temporal pattern of
increased active GSK3B expression coinciding with the pro-
gression of NFT and neurodegeneration has been reported (11).
Taken together, these studies provide evidence that the active
form of GSK3 is increased in AD brain. Because active GSK33
triggers signal transduction events that participate in cell
death (28, 29), and loss of neuronal and synaptic plasticity (30),
a significant part of the AD pathology could result from an
abnormal increase in GSK3p expression and activity.

When GSK38 transgene expression is induced in brain, adult
mice developed hyperphosphorylated tau at the PHF-1 site
(phospho-epitope at Ser-396/404) (31), a site critical for PHF
formation and represents increased phosphorylation in AD
brain (32). These mice also developed pretangle structures in
the hippocampus, as well as increased neuronal death, gliosis,
and spatial learning deficits in the Morris water maze (33).
Overexpression of human tau, in combination with its phos-
phorylation by the Drosophila GSK38 homologue Shaggy, ex-
acerbates neurodegeneration induced by tau overexpression
alone and gives rise to NFT pathology in the fly (34). Taken
together, these studies provide strong evidence that increased
GSK3pB expression and activity are necessary for the early
events leading to pretangle and neurodegenerative pathology
that is associated with AD.

Accordingly, several groups have identified small molecule
GSKS3 inhibitors (35—-40). However, the majority of the reported
inhibitors are not selective against GSK3 and also affect cdk2,
a kinase that shares 33% amino acid identity with GSKS3, or
cdk5, another protein kinase involved in tau phosphorylation.

In addition, there is a lack of basic information about the
structural basis of the interaction between GSK3B and these
inhibitors, as co-crystallization studies have not been reported.
Here, we report the identification and characterization of a
thiazole, N-(4-methoxybenzyl)-N’-(5-nitro-1,3-thiazol-2-yl)urea
(AR-A014418), which is a selective and potent inhibitor of
GSK3 able to decrease tau phosphorylation and cell death.
Furthermore, the co-crystallization of AR-A014418 with the
GSK3pB protein provides the structural information required to
understand the high selectivities of this inhibitor.

EXPERIMENTAL PROCEDURES
Materials

Propidium iodide (PI) was purchased from Sigma and calcein-AM
from Molecular Probes. Antibody Tau5 was purchased from Research
Diagnostics Inc., and tau Ser(P)-396 was from BIOSOURCE Interna-
tional. Anti-GSK3pB was from Transduction Laboratories. The peptide
B-amyloid 25-35 was from Bachem and was prepared as described
previously (48, 49). The biotinylated eukaryotic initiation factor 2B
(eIF'2B) peptide, biotin-AAEELDSRAGS(PO;H,)PQL, was synthesized
at AstraZeneca R&D Lund (Lund, Sweden). A peptide based on glyco-
gen synthase, RRRPASVPPSPSLSRHS-S(PO,)-HQRR, was produced
by Auspep Pty. Ltd. (Parkville, Australia). The biotinylated peptide
biotin-AKKPKTPKKAKKL-OH used in cdk5 assay was produced by
Bachem AG (Bubendorf, Switzerland). Glutathione S-transferase
(GST)-retinoblastoma expressed in a GST expression system and cdk5/
p25 (co-transfected 2:5) were supplied by AstraZeneca Biotech Labora-
tory (Sodertélje, Sweden). Recombinant human GSK3 was obtained
from Dundee University (Dundee, Scotland, United Kingdom) and con-
tained a mixture of GSK3B and GSK3« to a minor extent. Baculoviral
cdk2/cyclin E enzyme was supplied by Enabling Science & Technology
Biology Department, AstraZeneca R&D, Alderley Park, United King-
dom. [y-**P]ATP, protein A, and streptavidin-coated scintillation prox-
imity assay (SPA) beads were purchased from Amersham Biosciences
UK.

Chemistry

The synthesis of AR-A014418 is outlined in Scheme I.

In brief, commercially available 2-amino-5-nitrothiazole and 4-me-
thoxybenzylisocyanate was mixed in N,N-dimethylformamide to give
AR-A014418 in 22% yield. The aqueous solubility of AR-A014418 was
determined to be 136 um.

N-(4-Methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-ylurea
Synthetic Procedure

A mixture of 2-amino-5-nitrothiazole (0.89 g, 6.13 mmol) and 4-me-
thoxybenzylisocyanate (1 g, 6.13 mmol) in N,N-dimethylformamide (6
ml) was heated at 100 °C under nitrogen atmosphere for 15 h. The
mixture was allowed to cool and was partitioned between water and
ethyl acetate. The aqueous layer was extracted with another portion of
ethyl acetate. The combined organic layers were washed with brine,
dried (MgSO,), and evaporated to give 2.5 g of a semisolid crude prod-
uct. Most of the material was dissolved in chloroform/ethanol (98:2,
approximately 15 ml) and triethylamine (3 ml), followed by filtration.
The dissolved crude product was purified on a silica gel column using
chloroform/ethanol (95:5) as the eluent to give 408 mg (22% yield) of the
title compound as a yellowish solid: mp >190 °C (decomposition); 'H
NMR (Me,SO-dg, 400 MHz) 6 11.64 (br s, 1 H), 8.50 (s, 1 H), 7.25-7.23
(m, 3 H), 6.92-6.89 (m, 2 H), 4.30 (d, J = 5.9 Hz, 2 H), 3.73 (s, 3 H); **C
NMR (Me,SO-dg, 100 MHz) 6 164.42, 158.43, 153.48, 143.47, 140.80,
130.82, 128.72, 113.82, 55.08, 42.60; MS(ES) m/z 309 (M* + 1).

Protein Purification and Expression of
Material Used for Crystallization

Full-length human GSK3B was cloned into the Ndel and EcoRI
restriction sites of pET28a(+) (Novagen) via the PCR Script vector
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(Stratagene) using the PCR primers 5’-CATCATATGTCAGGGCGGC-
CCAGAACC and 5'-TCATCAGGTGGAGTTGGAAGCTGATGC.

An Ncol-EcoRI gene fragment was subsequently subcloned into
pFASTBAC HTb (Invitrogen) resulting in a construct with an N-termi-
nal double histidine tag with the following amino acid sequence: MSYY-
HHHHHHDYDIPTTENLYFQGAMGSSHHHHHHSSGLVPRGSH-.
Briefly, Sf21 cells were transfected with recombinant bacmid DNA
using Superfect (Qiagen) and incubated for 3 days at 27 °C. The virus
particles were amplified in Sf21 cells for 7 days and titrated using the
Clontech titration kit.

High Five cells were grown at 27 °C in a 20-liter cell culture biore-
actor (BBI) in Expression High Five SFM medium (Invitrogen), supple-
mented with 12 mM L-glutamine, 5 mM asparagine, and 0.1% NaCl. The
culture was infected with the recombinant baculovirus with a multi-
plicity of infection of 2 at a cell density of 2.12 X 10° cells/ml. The cells
were harvested 46 h after infection using a Contifug Stratos centrifuge.
The cells were washed with PBS, frozen, and stored in —80 °C prior to
purification. The cells were thawed, resuspended in lysis buffer (20 mm
HEPES, pH 7.0, 500 mm NaCl, 10 mm imidazole, 10% (v/v) glycerol, 1
mM Tris (2-carboxyethyl) phosphine, and EDTA-free Complete Protease
Inhibitor, Roche Diagnostics) to a density of 20 X 10° cells/ml, and then
lysed by using an Ultra-Turrax T50 (Janke & Kunkel). The cell debris
was removed by centrifugation for 30 min at 3 °C and 35,000 X g using
an Avanti J-20 with a JLA 16.250 rotor (Beckman). Chelating Sepha-
rose Fast Flow (Amersham Biosciences), previously loaded with 0.5 bed
volume of 0.1 M Ni,SO,, was added in a ratio of 2 ml of Sepharose/10°
cells, and GSK3p was allowed to adsorb to the matrix in a batch fashion
for 60 min at 4 °C. All subsequent steps were performed at room
temperature. Unbound protein was removed with Buffer A (lysis buffer
without protease inhibitor) using a sintered glass filter funnel, and the
resin was packed into a column, further washed with Buffer A, and then
washed with Buffer A containing 250 mM imidazole. GSK3 protein was
finally eluted with Buffer A containing 500 mM imidazole. GSK3g-
containing fractions were pooled and loaded onto a Sephadex G25
column equilibrated with Buffer B (20 mm HEPES, pH 7.0, 350 mMm
NaCl, 5% (v/v) glycerol, and 1 mMm Tris (2-carboxyethyl) phosphine. The
final protein was aliquoted, frozen, and stored in —80 °C. Approxi-
mately 8 mg of >95% pure GSK38 was produced per liter of cultivation.

The histidine tag was removed by thrombin cleavage using 500 units
of thrombin (Amersham Biosciences)/70 mg of protein for 4 h at room
temperature and cleavage at a second site (after arginine 6) was ob-
served. A residual thrombin activity remained despite later purification
steps, and the protein preparation used for crystallization was a mix of
full length and the 7—420 species. Unphosphorylated and phosphoryl-
ated GSK3pB was separated using a 6-ml Resource S column (Amersham
Biosciences), equilibrated in 20 mm HEPES, pH 7.0, 80 mm NaCl, 2 mm
DTT, and 5% glycerol, using a 20-column volume gradient from 80 to
350 mM NaCl. Full-length unphosphorylated GSK3p eluted at approx-
imately 200 mM NaCl, and the peak fractions were pooled and concen-
trated to 6.3 mg/ml (Ayg, = 34,960 M * cm ™).

Crystallization

Crystals were grown using the hanging drop method. A 1.5 + 1.5-ul
drop consisting of protein solution (130 um GSK3B, 250 um AR-
A014418, 20 mm HEPES, pH 7.0, 200 mM NaCl, 2 mm DTT, 5% glycerol,
and 1.3% Me,SO) and well solution (17% polyethylene glycol 3350, 50
mM BisTris propane, pH 6.5, and 5 mM urea) was placed over 500 ul of
well solution at 20 °C. Crystals grew within a few days to a size of 100
pm and were soaked in cryo solution (15% glycerol, 10% polyethylene
glycol 3350, 100 mm NaCl, and 50 mm BisTris propane, pH 6.5) before
being frozen in a 100 K nitrogen stream.

Data Collection and Structure Determination

All the structure descriptions in this paper are based on the refined
structure using the synchrotron data. Details of data collection and
refinement statistics are recorded in Table I. The current R-factor/Ry,.,
is 0.22/0.24. Data were first collected using in-house x-ray source (CuK,
radiation; wavelength = 1.54 A) to a resolution of 3.1 A on a Mar-
Research 345-mm image-plate detector system. X-ray radiation was
generated by a Rigaku RU300HB rotating anode operated at 50 kV and
100 mA. The crystal belongs to orthorhombic space group P2,2,2,, with
cell parameters of @ = 82.028 A, b = 84.215 A, and ¢ = 178.091 A.
Molecular replacement was carried out with program MOLREP using
overlaid structures of cdk2, ERK, and p38g as the search model. To
prepare the search model, these three structures were first superim-
posed using program MAPS, and then each was trimmed manually in
the program O to remove some loop regions to ~260 residues, respec-
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tively. MOLREP found two molecules after rotation and translation
search with R-factor/correlation coefficient of 0.514/0.280. Phase im-
provement with solvent flattening (solvent content 0.622) and 2-fold
density averaging was performed using the program DM. The solution
was verified by inspection of the calculated electron density map in
program O after phase improvement. Subsequently the cdk2 model
from molecular replacement was used for initial refinement and model
building. A high resolution data set (1.94 A) was later collected at
beamline ID29 (wavelength of 1.0064 A) in ESRF (Grenoble, France).

Kinase Assays

GSK3 Scintillation Proximity Assay—The competition experiments
were carried out in duplicate with 10 concentrations of the inhibitor in
clear-bottomed microtiter plates. The biotinylated peptide substrate,
biotin-AAEELDSRAGS(PO;H,)PQL, was added at a final concentra-
tion of 2 uM in an assay buffer containing 6 milliunits of recombinant
human GSK3 (equal mix of both « and ), 12 mm MOPS, pH 7.0, 0.3 mMm
EDTA, 0.01% B-mercaptoethanol, 0.004% Brij 35, 0.5% glycerol, and 0.5
ug of bovine serum albumin/25 pl and preincubated for 10—15 min. The
reaction was initiated by the addition of 0.04 uCi of [y-**P]JATP and
unlabeled ATP in 50 mm Mg(Ac), to a final concentration of 1 um ATP
and assay volume of 25 ul. Blank controls without peptide substrate
were used. After incubation for 20 min at room temperature, each
reaction was terminated by the addition of 25 ul of stop solution con-
taining 5 mMm EDTA, 50 um ATP, 0.1% Triton X-100, and 0.25 mg of
streptavidin-coated SPA beads corresponding to ~35 pmol of binding
capacity. After 6 h the radioactivity was determined in a liquid scintil-
lation counter (1450 MicroBeta Trilux, Wallac).

cdk2 Scintillation Proximity Assay—The competition experiments
were carried out in duplicate with 10 concentrations of the inhibitor in
clear-bottomed microtiter plates. ecdk2/cyclin E enzyme was added at a
concentration corresponding to a 80X dilution of the partially purified
baculovirus-infected insect cell lysate in a buffer containing 50 mm
HEPES, 10 mm MnCl,, 1 mm DTT, 100 um NaF, 100 um sodium
O-vanadate, 10 mM sodium glycerophosphate, 5 pug/ml aprotinin, 2.5
ug/ml leupeptin, and 100 uM phenylmethylsulfonyl fluoride. Blank
controls without enzyme were used. The reaction was initiated by the
addition of 1.25 pg of GST-retinoblastoma (part of the retinoblastoma
gene (792-928) expressed in a GST expression system and purified from
E. coli), 0.15 uCi of [y-**P]JATP, and unlabeled ATP at a final concen-
tration of 0.1 uM; the final assay volume was 50 ul. After incubation for
60 min at room temperature, each reaction was terminated by the
addition of 150 ul of stop solution containing 45 ul of protein A-coated
SPA beads in 50 mm HEPES, 3.28 ug of anti-glutathione S-transferase,
5.5 mMm EDTA, and 35 um ATP. The plate was centrifuged at 2000 rpm
for 5 min and the radioactivity determined as previously described.

cdk5 Scintillation Proximity Assay—cdkb/p25 enzyme was diluted to
give a final concentration of 0.2 ng/ul (3.3 nM) in enzyme buffer con-
taining 70 mMm HEPES, 0.5 mMm EDTA, 37.5 mm KCI, 30 mMm B-glycero-
phosphate, 0.15% bovine serum albumin (w/v), 0.05% B-mercaptoetha-
nol (v/v), 0.02% Brij 35 (w/v), and 2.55 glycerol, pH 7.35. The
competition experiments were carried out in duplicate with 10 concen-
trations of the inhibitor in clear-bottomed microtiter plate. cdk5/p25
enzyme was added followed by a short centrifugation (~700 rpm for
10 s) and 15-min preincubation. Blank controls without enzyme were
used. The reaction was initiated by addition of biotinylated peptide
(bio-AKKPKTPKKAKKL-OH) to a final concentration of 5 ng/ul (2.95
uM) together with 0.07 uCi of [y-**P]ATP solution, giving a final con-
centration of 2 um ATP followed by a short centrifugation and incuba-
tion for 40 min. The final assay volume was 21 ul. The reaction was
terminated by adding 30 ul of stop solution containing 40 mm EDTA, 3.7
mM ATP, and 7.5 mg/ml SPA beads corresponding to ~30-pmol binding
capacity. The plate was centrifuged at 2000 rpm for 2 min and the
radioactivity determined as previously described.

Kinetic Studies—For the determination of inhibition mechanisms,
the activity of GSK3B was determined in duplicate for all combinations
between ATP concentrations 7.81, 15.6, 31.3, 62.5, 125, and 250 um (K,
~ 20 uM) and inhibitor concentrations of 0, 49.4, 148, 444, 1330, and
4000 nM. The concentration of GSK38 was 0.02 unit/ml (~1 nMm), and the
concentration of the GS-peptide substrate (RRRPASVPPSPSLSRHS-
S(PO-HQRR) was 20 puM. The reactions were started with ATP solu-
tions containing 110 Ci of [y->*P]ATP/mol of ATP. The reaction was run
for 15 min in room temperature and then stopped by addition of an
excess of EDTA and “cold” ATP. 10 ul of the samples were spotted on a
P30 filter (PerkinElmer Life Sciences, Finland) and washed four times
for 5 min each in 75 mm phosphoric acid. The filter was dried, treated
with Meltilex melt-on scintillator (PerkinElmer Life Sciences), and
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counted in Trilux Microbeta scintillation counter (PerkinElmer Life
Sciences).

1Cj, Determination

Inhibition curves were analyzed by non-linear regression using
GraphPad Prism (GraphPad Software, Inc., San Diego, CA). The inhi-
bition constants (K) of the test compound were calculated from ob-
served IC;, of the test compound using the equation of Cheng and
Prusoff (50). The K,, value of ATP used to calculate the inhibition
constants (K;) of the various compounds was 20 uM for GSK3, 0.5 uM
for cdk2, and 10 uM for cdk5.

The activity of AR-A014418 against 26 kinases was studied as de-
scribed (41) using an ATP concentration of 100 uM (data obtained in
collaboration with P. Cohen, University of Dundee, Dundee, Scotland,
United Kingdom).

Analysis of Tau Phosphorylation

3T3 fibroblasts were engineered to stably express four-repeat tau
protein. These cells have high endogenous levels of GSK3 that is able to
phosphorylate tau protein constitutively. This phosphorylation is inhib-
ited by LiCl. After treatment with different compounds, cultures were
washed twice with 5 mm MgCl,-PBS. Extracts for Western blot analysis
were prepared by homogenizing cells in ice-cold extraction buffer con-
sisting of 20 mm HEPES, pH 7.4, 100 mm NaCl, 10 mm NaF, 1% Triton
X-100, 1 mm sodium orthovanadate, 10 mm EDTA, and protease inhib-
itors (2 mM phenylmethylsulfonyl fluoride, 10 ug/ml aprotinin, 10 pug/ml
leupeptin, and 10 ug/ml pepstatin). The samples were homogenized at
4 °C, and protein content was determined by Bradford method. Total
protein (25 ug) was electrophoresed on 10% SDS-PAGE gel and trans-
ferred to a nitrocellulose membrane (Schleicher & Schuell). The exper-
iments were performed using the following primary antibodies: tau
Ser(P)-396, 1:1000; Taub, 1:1000; and anti-GSK3g3, 1:1000. The filters
were incubated with the antibody at 4 °C overnight in 5% nonfat dried
milk. A secondary horseradish peroxidase-linked sheep anti-mouse
(Taub, GSK3B, Amersham Biosciences) or horseradish peroxidase-
linked donkey anti-rabbit (tau Ser(P)-396) antibody (both 1:5000; Am-
ersham Biosciences), followed by ECL detection reagents (Amersham
Biosciences), were used for immunodetection. Quantitation of immuno-
reactivity was performed by densitometric scanning.

Cell Viability Assays

Cell viability was assessed by calcein/propidium iodide uptake (42).
Calcein AM is taken up and cleaved by esterases present within living
cells, yielding yellowish-green fluorescence, whereas PI is only taken up
by dead cells, which become orange-red fluorescent. In brief, N2A cells
were cultured for 2 days in vitro and then treated with 50 um LY-
294002 in the presence of AR-A014418 or vehicle (Me,SO) for 24 h.
Subsequently, N2A cells were incubated for 30 min with 2 um PI and 1
uM calcein-AM. The cultures were then rinsed three times with Hanks’
buffered saline solution containing 2 mm CaCl,, and the cells were
visualized by fluorescence microscopy using a Zeiss Axiovert 135 mi-
croscope. Three fields (selected at random) were analyzed per well
(~300 cells/field) in at least three different experiments. Cell death was
expressed as percentage of Pl-positive cells from the total number of
cells. In every experiment, specific cell death was obtained after sub-
tracting the number of dead cells present in vehicle-treated cultures.

Neurodegeneration Mediated by B-Amyloid Peptide:
Organotypic Cultures

Organotypic cultures were prepared essentially according to Studer
et al. (48), with modifications described by Luthman et al. (49). Three-
day postnatal Sprague-Dawley rat pups were sacrificed by decapitation
and their brains removed under sterile conditions. The hippocampus
was dissected out, placed in Gray’s balanced salt solution (Life Tech-
nologies, Inc.), and thereafter cut into 250-pum-thick slices with a tissue
chopper (MclIllwain). The slices were transferred to a Petri dish con-
taining 2 ml of Gray’s balanced salt solution. The tissue pieces were
then placed on 12 X 24-mm glass cover slips, embedded by means of two
drops of reconstituted chicken plasma (Sigma), and coagulated by one
drop of thrombin solution (Sigma). After coagulation in 30 min at room
temperature, the cover slips were transferred into sterile plastic tubes
containing 1.1 ml of medium. The medium consisted of 55.0 ml of
Dulbecco’s modified Eagle’s medium with glutamine (Life Technologies,
Inc.), 32.5 ml of Hank’s balanced salt solution, 1.5 ml of a 20% glucose
solution (Life Technologies, Inc.), and 1.0 ml of HEPES solution (2.39 g
of HEPES; WWR in 10 ml of distilled water tissue culture tested; Life
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Technologies, Inc.); 10 ml of heat-inactivated fetal calf serum 1% anti-
biotic-antimycotic solution (Life Technologies, Inc.) was also added. The
tubes were transferred to an incubator and placed in a roller drum
(Bellco), tilted at an angle of 5° to the horizontal axis, which rotated at
60 revolutions/h. The incubation was performed at 37 °C at a humidity
of ~95-98%, and with a CO, concentration of 5%. Fresh medium was
prepared every week without antibiotic-antimycotic solution added.

After 21 days in vitro, amyloid-B peptide (25-35) (AB) dissolved in
distilled water was added to the medium at a final concentration of 50
uM. Control cultures were grown in parallel with the cultures which
were exposed to AB, with fresh medium changed every other day.
AR-A014418 at concentrations of 3, 10, or 30 um was added at the same
time as AB AR-A 014418 at a concentration of 30 uM was also studied
without any addition of AB. Stock solutions of those compounds were
prepared in Me,SO with a final Me,SO concentration of 0.01%. The
medium was changed once (day 2) during the 4-day AB exposure. Fresh
solutions were made each time.

Histology

Following 4 days of AB exposure, the cultures were fixed for 30 min
at room temperature in 0.4% formaldehyde and 0.125% glutaraldehyde
in 0.1 M phosphate-buffered saline (PBS; pH 7.4). After rinsing three
times in 0.1 M PBS, the cultures were incubated with a mouse mono-
clonal primary antibody raised against the NMDA-R1 subunit of the
NMDA receptor (diluted 1:600) for 3 days at 4 °C in 0.1 M PBS contain-
ing 0.3% Triton X-100 and 1.5% normal horse serum. The cultures were
thereafter washed in PBS, and incubated with biotinylated secondary
antiserum for 30 min in PBS/Triton X-100 buffer including 1.5% normal
horse serum. The cultures were subsequently washed three times in
PBS, and then incubated in PBS/Triton X-100 buffer for 1 h to obtain
the avidin-biotin complex (ABC-Elite kit; Vectastain). The cultures
were thereafter washed twice, first in PBS for 10 min and then in 50 mm
Tris-HCI buffer, pH 7.4. Chromogen reaction was performed by incu-
bation in 0.1 M Tris-HCl buffer containing diaminobenzidine tetrahy-
drochloride, at a concentration of 1 mg/ml, and 0.2% H,0, The diami-
nobenzidine tetrahydrochloride reaction was terminated by washing
the cultures in PBS. After dehydration in a graded series of ethanol,
followed by xylene, the cultures were mounted on glass slides using
Eukitt. The number of NMDA-R1 immunoreactive cells, which showed
processes and pyramidal shape, were counted in each culture using
light microscopy (magnification, X10).

RESULTS
AR-A014418 Inhibits GSK3 in Vitro

The chemical structure of the thiazole AR-A014418 is shown
in Fig. 1A. AR-A014418 inhibits recombinant human GSK3
with an IC;, value of 104 = 27 nm (Fig. 1B). The IC;, was
determined using a scintillation proximity assay with a bioti-
nylated peptide sequence from one eIF2B and [y-**P]ATP as
substrates. Cdk2 is the nearest kinase from a homology per-
spective (overall 33% amino acid identity), and almost all of the
reported GSK3 inhibitors also inhibit other cdks such as cdk2
or cdk5 (see above). Therefore, the effect of AR-A014418 was
determined on these kinases. AR-A014418 did not significantly
inhibit either cdk2/cyclin E or cdk5 (K; > 100 uwm; Fig. 1B),
demonstrating the specificity of AR-A014418 with respect to
GSK3. AR-A014418 (10 uMm) did not significantly inhibit any
kinase (26 kinases) tested in a pan-kinase screen performed at
the University of Dundee (Fig. 10).

Kinetic analyses were performed using combinations of six
ATP concentrations up to 200 um (K,, ~ 20 um) and six inhib-
itor concentrations from 0 to 40 times the IC;, of the inhibitor,
i.e. up to 4 um. AR-A014418 shows an inhibition mechanism
consistent with ATP competition and a K, value of 38 nwm, as
shown by nonlinear regression analysis (Fig. 1D) and illus-
trated in the Lineweaver-Burke plot in Fig. 1E.

Co-crystallization of GSK3B with AR-A014418

The data collection, refinement, and model assessment sta-
tistics of the crystal structure are shown in Table I. The refined
model contains two GSK3B molecules, each with a bound in-
hibitor, in total 689 amino acid residues (5521 protein atoms),
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Fic. 1. AR-A014418 specifically inhibits GSK3p. A, the chemical structure of AR-A014418; B, AR-A014418 inhibits GSK3p activity in vitro.
The ability of recombinant human GSK3p (@) to phosphorylate e[F2B substrate was assayed in the presence of the indicated concentrations of
AR-A014418 (IC;, = 104 = 27 nM). The ability of AR-A014418 to inhibit cdk5 ([]) and edk2 (O) was also analyzed (IC5, >100 uM). Results are
presented as the percentage of the respective kinase activity in the absence of the compound. Data are mean *+ S.E. from three independent
experiments performed in duplicate. C, effect of AR-A014418 on the activities of 26 protein kinases in vitro. Protein kinases were assayed in the
presence of 10 um AR-A014418 or vehicle (DMSO). The enzymatic activity was carried out in the presence of 0.1 mm ATP. Kinase activities are
given as the mean of triplicate determinations. AMPK, AMP-activated protein kinase; Chk, checkpoint kinase; CKII, casein kinase-2; JNK, c-Jun
N-terminal kinase; Lck, lymphocyte c-Src kinase; MAPK, mitogen-activated protein kinase; Rsk2, ribosomal S6 kinase-2; MAPKAPK-2, mitogen-
activated protein kinase-activated protein kinase-2; MEKI, mitogen-activated protein kinase/extracellular signal-regulated kinase kinase-1;
MSK]I1, mitogen- and stress-activated protein kinase-1; p70 S6K, p70 ribosomal protein S6 kinase; PDK1, 3-phosphoinositide-dependent protein
kinase-1; PhosK, phosphorylase kinase; PKA, protein kinase A; PKBa, protein kinase B; PKCa, protein kinase C; PRAC, p38-regulated/activated
kinase; ROCKII, Rho-dependent protein kinase II; SAPK, stress-activated protein kinase; SGK, serum- and glucocorticoid-induced kinase; CSK,
carboxyl-terminal Src kinase; cdk2, cyclin-dependent kinase 2. D and E, kinetic studies. D, GSK3 inhibition determined by increasing concentra-
tions of AR-A014418 in the presence of different ATP concentrations. The lines represent the result of a non-linear regression analysis of the entire
data set using a kinetic model for mixed inhibition. The analysis showed a competitive inhibition with ATP and a K; of 38 nMm. E, double-reciprocal
plots of GSK3 activity in the presence of varying concentrations of ATP and AR-A014418. Excerpt of data from D selected for clarity. The lines are
linearized versions of the result of the non-linear regression analysis in D. Lines intersecting on the y axis indicate competitive inhibition with
respect to ATP.

two bound inhibitor (42 atoms), and 373 water molecules. The
current R-factor/Ry,.. is 0.22/0.24. Root mean square deviation
from ideal values for bond lengths and bond angles are 0.006 A
and 1.2°, respectively. The overall quality of the current refined
structure is good, as judged by the electron density map, re-
finement statistics, and output from PROCHECK (52). The
estimated coordinate error is 0.26 and 0. 21 A, based on the
Luzzati plot and the SigmaA method, respectively. More sta-
tistics are compiled in Table I. The electron density map cal-
culated from the currently refined model shows good quality
(see Fig. 2), except some surface loop regions that are far (more
than ~15 A) from the ATP site.

The crystal structure of GSK38 bound to AR-A014418 re-

veals the interactions formed and provides an explanation for
the specificity of the compound on GSK3p. The structure has
the typical kinase conformation of the activated form, although
the actual protein used for this study is not phosphorylated at
Tyr-216. This was later confirmed by the structure of the phos-
phorylated GSK3 in complex with the peptide FRATide, peptide
inhibitor of GSK3 (data not shown). The main difference is the
rotamer conformation of Tyr-216, which appears to have rotated
180°. However, the main chain trace of the phosphorylation loop
basically remains unchanged (Fig. 3, A and B). Comparison of the
two molecules in the dimer showed very small difference between
them. Superposition by least square fitting yielded a root mean
square distance of 0.39 A of the 314 a-carbon atoms.



45942

GSK3 Inhibitor AR-A014418

TABLE I
Crystallography: data collection and refinement statistics

Data collection
Space group P2,2,2,
Cell parameter (A)
Solvent content (%) .
Resolution (last shell) (A)

62.9

Unique reflections 21,482

R, orge (all/last shell) 0.290/0.669
/I, (all/last shell) 2.4/1.1
Completeness (%) (all/last shell) 94.3/93.4

Redundancy 3.7
Structure refinement .

Resolution (last shell) (A)

Number of reflections used (last shell)

Fraction of test set for calculating Ry, (%)

No. of reflections in the test set (last shell)

R, (last shell)

R (last shell)

Root mean square deviation bond lengths
(A)/bond angles (°)

Estimated coordinate error (Luzzati plot/
SigmaA) (A)

B values (mean B value/Wilson plot) (A2)

Number of atoms: final model
(protein/waters/ligand)

In-house data (A = 1.54 A)

82.03, 84.21, 178.09

3.11 (3.11-3.30)

Synchrotron data, ID29 European Synchotron
Radiation Facility (A = 1.0064 A)

P2,2,2,

82.58, 84.91, 178.42

63.5

1.94 (1.94-2.04)

78,815

0.071/0.431

7.1/1.7

84.4/58.9

7.2

1.94 (1.94-2.06)
78,753 (9134)
3.4

2670 (310)
0.222 (0.274)
0.243 (0.291)
0.006/1.2

0.26/0.21

40.4/41.3
5521/373/42

[ -
v h

Fic. 2. Electron density map showing part of an alpha helix in
the structure. Figure shows a 2F, — F, map, calculated from the
currently refined model, contoured at 1.0 o.

Structure of AR-A014418 Bound to GSK3b

Co-crystals of AR-A014418 and GSK3p reveal AR-A014418
bound within the ATP pocket (Fig. 4A). AR-A014418 binds
along the hinge/linker region of the GSK3B having three hy-
drogen bond interactions to the main chain atoms of the protein
(Fig. 4B). The nitro group of the inhibitor occupies the inner
part of the ATP pocket; the closest distance between the nitro
O to the selectivity residue Leu-132 is only 3.03 A. The other
end group from the inhibitor, the phenyl ring, takes an orien-
tation that is ~108° out of the plane of the core inhibitor, such
that it fits in stacking interaction to the guanidine group of
Arg-141 (3.8 A).

Biological Effects of AR-A014418

Tau Phosphorylation—To evaluate whether AR-A014418 in-
hibits GSK3B-mediated tau phosphorylation in cells, 3T3 fibro-

Fic. 3. Ribbon diagram of the GSK3p in complex with AR-
A014418. A, overlay of the GSK3B unphosphorylated (in cyan) and
phosphorylated (in orange) form. B, magnification of the substrate
binding groove. The superposition of both GSK3B forms shows that,
when Tyr-216 is phosphorylated, this allows the substrate to bind to the
substrate groove. The AR-A014418 is represented as space-filling
atoms.

Fic. 4. Binding of AR-A014418 to GSK3p. Left, surface represen-
tation of the inhibitor binding pocket. Right, interactions between the
ligand and the protein. For clarity only residues in the linker/hinge
region and those involved in the important ion-pair interaction (Lys-85,
Glu-97, and Asp-200) are shown. Hydrogen bonds between the inhibitor
and the protein molecule are shown as yellow lines. Single-letter codes
are used for amino acids.

blasts were engineered to stably express four-repeat tau pro-
tein. Transfected cells were treated with vehicle (0.1% Me,SO)
or with increasing concentrations (100 nm to 50 um) of AR-
A014418 and harvested at 4 h after treatment. The effect on
tau phosphorylation in the presence and absence of serum was
determined by Western blotting. Detection was carried out
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Fic. 5. AR-A014418 inhibits tau phosphorylation in cells. 3T3
fibroblasts were engineered to stably express four-repeat tau protein. A,
cells were treated with 10 and 25 mM lithium for 2 and 4 h in the
presence or absence of serum. The effect on tau phosphorylation was
determined by Western blotting, and detection was carried out using a
phosphospecific antibody on tau (p-Tau S*%%). Total levels of tau in the
samples were determined by stripping the blot and reprobing it with a
phosphorylation-independent antibody to total tau protein (Tau5). The
bands were quantified by densitometric analysis. Lithium inhibited tau
phosphorylation in the presence or absence of serum. Total levels of tau
and GSK3 were similar between samples. B, cells were treated with
vehicle (0.1% Me,SO) or increasing concentrations (100 nM to 50 uMm) of
AR-A014418 and harvested at 4 h after treatment. AR-A014418 inhib-
ited tau phosphorylation in cells in a dose-dependent fashion, exhibit-
ing an IC;, of 2.5 uM. C, effects were compared with lithium chloride, a
reference GSK3p inhibitor (IC;, = 1.5 mm).

using a phosphospecific antibody, which detects an epitope on
tau (Ser(P)-396), a site specifically phosphorylated by GSK3 in
cells. Total levels of tau in the samples were determined by
stripping the blot and reprobing it with a phosphorylation
independent antibody to total tau protein (Taub). The bands
were quantified by densitometric analysis. The levels of Ser(P)-
396 were not affected by changes in serum, and lithium was
effective at inhibiting tau phosphorylation under both condi-
tions (Fig. 5A). AR-A014418 inhibits tau phosphorylation in the
transfected cells in a dose-dependent fashion exhibiting an IC;,
of 2.7 uM, as shown in Fig. 5B. AR-A014418 effects were com-
pared with lithium chloride (IC;, = 1.5 mwm), a reference
GSK3B inhibitor (43). AR-A014418 was a more potent inhibitor
of GSK3p than lithium (Fig. 5, B and C). A similar IC;, was
obtained for the inhibition of okadaic acid-induced hyperphos-
phorylation of endogenous tau in SY5Y human neuroblastoma
cells (data not shown).

Neuronal Death—Previous studies have demonstrated that
GSK3g is phosphorylated on Ser-9 and inhibited by the PI3K/
PKB survival pathway, which normally suppresses apoptosis
(28, 29). To evaluate the effects of AR-A014418 on neuropro-
tection, LY294002, a PI3K inhibitor (44), was used. This treat-
ment inactivates the PISK/PKB survival pathway, thereby ac-
tivating GSK3B. We show that AR-A014418 protects
neuroblastoma N2A cells in culture from death induced by
reduced PISK pathway activity in a dose-dependent manner
(Fig. 6A). Half-maximal effect of protection against N2A cell
death was obtained at a concentration of 0.5 um AR-A014418,
and the maximal effect was seen at 50 um AR-A014418. A
corresponding increase in cell survival was observed (Fig. 64,
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Fic. 6. AR-A014418 inhibits neuronal cell death. A, N2A cells
were cultured for 2 days in vitro and then treated with LY-294002 in the
presence of AR-A014418 or vehicle (Me,SO) for 24 h. Viable and dead
cells were stained with calcein AM and propidium iodide as described
under “Experimental Procedures” and photographed at a fluorescence
microscope. Percentages of specific cell death were determined as de-
scribed under “Experimental Procedures.” The data represent mean
values = S.E. of three different experiments performed in triplicate.
AR-A014418 inhibits cell death with an IC;, value of 0.5 uMm. Repre-
sentative data are shown. Subpanels A and E, control; B and F, treated
with AR-A014418; C and G, treated with LY-294002; D and H, treated
with both AR-A014418 and LY-294002. A-D were stained with calcein
(live cells), and E-H were stained with propidium iodide (dead cells). B,
hippocampal organotypic slices were incubated in the absence (Control)
or in the presence of AB 25-35 and 1 and 10 uM AR-A014418. After the
different treatments, the number of NMDA-R1 immunoreactive pyram-
idal cells were counted as described under “Experimental Procedures.”
The average of three separate determinations is indicated. *, p < 0.05
compared with control. #, p < 0.05 compared with A 25-35 alone.

right panel). Fluorescent microscopy was used to quantify the
live (green) and dead (red) cells (Fig. 6A, photos A-H).

AB Toxicity in Hippocampal Neurons—Exposure of cortical
and hippocampal primary neuronal cultures to AB has been
shown to induce activation of GSK33 (18) and cell death (19—
21). Therefore, we determined the effect of GSK3 inhibition on
ApB-induced neurodegeneration in an organotypic culture sys-
tem. In this system, AB exposure (50 uM for 4 days) results in
a 44% decrease in the number of immunoreactive pyramidal
shaped cells, as compared with control cultures. Incubation
with 10 um AR-A014418 significantly reduced (by more than
50%) the neuronal loss observed in the organotypic culture
(Fig. 6B). At these concentrations, AR-A014418 by itself did not
affect neuronal viability.

DISCUSSION

We report the identification and characterization of a small
molecule that is a novel selective inhibitor of GSK3 catalytic
activity. AR-A014418 is a thiazole identified in a high-through-
put biochemical screen by using purified recombinant GSK3.
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Fic. 7. Surface representation of the ATP pocket of GSK3p-
AR-A014418 (in cyan), and that of cdk2-ATP (magenta).

AR-A014418 is unique because most reported GSK38 inhibi-
tors are powerful cdk inhibitors (39), which is not the case for
this compound. Additionally, we demonstrate here that AR-
A014418 is specific against GSK3 in a panel of 26 kinases.

To investigate the mechanism of AR-A014418 inhibition, we
have studied the substrate dependence of the kinase activity in
the presence of the inhibitor. The data indicate that AR-
A014418 has no effect on the V. using ATP as substrate,
confirming that AR-A014418 inhibits GSK38 by competing
with ATP. Because the majority of the protein kinase inhibitors
bind to the ATP pocket, we have resolved the crystal structure
of GSK3B with AR-A014418. The crystal structure shows that
the inhibitor binds through three hydrogen bonds, to the back-
bone atoms of Val-135 (both the amide N and the carbonyl O),
a residue located in the hinge/linker region alongside of the
ATP-binding pocket of the enzyme. The crystal structure of
GSK3B in complex with AR-A014418 reveals the interactions
formed and provides an explanation for its selectivity, provid-
ing invaluable information for the design of future lines of
GSK3 inhibitors.

The structural basis for the selectivity of AR-A014418
against GSK3 with respect to cdk2 is shown in Fig. 7. The
pictures depicted are surface representation of the ATP pocket
of GSK3B-AR-A014418 (in cyan), and that of cdk2-ATP (in
magenta, phosphorylated in complex with cyclin A (Protein
Data Bank code 1qmz)). Overall, GSK33 has a more elongated
pocket along the hinge/linker region, whereas cdk2 has a more
compacted center region but with a wider opening in the en-
trance; in addition, the surface is more “hilly” (not as flat as in
GSK3p). The so-called selectivity residue is different in the two
structures, Leu-132 in GSK33 and Phe-80 in cdk2. The lining of
the pocket in GSK3B is more flat than in cdk2 (most likely
attributed to the difference Cys-199 in GSK3pB/Ala-144 in
cdk2). Furthermore, there is a significant difference in the
entrance area of the ATP pocket. There is a salt bridge (Glu-
Arg) in GSK3p that defines the boundary of the ATP pocket.
The equivalent residues involved in the salt bridge become
GIn-85 and Lys-89 in cdk2, where they take an anti-parallel
relative orientation to each other. This Lys-89 actually points
inwards to the ATP pocket, interacting to a main chain atom
(carbonyl O of Ile-10) from the Gly-rich loop. The difference
between Pro-136 (His-84 in cdk2) may also contribute to the
formation of the salt bridge in GSK3B. Therefore, there is a
wider opening in the entrance of the ATP pocket in cdk2.

The structural basis for the selectivity against cdk2 observed
for AR-A014418 can partly be attributed to the differences in
the entrance region of the ATP pocket. In GSK3p, the phenyl
group fits well in this area. However, if this inhibitor would
bind to cdk2, the side chain of Lys-89 would interfere with
phenyl group, or even if this Lys would swing away to accom-
modate the inhibitor, there would be no favorable interactions
with AR-A014418 as observed in the case of GSK3p. Alterna-
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tively, the position of the so-called selectivity residue, Phe-80 in
cdk2, may have more tight unfavorable contact with the nitro
group of the inhibitor if AR-A014418 would bind. The planar
shape of the NO,-thiazole part fits well and is favorable for
interactions in the Cys-199 area of GSK3p. Another significant
difference is that the polar interactions to the NO,-thiazole
part of AR-A014418 to the Lys-Asp salt bridge are mediated via
a water molecule in GSK3p, whereas in the cdk2 the NO,-salt
bridge distance appears to be significantly shorter and the
polar interaction would be direct, and not mediated via a water
molecule.

The importance of AR-A014418 as a specific GSK3 inhibitor
was validated by its capacity to interfere with two of the reg-
ulated processes playing an important role in AD: tau phospho-
rylation and B-amyloid-induced toxicity. GSK3B has been
shown to phosphorylate tau in some of those sites that are
hyperphosphorylated in PHF's, both in transfected cells (13)
and in vivo (14, 15). As expected, from its ability to inhibit
GSK3, AR-A014418 inhibited tau phosphorylation in cells over-
expressing tau protein in a dose-dependent manner. GSK3 has
been reported to play a role in the toxic effect mediated by
B-amyloid, a protein that aggregates as extracellular amyloid
plaques in AD brain. Exposure of cortical and hippocampal
primary neuronal cultures to B-amyloid induces activation of
GSK3p (18), tau hyperphosphorylation (19, 45), and cell death
(19, 20). Blockade of GSK3p expression by antisense oligonu-
cleotides (20) or its activity by lithium addition (21) inhibits
B-amyloid-induced neurodegeneration of cortical and hip-
pocampal primary cultures. Tau protein is essential to B-amy-
loid-induced neurotoxicity because hippocampal neurons cul-
tured from tau knockout mice, treated with fibrillar B-amyloid,
do not degenerate (46). In the current study, we demonstrate
that AR-A014418 is able to inhibit tau phosphorylation as well
as B-amyloid-induced neuronal death.

The PISK/PKB signaling pathway is recognized as playing a
central role in the survival of diverse cell types. GSKS3 is one of
several known substrates of PKB (47). PKB phosphorylates
GSKa3 in response to insulin and growth factors, which inhibits
GSKS3 activity and leads to the modulation of multiple GSK3-
regulated cellular processes (47). We show that AR-A014418
protect cultured N2A cells from death induced by blocking
PI3K/PKB pathway. The inhibition of neuronal death mediated
by AR-A014418 correlates with inhibition of GSK3 activity, a
principal regulatory target of the PISK/PKB neuronal survival
pathway (47).

In summary, AR-A014418 is an important research tool in-
asmuch as, at concentrations that AR-A014418 is able to in-
hibit GSK3 activity, this compound did not affect the activity of
other 26 protein kinases tested, and especially does not inhibit
cdc2 and cdk5, two GSK3-related kinases that are inhibited by
published GSK3 inhibitors. Furthermore, AR-A014418 consti-
tutes a lead compound with therapeutic potential for the treat-
ment of AD, as well as other neurodegenerative disorders.
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