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Dysregulation of glycogen synthase kinase (GSK-3β) is implicated in the pathophysiology of many
diseases, including type-2 diabetes, stroke, Alzheimer’s, and others. A multistage virtual screening
strategy designed so as to overcome known caveats arising from the considerable flexibility of GSK-3β
yielded, from among compounds in our in-house database and two commercial databases, newGSK-3β
inhibitors with novel scaffold structures. The twomost potent and selective validated hits, a 2-anilino-5-
phenyl-1,3,4-oxadiazole (24) and a phenylmethylene hydantoin (28), both exhibited nanomolar affinity
and selectivity over CDK2 andwere potent enough for direct in vivo validation. Both were able to cause
significant increases in liver glycogen accumulation in dose-dependent fashion. One also exhibited
excellent blood-brain barrier permeability, the other adequate for a lead compound. Analogues of the
oxadiazole 24 were synthesized to experimentally corroborate or rule out ligand-bound structures
arising fromdocking studies. SAR results supported one docking study among a number of alternatives.

Introduction

Glycogen synthase kinases 3 (GSK-3R, GSK-3β, and GSK-
3β2)

aplay vital roles in regulating cell division, stem-cell renewal
and differentiation, apoptosis, circadian rhythm, transcription,
and insulin action.1,2 GSK-3β is a 47 kDa nonreceptor serine/
threonine kinase, which is a critical modulator of cell fate,
neuronalplasticity, and tumorigenesis.1-3 Itwas first discovered
by virtue of its ability to phosphorylate and inactivate glycogen
synthase, the regulatory enzyme of mammalian glycogen
synthesis.3 Its pleiotropic but unique activities have caused
GSK-3β to be prosecuted as a theoretically promising pharma-
cotherapeutic target for the treatmentof severalhumandiseases,
including type-2 diabetes,4 CNS disorders includingmanic
depressive disorder and Alzheimer’s disease (AD)5 as well as
other neurodegenerative diseases6 and chronic inflammatory
disorders.7 Lithium was the first GSK-3β inhibitor to be used
for therapeutic effect and has been beneficially used in tens of
thousands of patients for many years.1-3 A substantial number
of structurally diverse compounds have been reported to inhibit
GSK-3β in recent years.8-17

One well-known protein substrate of GSK-3β is the micro-
tubule-associated protein, tau. GSK-3β normally phosphor-
ylates tau at specific sites, namely serine 199 and serine 396
(human numbering sequence).18 GSK-3β seems to be a key
mediator in the pathophysiology of AD, in that abnormal

hyperphosphorylation of tau (not direct aggregation into
filaments under normal cellular status) is now considered to be
requisite to neurofibrillary tangle formation, and compromised
microtubule stability.19,20Moreover, this actionofGSK-3βhas
been reported to be a key effector, possibly the key effector, of
the toxic consequences of excessive accumulationofβ-amyloid,
a protein that aggregates as extracellular amyloidplaques in the
brains ofADpatients.21 Exposure of cortical and hippocampal
primary neuronal cultures to β-amyloid-derived oligomers
induces activation of GSK-3β, tau hyperphosphorylation,
and cell death.22 Consequently, inhibition of GSK-3β renor-
malizes, in a dose-dependent manner, tau phosphorylation in
cells overexpressing tau protein.23 Suppression of GSK-3β
expression by antisense oligonucleotides, or inhibition of its
activitywith lithium, avertsβ-amyloid-inducedneurodegenera-
tion of cortical and hippocampal primary cultures.24,26

In a previous article, we reported the establishment and
validation of a pharmacophore model based on marine-derived
GSK-3β inhibitors.11 This model has the characteristic features
required for an ideal pharmacophoric query because it incorpo-
rates the important interactions known to be required for GSK-
3β inhibitors,27works in consistent fashionwithpublishedGSK-
3βpharmacophoremodels28-30 andperformedquite adequately
on our in-house compound database. This query enabled the
development of an efficient protocol, reported herein, for dis-
covering new GSK-3β inhibitor scaffolds based on a combina-
tion of ligand-based and structure-based (target-based) design.
The latter (SBDD) component had already been shown to be
absolutely requisite for surmounting the caveats resulting from
the known induced-fit flexibility of GSK-3β.11,27-30

Several structure databases (our in-house database and also
the NCI and Maybridge databases) were drawn on for iden-
tifying novel GSK-3β inhibitor scaffolds. The database com-
pounds were subjected to filtering by an extended Lipinski’s
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rule of five. Pharmacophore-based searching was subse-
quently carried out, from which initial hits were identified.
Docking studies were then undertaken, beginning frommulti-
ple disparate X-ray crystallographic structures, with highly
restrictive acceptance criteria.31 Finally, many of the resulting
hits were acquired and tested in vitro as inhibitors of recom-
binant human GSK-3β. Two compounds that exhibited both
high potency, and selectivity toward GSK-3β over CDK2
were further evaluated for their in vivo (mice) abilities to
enhance hepatic glycogen reserves and to cross the blood-
brain barrier (BBB). A 2-anilino-5-phenyl-1,3,4-oxadiazole
analogue showed high in vitro and in vivo activities and
excellent BBB permeability. To aid in corroborating or else
disallowing alternative in silico structures, and for selecting
the best hypothesis-generating models for moving forward in
lead optimization, 33 new analogues were synthesized using
the recently reported, highly efficient one-pot synthesis of
substituted 2-amino-1,3,4-oxadiazoles.32 Structuralmodifica-
tions were mainly focused on the para position of the phenyl
rings, and substituent selections were based on varying their
lipophilic (π) and electronic (σ) characteristics in the manner
prescribed by Craig’s plot.33

Results and Discussion

Virtual Screening. A 3D pharmacophore model built in a
previous report was applied in the ligand-based virtual screen-
ing.11Mappingof thismodelwasbasedon threemarine-derived
phenylmethylene hydantoin GSK-3β inhibitors11 using the
DISCOtech module implemented in SYBYL 8.0. Given a set
of molecules that are related by their ability to bind to the same
protein receptor, DISCOtech identifies features that could
be elements in a pharmacophore, employing clique detection
to generate pharmacophore hypotheses from up to 300 con-
formers per molecule.34-37 After several optimization and

refinement steps, a pharmacophore model was obtained that
includes the characteristic features known to be requisite and
ideal for ATP-competitive GSK-3β inhibition.27 Using a dis-
tance tolerance of 1 Å, five pharmacophoric features were
identified, one H-bond donor (HBD), two H-bond acceptors
(HBA), and two hydrophobic sites (Figure 1), consistent with
previously reportedGSK-3β pharmacophores.28-30 In applica-
tion, the model performed satisfactorily on the in-house data-
base of activeGSK-3β inhibitors anddecoys.Thismodel picked
89 active GSK-3β inhibitors and three decoys from among the
200 molecules (100 decoys).

Virtual screening (VS) has for several decades been a
fruitful strategy for lead identification. Its use has increased
substantially in recent years, especially with the advent of
online databases, enabling the discovery of new hits out of
millions of virtual structures. VS offers a means to system-
atically select a small number of compounds, which can then
be tested in lower-throughput assays (in-silico (docking, e.g.)
or physically), increasing the likelihood of obtaining com-
pounds with desired activities as compared to the more
expensive and time-consuming physical high-throughput
screening. For the work herein, we employed ligand-based
VS using the validated pharmacophoric map, discussed
above, followed by structure-based VS (docking), working
from three disparate GSK-3β crystallographic structures.
As previously mentioned, this two-stage VS protocol
(Figure 2) was designed with the intent of overcoming
the limitations of each separate method and so as to
surmount the caveats known to arise because of induced-
fit flexibility with ligand binding to the ATP-binding
pocket of GSK-3β.38,39

Virtual structures in the in-house (307), National Cancer
Institute (NCI, 234,055), and Maybridge (55,541) databases
were screened to identify newGSK-3β inhibitors. Our in-house

Figure 1. Pharmacophoric features of GSK-3β inhibitors generated by the DISCOtech module and used in the 3D pharmacophoric search.
AA-hydrogen bond acceptor atom, DA-hydrogen bond donor atom, HD-hydrophobic center, DS-hydrogen bond donor site, AS-hydrogen
bond acceptor site.



8536 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 24 Khanfar et al.

database is composed of compounds of a wide variety of struc-
tural classes, mainly of natural products or their semisynthetic
ormicrobial transformation products thereof, whichwere read-
ily available for testing.Lipinski’sRuleof five31wasoptedas the
filtration criterion, limiting the range for molecular weight to
e500, calculated octanol-water partition coefficient toe5, the
number of HBDs (OH’s andNH’s) toe5, andHBAs (N’s and
O’s) toe10.Additional filtering restricted the polar surface area
to<120 Å2, and the number of rotatable bonds to amaximum
of 7. The pharmacophore-based VS combined with these filters
resulted in the selection of 314 hits from the NCI database,
194 hits from the Maybridge database, and 61 hits from our
in-house database (total 569). This number of compounds
remained unwieldy and undoubtedly included a large fraction
of false positives; consequently, hits obtained were further
screened via molecular docking studies, that is, structure-based
investigation,drawingonseveral inhibitor-boundGSK-3β crys-
tallographic structures, was conducted. Protein induced-fit
flexibility with ligand binding and the presence of a conserved
water molecule in the active site of GSK-3β render structure-
based VS challenging.38,39 Moreover, the ATP binding site of
GSK-3β readily accommodates many structurally diverse
ligands in a variety of manners, as evidenced among the
multiplicity of cocrystal structures of GSK-3β (including
PDB codes 1Q4L, 1Q3W, 1Q5K, 1Q41, 1UV5, 1Q3D,
1PYX, 2OW3) available in the Protein Data Bank. Pre-
viously, the PDB structures of GSK-3βwere classified into
three major groups based on the alternative positioning of
Gln 185.39 Therefore, we selected three different GSK-3β
X-ray structures (1Q4L,27 1Q5K,40 and 1UV541) repre-
senting each conformational group for our docking VS.
We made use of Surflex-Dock software,42 as implemented
in SYBYL 8.0,43 for the docking studies of 569 hits
generated from the 3D pharmacophore search and rule-
based filters. Surflex-Dock is a fully automatic flexible
molecular docking algorithm that combines the scoring
function from the Hammerhead docking strategy with a
search engine that relies on a surface-based molecular
similarity method as a means to rapidly generate viable
putative poses for molecular fragments carved from the

ligands via impeded automation algorithms.42 Tomaximize the
enrichment and minimize the number of false-positive hits,
strict criteria were applied to select the refined hits for physical
evaluation in a GSK-3β kinase assay: (i) a ligand had to
maintain H-bonding interactions with at least three out of four
important amino acids (Val 135, Asp 133, Arg 141, and Gln
185) detected in diverse ligand-GSK-3β complexes27 in at least
one of the docking studies using the three above-mentioned
crystallographic structures; (ii) a ligand was required to exhibit
a binding orientation similar to one or more of the reported
cocrystallized inhibitors, towit, so that theprimaryheterocyclic
ring (HD1 feature in the pharmacophore model, Figure 1)
bridged via at least two H-bonds to the hinge region (Asp 133,
Tyr 134, and Val 135) of GSK-3β; (iii) a ligand was required to
have a binding score equal to or higher than the cocrystallized
GSK-3β inhibitors (I-5 in 1Q4L,27 AR-A014418 in 1Q5K,40

and 6-bromoindirubin-30-oxime in 1UV541) in each docking
study. With respect to this last criterion, the choice of scoring
function is crucial.Even though scoring functions remainvastly
deficient with respect to accuracy or even rank-ordering suc-
cess, heuristic considerations and aggregate experience suggest
some that are likely tobemore appropriate, versus those almost
certain to misinform, in a particular case. Here, because polar
interactions are dominantwithin theGSK-3β active site, scores
that consider these interactions are expected to give the most
meaningful results. Accordingly, poses generated by Surflex-
Dock were best ranked by Gold and Surflex-Dock-total
scores.39 Gold score is a GOLD-like function that focuses on
H-bonding interactions, and is known to perform well in
situations where significant polar interactions occur.44,45 Com-
plementarily, Surflex-Dock’s total score has been shown to
perform well when the ligand makes relatively many discrete
intermolecular interactions, which fits this case because the
various cocrystallized GSK-3β inhibitors exhibit at least
four.42 A total of 53 hits satisfied the aforementioned
conditions, 35 from NCI, 14 fromMaybridge, and 9 from
our in-house databases. Only 25 from the two external
databases were available. Therefore, only 34 hits were physi-
cally tested for their ability to inhibitGSK-3βactivity (Figure 3,
Table 1).

GSK-3β Kinase Assay and Molecular Modeling Studies.

The 34 refined hits were tested against recombinant GSK-3β
using the Invitrogen Z0-LYTEKinase Assay kit (Table 1).46 All
compounds were first tested at 10 μM, and hits with percentage
inhibition g50% were further tested to obtain IC50 values. A
reference compound, the marine β-carboline alkaloid manza-
mine A, gave an IC50 value of 8.4 μM, comparable to literature
reports.47 A total of 14 compounds (41%) were confirmed to be
active inhibitors, of which eight were found to have IC50 values
<1 μM. This significant success (24% of experimentally eval-
uated compounds were true actives with IC50 values <1 μM)
proved the validity and strength of ourVSprotocol for discover-
ing potentGSK-3β inhibitors. Strikingly, even though the initial
pharmacophore model was developed based strictly on a few
compounds having a hydantoin scaffold, diverse structural
skeletons were picked in the pharmacophoric screen, about
10% of these successfully met the strict criteria from the second
(docking) stage, and in turn nearly a fourth of these were found
to be submicromolar GSK-3β inhibitors. The three most active
hits (4, 17, and 24) are 9H-purine, pyrido[2,3-d]pyrimidine and
2-anilino-1,3,4-oxadiazole derivatives, respectively. Other di-
verse scaffolds, namely 2-thioxothiazolidin-4-one (16 and 19),
2,3-dihydro-[1,2,4]triazolo[4,3-a]pyrimidine (21), 3-hydroxypyr-
idin-2(1H)-one (23), and a 3,4-dihydro-2H-1,3-benzoxazine (30)

Figure 2. Outline of VS methodology. (A) Compounds down-
loaded from NCI, Maybridge, and in-house databases were
screened using pharmacophore-based VS, filtering also for drug-
likeness (see Experimental Section). (B) Molecular docking and
ranking by Gold and Surflex-Dock total scores, with selection
requiring docking poses that maintained multiple important
H-bonding interactions. (C) Available compounds were purchased
for testing along with in-house samples. (D) Experimental hit
validation was accomplished using a commercial GSK-3β kinase
assay kit.
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Figure 3. Structures of final hits selected from those identified by the VS scheme.
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were identified. All compounds were stereochemically pure
single isomers except compound 2. This hit was virtually
screened as downloaded from the NCI database, with stereo-
chemistry as specified inFigure 3.Compound 2was found to be
inactive (Table 1) and was not investigated further.

The chances of the validated hits to act as noncompetitive
or allosteric inhibitors, or alternatively, competitively bind
within the substrate-binding pocket, would be very remote
for the following reasons: (1) the algorithm by which the hits
were discovered, in particular considering the highly restric-
tive nature of the used in silico docking procedures, and (2)
the fact that the observed SAR (from experimental testing of
hits in an in vitro kinase assay, and subsequently a functional
assay (in vivo liver glycogen content) for the most potent
compounds) can be well rationalized by the most robust of
the docking models, which were constructed based on a
diverse set of X-ray crystallographic structures of ATP-
competitive inhibitors boundwithin theATP binding pocket
of GSK-3β.

CDK2 is the most closely related kinase from a homology
perspective (overall 33% amino acid identity),25 and most
reported GSK-3β inhibitors also potently inhibit CDK2, no-
tably excepting a number of anilinomaleimides.7,12,26 Although
dual inhibition of GSK-3β and CDK2 is not necessarily linked

to possible side effects, CDK2 was selected to represent other
related kinases, which should show low binding affinity toward
newGSK-3β hits to avoid possible toxicities. CDK2 is essential
for G1 progression and S-phase entry of the cell cycle.48

Inhibition of CDK2 will arrest the cell cycle and cellular
proliferation,48whichwill complicate assessmentof therapeutic
and toxicological effects of GSK-3β inhibition in GSK-3β-
related pathologies, including diabetes, inflammation, neuro-
logical disorders, and various neoplastic diseases. Therefore,
the affinities of all confirmed hits toward CDK2were assessed.
Excluding hits 24 and 28, all other potent hits (GSK-3β IC50<
1.0 μM) demonstrated strong inhibition of CDK2 at 10 μM.
The 2-anilino-1,3,4-oxadiazole 24 showed a high affinity to
GSK-3β (IC50=17.1 nM) butonly inhibitedCDK2by22%at
10 μM. To structurally understand the high affinity for GSK-
3β but not CDK2, compound 24 was docked inside the ATP-
binding site of GSK-3β using Surflex-Dock implemented in
SYBYL 8.0 (Figure 4). Only one pose, obtained from PDB
structure 1UV5, could well explain the SAR obtained from the
experimental IC50 values of its analogues (vide supra). In this
pose, the docking results suggest that oxadiazole24binds along
the hinge region of GSK-3β, making three hydrogen-bonding
interactions to main-chain (backbone) atoms of the protein.
Furthermore, in this identified pose, the nitro group of the
docked inhibitor occupies the inner part of theATPpocket; the
closest distance between a nitro oxygen and the selectivity
residueLeu132 is only 3.12 Å. Importantly, themodel indicates
that this nitro group occupies the position of a bound water
molecule from the starting PDB structure and thereby interacts
with lysine of the Asp 200-Lys 85 salt bridge via an apparent
H-bond. The docking study positions the electron-deficient
benzene ring so as to interact with the Cys 199 thiol via a
charge-transfer interaction. Finally, this pose positions the
other end group of 24, the aniline moiety, with its ring rotated
out of the plane from the oxadiazole ring, and so as to occupy a
hydrophobic pocket established by Ile 62, Leu 188, and the
methyl of Thr 138 (Figure 4A,B).

Similarly, a pose obtained starting from PDB structure
1UV5 well accounts for the experimental SAR among the
nine tested phenylmethylene hydantoin analogues. In this
pose, structure 28 binds through two hydrogen bonds to the
hinge region. The dioxolane ring of 28 is predicted to rest in
proximity to the selectivity residue Leu 132, with the meta-
oxygen bridged via two hydrogen bonds, one to Lys 85 and
the other to the backbone N-H of Asp 200. The model
furthermore predicts the aromatic ring to stack over the thiol
group of Cys 199, at 3.93 Å, positioned for an effective
charge transfer interaction (Figure 4C,D).

TheGSK-3β active site has been extensively characterized,
and two “selectivity residues” versus CDK2 have been iden-
tified: Leu 132 and Arg 141.27 Arg 141 forms a salt bridge
with Glu 137, therewith defining the boundary and entrance
region to the ATP pocket. The equivalent residues involved
in the salt bridge are Lys 89 andGlu 85 in CDK2. The Lys 89
side chain points inward to the ATP pocket, interacting with
a main-chain atom from a Gly-rich loop. This arrangement
would disallow occupancy by the aniline moiety of 24. The
other selectivity residue that differs between both kinases is
Leu 132 in GSK-3β vs Phe 80 in CDK2. Likely, the latter
residue and its surrounding structure in CDK2 cannot
accommodate, sterically or electronically or both, the nitro-
benzene moiety of 24, whereas the docking study suggests
that this group fits exquisitely in GSK-3β (see earlier dis-
cussion). A structural basis for the experimentally observed

Table 1. Refined Hits Captured by VS and Their Corresponding in
Vitro Kinase Activities

compd source

% of GSK-3β
inhibition

at 10 μM

GSK-3β
IC50

(nM)a

% of CDK2

inhibition

at 10 μM

1 NCI 146875 71.5 1378 ( 281 ND

2 NCI 330187 33.9 ND ND

3 NCI 382703 48.5 ND ND

4 NCI 71283 100 10.8 ( 1.5 98

5 NCI 619690 49.4 ND ND

6 NCI 609243 71.3 2400 ( 301 ND

7 NCI 382699 34.8 ND ND

8 NCI 667083 75.0 4700 ( 199 ND

9 NCI 609239 35.2 ND ND

10 NCI 430239 36.9 ND ND

11 NCI 1820652 47.6 ND ND

12 NCI 357032 43.2 ND ND

13 NCI 122482 81.9 214 ( 17 84

14 NCI 90869 45.4 ND ND

15 NCI 44685 43.0 ND ND

16 NCI 690619 90.2 263 ( 77 27

17 NCI 671801 100 113 ( 9 91

18 NCI 667084 35.5 ND ND

19 NCI 409027 90.4 537 ( 110 ND

20 NCI 1048917 56.2 ND ND

21 NCI 382704 71.8 2456 ( 491 ND

22 NCI 684340 37.9 ND ND

23 M S06669SC 96.9 325 ( 13 94

24 MSEW00923SC 100 17 ( 2 22

25 MSEW00923SC 33.3 ND ND

26 IH 37.6 ND ND

27 IH 75.5 1975 ( 243 ND

28 IH 94.4 138 ( 26 27

29 IH 45.5 ND ND

30 IH 91.4 1270 ( 99 ND

31 IH 33.1 ND ND

32 IH 42.2 ND ND

33 IH 89.9 2810 ( 113 ND

34 IH 38.6 ND ND

Manzamineb 76.8 8400 ( 739 ND

a IC50 values for GSK-3β shown are the mean ( SD of duplicate or
triplicate measurements. bUsed as positive control. NCI: National
Cancer Institute, M: Maybridge, IH: in-house database, ND: not
determined.
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high GSK-3β vs CDK2 selectivity of 28 cannot yet be
discerned from available structural information.

In Vivo Activities: Hepatic Glycogen Effects and BBB

Permeability. GSK-3β plays an important role in controlling
hepatic and skeletal muscular glycogen storage in that GSK-3β
phosphorylates and inactivates glycogen synthase.4 Suppression
of GSK-3β activity by insulin or small molecule inhibitors
increases glycogen storage in muscle and liver.4,11 A pre-
vious study showed that inhibition of GSK-3β selectively
reduces the expression of genes for glucose-6-phosphatase
and phosphoenolpyruvate carboxykinase.49 Overall, then,
glucose output is reduced and synthesis of glycogen from
glucose is increased.49 These findings indicate that GSK-3β
inhibitorsmay have valuable therapeutic potential for lowering
blood glucose levels.

The validated hits 24 and 28, which exhibited high potency
and selectivity for GSK-3β versus CDK2, were tested in mice
for their ability to increase liver glycogen reserves. The oxadia-
zole 24 significantly raised liver glycogen content in a dose-
dependent manner ((1, 5, and 15 mg/kg); Figure 5), increasing
glycogen content by 3.5- and 4.3-fold at 5 and 15 mg/kg,
respectively. Similarly, the phenylmethylene hydantoin 28 in-
creased glycogen reserves at 15 and 25mg/kg dose levels by 5.8-
and 8.3-fold, respectively. Compounds 24 and 28 were well
tolerated by the mice; no fatalities were observed.

GSK-3β has also been linked to abnormalities associated
with AD, via hyperphosphorylation of the microtubule-
associated tau protein. For a GSK-3β inhibitor to counter
this abnormality, penetration to CNS neurons is requisite.

Figure 4. Detailed view of 24 (A/B) and 28 (C/D) dockedwithin the
ATP binding site of GSK-3β projected over the Connolly electro-
static potential surface (blue, negative potential; red/brown, posi-
tive potential).

Figure 5. Effect of various doses of 24 (A) and 28 (B) on liver
glycogen storage in treated C57BL/6N mice measured 3 h after ip
dosing. Error bars indicate SEM, n = 3/dose.
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Consequently, we assessed the ability of compounds 24 and
28 to cross the BBB. Using the same mice groups as in the
previous experiment, blood samples and brains were col-
lected anddrug concentrationsmeasured.Compound 24was
detected in the brain at concentrations higher than in plasma
for all three tested doses (1, 5, 15 mg/kg; see Table 2). On the
other hand, compound 28was not detected in plasma or brain
samples at 5mg/kg andwas only barely detectable at 15mg/kg.
With the 25 mg/kg dose, however, the plasma levels were
substantial, with high penetration into brain. The abrupt,
disproportionate increase in plasma concentrations can be
rationalized by saturable efflux transport or biotransformation
processes or both. Any possible BBB efflux was not yet char-
acterized, as 28 is only a validated hit (albeit a potent one).

Chemistry and SAR of New 2-Anilino-5-phenyl-1,3,4-oxa-

diazole Derivatives. The validated hit 24 is a 2-anilino-5-
phenyl-1,3,4-oxadiazole derivative. Because this compound
shows high in vitro and in vivo potency against GSK-3β,
outstanding selectivity versus CDK2, and good brain perme-
ability, preliminary SAR studies were merited (i.e., initial hit-to-
lead chemistry). Moreover, a main intent was to help assess
whether or not any of the well-scoring poses obtained from the
docking studies couldwell explain experimentalSARresults and,
thus, more profitably offer up further hypotheses for structure-
based design efforts in the absence of an X-ray structure.

A variety of synthetic methods for the preparation of
2-amino-1,3,4-oxadiazoles have been reported, almost all
involving multistep synthesis. Recently, an efficient one-pot
synthesis for preparing substituted 2-amino-1,3,4-oxadiazoles
was developed.32 A carboxylic acid and 4-phenyl-3-thiosemicar-
bazide are mixed in dichloromethane (DCM) at room tempera-
ture with three equivalents of N-(3-dimethylaminopropyl)-N1-
ethylcarbodiimide (EDCI) as coupling reagent, producing the
corresponding 2-anilino-5-phenyl-1,3,4-oxadiazoles (Scheme 1).
In our hands, as was reported by Chekler et al.,31 chromato-
graphic purification was not required in most cases. Two of the
needed thiosemicarbazides, 4-(4-methoxyphenyl)-3-thiosemi-
carbazide and 4-(4-nitrophenyl)-3-thiosemicarbazide, were not
available commercially butwere readily preparedby reacting the
corresponding isothiocyanate with hydrazine under reflux in
MeOH.

Aromatic substituents were selected so as to systemati-
cally vary both lipophilic (π) and electronic (σ) character, as
prescribed byCraig’s plot.33 In this study, Cl, CF3, andNO2

served as electron-withdrawing (þσ) and lipophilic (þπ)
substituents,CNandSO2CH3as electron-withdrawingand less
lipophilic (þσ/-π) ones, OH and OCH3 as electron-donating
and less lipophilic (-σ/-π) substituents, andCH3 andSCH3as

electron-donating and more lipophilic (-σ/þπ) ones. A total
of 33 2-anilino-5-phenyl-1,3,4-oxadiazoles were synthesized
and evaluated for their in vitro GSK-3β inhibitory activity
(Table 3). For clarity of the following discussion, we denote the
aromatic ring derived from the benzoic acids as “ring A” and
theonederived from4-phenyl-3-thiosemicarbazide as “ringB”.
Substitution of ring A with electron-withdrawing (þσ) groups
increased the activity compared to the unsubstituted ring.

Scheme 1. Synthesis of 2-Anilino-5-phenyl-1,3,4-oxadiazolesa

aReagents and conditions: (a) (1) N2H4, MeOH, rt, 1 h; (2) 65-80 �C, 20 min; (b) EDCI (3 equiv), CH2Cl2, rt, 12 h.

Table 2. Plasma and Blood Concentrations of Compounds 24 and 28 at Different Dosesa

24 28

1 mg/kg 5 mg/kg 15 mg/kg 5 mg/kg 15 mg/kg 25 mg/kg

plasma (ng/mL) 14( 5 31( 12 61( 11 <10 81( 8 3734 ( 109

brain (ng/g brain tissue) 38( 6 113( 54 286( 58 <50 <50 12113( 2182
aData are expressed as mean ( SEM of n = 3 using C57BL/6N mice following 3 h of the ip administration.

Table 3. Structures and GSK-3β Inhibitory Activities of 2-Anilino-5-
phenyl-1,3,4-oxadiazoles

compd R1 R2 IC50 (nM) a

35 H H 980( 63

36 H Cl >1000

37 H CF3 632( 29

38 H CH3 >1000

39 H SCH3 >1000

40 H SO2CH3 439( 107

41 H N(CH3)2 >1000

42 H CN 247( 55

43 H NO2 209( 28

44 H OCH3 >1000

45 H OH >1000

46 Cl H >1000

47 Cl Cl >1000

48 Cl CF3 >1000

49 Cl CH3 >1000

50 Cl SCH3 855( 142

51 Cl SO2CH3 671( 89

52 Cl N(CH3)2 >1000

53 Cl CN 719( 17

54 Cl NO2 811( 58

55 Cl OCH3 >1000

56 Cl OH >1000

57 OCH3 H >1000

58 OCH3 Cl 534( 29

59 OCH3 CF3 53( 8

60 OCH3 CH3 805( 192

61 OCH3 SCH3 >1000

62 OCH3 SO2CH3 314( 33

63 OCH3 N(CH3)2 >1000

64 OCH3 CN 18( 4

65 OCH3 NO2 7( 1

66 OCH3 OCH3 662( 72

67 NO2 NO2 710 ( 39
a IC50 values for GSK-3β shown are the mean ( SD of duplicate or

triplicate measurements.
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Compounds 37, 40, 42, and 43, with CF3, SO2CH3, CN, and
NO2, respectively, on the para-position of ring A, were more
active than unsubstituted compound 35 or compounds with
electron-donating groups (38 (CH3), 39 (SCH3), 41 (N(CH3)2),
or 44 (OCH3)). Similarly, 51, 53, and 54 were more active than
46, and compounds 58, 59, 62, 64, and 65weremore active than
57. On the other hand, CN and NO2 substitution conferred
greater activity than CF3 and SO2CH3: compounds 42 and 43

were more active than 37 and 40, compounds 53 and 54 were
moreactive than48, andcompounds64and65weremoreactive
than 59 and 62. Replacement of NO2 or CN with Cl dramati-
cally decreased the activity, consistent with docking results
suggesting that H-bonding interactions and suitable spatial
positioning are of paramount importance. Along with Cl,
notably neither SO2CH3 nor CF3 could substitute effectively
for CN or NO2. Methoxy-substitution of ring B was found to
generate derivatives having greater activity than those with
a halogenated or unsubstituted ring: analogue 64 exhibited
14- and 40-fold greater activity than 42 and 53, respectively,
while 65was found to be 30- and 116-fold more potent than 43

and54, respectively.The twomost active compounds,64 and65,
with IC50 values of 18 and 7 nM, respectively, have p-methoxy
substitution on ring B. Docking of 65 indicated an H-bond
between an N-H of the arginine and a lone pair on the ether
oxygen of the methoxy group (Figure 6C). One cannot rule out
a secondary edge-face charge transfer interaction between the
aromatic ringof 65 and the guanidine-moiety ofArg 141 and, of
course, the protein structure was held static in the docking
studies,whereas in actuality the protein could adjust to optimize
the guanidinium:methoxybenzene interaction. The inductive
effect of the OCH3 substituent might enhance a charge-transfer
interaction with the guanidine-moiety of Arg 141; however, the
docking results suggest the alternative possibility for an HBA
interaction with Thr 138, and an X-ray structure would be
required to knowwhich, if either, of these possibilities accounts
for the experimental observations.

Conclusions

Herein we present a successful example of employing a
multistage VS scheme, beginning with robustly designed

pharmacophore-based searching in conjunction with suitable
druglikeness filters, followed by docking studies employing
rigorous criteria to identify novel compounds with potent
GSK-3β inhibitory activities. The validity of the pharmaco-
phore map was established by submitting the corresponding
query to a test database of active GSK-3β inhibitors and
decoys from a multiplicity of molecule classes. Subsequent
docking studies proceeding from three disparate GSK-3β
crystallographic structures were then carried out, applying
highly restrictive criteria so as to refine the initial screening set
into a sufficiently smaller subset as to readily allow experi-
mental evaluations in the kinase assay. The result was that
from the 289903 molecules in the combined databases, 34
available compounds from among 59 identified in silico hits
were selected for biological testing.With only the verymodest
effort and expense involved in experimentally screening these
34 compounds, we identified eight interesting new validated
hits having nanomolar affinity. Importantly, the hits identi-
fied in our study had wide structural diversity, and little true
structural similarity to any of the other known GSK-3β
inhibitors, highlighting an important merit of the virtual
screening approach. The most potent compound, 24, was a
2-anilino-5-phenyl-1,3,4-oxadiazole, which at first take seems
to bear some structural semblance to the highly selective and
potent 2-{3-[4-(alkylsulfinyl)phenyl]-1-benzofuran-5-yl}-5-
methyl-1,3,4-oxadiazole GSK-3β inhibitor recently divulged
by the Takeda group.50,51 Our in silico results suggest, how-
ever, that the roles of oxadiazole in the bridging of 24 is very
different than for the Takeda compounds, and 24 has better
potency and selectivity. Moreover, the fact that analogues of
24 could be synthesized by a one-step reaction, in contrast to
the relatively more complex synthetic schemes required to
produce Takeda’s oxadiazoles,50,51 facilitated initial explora-
tion of the SAR. Docking studies in conjunction with the
experimental results suggest that prodigious interaction of the
optimal nitro substituent with the salt-bridged Lys 85 inside
the ATP-binding site of GSK-3β, highly likely along with the
displacement of a bound water, confers high affinity, and
along with other exquisitely suited structural attributes, ex-
cellent selectively versus CDK2. The positive outcomes of our

Figure 6. (A) SAR of 2-anilino-5-phenyl-1,3,4-oxadiazole derivatives as defined by Craig’s plot substituents. (B) Binding mode of the most
active derivative (65). (C) Docked pose of 65 in best accord with experimental SAR results.
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preliminary in vivo evaluations furthermore suggest that this
new series could be of value for further lead optimization toward
the design of therapeutically relevant GSK-3β inhibitors.

Experimental Section

General Experimental Procedures. IR spectra were recorded
on a Varian 800 FT-IR spectrophotometer (Palo Alto, CA).
Optical rotation measurements were carried out on a Rudolph
Research Analytical Autopol III polarimeter (Hackettstown,
NJ). The 1H and 13C NMR spectra were recorded in DMSO-d6,
using TMS as an internal standard, on a JEOL Eclipse NMR
spectrometer (Tokyo, Japan) operating at 400 MHz for 1H and
100MHz for 13C. TheHREIMS experimentswere conducted on
a 6200-TOF LCMS (Agilent, Santa Clara, CA) equipped with a
multimode source (mixed source that can ionize the samples
alternatively by ESI or APCI). Analytical HPLC analyses were
performed on a ShimadzuHPLC system (Columbia,MD) using
a 5 μmC18 column (150 mm� 4.6 mm id; Agilent, Santa Clara,
CA) and isocratic elution (CH3CN:H2O; 75:25) with UV detec-
tion set at 305 and 220 nm to verify the purity of active virtual
hits and synthetic compounds. A purity of >95% has been
established for compounds 1, 4, 6, 13, 16, 17, 19, 21, 23, 24, 27,
28, 30, 33, and 34-67. Compound 8 achieved 89% purity level.
TLC analyses were carried out on precoated Si gel 60 F254

500 μm TLC plates, using MeOH/CH2Cl2 (2:8) as a developing
solvent.

General Chemical Reaction Procedures. A. Preparation of

4-Phenyl-3-thiosemicarbazide. The appropriate phenylisothio-
cyanate (30mmol) was added, dropwise, over a period of 1 h to a
stirred solution of hydrazine (30 mmol) in CH3OH (8 mL) at
65-80 �C.The stirring of the reactionmixturewas continued for
20 min more at the same temperature. The solvent was removed
by evaporation in vacuo. The precipitate was collected by filtra-
tion and washed with petroleum ether. The compound was used
without further purification.52

B. Preparation of 2-Anilino-5-phenyl-1,3,4-oxadiazole Deriva-
tives. A carboxylic acid (0.33 mmol), a 4-phenyl-3-thiosemicar-
bazide (0.33 mmol), and EDCI (182 mg, 1.0 mmol) were mixed
inCH2Cl2 (15mL), and the reactionmixture was stirred at room
temperature. Product precipitate formed after several hours,
and after stirring for a total of 12 h, the precipitate was collected
by filtration, washed with dichloromethane (20 mL), and dried
on a filtering funnel to afford the desired product.32

C. Preparation of Phenylmethylene Hydantoins. Hydantoin
(1.0 g, 10 mmol) was dissolved in 10mL of H2Owhile heating at
70 �C in an oil bath with continuous stirring (Scheme 1).41 The
pHwas adjusted to 7.0 using saturated NaHCO3. After dissolu-
tion was complete, the temperature was then raised to 90 �C.
Ethanolamine (0.9 mL, 14.9 mmol) was added, and an equimo-
lar quantity of the corresponding aldehyde as a solution in 2-5
mL of EtOHwas then added dropwise with continuous stirring.
The solution was refluxed for approximately 5-8 h, during
which time a yellow or white precipitate formed. The reaction
was monitored hourly by TLC, and when complete depletion of
the starting aldehyde was apparent, themixture was cooled, and
the precipitate was collected by filtration and washed with
EtOH-H2O (1:5) before recrystallization from EtOH.

(Z)-5-(2,3-Methylenedioxyphenyl)imidazolidine-2,4-dione (28).
Compound 28 was prepared according to procedure C to afford
1.67 g ofwhite powder (72%). 1HNMR (DMSO-d6, 400MHz) δ
6.12 (s, 2H), 6.31(s, 1H), 6.87 (dd, 1H, J=1.5, 7.7), 6.90 (dd, 1H,
J = 8.0, 7.7), 8.12 (dd, 1H, J = 8.0, 1.5) 10.22 (s, 1H), 11.30 (s,
1H). 13CNMR (DMSO-d6, 100MHz) δ 99.8 (CH2), 114.7 (CH),
116.2 (qC), 120.8 (CH), 121.9 (CH), 122.4 (CH), 124.7 (qC), 147.2
(qC), 147.1 (qC), 158.7 (qC), 162.5 (qC). HREIMSm/z 255.0380
[MþNa]þ (calcd for C11H8N2O4Na, 255.0382).

5-(4-(Trifluoromethyl)phenyl)-N-phenyl-1,3,4-oxadiazol-2-amine

(37). Compound 37 was prepared according to procedure B to
afford 8.9mg of white powder (10%). 1HNMR (DMSO-d6, 400

MHz) δ 7.04 (dd, 1H, J= 7.3, 1.1), 7.39 (dd, 2H, J= 7.7, 7.3),
7.62 (dd, 2H, J=7.7, 1.1), 7.96 (d, 2H, J=8.0), 8.10 (d, 1H, J=
8.0) 10.81 (s, 1H). 13C NMR (DMSO-d6, 100 MHz) δ 117.8
(CH), 122.7 (qC), 124.3 (CH), 126.8 (CH), 127.9 (CH), 129.4
(CH), 131.2 (qC), 138.1 (qC), 160.7 (qC), 161.5 (qC). HREIMS
m/z 306.0830 [MþH]þ (calcd for C15H11F3N3O, 306.0854).

5-(4-(Methylmercapto)phenyl)-N-phenyl-1,3,4-oxadiazol-2-amine
(39). Compound 39 was prepared according to procedure B to
afford 48 mg of white powder (51%). 1H NMR (DMSO-d6, 400
MHz) δ 2.50 (s, 1H), 7.02 (d, 1H, J= 7.3), 7.39 (dd, 2H, J= 8.4,
7.3), 7.43 (d, 2H, J=8.4), 7.63 (d, 2H, J=8.0), 7.81 (d, 1H, J=
8.0) 10.68 (s, 1H). 13C NMR (DMSO-d6, 100 MHz) δ 14.7 (CH3),
117.6 (CH), 120.75 (qC), 122.4 (CH), 126.5 (CH), 129.7 (CH), 139.2
(qC), 142.9 (qC), 158.1 (qC), 160.2 (qC). HREIMS m/z 284.0838
[MþH]þ (calcd for C15H14N3OS, 284.0858).

5-(4-(Methylsulfonyl)phenyl)-N-phenyl-1,3,4-oxadiazol-2-amine

(40). Compound 40 was prepared according to procedure B to
afford 32 mg of white powder (31%). 1H NMR (DMSO-d6, 400
MHz) δ 3.37 (s, 3H), 7.02 (d, 1H, J=7.4), 7.37 (dd, 2H, J=8.9,
7.4), 7.62 (d, 2H, J=8.9), 8.12 (s, 4H). 13CNMR (DMSO-d6, 100
MHz) δ 40.1 (CH3), 117.0 (CH), 122.7 (CH), 129.6 (CH), 130.5
(qC), 139.1 (qC), 140.2 (qC), 159.6 (qC), 160.2 (qC). HREIMS
m/z 316.0755 [MþH]þ (calcd for C15H14N3O3S 316.0756).

N,5-Bis(4-chlorophenyl)-1,3,4-oxadiazol-2-amine (47). Com-
pound 47 was prepared according to procedure B to afford 42
mg of white powder (42%). 1H NMR (DMSO-d6, 400 MHz) δ
7.43 (d, 2H, J=7.0), 7.64 (d, 2H, J=7.3), 7.66 (d, 2H, J=7.3),
7.81 (d, 1H, J = 7.0), 7.89 (d, 2H, J = 7.0), 10.92 (s, 1H). 13C
NMR (DMSO-d6, 100 MHz) 122.6 (CH), 124.7 (qC), 127.4
(qC), 128.5 (CH), 129.6 (CH), 129.9 (CH) 134.2 (qC), 137.9
(qC), 159.6 (qC), 161.2 (qC). HREIMS m/z 306.0182 [MþH]þ

(calcd for C14H10Cl2N3O, 306.0201).
N-(4-Chlorophenyl)-5-(4-(trifluoromethyl)phenyl)-1,3,4-oxa-

diazol-2-amine (48). Compound 48 was prepared according to
procedure B to afford 32 mg of white powder (29%). 1H NMR
(DMSO-d6, 400MHz) δ 7.45 (d, 2H, J=8.8), 7.65 (d, 2H, J=
8.8), 7.96 (d, 2H, J = 8.4), 8.1 (d, 2H, J = 8.4), 11.02 (s, 1H).
13CNMR (DMSO-d6, 100MHz) 120.6 (CH), 124.3 (qC), 124.7
(qC), 125.3 (CH), 127.6 (qC), 128.0 (CH) 129.0 (CH), 135.2
(qC), 143.6 (qC), 160.0 (qC), 161.4 (qC). HREIMS m/z
340.0450 [MþH]þ (calcd for C15H10ClF3N3O, 340.0464).

N-(4-Chlorophenyl)-5-p-tolyl-1,3,4-oxadiazol-2-amine (49).Com-
pound 49was prepared according to procedureB to afford 26mgof
white powder (28%). 1H NMR (DMSO-d6, 400 MHz) δ 2.39 (s,
3H), 7.39 (d, 2H, J=8.1), 7.43 (d, 2H, J=8.1), 7.63 (d, 2H, J=
8.4), 7.79 (d, 2H, J=8.4), 10.86 (s, 1H). 13CNMR (DMSO-d6, 100
MHz) 22.1 (CH3), 120.1 (CH), 124.2 (qC), 128.7 (CH), 129.3 (CH),
129.9 (CH), 131.0 (qC) 135.1 (qC), 135.4 (qC), 161.6 (qC), 162.0
(qC). HREIMS m/z 286.0731 [MþH]þ (calcd for C15H13ClN3O,
286.0747).

N-(4-Chlorophenyl)-5-(4-(methylmercapto)phenyl)-1,3,4-oxa-
diazol-2-amine (50). Compound 50 was prepared according to
procedure B to afford 36 mg of white powder (34%). 1H NMR
(DMSO-d6, 400MHz) δ 2.55 (s, 3H), 7.42 (d, 2H, J=8.7), 7.45 (d,
2H, J=8.8), 7.64 (d, 2H, J=8.8), 7.81 (d, 2H, J=8.7), 11.04 (s,
1H). 13C NMR (DMSO-d6, 100 MHz) 14.6 (CH3), 114.2 (CH),
124.5 (qC), 128.1 (CH), 129.2 (CH), 129.7 (CH), 131.2 (qC) 134.4
(qC), 143.5 (qC), 160.6 (qC), 161.8 (qC). HREIMS m/z 318.0451
[MþH]þ (calcd for C15H13ClN3OS, 318.0468).

N-(4-Chlorophenyl)-5-(4-(methylsulfonyl)phenyl)-1,3,4-oxa-
diazol-2-amine (51). Compound 51 was prepared according to
procedure B to afford 41 mg of white powder (36%). 1HNMR
(DMSO-d6, 400MHz) δ 7.45 (d, 2H, J=8.8), 7.65 (d, 2H, J=
8.8), 8.13 (s, 4H), 11.04 (s, 1H). 13C NMR (DMSO-d6, 100
MHz) 43.1 (CH3), 114.2 (CH), 124.5 (qC), 128.1 (CH), 129.2
(CH), 129.7 (CH), 131.2 (qC) 134.4 (qC), 143.5 (qC), 160.6
(qC), 161.8 (qC). HREIMS m/z 350.0369 [MþH]þ (calcd for
C15H13ClN3O3S, 350.0366).

N-(4-Chlorophenyl)-5-(4-(dimethylamino)phenyl)-1,3,4-oxa-
diazol-2-amine (52). Compound 52 was prepared according to
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procedure B to afford 19 mg of white powder (19%). 1HNMR
(DMSO-d6, 400MHz) δ 3.01 (s, 6H), 6.83 (d, 2H, J=8.8), 7.40
(d, 2H, J = 8.8), 7.62 (d, 2H, 8.8), 7.69 (d, 2H, 8.8), 10.69 (s,
1H). 13C NMR (DMSO-d6, 100MHz) 40.5 (CH3), 119.4 (CH),
126.3 (qC), 126.9 (CH), 128.7 (CH) 128.7 (qC), 129.6 (CH),
137.9 (qC) 143.0 (qC), 157.5 (qC), 160.7 (qC). HREIMS m/z
315.1016 [MþH]þ (calcd for C16H16ClN4O, 315.1013).

4-(5-(4-Chlorophenyl)-1,3,4-oxadiazol-2-ylamino)benzonitrile
(53). Compound 53 was prepared according to procedure B to
afford 38 mg of white powder (39%). 1H NMR (DMSO-d6, 400
MHz) δ 7.44 (d, 2H, J=8.7), 7.65 (d, 2H, J=8.7), 8.05 (s, 4H),
11.09 (s, 1H). 13CNMR(DMSO-d6, 100MHz) 113.5 (qC), 119.4
(CH), 126.2 (qC), 126.7 (CH) 127.9 (qC), 128.3 (qC), 129.6 (CH)
133.9 (CH), 138.5 (qC), 158.6 (qC), 161.4 (qC). HREIMS m/z
297.0546 [MþH]þ (calcd for C15H10ClN4O, 297.0543).

N-(4-Chlorophenyl)-5-(4-nitrophenyl)-1,3,4-oxadiazol-2-amine

(54). Compound 54 was prepared according to procedure B to
afford 61mg of orange powder (61%). 1HNMR (DMSO-d6, 400
MHz) δ 7.44 (d, 2H, J=8.8), 7.65 (d, 2H, J=8.8), 8.13 (d, 2H,
J=8.4), 8.38 (d, 2H, J=8.3), 11.08 (s, 1H). 13CNMR (DMSO-
d6, 100 MHz) 56.3 (CH3), 117.2 (CH), 122.5 (CH), 125.3 (qC)
127.9 (CH), 129.2 (CH), 129.4 (qC) 133.5 (qC), 155.5 (qC), 158.5
(qC), 161.4 (qC). HREIMS m/z 317.0430 [MþH]þ (calcd for
C14H10ClN4O3, 317.0441).

5-(4-Chlorophenyl)-N-(4-methoxyphenyl)-1,3,4-oxadiazol-2-
amine (58). Compound 58 was prepared according to proce-
dure B to afford 80 mg of white powder (80%). 1H NMR
(DMSO-d6, 400MHz) δ 3.74 (s, 3H), 7.53 (d, 2H, J=8.8), 7.64
(d, 2H, J = 9.1), 7.88 (d, 2H, J = 8.8), 7.94 (d, 2H, J = 9.1),
10.49 (s, 1H). 13C NMR (DMSO-d6, 100 MHz) 55.8 (CH3),
114.9 (CH), 119.3 (CH), 123.4 (qC), 127.8 (CH), 130.1 (CH), 132.3
(qC), 136.0 (qC), 155.1 (qC), 158.5 (qC), 160.9 (qC).HREIMSm/z
302.0694 [MþH]þ (calcd for C15H13ClN3O2, 302.0696).

N-(4-Methoxyphenyl)-5-(4-(trifluoromethyl)phenyl)-1,3,4-oxa-
diazol-2-amine (59). Compound 59 was prepared according to
procedure B to afford 69 mg of white powder (63%). 1H NMR
(DMSO-d6, 400MHz) δ 3.74 (s, 3H), 6.96 (d, 2H, J=9.2), 7.54 (d,
2H, J=9.2), 7.95 (d, 2H, J=8.4), 8.08 (d, 2H, J=8.4), 10.6 (s,
1H). 13C NMR (DMSO-d6, 100 MHz) δ 55.8 (CH3), 114.9 (CH),
119.3 (CH), 123.4 (qC), 125.3 (qC), 126.7 (CH), 126.9 (CH), 129.4
(qC) 132.2 (qC), 155.2 (qC), 157.1 (qC), 161.2 (qC).HREIMSm/z
336.0965 [MþH]þ (calcd for C16H13F3N3O2, 336.0960).

N-(4-Methoxyphenyl)-5-p-tolyl-1,3,4-oxadiazol-2-amine (60).
Compound 60was prepared according to procedure B to afford
80 mg of white powder (80%). 1H NMR (DMSO-d6, 400MHz)
δ 2.39 (s, 3H), 3.74 (s, 3H), 7.33 (d, 2H, J=8.6), 7.64 (d, 2H, J=
9.1), 7.92 (d, 2H, J = 9.1), 7.93 (d, 2H, J = 8.6), 10.39 (s, 1H).
13C NMR (DMSO-d6, 100MHz) 55.8 (CH3), 114.9 (CH), 119.3
(CH), 123.4 (qC), 127.8 (CH), 130.1 (CH), 132.3 (qC), 136.0
(qC), 155.1 (qC), 158.5 (qC), 160.9 (qC).HREIMSm/z 282.1230
[MþH]þ (calcd for C16H16N3O2, 282.1243).

N-(4-Methoxyphenyl)-5-(4-(methylthio)phenyl)-1,3,4-oxadia-
zol-2-amine (61). Compound 61 was prepared according to
procedure B to afford 54 mg of white powder (54%). 1H
NMR (DMSO-d6, 400 MHz) δ 2.54 (s, 3H), 3.73 (s, 3H), 6.94
(d, 2H, J=9.2), 7.43 (d, 2H, J=8.7), 7.52 (d, 2H, J=9.1), 7.79
(d, 2H, J=8.7), 10.43 (s, 1H). 13CNMR (DMSO-d6, 100MHz)
14.7 (CH3), 55.8 (CH3), 114.8 (CH), 116.5 (CH), 127.8 (CH),
129.4 (qC), 129.7 (CH), 132.5 (qC), 136.3 (qC), 155.4 (qC), 158.5
(qC), 161.2 (qC). HREIMS m/z 314.0964 [MþH]þ (calcd for
C16H16N3O2S, 314.0963).

N-(4-Methoxyphenyl)-5-(4-(methylsulfonyl)phenyl)-1,3,4-oxa-
diazol-2-amine (62). Compound 62 was prepared according to
procedure B to afford 68 mg of white powder (60%). 1H NMR
(DMSO-d6, 400 MHz) δ 3.26 (s, 3H), 3.71 (s, 3H), 6.93 (d, 2H,
J = 8.8), 7.50 (d, 2H, J = 8.8), 8.08 (s, 4H), 10.59 (s, 1H). 13C
NMR (DMSO-d6, 100 MHz) 43.8 (CH3), 55.8 (CH3), 114.9
(CH), 119.4 (CH), 126.7 (CH), 128.8 (CH), 128.9 (qC) 132.2
(qC), 142.70 (qC), 155.2 (qC), 157.1 (qC), 161.2 (qC). HREIMS
m/z 346.0862 [MþH]þ (calcd for C16H16N3O4S, 346.0862).

5-(4-(Dimethylamino)phenyl)-N-(4-methoxyphenyl)-1,3,4-ox-
adiazol-2-amine (63). Compound 63 was prepared according to
procedure B to afford 18 mg of white powder (16%). 1H NMR
(DMSO-d6, 400 MHz) δ 2.99 (s, 6H), 3.73 (s, 3H), 6.82 (d, 2H,
J=7.0), 6.94 (d, 2H, J=7.0), 7.51 (d, 2H, J=7.0), 7.67 (d, 2H,
J = 7.0), 10.27 (s, 1H). 13C NMR (DMSO-d6, 100 MHz) 40.3
(CH3), 55.8 (CH3), 111.6 (qC), 112.5 (CH), 114.9 (CH), 118.9
(CH), 127.3 (CH), 129.4 (qC) 133.2 (qC), 155.6 (qC), 158.9 (qC),
159.2 (qC). HREIMS m/z 311.1519 [MþH]þ (calcd for C17H19-
N4O2, 311.1508).

N,5-Bis(4-methoxyphenyl)-1,3,4-oxadiazol-2-amine (66). Com-
pound 66was prepared according to procedure B to afford 38 mg
ofwhite powder (39%). 1HNMR(DMSO-d6, 400MHz) δ 3.73 (s,
3H), 3.84 (s, 3H), 6.96 (d, 2H, J=9.0), 7.13 (d, 2H, J=8.8), 7.52
(d, 2H, J = 9.0), 7.81 (d, 2H, J = 8.8), 10.40 (s, 1H). 13C NMR
(DMSO-d6, 100 MHz) 55.8 (CH3), 65.0 (CH3), 114.9 (CH), 115.4
(CH), 117.0 (qC), 119.0 (CH), 127.8 (CH), 133.6 (qC), 154.9 (qC),
158.0 (qC), 160.3 (qC), 161.8 (qC). HREIMS m/z 298.1181
[MþH]þ (calcd for C16H16N3O3, 298.1192).

Molecular Modeling. Three-dimensional structure building
and all modeling were carried out using components within the
SYBYL program package, version 8.0,43 installed onDell desktop
workstation equipped with dual 2.0 GHz Intel Xeon processor
running the Red Hat Enterprise Linux (version 5) operating
system. Energy minimizations were performed using the Tripos
force field with a distance-dependent dielectric and the Powell
conjugate gradient algorithm with a convergence criterion of 0.01
kcal/(mol-Å). Partial atomic charges were computed using the
semiempirical AM1 approach within the program MOPAC 6.0.
Kinase structures were prepared using the Biopolymer-Prepare
module within SYBYL 8.0; hydrogen atoms were added, the
protonation states of charged residues within the ATP-binding
site of GSK-3β were inspected, and if necessary, altered as appro-
priate, and AMBER7 FF99 charges were loaded onto kinase
structures. In preliminary trials, docking studies gave better results
(docking scores and optimum binding orientation and inter-
actions) in the absence of all but one of the water molecules;
therefore, structure-based virtual screeningwas conductedwithout
water molecules, except the conserved water molecule (H2104).

Virtual Screening and Molecular Docking. As outlined in
Figure 2, NCI (number of molecules: 234055), Maybridge
(55541), and in-house databases (307) were searched for new
hits by employing the developed pharmacophoric queries, as
described in a previous report.11 Prior filtering was carried out
applying Lipinski’s rule of five31 and also restricting the number
of rotatable bonds to amaximum of 7 and the polar surface area
to e120 Å2. A number of hits were obtained from each of the
databases, and these were further screened using molecular
docking studies with Surflex-Dock version 2.0, interfaced with
SYBYL 8.0, docking the compounds to the ATP binding site
of GSK-3β. The 3D kinase structures were taken from the
Brookhaven Protein Databank (PDB code: 1Q4L, 1Q5K,
1UV5). Surflex-Dock employs an idealized active site ligand
(protomol) as a target to generate putative poses of molecules or
molecular fragments. These putative poseswere scored using the
Hammerhead and Gold score scoring functions.

In Vitro GSK-3β and CDK2 Inhibitory Activity Assay Using

Z0-LYTE Kinase Assay Kit.46 Recombinant GSK-3β and
CDK2 were purchased from Invitrogen (Carlsbad, CA). The
GSK-3β and CDK2 kinase assays were carried out with the
Invitrogen Z0-LYTEKinase Assay kit. The assay was optimized
for use with GSK-3β as described in the Invitrogen protocol.
The GSK-3β concentration was optimized to obtain the desired
percent phosphorylation with an acceptable Z0-factor value,
which indicates the quality of an assay; Z0-factor values of 0.5
or greater classify an assay as excellent. A Z0-factor value of
0.74 was obtained at final kinase and ATP concentrations of
50 ng/mL and 15 μM, respectively. Tested concentrations
ranged from 1 nM to 10 μM distributed log-linearly across the
concentration range, and at least two data points from each
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concentration were collected. The IC50 value for each experiment
was obtained using nonlinear regression of the log(concentration)
versus percent inhibition values (GraphPad Prism 5.0). Assays
were conducted in triplicate, average values were calculated, and
no outliers were removed.

In-Vivo Evaluation. Six-week-old male C57BL/6N mice with
weights averaging 22 g were assigned into seven groups in
randomized fashion, and fed ad libitum with standard food
and water, except when fasting was included in the course of a
study. All animals were housed under the same conditions. On
the day of the experiment, food and water were removed 4 h
before the injection. Three groups (3 mice/group) were used to
investigate each of the two test compounds (24 and 28), with an
additional group (n = 3) serving as control. Animals were
injected intraperitoneally (ip) with one of three doses (1, 5, and
15mg/kg for compound 24; 5, 15, and25mg/kg for compound28).
The control group was injected ip with the PBS vehicle (n = 3).
After 3 h, blood, liver, and brain were rapidly collected.

Determination of Liver Glycogen. Liver glycogen content was
characterized following a reported procedure.53 Briefly, livers
were removed immediately after the animals were killed and
were homogenized (IKA-T8 Ultra-Turrax, Germany) in an
appropriate volume of 5% trichloroacetic acid (TFA) for
5 min. The homogenate was centrifuged (Eppendorf centrifuge
5804 R, Germany) at 3000 rpm for 5 min. The supernatant fluid
was filtered using acid-washed paper, and the residues were
homogenized again with another volume of 5% TFA for 1-3
min to ensure relatively complete extraction of glycogen. The
glycogen contained in 1.0 mL of this filtrate was precipitated
using ethanol (95%, 5mL), incubating in awater bath at 37-40 �C
for 3 h. Upon centrifugation at 3000 rpm for 15 min, the clear
liquid was gently decanted from the packed glycogen, and the
tubes were allowed to drain in an inverted position for 10 min.
The glycogen was redissolved in distilled water (2 mL), and
the solution mixed with 10 mL of anthrone reagent (0.05%
anthrone, 1.0% thiourea in 72% H2SO4). The mixture was
incubated in boiling water for 30 min, and subsequently, the
absorbance was measured spectrophotometrically at 620 nm
(Cintra 20, GBC). Blank and standard solutions were prepared,
respectively, by adding 10 mL of anthrone reagent to 2 mL of
H2O (blank) or to 2 mL of glucose solution (standard) contain-
ing 0.1 mg of glucose in saturated benzoic acid. The liver
glycogen content was estimated using the following formula:

amount ðmgÞof glycogen in liver tissue ¼ ðDU=DSÞ
�ðvolume of extract ðmLÞ=weight of liver tissue ðgÞÞ � 0:09

where DU is the absorbance of the unknown sample and DS is
the absorbance of the glucose standard.

Brain and Plasma Concentration in Mice. Compounds 24 and
28 were administered to fasted C57BL/6N mice as described
above. About 3 h after ip injection, blood and brain samples
were collected. The blood samples were centrifuged to obtain the
plasma fraction. Brain samples were homogenized in saline to
obtain the brain homogenate. The plasma and brain homoge-
nate samples were deproteinized with an equal volume of
CH3CN. Compound concentrations in the supernatant were
measured using a Shimadzu HPLC system (Columbia, MD)
consisting of a SIL 20-AHT autosampler, SPD-20A UV/vis
detector, and LC-20AB pump connected to a Dgu-20A3 degas-
ser. Data acquisition was achieved by LC Solution software
version 1.22 SP1. Separations were achieved on anAgilent 5-μm
C18 column (150 mm � 4.6 mm id). Chromatographic condi-
tions for compound 24: mobile phase of CH3CN-H2O (75:25)
delivered at 1.0 mL/min, detection wavelength 305 nm. Chro-
matographic conditions for 28: CH3CN-H2O (40:60) delivered
at 1.0 mL/min, detection at 318 nm.
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