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Thienylhalomethylketones, whose chemical, biological, and pharmaceutical data are here reported, are
the first irreversible inhibitors of GSK-3b described to date. Their inhibitory activity is likely related to
the cysteine residue present in the ATP-binding site, which is proposed as a relevant residue for modu-
lation of GSK-3 activity. The good cell permeability of the compounds allows them to be used in different
cell models. Overall, the results presented here support the potential use of halomethylketones as phar-
macological tools for the study of GSK-3b functions and suggest a new mechanism for GSK-3b inhibition
that may be considered for further drug design.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Human cells contain 491 different protein kinases, which are
responsible for phosphorylating certain amino acids. These en-
zymes are critically involved in a wide variety of cellular processes,
including metabolism, transcription, and cell movement. They are
linked to a number of diseases, making them important drug tar-
gets.1 Nearly all kinase inhibitors developed so far target the bind-
ing site for the nucleotide adenosine 50-triphosphate (ATP),2 which
has a similar structure in all protein kinases and makes kinase
inhibitors unspecific. However, the search for inhibitors of protein
kinases has recently culminated in the registration of several com-
pounds such as imatinib (gleevec),3 or erlotinib (tarceva),4 for cer-
tain cancer therapies. The challenge now is to develop kinase
inhibitors for other therapeutic indications where an urgent need
for effective treatment is required.5 Neurodegenerative diseases
are one of such indications.

Alzheimer’s disease (AD) is the most common cause of demen-
tia in adults. The current therapy for AD has only moderate efficacy
in the palliative treatment of the disease, but an effective therapeu-
tic approach is not available yet.6 Recent studies have suggested
the central role of glycogen synthase kinase 3b (GSK-3b) in the
pathogenesis of both sporadic and familial forms of AD.7 GSK-3b
ll rights reserved.
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is a serine/threonine kinase involved in many cellular signaling
pathways. Although it has been known for more than 30 years
ago for its participation in glycogen synthesis, it has recently
emerged as one of the most fascinating targets for medicinal chem-
ists.8,9 Today it is well recognized that GSK-3b over-activity is re-
lated to several unmet diseases such as type II diabetes, chronic
inflammatory diseases and AD. Consequently, its specific inhibitors
could be powerful drugs for the effective treatments of such severe
pathologies.10,11

In AD, the over-activity and/or over-expression of GSK-3b ac-
counts for memory impairment, tau hyperphosphorylation, in-
creased b-amyloid production and local plaque-associated
microglial-mediated inflammatory responses which are character-
istic hallmarks of the disease.7 As a causal mediator of AD, inhibi-
tors of GSK-3b would provide a novel avenue for therapeutic
intervention in this devastating disorder.12 Currently, only one
compound with this mechanism of action is in clinical trials for
AD. The thiadiazolidindione (TDZD) candidate called NP-12 has
completed phase I clinical trials with single and multiple doses
studies and phase II studies for AD has now started in Europe. A
pivotal study on progressive supranuclear palsy, where abnormal
hyperphosphorylation of tau in the brain plays a vital role in its
molecular pathogenesis,13 is also planned.

Our research group has been involved for many years in dis-
ease-modifying therapeutic approaches for the treatment of
AD.14,15 One of our most active programs is focused on the search,
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design, synthesis, and evaluation of GSK-3 inhibitors, which led to
the first ATP non-competitive GSK-3b inhibitors known to date.16

In this manuscript chemical, biological, and pharmaceutical data
about thienylhalomethylketones are reported. The results support
the use of these compounds as useful pharmacological tools with
good cell permeability to gain insight into the role played by
GSK-3b in physiological and pathological processes.

2. Results and discussion

2.1. Lead discovery

Our first hit in this series of compounds was discovered search-
ing for GSK-3 inhibitors in our compound library. Preliminary re-
sults together with structure–activity relationships studies of this
new family of compounds were published in a previous work.17

Herein we report the synthesis of new compounds (37–44) and
additional experiments carried out for the HMK family.

In the previous work, the initial search was focused on eight
unrelated chemical structures (compounds 1–8, Fig. 1). Commer-
cially available GSK-3b was incubated with ATP and the small pep-
tide GS-1 (based on residues of glycogen synthase phosphorylated
by GSK-3b)18 as substrate, in the presence and absence of the com-
pound, and the inhibitory activity was measured following a previ-
ously described method.18 GSK-3b activity was expressed as
picomoles of phosphate incorporated per 20 min of incubation or
as the percentage of maximal activity. All the compounds tested
were inactive or poorly active other than 2-chloroacetyl-4,5-
dichlorothiophene 8, which inhibited GSK-3b at a very low
concentration.
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Figure 1. First compounds used for the GSK-3b inhibition screening with their
experimental IC50 values. aRef. 17.
Based on this encouraging finding, a second set of 13 com-
pounds was selected from our library and those bearing a thio-
phene or phenyl ring with a carbonyl moiety directly attached
were further tested. The highest activities were found for the group
of chloromethylhalothienyl ketones (chloroacetylhalothiophenes
19–21; Fig. 2), while non-halogenated alkyl ketones, esters, and
aldehydes did not inhibit GSK-3b at the maximum concentration
used (100 lM). These data suggested that the chloroacetylthioph-
ene moiety could be a structural feature required for activity, and it
was selected as a chemical scaffold for lead optimization.
2.2. Lead optimization and SAR

To explore the structure–activity relationships (SAR) on this
new class of GSK-3b inhibitors, a variety of 2- or 3-substituted
halomethylthienylketones (Scheme 1) were synthesized.

We first examined the effect of some substituents, mainly alkyl
or halide, on the thiophene heterocycle. These compounds,
although previously known, were here synthesized by chloroacet-
ylation of the corresponding thiophene following the Friedel–
Crafts method (compounds 22–36; Scheme 1) to be evaluated as
GSK-3 inhibitors. In some cases, when 2.1 equivalents of chloroace-
tyl chloride and aluminum trichloride were used, mixtures of
mono- and di-chloroacylated compounds were obtained (com-
pounds 22–28). Isolation was then performed by chromatographic
techniques and the chemical structure unequivocally elucidated by
their spectroscopic properties. GSK-3b inhibitory activities of all
the 15-substituted chloromethyl thienyl ketones prepared are pre-
sented in Table 1.

Besides the chloroacetyl group, a second substituent is required
to enhance activity, as noted in the comparison of the activities
measured for compound 22 versus the activity of 21 and 8. More-
over, this second substituent must be electron-withdrawing, such
as halide atoms or chloroacetyl groups, in order to maintain or in-
crease the inhibition of GSK-3b. Thus, when an electron-donating
group such as the methyl moiety is present (compounds 24, 26,
27, 36), the inhibition of GSK-3b is very low or completely lost. This
fact might suggest that the electron distribution on the molecular
surface should be important for the inhibitory activity, as also
noted for TDZDs derivatives.19

To further examine the influence of the chloroacetyl moiety on
GSK-3b inhibition, derivatives 37, 38, and 43, in which the distance
between the carbonyl group and the halide atom is enlarged, were
synthesized. For the synthesis of these compounds 4-chlorobutyryl
chloride was used as acylating agent. In vitro evaluation showed a
complete lack of activity (Table 2).

Furthermore, the nature of the halide atom joined to the acetyl
moiety was also explored. Different substituted bromomethyl thi-
enyl ketones 39–42 were synthesized employing bromoacetyl bro-
mide, all of them being inhibitors of GSK-3b. While the change of
chlorine by bromine does not alter the IC50 (compounds 39–42),
substitution by an ester moiety (44) led to a drastic decrease in
inhibitory activity (Table 2), which points out that the halide atom
is crucial for activity. Compound 44 was synthesized when chloro-
acetylthiophene 35 reacted in the presence of sodium acetate and
sodium anhydride in acetic acid (Scheme 1). The substitution of the
halide atom in the chloroacetyl chain confirms the halomethylke-
tone (HMK) moiety as the structural feature required for activity.

Considering the HMK chemical feature key for GSK-3b inhibi-
tion and the Hammett inductive substituent constant (rI), we
can explain the lack of activity for methyl-substituted thiophenes
(rI = �0.17) and the activity of chloro-, bromo- and chloroacetyl-
substituted thiophenes (rI = 0.23, 0.23, and 0.50, respectively) as
a consequence of their electronic influence on the reactivity of
HMK moiety directly attached to the aromatic ring.
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Table 1
Inhibition of GSK-3 by chloromethyl thienyl ketonesa

Compd R R1 R2 IC50 (lM)

S

R1 R2

R
O

Cl

22 H H H 50
23 H ClAc H 1.5
24 Me H H >100
25 Me ClAc H 5.0
26 H H Me 75
27 H Me H >100
28 H ClAc Me 5.0
29 Cl H H 10
30 Br H H 10
31 H Br Br 0.5
32 Br Br H 1.0
33 Ac H H 50
34 H Ac H 8.0

S

O

RR1

R2 Cl

35 Cl Cl H 5.0
36 Me Me H >100

a Ref. 17.
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2.3. Mechanism of GSK-3 inhibition and selectivity

2.3.1. Kinetic studies on GSK-3b
To investigate the inhibitory mechanism of HMKs on GSK-3b

and further confirm our previous results, several kinetic experi-
ments were performed using two different HMKs (compounds 19
and 23). Lineweaver–Burk plots of enzyme kinetics are shown in
Figure 3.

Kinetic experiments varying both ATP levels (6.5, 10, 15 25, 50,
and 100 lM) and HMKs (1 and 2 lM) were performed. Double-re-
ciprocal plotting of the data are depicted in Figure 3a. The intercept
of the plot in the vertical axis (1/V) rises when the HMK concentra-
tion increases (from 1 to 3 lM), whereas the intercept in the hor-
izontal axis (1/S) does not change, meaning that, while the enzyme
maximal rate (Vmax) decreases in the presence of the inhibitor, the
Michaelis–Menten constant (Km) remains unaltered. These results
would suggest that HMKs act as non-competitive inhibitors of
ATP binding, because an increase in the ATP concentration (from
6.5 to 100 lM) does not interfere with enzymatic inhibition.

We have also studied the substrate dependence of the kinase
activity in the presence of these inhibitors using the peptide GS-
1 as substrate. Kinetic experiments were performed varying the
concentrations of both GS-1 (6.5, 10, 15, 25, 50, and 100 lM) and
inhibitors 19 and 23 (from 1 to 2 lM), while the ATP concentration
was kept constant (15 lM). Double-reciprocal plotting of the data



Table 2
Inhibition of GSK-3 by substituted thiophenes

Compd R R1 R2 n X IC50 (lM)

S
O

XnR

R1 R2

37 Cl H H 3 Cl >100
38 Br H H 3 Cl >100
39 H Br Br 1 Br 1.0
40 Br Br H 1 Br 1.0
41 Br H H 1 Br 1.0
42 Br H Br 1 Br 1.0

S

O

RR1

R2 X

n

43 Cl Cl H 3 Cl >100
44 Cl Cl H 1 OCOMe >100
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(Fig. 3b), in which each point is the mean of three different exper-
iments, suggest that HMKs act also as non-competitive inhibitors
of GS-1 binding.
Figure 3. Double-reciprocal plots of kinetic data from assays of GSK-3b activity at diff
mixture varied from 6.5 to 100 lM. HMKs concentrations are depicted in the plot, and t
20 min. (b) GS-1 concentrations in the reaction mixture varied from 6.5 to 100 lM. HM
constant at 15 lM. V is picomoles of phosphate/20 min.
2.3.2. Kinase profiling
Selectivity of kinase inhibition is critical for pathway analysis

in vivo and in cellular systems. To examine the selectivity of these
compounds for GSK-3b, many of them (compounds 18, 19, 23, 25,
28–32, 34, 35, 39, and 40) were tested as inhibitors of serine/thre-
onine cAMP-dependent protein kinase (PKA). All of them remained
inactive at the highest concentration (100 lM) used. Furthermore,
the same set of compounds was evaluated against a panel of eight
different serine/threonine and tyrosine kinases (CaM-K II, MAP-K,
EGFR-K, IR-K MeK1-K, Abl-K, PKp56, and Src). These kinases are in-
volved in very different signaling pathways implicated not only in
neurodegeneration (Cam-KII and MAP-K) but also in other physio-
logical processes and diseases as insulin signal pathway (IR-K) or
cancer (Abl-K, EGFR-K, MeK1-K, and Src). The inhibitory assays
were performed using a 10 lM concentration for the different
inhibitors. The results reported in Table 3 show that, in general,
HMKs do not exhibit a significant inhibitory effect on the whole
set of kinases, except in the proto-oncogenic Src, which is elevated
in some human tumors.

2.3.3. Neurotransmitter receptors binding
In order to determine the potential off-target effects of these

GSK-3b inhibitors, due to the chemical structure of our leads or
to the enzyme targeted, we evaluated the in vitro binding to differ-
ent neurotransmitter receptors. We selected a-adrenergic (a2),
dopaminergic (hD2 and hD3), glutamatergic (AMPA and NMDA),
muscarinic (hM), nicotinic (bungarotoxin sensitive and insensi-
tive), and serotoninergic (5-HT) receptors. Human recombinant
erent concentrations of HMKs (19 and 23). (a) ATP concentrations in the reaction
he concentration of GS-1 was kept constant at 15 lM. V is picomoles of phosphate/
Ks concentrations are depicted in the plot, and the concentration of ATP was kept



Table 3
Inhibitory activity (%inhibition)a exhibited by selected HMKs compounds for several kinases

Compd (10 lM) Abl-K CAM-K II EGFR-K IR-K MAP-K MEK 1 K PK p56 Src-K

18 — — — — — — 31 24
19 — — — — — — 33 26
23 — 21 16 12 — — 49 94
25 — — 25 12 — — 17 54
28 — 19 — 11 — 16 — 61
29 — — — — — — — —
30 — 16 — — — — — 19
31 — — — — — — 20 n.d
32 — — — — — — — 69
34 — — — — — 12 — 22
35 — 10 — — — — 41 12
39 — — 17 — — — — 66
40 — — — 12 — — — 76

a The symbol – indicates an inhibition of less than 10%. n.d. value not determined because of interference with the detection method due to compound autofluorescence.
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ones were selected when available. The results (see Table 4) show
that HMKs do not bind to any of these biological targets, thus
reducing the potential secondary effects in vivo and pointing to a
selective mechanism of action.
2.3.4. Enzyme mapping
To gain deeper insight into the inhibitory mechanism of HMKs

to GSK-3b, a mapping study was performed to identify potential
cavities suitable for binding. To this end, the docking module of
classical molecular interaction potential (CMIP) program20 was
used, taking advantage of the availability of X-ray crystallographic
data for GSK-3b. This computational approach has been previously
validated for several chemically diverse GSK-3 inhibitors whose
binding mode had been previously determined by solving the X-
ray structure of the complexes with GSK-3b.19 The CMIP analysis
was performed for the active HMK 32 and the inactive and chem-
ically related derivative 16. While there seems to be a rather
unspecific interaction with HMK 16, which could reflect its lack
of GSK-3b inhibition, a binding site is found for 32 near the ATP-
binding site (see Supplementary data). To further check this find-
ing, the interaction of 32 at the ATP-binding site was reexamined
by means of alternative docking studies performed with rDock.
In one of the two main clusters of poses, 32 is inserted in a highly
hydrophobic pocket (formed by residues Ile62, Val70, Ala83,
Met101, Val110, Leu132, Tyr134, Val 135, and Leu188) at the rear
of the ATP-binding site, and the carbon atom bearing the chlorine
is positioned above the sulfur atom of Cys199 (distance of 3.7 Å;
see Fig. 4).
Table 4
Inhibitory activity (%inhibition)a exhibited by selected HMKs compounds for several neur

Compd (10 lM) a2 H D2 H D3 AMPA NMDA

18 — 13 — — 16
19 — 31 — — 13
23 10 — — 25 —
25 — — — — —
28 — — — — 10
29 — — — 17 —
30 — — — — —
31 — — 12 — —
32 — — — — —
34 — — — — —
35 — — — 17 —
39 — — — — —
40 — — — — —

a The symbol – indicates an inhibition of less than 10%.
This binding mode might not a priori justify the non-ATP com-
petitive nature of HMKs. However, the presence of the thiol group
of Cys199, lying close to the HMK in some of the structures docked
into the ATP-binding site suggests an alternative interpretation to
the mechanism of action of HMKs. Although cysteine residues
within active sites of kinases are relatively rare, several cases are
well known,21,22 and the glutathionylation of cysteines present in
the activation loop is a general regulation mechanism for protein
kinases.23 Moreover, recent studies revealed that a unique active
site cysteine (Cys199) is present in GSK-3b, which is replaced by
other residues in other kinases, such as alanine in cycline depen-
dent kinase 2 (CDK-2; see Fig. 5).24

Considering this unique structural motif on GSK-3 and the abil-
ity of peptidyl-HMKs to inhibit serine25 and cysteine26 proteases,
we propose a covalent interaction between Cys199 and HMKs in
their specific binding to GSK-3. This should consist in the forma-
tion of a thioether carbon–sulfur (C–S) bond and subsequent elim-
ination of the halide atom, which might be favored by the
stabilization of the leaving chloride anion by the protonated amino
group of Lys85 (Fig. 4). The covalent modification here proposed
may explain the observed inhibitory kinetics and kinase selectivity.
Among the kinases assayed, only Src was inhibited by HMKs. The
chemical feature critical for Src activity is a specific cysteine cluster
in the catalytic site.27 Therefore, a covalent modification by HMKs
could inhibit this tyrosine kinase.

Modification of this unique cysteine on the GSK-3 catalytic site
has been postulated previously, although not demonstrated, in
other thiol-reactive compounds.28 We propose here that Cys199
can be a key residue for modulation of GSK-3b activity and offers
otransmitter receptors

M N (aBGT insensitive) N (aBGT sensitive) 5 HT

— — — —
— — — —
— — — —
— — — —
— 11 — —
— — — —
— — — —
11 — — —
— — — —
— 17 — —
— — — 12
— 22 — —
— — — —



Figure 4. Representation of the putative binding mode of HMK 32 in the ATP-
binding site of GSK-3b. The inhibitor fits a hydrophobic cavity (surface in gray)
delineated by hydrophobic residues (shown green). The carbon atom bearing the
chloride is above the sulfur atom of Cys199, and the chlorine atom is close to the
amino group of Lys85 (shown in blue).

D. I. Perez et al. / Bioorg. Med. Chem. 17 (2009) 6914–6925 6919
a new way to selectively target this important enzyme. According
to the previous SAR and the GSK-3 3D surface potential maps,29 it
is reasonable to hypothesize that HMKs inhibitors are first recog-
nized near the enzymatic catalytic site and subsequently modify
Figure 5. The unique Cys residue near the ATP-biding site in GSK-
covalently the specific Cys199. Further studies are in progress,
including directed mutagenesis to confirm these first results.

2.3.5. Chemical reactivity of HMKs versus thiol groups
Halomethylketones have been classified as reactive chemical

groups. To study to some extent the potential reactivity of these
compounds, we analyzed the reaction between the HMK 29 and
mercaptoethanol. Reactions were carried out at room temperature
and the progress was followed by HPLC–MS. In a HMK 29/mercap-
toethanol (1:1) reaction mixture, no S-alkylated product was found
after 30 min. Only 7% of the sulfur derivative was detected when
the mixture was stirring for 24 h. When the concentration of
mercaptoethanol was increased 10-fold, 16% of the S-alkylated
product was formed after 18 h. However, in equimolar concentra-
tions of HMK 29 and mercaptoethanol, when a tertiary amine was
present in the reaction media, 75% of the S-alkylated product was
observed after the first 30 min. These results confirm that the reac-
tivity of our HMKs versus thiol groups is mediated by a basic envi-
ronment and explain the crucial role of Lys85 in the binding of our
HMKs to Cys199 in the ATP site of GSK-3b.

2.3.6. Derivatization of sulfhydryl groups on GSK-3
To check the relevance of Cys199 in the inhibition of GSK-3 we

have alkylated the free thiol groups in GSK-3b by the treatment
with iodoacetamide. We have observed a complete lack of activity
after this treatment, showing the relevance of this chemical motif
in mediating the inhibition mechanism of the enzyme. Two differ-
ent inhibitors, lithium and the HMK 32 were used as control
(Fig. 6).
3 (a and b) is shown by their alignment with different CDKs.



Figure 6. The sulfhydryl groups of GSK-3b were derivatized by reaction with
iodoacetamide. The kinase activity from GSK-3 derivatized by iodoacetamide (GSK-
3-SH TREATED), or without any modification (GSK-3-CONTROL) was assayed with
myelin binding protein. The autoradiography shows that HMK 32 reduced the
kinase activity, in the range of 1–10 mM, and that GSK-3 treated with iodoacet-
amide (GSK-3-SH TREATED) lost its kinase activity.
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2.3.7. Reversibility studies
To confirm experimentally the irreversible enzymatic inhibition

hypothesized for HMKs, we have studied the recovery of GSK-3b
activity after HMK treatment. To this end, an immobilized recom-
binant histidine-tagged GSK-3b on a nickel agarose gel was used,
and the activity of the solid-supported enzyme was measured by
the scintillation method. In the presence of HMKs 19 and 32, a
reduction of the phosphorylation activity was observed (after
20 min the activity was only 20% of the maximal phosphorylation
activity). Then, several careful washes were performed on the
immobilized enzyme to eliminate the inhibitor and the enzymatic
activity was subsequently measured. The GSK-3b phosphorylating
ability was not recovered, suggesting that the inhibitor remains
irreversibly bound to the enzyme.

Moreover, a second experiment was performed using recombi-
nant GSK-3b in solution. In that case, we pre-incubated for 30 min
the enzyme and the HMK 32. Then, the reaction mixture was di-
luted 20 times and the final kinase activity determined. Control
was used following the same strategy but without inhibitor. We
have found a complete lack of activity after the HMK pretreatment,
showing a potential covalent or very strong binding to the enzyme
(Fig. 7).

These findings suggest that HMKs are the first irreversible GSK-
3b inhibitors described up to now, leading to a new interpretation
of the plots depicted in Figure 3a. When GSK-3b is incubated in the
presence of an HMK derivative, covalent modification of Cys199
abolishes its phosphorylating activity, presumably by altering the
correct positioning of ATP in the ATP-binding site, thus explaining
why an increase in ATP concentration does not vary the enzymatic
inhibition.

2.4. Cellular effects of GSK-3 inhibition

To evaluate the cell permeability of HMK inhibitors and their
potential use as pharmacological tools and/or leads for drug design,
we further explored their effect on tau phosphorylation and
neuritogenesis.
Figure 7. GSK-3b was incubated with HMK 32 (10 lM), afterward was diluted 20
times and then the kinase activity assayed. The kinase activity of GSK-3 pre-
inhibited (GSK-3-HMK PRE-TREATED); or without any previous inhibition (GSK-3-
CONTROL) were assayed using MBP, as substrate. The autoradiography shows the
kinase activity, in both circumstances, after 10 or 30 min of reaction (C10, C30).
Subsequent addition of HMK 32 at 10 lM (3), or lithium chloride at 1 mM (4) or
HMK 32 (0.5 lM) (5) were also shown.
2.4.1. Tau phosphorylation
Since GSK-3b is shown to phosphorylate tau both in transfected

cells and in vivo,30 the ability of HMKs to interfere with the GSK-
3b-mediated tau phosphorylation in cells was explored using pri-
mary granule cerebellar neurons (GCNs).

The effect of HMK addition on tau phosphorylation was deter-
mined by Western blotting. Detection was carried out using the
PHF-1 phosphospecific antibody and Tau-1 (see Section 4). Lithium
chloride was added as positive control to the medium at 10 mM.
The bands were quantified by densitometric analysis. Data showed
that the addition of different HMKs (compounds 18, 19, 23, 28–30,
and 32) reduced (PHF-1) or increased (Tau-1) the tau-immunore-
activity (see Fig. 8). The effect of HMKs on tau phosphorylation
was similar to the trend observed when lithium chloride was used
as a GSK-3b inhibitor (IC50 1.5 mM).

2.4.2. Increased neuritogenesis
GSK-3b is involved in cellular differentiation processes and pro-

motes neurite outgrowth in different cell lines.31 In some neuro-
blastoma cell lines, such as N2A, a neuronal-like phenotype may
be generated by either incubation in a serum-free medium, or by
lithium chloride treatment in the presence of serum (DEMEN-
10%FCS). To evaluate whether some HMKs may have a similar lith-
ium-like effect, we added these compounds to N2A in the presence
of serum. As indicated in Figure 9, treatment of N2A cell cultures
with compounds 19 and 23 for 16 h showed an increase in neurite
outgrowth. These results suggest that HMKs may have similar
intracellular targets as lithium chloride and indirectly show good
cell permeability.

2.5. ADME properties

Early ADME considerations in preclinical development would
help to avoid costly late stage preclinical and clinical failures,
and a number of in silico, in vitro and in vivo techniques are avail-
able to screen compounds for ADME characteristics.32,33 For our
purposes, the oral absorption and blood brain barrier permeability
properties of HMKs were explored using the previously reported
CODES/neural network methodology, which was able to predict
those properties for structurally diverse drugs.34 Using our in silico
ADME model based on CODEs descriptors, we have determined
that compounds 29 and 35 are able to cross the blood brain barrier
and be orally absorbed (see Table 5). Therefore, HMKs have poten-
tial value to be used in animal studies aimed at determining the
functional implications of GSK-3 in certain neurological disorders.
At this point it is worth noting that peptidyl chloromethylketones,
which have limited biological utility due to their potential toxicity,
are useful tools to study processes mediated by cysteine protease
in animal models.35
3. Conclusions

HMKs represent a new family of GSK-3b inhibitors that are the
first irreversible inhibitors reported to date for this therapeutically
valuable kinase. We postulate that their inhibitory activity is med-
iated by covalent modification of Cys199 residue, which might rep-
resent a new strategy to be considered for the future design of new
specific GSK-3 inhibitors. We have also shown their ability to pro-
mote neurite outgrowth and to decrease tau phosphorylation. In
addition, they exhibit the ability to activate the promoter IV of
brain-derived growth factor on neurons.36 Furthermore, these
compounds are predicted to cross the blood–brain barrier, increas-
ing their value as tools to be used in animal models for neurode-
generative disorders. Finally, it is worth mentioning that they are
now available from several commercial sources, that is, EMD-Cal-



Figure 8. A representative Western blot of soluble extracts from Granule cerebellar neurons (GCNs), obtained after 16 h in the presence of lithium chloride (Li) or different
HMKs (compounds 18, 19, 23, 28, 29, 30, 32). C represents cell extracts from control GCNs. Identical samples were incubated with anti-tau-1, or anti PHF-1; or with anti-b-
actin as a loading control. In each experiment, PHF-1 was normalized with respect to the amount of actin present in each cell extract. The data are expressed as the mean of
three independent experiments and the data from control cells were considered 100 relative units (r.u.).

Figure 9. Phase-contrast photography from N2A cells treated for 16 h with different HMKs. (a) Control + DMSO treatment, (b) treatment with compound 23 at 0.2 lM, (c)
treatment with compound 19 at 2 lM. The arrows illustrated some cytoplasmic extension detected only after compound 19 or 23 additions (b, c).

Table 5
Predicted percentage of oral absorption and calculated log [BB] for compounds 29 and
35 using neural network/CODES model

Compound Oral absorption (%) Log [BB]

29 100 0.166
35 85 0.085
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biochem and Merck, as GSK-3b inhibitor VI and VII. These two
compounds have been successfully used to study different aspects
of GSK-3 functions.36,37,38 Overall, HMKs represent useful pharma-
cological tools for use in proof of concept studies for neurological
disorders where GSK-3 might be involved.
4. Experimental

4.1. Chemistry

Melting points were determined with a Reichert-Jung Therm-
ovar apparatus and are uncorrected. Flash column chromatography
was carried out at medium pressure using silica gel (E. Merck,
Grade 60, particle size 0.040–0.063 mm, 230–240 mesh ASTM).
Compounds were detected with UV light (254 nm). 1H NMR spec-
tra were obtained on a Gemini-200 spectrometer working at
200 MHz. Typical spectral parameters: spectral width 10 ppm,
pulse width 9 ls (57�), data size 32 K. 13C NMR experiments was
carried out on the Varian Gemini-200 spectrometer operating at
50 MHz. The acquisition parameters: spectral width 16 kHz, acqui-
sition time 0.99 s, pulse width 9 ls (57�), data size 32 K. Chemical
shifts are reported in values (ppm) relative to internal Me4Si and J
values are reported in hertz. Elemental analyses were performed
by the analytical department at CENQUIOR (CSIC), and the results
obtained were within ±0.4% of the theoretical values.

Mass spectra were obtained by electronic impact in a Hewlett–
Packard 5973 spectrophotometer.

HPLC analyses for HMKs were performed on a Waters 6000
instrument, with UV detector (214–254 nm), using different col-
umns; Delta Pack C18, 5 lm, 300 Å, (150 � 3.9 mm), l Bondapack
C18, 10 lm, 125 Å, (300 � 3.9 mm) and Symmetry C18, 5 lm,
100 Å, (150 � 3.9 mm). Acetonitrile/H2O [(0.05% H3PO4 + 0.04%
Et3N)] 50/50 was used as mobile phase. For the chemical reactivity
of HMKs versus thiol groups, experiments were performed in a
Waters 2695 diode array, with positive electrospray using the sun-
fire column C18, 3.5 lm (50 � 4.6 mm) and acetonitrile (0.08% for-
mic acid) and MiliQ water (0.1% formic acid) as mobile phase in a
10–100 gradient.

The synthesis of chloroacetyl thiophenes 22–36 were previ-
ously described17 and their analytical and spectroscopic data are
reported in Supplementary data.
4.1.1. General procedure for the synthesis of 4-chlorobutyryl-
thiophenes (37, 38, 43) and bromoacetylthiophenes (39–42)

The corresponding thiophene was added to a stirred mixture of
4-chlorobutyryl chloride (compounds 37, 38, 43) or bromoacetyl
bromide (BrAcO-Br) (compounds 39–42) and anhydrous aluminum
chloride (AlCl3) in dry carbon disulfide (CS2). Then the mixture was
stirred at room temperature overnight, refluxed for 3 h and cooled
in an ice bath. Under vigorous stirring, HCl 0.1 N was cautiously
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added to this cooled mixture, the present solid disappeared and the
reaction mixture separated in two layers. The aqueous layer was
extracted with CH2Cl2 (50 mL). The organic layers were combined
and washed again with water (25 mL), HCl 0.1 N (2 � 15 mL), and
a saturated solution of NaHCO3 (15 mL), dried over magnesium
sulfate and evaporated. The compounds were purified by column
chromatography.

4.1.1.1. 4-Chloro-1-(5-chlorothiophen-2-yl)butan-1-one (37).
4-Chlorobutyryl chloride (3.24 g, 0.023 mol), anhydrous AlCl3

(3.06 g, 0.023 mol), 2-chlorothiophene (2.37 g, 0.020 mol) and dry
CS2 (50 mL). Purified by column chromatography (hexane:ethyl
acetate 4:1), 2.06 g (46%), colorless solid, mp 46–47 �C. 1H NMR
(200 MHz, CDCl3): d 7.53 (d, J = 4.0 Hz, 1H, Ar), 6.96 (d, J = 4.0 Hz,
1H, Ar), 3.65 (m, 2H, CH2), 3.05 (m, 2H, CH2), 2.20 (m, 2H, CH2);
13C NMR (50 MHz, CDCl3): d 191.2 (CO), 142.5 (C–CO), 139.8 (C–
Cl), 131.8 (CH), 128.0 (CH), 44.1 (CH2), 35.0 (CH2), 26.3 (CH2); m/
z (EI): 226, 224, 222 (M+, 1, 3, 5%), 147, 145 (M–CH2CH2CH2Cl,
38, 100%); HPLC: Column l Bondapack C18, 10 lm, 125 Å,
(300 � 3.9 mm), purity 99%, rt = 4.16 min, acetonitrile/H2O (0.05%
H3PO4 + 0.04% Et3N) 50/50. Anal. Calcd for C8H8Cl2OS: C, 43.06;
H, 3.61; S, 14.37. Found: C, 42.98; H, 3.49; S, 14.41.

4.1.1.2. 1-(5-Bromothiophen-2-yl)-4-chlorobutan-1-one (38).
4-Chlorobutyryl chloride (3.24 g, 0.023 mol), anhydrous AlCl3

(3.06 g, 0.023 mol), 2-bromothiophene (3.26 g, 0.020 mol) and
dry CS2 (50 mL). Purified by column chromatography (hex-
ane:ethyl acetate 4:1), 2.00 g (38%), colorless solid, mp 43–44 �C.
1H NMR (200 MHz, CDCl3): d 7.40 (d, J = 4.0 Hz, 1H, Ar), 7.05 (d,
J = 4.0 Hz, 1H, Ar), 3.60 (m, 2H, CH2), 3.0 (m, 2H, CH2), 2.15 (m,
2H, CH2); 13C NMR (50 MHz, CDCl3): d 191.5 (CO), 145.8 (C–CO),
132.2 (CH), 131.4 (CH), 122.9 (C–Br), 44.5 (CH2), 35.3 (CH2), 26.9
(CH2); m/z (EI): 270, 268, 266 (M+, 4, 13, 10%), 191, 189 (M–
CH2CH2CH2Cl, 100, 100%); HPLC: Column l Bondapack C18,
10 lm, 125 Å, (300 � 3.9 mm), purity 99%, rt = 5.85 min, acetoni-
trile/H2O (0.05% H3PO4 + 0.04% Et3N) 50/50. Anal. Calcd for
C8H8BrClOS: C, 35.91; H, 3.01; S, 11.98. Found: C, 35.78; H, 2.89;
S, 11.90.

4.1.1.3. 2-Bromo-1-(3,4-dibromothiophen-2-yl)ethanone (39).
Bromoacetyl bromide (2.40 g, 0.012 mol), anhydrous AlCl3

(1.57 g, 0.012 mol), 3,4-dibromothiophene (2.5 g, 0.010 mol) and
dry CS2 (50 mL). Purified by column chromatography (hex-
ane:ethyl acetate 8:1), 3.60 g (96%), colorless solid, mp 82–83 �C.
1H NMR (200 MHz, CDCl3): d 7.71 (s, 1H, Ar), 4.62 (s, 2H, CH2);
13C NMR (75 MHz, CDCl3): d 181.5 (CO), 140.2 (C–CO), 131.3
(CH), 119.2, 118.5 (C–Br), 32.8 (CH2); m/z (EI): 366, 364, 362, 360
(M+, 4, 10, 4, 10%), 271, 269, 267 (M–CH2Br, 52, 100, 52%); HPLC:
Column l Bondapack C18, 10 lm, 125 Å, (300 � 3.9 mm), purity
99%, rt = 4.00 min, acetonitrile/H2O (0.05% H3PO4 + 0.04% Et3N)
50/50. Anal. Calcd for C6H3Br3OS: C, 19.86; H, 0.83; S, 8.84. Found:
C, 19.79; H, 0.70; S, 8.69.

4.1.1.4. 2-Bromo-1-(4,5-dibromothiophen-2-yl)ethanone (40).
Bromoacetyl bromide (0.95 g, 4.74 mmol), anhydrous AlCl3

(0.63 g, 4.74 mmol), 2,3-dibromothiophene (1.0 g, 4.13 mmol)
and dry CS2 (50 mL). Purified by column chromatography (hex-
ane:ethyl acetate 9:1), 1.39 g (93%), colorless solid, mp: 67–68 �C.
1H NMR (200 MHz, CDCl3): d 7.59 (s, 1H, Ar), 4.27 (s, 2H, CH2);
13C NMR (75 MHz, CDCl3): d 182.9 (CO), 141.0 (C–CO), 135.5
(CH), 123.4, 115.6 (C–Br), 29.4 (CH2); m/z (EI): 366, 364, 362, 360
(M+, 4, 10, 4, 10%), 271, 269, 267 (M–CH2Br, 52, 100, 52%); HPLC:
Column l Bondapack C18, 10 lm, 125 Å, (300 � 3.9 mm), purity
98%, rt = 4.20 min, acetonitrile/H2O (0.05% H3PO4 + 0.04% Et3N)
50/50. Anal. Calcd for C6H3Br3OS: C, 19.86; H, 0.83; S, 8.84. Found:
C, 19.69; H, 0.74; S, 8.64.
4.1.1.5. 2-Bromo-1-(5-bromothiophen-2-yl)ethanone (41).
Bromoacetyl bromide (1.91 g, 9.50 mmol), anhydrous AlCl3

(1.26 g, 9.50 mmol), 2-bromothiophene (2.0 g, 8.26 mmol) and
dry CS2 (50 mL). Purified by column chromatography (hex-
ane:ethyl acetate 8:1), 0.64 g (42%), colorless solid, mp 90–91 �C.
1H NMR (200 MHz, CDCl3): d 7.57 (d, J = 4.02 Hz, 1H, Ar), 7.17 (d,
J = 4.02 Hz, 1H, Ar), 4.30 (s, 2H, CH2); 13C NMR (75 MHz, CDCl3):
d 183.6 (CO), 142.2 (C–CO), 133.8, 131.6 (CH), 124.6 (C–Br), 29.8
(CH2); m/z (EI): 286, 284, 282 (M+, 14, 26, 13%), 191, 189 (M–CH2Br,
99, 100%); HPLC: Column l Bondapack C18, 10 lm, 125 Å,
(300 � 3.9 mm), purity 98%, rt = 4.78 min, acetonitrile/H2O (0.05%
H3PO4 + 0.04% Et3N) 50/50. Anal. Calcd for C6H4Br2OS: C, 25.38;
H, 1.42; S, 11.29. Found: C, 25.29; H, 1.49; S, 11.40.

4.1.1.6. 2-Bromo-1-(3,5-dibromothiophen-2-yl)ethanone (42).
Bromoacetyl bromide (0.32 g, 1.59 mmol), anhydrous AlCl3

(0.21 g, 1.59 mmol), 2,4-dibromo thiophene (0.35 g, 1.45 mmol)
and dry CS2 (50 mL). Purified by column chromatography (hex-
ane:ethyl acetate 7:1), 0.39 g (72%), colorless solid, mp 75–76 �C.
1H NMR (200 MHz, CDCl3): d 7.22 (s,1H, Ar), 4.53 (s, 2H, CH2);
13C NMR (75 MHz, CDCl3): d 182.8 (CO), 141.4 (C–CO), 136.2
(CH), 123.8, 114.8 (C–Br), 32.9 (CH2); m/z (EI): 366, 364, 362, 360
(M+, 7, 20, 7, 20%), 271, 269, 267 (M–CH2Br, 61, 100, 61%); HPLC:
Column l Bondapack C18, 10 lm, 125 Å, (300 � 3.9 mm), purity
99%, rt = 4.23 min, acetonitrile/H2O (0.05% H3PO4 + 0.04% Et3N)
50/50. Anal. Calcd for C6H3Br3OS: C, 19.86; H, 0.83; S, 8.84. Found:
C, 19.81; H, 0.77; S, 8.78.

4.1.1.7. 4-Chloro-1-(2,5-dichlorothiophen-3-yl)butan-1-one (43).
4-Chlorobutyryl chloride (3.24 g, 0.023 mol), anhydrous AlCl3

(3.06 g, 0.023 mol), 2,5-dichlorothiophene (3.06 g, 0.020 mol) and
dry CS2 (50 mL). Purified by column chromatography (hexane:ethyl
acetate 4:1), 2.10 g (41%), oil. 1H NMR (200 MHz, CDCl3): d 7.20 (s,
1H, Ar), 3.70 (m, 2H, CH2), 3.14 (m, 2H, CH2), 2.20 (m, 2H, CH2);
13C NMR (50 MHz, CDCl3): d 192.0 (CO), 136.6 (C–CO), 132.3 (C–
Cl), 130.0 (C–Cl), 126.9 (CH), 44.4 (CH2), 38.9 (CH2), 26.4 (CH2); m/
z (EI): 262, 260, 258, 256 (M+, 1, 4, 10, 9%), 183, 181, 179 (M–
CH2CH2CH2Cl, 18, 79, 100%); HPLC: Column l Bondapack C18,
10 lm, 125 Å, (300� 3.9 mm), purity 98%, rt = 5.46 min, acetoni-
trile/H2O (0.05% H3PO4 + 0.04% Et3N) 50/50. Anal. Calcd for
C8H7Cl3OS: C, 37.31; H, 2.74; S, 12.45. Found: C, 37.40; H, 2.64; S,
12.42.

4.1.2. 2-(2,5-Dichlorothiophen-3-yl)-2-oxoethyl acetate (44)
To a solution of 2-chloro-1-(2,5-dichlorothiophen-3-yl) etha-

none (35) (0.2 g, 1.31 mmol) in acetic acid (50 mL) was added so-
dium acetate (0.32 g, 3.94 mmol) and acetic anhydride (0.27 g,
3.94 mmol). The mixture was stirred and refluxed for 5 h. CH2Cl2

(100 mL) and H2O (100 mL) was added to the reaction. The organic
layer was washed with H2O (2 � 100 mL), a saturated solution of
NaHCO3 (100 mL) and a saturated solution of NaCl (100 mL). The
organic layer was dried over magnesium sulfate and the solvent
was evaporated. Compound 44 was purified by column chromatog-
raphy (hexane:ethyl acetate 7:1), 0.30 g (91%), oil. 1H NMR
(200 MHz, CDCl3): d 7.28 (s, 1H, Ar), 5.22 (s, 2H, CH2), 2.25 (s, 3H,
CH3); 13C NMR (50 MHz, CDCl3): d 184.5 (CO), 169.2 (CO), 133.6
(C–CO), 132.0 (C–Cl), 126.7(C–Cl), 125.5 (CH), 66.6 (CH2), 19.4
(CH3); m/z (EI): 256, 254, 252, (M+, 5, 27, 54%), 185, 183 (M–
C3H5O2, 100, 100%); HPLC: Column Symmetry C18, 5 lm, 100 Å,
(150 � 3.9 mm), purity 99%, rt = 8.96 min, acetonitrile/H2O (0.05%
H3PO4 + 0.04% Et3N) 50/50. Anal. Calcd for C8H6Cl2O3S: C, 37.96;
H, 2.39. Found: C, 37.89; H, 2.42.

4.1.3. Chemical reactivity of HMKs
Hundred microliters of an acetonitrile solution of HMK 29

(50 mM) and 100 lL of an acetonitrile solution of 2-mercap-
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toethanol (50 mM) were added to a mixture of methanol/water (1/
1, 0.8 mL) and stirred for 30 min or 18 h. The reaction progress was
followed by HPLC–MS injecting aliquots after 30 min or 18 h. HMK
29 (MW = 195) showed a retention time of 4.80 min, while the S-
alkylated derivative (MW = 236) presented a retention time of
4.06 min. Additional experiment was carried out when the 2-
mercaptoethanol concentration was increased 10 times. In this
case 100 lL of an acetonitrile solution of 2-mercaptoethanol
(500 mM) was added. The same procedure described above was
followed when triethylamine was used. In this case, 100 lL of an
acetonitrile solution of triethylamine (50 mM) was added to a
methanol/water (1/1, 0.7 mL) solution.
4.2. Biological studies

4.2.1. Inhibition of GSK-3
GSK-3b enzyme (Sigma) was incubated with 15 lM of ATP,

0.2 lCi of [c-32P]ATP, GS-1 substrate, and different concentration
of test compound. GSK-3b activity was assayed in 50 mM tris, pH
7.5, 10 mM MgCl2, 1 mM EGTA and 1 mM EDTA buffer at 37 �C,
in the presence of 15 mM GS-1 (substrate), 15 lM of ATP, 0.2 lCi
of [c-32P] ATP in a final volume of 12 lL. After 20 min of incubation
at 37 �C, 4 lL aliquots of the supernatant were spotted onto 2x2
pieces of Whatman P81 phosphocellulose paper, and the filter
was washed four times (at least 10 min each time) in 1% phospho-
ric acid. The dried filters were transferred into scintillation vials,
and the radioactivity was measured in a liquid scintillation coun-
ter. Blank values were subtracted, and the GSK-3b activity was ex-
pressed in percentage of maximal activity. The IC50 is defined as
the concentration of each compound that reduces enzyme activity
by 50% with respect to that without inhibitor present.
4.2.2. Reversibility inhibition studies of GSK-3
Immobilized recombinant histidine-tagged GSK-3b on a nickel

agarose gel (Sigma) was incubated with 15 lM of ATP, 0.2 lCi of
[c-32P]ATP, GS-1 substrate, and different concentration of test
compounds. GSK-3b activity was assayed in 50 mM tris, pH 7.5,
10 mM MgCl2, 1 mM EGTA and 1 mM EDTA buffer at 37 �C, in a fi-
nal volume of 20 lL. After 20 min of incubation at 37 �C, the reac-
tion mixture was centrifuged at 12,000 rpm. for 5 min at 4 �C. The
supernatant was collected to evaluate the radioactivity incorpo-
rated in the GS-1 peptide. Thus, a 4 lL aliquot of the supernatant
were spotted onto 2 � 2 pieces of Whatman P81 phosphocellulose
paper, and the filter was washed four times (at least 10 min each
time) in 1% phosphoric acid. The dried filters were transferred into
scintillation vials, and the radioactivity was measured in a liquid
scintillation counter. Blank values were subtracted, and the GSK-
3b activity was expressed in percentage of maximal activity.

On the other hand, the pellet with the immobilized GSK-3 on
the nickel agarose gel was washed three times (at least 10 min
each time) with abundant volume of 50 mM tris, pH 7.5, 10 mM
MgCl2 buffer, to eliminate the inhibitor unbounded to the enzyme.
After the last washing, the pellet enzymatic activity was deter-
mined in 50 mM tris, pH 7.5, 10 mM MgCl2, 1 mM EGTA and
1 mM EDTA buffer containing 15 lM of ATP, 0.2 lCi of [c-32P]ATP,
and 15 mM GS-1 substrate. After 15 min incubation the radioactiv-
ity incorporated in the GS-1 peptide was determined following the
method above described. The GSK-3b activity in the presence of the
compound is expressed as a percentage of the GSK-3b activity of
the control without the compound but with the same work-up.

A second study was performed to determine the irreversibility
of HMK inhibition. Thus, GSK-3b enzyme (Sigma) was incubated
in a buffer containing 20 mM Tris, pH 7.4, for 30 min, before deter-
mine its activity, with HMK 32, at a final concentration of 10 lM.
This concentration was previously determined to produce the
maximal inhibition. After that, the activity of GSK-3b, treated with
HMK 32 or without any inhibitor (control), diluted 20 times in ki-
nase buffer, and maintained for 30 min to equilibrate the different
components, was determined. In parallel, the control reaction
(GSK-3 without inhibitor) was incubated at a final concentration
of HMK 32 similar to those obtained after dilution (0.5 lM); or
low lithium chloride concentration. The final kinase activity was
assayed over Myelin basic protein (MBP), as described below.

4.2.3. Derivatization of sulfhydryl groups of GSK-3
The sulfhydryl groups were derivatized by reaction with 15 mM

iodoacetamide in a buffer containing 50 mM tris, pH 7.4, 1 mM
EGTA. GSK-3b enzyme (Sigma) was incubated in this buffer, for
20 or 30 min and then the kinase activity was assayed. GSK-3b en-
zyme (Sigma) derivatized with iodoacetamide or without any
modification was assayed for its kinase activity.

GSK-3b activity was determined in 50 mM tris, pH 7.5, 10 mM
MgCl2, 1 mM EGTA buffer (kinase buffer) at 37 �C, in the presence
of 4 lg of myelin basic protein (MBP) as substrate, 15 lM of ATP,
0.2 lCi of [c-32P] ATP in a final volume of 25 ll. As an internal con-
trol, the inhibitory capacity of HMK 32 or lithium chloride was
used as reference.

4.2.4. Neurotransmitter receptors binding assays
The neurotransmitter binding assays are described in each

paragraph:

– a-2 (Non-selective) adrenergic receptor:39 From rat cerebral
cortex, yohimbine was used as reference compound and [3H]
RX 821002 as a ligand (0.5 nM).

– D2 (h) dopamine receptor:40 Human recombinant (CHO cells),
(+)-buctaclamol was used as reference compound and [3H] spip-
erone as a ligand (0.3 nM).

– D3 (h) dopamine receptor:41 Human recombinant (CHO cells),
(+)-buctaclamol was used as reference compound and [3H] spip-
erone as a ligand (0.3 nM).

– AMPA glutaminergic receptor:42 From rat cerebral cortex, L-glu-
tamate was used as reference compound and [3H] AMPA as a
ligand (8 nM).

– NMDA glutaminergic receptor:43 From rat cerebral cortex, CGS
19755 was used as reference compound and [3H] CGP 39653
as a ligand (5 nM).

– M (non-selective) muscarinic receptor:44 From rat cerebral cor-
tex, atropine was used as reference compound and [3H] QNB as a
ligand (0.05 nM).

– N (neuronal) (a-BGTX-insensitive) nicotinic receptor:45 From rat
cerebral cortex, nicotine was used as reference compound and
[3H] cytisine as a ligand (1.5 nM).

– N (neuronal) (a-BGTX-sensitive) nicotinic receptor:46 From rat
cerebral cortex, a-bungarotoxin was used as reference com-
pound and [125I] a-bungarotoxin as a ligand (1 nM).

– 5-HT (non-selective) serotoninergic receptor:47 From rat cere-
bral cortex, serotonine was used as reference compound and
[3H] serotonine as a ligand (2 nM).

4.2.5. Inhibition of protein kinases
The experimental procedures for the inhibition of different pro-

tein kinases are described in each paragraph:

– Abl kinase:48 Mouse recombinant (E. coli), staurosporine was
used as reference compound and poly GT (0.4 lg.mL�1) as a sub-
strate. Fluorescence polarization was used as the method of
detection for the reaction product (phosphopolyGT).
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– CAM kinase II:49 From rat brain, staurosporine was used as ref-
erence compound and [c33-P] ATP + autocamtide-2 (5 lM) as a
substrate. Liquid scintillation was used as method of detection
for the reaction product ([c33-P] autocamtide-2).

– EGFR kinase:50 From A-431 cells, PD 153035 was used as refer-
ence compound and [c33-P] ATP + poly GAT (0.48 mg mL�1) as a
substrate. Liquid scintillation was used as method of detection
for the reaction product ([c33-P] poly GAT).

– IR-K (h):51 Human recombinant, staurosporine was used as ref-
erence compound and [c33-P] ATP + poly GT (0.03 mg.mL�1) as a
substrate. Liquid scintillation was used as method of detection
for the reaction product ([c33-P] poly GT).

– MAP kinase (ERK 42):52 Rat recombinant (E. coli), staurosporine
was used as reference compound and [c33-P] ATP + MBP
(0.5 mg mL�1) as a substrate. Liquid scintillation was used as
method of detection for the reaction product ([c33-P] MBP).

– MEK1 kinase:53 Rabbit recombinant (E.coli), staurosporine was
used as reference compound and ATP + unactivated MAP kinase
(0.01 mg mL�1) as a substrate. Liquid scintillation was used as
method of detection for the reaction product ([c33-P] MBP).

– Protein kinase p56lck:54 From bovine thymus, staurosporine
was used as reference compound and [c33-P] ATP + poliGT
(0.5 mg mL�1) as a substrate. Liquid scintillation was used as
method of detection for the reaction product ([c33-P] polyGT).

4.2.6. Neuronal cell cultures and treatments
Neuro2A mouse neuroblastoma cells were routinely grown in

Dulbecco’s modified Eagle’s medium (DMEM) with 10% heat-inac-
tivated fetal calf serum containing glutamine (2 mM) and antibiot-
ics (Pen./Strept.).

To obtain a neuronal-like phenotype, cells were maintained for
24–48 h in serum-free neurobasal medium supplemented with B-
27 (NB-B27). Alternatively N2A have specific properties and neuro-
nal-like phenotype may be induced by addition of lithium chloride
10 mM, in the growing media (DEMEN-10%FCS). The effect was
analyzed 24 h after addition. Similarly, some HMKs were assayed
for the potential effect of producing neurite extension as lithium
chloride did, and the compounds were added as indicated for 16 h.

Granule cerebellar neurons (GCNs) were obtained as described
previously.55 Briefly, cerebellar granule neurons were isolated from
postnatal day 6 (P6) mice as described. The cells were plated onto
poly-L-lysine coated dishes and grown for 48 h in serum-free neu-
robasal medium supplemented with B-27 and 12.5 mM KCl.

Lithium chloride (Sigma) was used in this study as the GSK-3 ki-
nase inhibitor.56 As lithium also inhibits inositol monophospha-
tase, all of our experiments with lithium were performed in the
presence of an excess of myo-inositol to avoid the effects provoked
by inositol depletion.

The inhibition of GSK-3 was inferred from tau phosphorylation
and the effects were compared with parallel cultures that were ex-
posed to selected HMKs, at different concentration (ranging from
0.5 to 25 lM).

4.2.7. Antibodies and Western blot analysis
The antibodies used in this study were: anti-b-actin mAb (Sig-

ma); PHF-1, which is an antiphospho Ser396/404 Tau mAb (kindly
supplied by Dr. P. Davies, Albert Einstein Coll, Bronx, NY, USA);
and Tau monoclonal antibody Tau-1, from Chemicon, recognizes
Residues Ser 195,198,199,202 non-phosphorylated.

Cell extracts were prepared from cells washed with 1� PBS and
then resuspended in a buffer containing: 20 mM HEPES, pH 7.4;
100 mM NaCl; 100 mM NaF; 1 mM sodium ortho-vanadate;
5 mM EDTA; Okadaic Acid 1 lM; 1% Triton X-100; and a protease
inhibitor cocktail (Complete, Roche). The soluble fraction was ob-
tained by centrifugation at 14,000g for 10 min at 4 �C, and the pro-
teins (10–50 lg) were separated by SDS–PAGE before being
transferred to a nitrocellulose filter. The filters were blocked with
5% non-fat milk in PBS, 0.1% Tween-20 (PBS-T) and then incubated
with primary antibodies overnight at 4 �C. Subsequently, the filters
were rinsed three times in PBST buffer before being exposed to the
corresponding peroxidase-conjugated secondary antibody (diluted
1:5000, Promega) for 1 h at room temperature. Immunoreactivity
was visualized using an enhanced chemiluminescence detection
system (Perkin–Elmer Life Sci.). Each experiment was normalized
with respect to the amount of actin present in each cell extract.
The data are expressed as the mean of three independent experi-
ments and the data from control cells were considered 100 relative
unit (r.u.).

4.3. Molecular modeling. CMIP calculations

Preferential binding sites of HMKs on GSK-3 protein surface
were obtained using the docking module of the program CMIP.
The protein (PDB entry 1I09) was mapped onto a 3D grid of the
appropriate size with a 0.5 Å regular spacing (ca. 4,000,000 grid
positions). Binding was assayed by exhaustive search of 8000 ori-
entations (using non-redundant Euler angles) for every grid posi-
tion. When necessary, flexible molecules were assayed as a
family of standard rotamers. Docked positions were scored using
interaction energies between the ligand and the protein, which
were evaluated by adding electrostatic and van der Waals contri-
butions. The solvent-screened electrostatic interaction was deter-
mined by using the Mehler-Solmajer sigmoidal distance-
dependent dielectric model,57 and the van der Waals component
was evaluated by using a Lennard–Jones expression. Parameters
for protein atoms were obtained from the amber98 force field.58

For the ligand molecules, RESP atomic charges determined at the
HF/6-31G(d) level were used in conjunction with van der Waals
parameters taken for related atoms in the amber98 force field. Fi-
nally, refinement of the binding mode was carried out by means of
docking computations with the program rDock, which is an exten-
sion of the program RIBODOCK

59 using an empirical scoring function
calibrated based on protein–ligand complexes.60 To this end, 100
docking computations were run, and the output docking modes
were analyzed by visual inspection in conjunction with the dock-
ing scores.
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