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A molecular understanding of substrate recognition of protein kinases
provides an important basis for the development of substrate competitive
inhibitors. Here, we explored substrate recognition and competitive
inhibition of glycogen synthase kinase (GSK)-3β using molecular and
computational tools. In previous work, we described Gln89 and Asn95
within GSK-3β as important substrates binding sites. Here, we show that
the cavity bordered by loop 89-QDKRFKN-95, located in the vicinity of the
GSK-3β catalytic core, is a promiscuous substrate binding subsite.
Mutations within this segment highlighted Phe93 as an additional essential
contact residue for substrates' recognition. However, unlike Gln89 and
Asn95, Phe93 was also important for the binding of our previously
described substrate competitive inhibitor, L803 [KEAPPAPPQS(p)P], and
its cell-permeable variant L803-mts. The effects of the substitution of
charged or polar residues within L803 further suggested that binding to
GSK-3β is governed by hydrophobic interactions. Our computational
model of GSK-3β bound to L803 was in agreement with the experimental
data. It revealed L803 binding with a hydrophobic surface patch and
identified interactions between Pro8 (L803) and Phe93 (GSK-3β). Compu-
tational modeling of new L803 variants predicted that inhibition would be
strengthened by adding contacts with Phe93 or by increasing the
hydrophobic content of the peptide. Indeed, the newly designed L803
variants showed improved inhibition. Our study identified different and
overlapping elements in GSK-3β substrate and inhibitor recognition and
provides a novel example for model-based rational design of substrate
competitive inhibitors for GSK-3.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

Protein kinases and phosphorylation cascades
are essential for life, and they play key roles in
the regulation of many cellular processes includ-
ing cell proliferation, cell cycle progression,
metabolic homeostasis, transcriptional activation
and development.1–4 Aberrant regulation of pro-
tein phosphorylation underlies many human
d.
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diseases,2,3,5,6 and this has prompted the develop-
ment and the design of protein kinase inhibitors.5–9

Most of the protein kinase inhibitors developed so far
compete with ATP for its binding site. These
inhibitors, although often very effective, generally
show limited specificity10 due to the fact that the ATP
binding site is highly conserved among protein
kinases. Other sites, such as the substrate's binding
site, show more variability in their shape and amino
acid composition and may serve as favorable sites for
drug design.11 The understanding of substrate
recognition and specificity is essential for the devel-
opment of substrate competitive inhibitors. This
knowledge, however, is limited by the scarce amount
of structural data regarding substrate binding.
Glycogen synthase kinase (GSK)-3 is a constitutively

active serine/threonine kinase that modulates diverse
cellular functions including metabolism, cell survival
and migration, neuronal signaling and embryonic
development.12–16 Deregulation of GSK-3 activity has
been implicated in the pathogenesis of human
diseases such as type 2 diabetes and certain neurode-
generative and psychiatric disorders.17–22 Selective
inhibition of GSK-3 is thought to be of therapeutic
value in treating these disorders.22–26 Understanding
of how GSK-3 interacts with its substrates may pave
the way for the design and development of new
substrate competitive GSK-3 inhibitors.
In a previous study, we reported the development

of a novel class of substrate competitive inhibitors for
GSK-3.27 Our initial design was based on the unique
substrate recognition motif of GSK-3 that includes a
phosphorylated residue (usually serine) in the context
of SXXXS(p) (where S is the target serine, S(p) is
phosphorylate serine and X is any amino acid).28,29
Fig. 1. The 89–95 loopdefines a substrate binding subsite for G
The structure of GSK-3β is based on the available crystal struc
shown in gray, with the loop 89–95 shown in yellow [its sequen
in green. The positive ends of the residues that form the puta
molecule is colored by atom type, with the Mg2+ ion colored
“wall” of a surface cavity located between the 89–95 loop and t
potential substrate binding subsite that can accommodate a vari
(dark blue), Lys (blue), His (cyan), Gln (magenta), Leu (green), M
to the cavity are shown. The Cβ atoms of these side chains
computational anchoring spots mapping of the individual amin
mutations generated within this segment. (c) Expression of GS
with cDNA constructs expressing WT GSK-3β, D90A, K91A,
Materials and Methods. Cell extracts were subjected to Weste
GSK-3 (Tyr216/Tyr274 forα orβ isoforms, respectively) antibod
the empty vector. (d) Phosphorylation of peptide substrates by
with substrates pIRS-1, p9CREB and PGS-1 as described i
phosphorylation obtained with WT GSK-3β, which was defi
independent experiments, each performed in duplicates ±st
substrate proteins by F93A in cells. HEK-293 cells were co-tran
construct coding for CREB. Cells were treated with forskolin (1
analysis using anti-phospho-CREB (Ser129/Ser133) antibody. E
(f) The same as (d), except that N'IRS-1 cDNA construct was use
(100 nM, 30 min). Anti-phospho-IRS-1 (Ser332) antibody was u
are indicated. The ratio of pCREB/CREB or of pN'IRS-1/N'IRS
right panel of each figure. Results are means of three independ
Structural studies on GSK-3β identified a likely
docking site for the phosphorylated residue; it is a
positively charged binding pocket composed of
Arg96, Arg180 and Lys205.30,31 Short phosphorylated
peptides patterned after the GSK-3 substrates be-
haved as substrate competitive inhibitors.27 The L803
peptide KEAPPAPPQS(p)P derived from the sub-
strate heat shock factor-132 was the best inhibitor of
those evaluated.27 An advanced version of L803, the
cell-permeable peptide L803-mts,27 was shown to
promote beneficial biological activities under condi-
tions associated with diabetes, neuron growth and
survival and mood behavior.33–38

Focusing on substrate recognition of GSK-3, we
identified three positions in the vicinity of the
catalytic site (F67 in the P-loop, Q89 and N95) that
were important for GSK-3 substrates binding.39

Here, we looked for a common denominator in the
substrate and in L803 binding sites. We show that
the 89-QDKRFKN-95 segment defines a binding
subsite for diverse GSK-3 substrates and contributes
to L803 binding. Based on these observations and on
a model of the GSK-3β/ATP–Mg2+/L803 complex,
we design improved inhibitors.

Results and Discussion

The Q89–N95 segment defines a substrate
binding subsite

The sequence segment delimited by Gln89 and
Asn95, two residues that are critical in GSK-3
substrate binding,39 forms a loop (termed here the
89–95 loop) that, together with the conserved P-loop,
SK-3β. (a) Features of the substrate binding site of GSK-3β.
tures,30,40 as described in Ref. 39. The surface of GSK-3β is
ce is given in (b)] and the P-loop residue Phe67 emphasized
tive PO3

2− binding cavity are indicated in blue. The ATP
black. Note that Q89, N95 and F93 form the bottom and a
he P-loop. This cavity, which is highlighted in the inset, is a
ety of amino acid side chains. The predicted positions ofArg
et (orange), Phe (black), Trp (purple) and Tyr (red) bound

are shown as spheres. The predictions were obtained by
o acids.41 (b) Sequence of the Q89–N95 loop and respective
K-3β mutants. HEK-293 cells were transiently transfected
R92A, F93A and R94A mutant proteins, as described in

rn blot analysis using either anti-GSK-3β or anti-phospho-
ies. The control (c) represents extracts from cells expressing
F93A mutant. F93A was subjected to in vitro kinase assays
n Materials and Methods. The percentage of substrate
ned as 100%, and the results are means of two to three
andard error of the mean (SEM). (e) Phosphorylation of
sfected with WT GSK-3β or F93A plasmids together with
0 μM, 1 h), and cell extracts were subjected to Western blot
xpression levels of CREB and GSK-3 proteins are indicated.
d instead of CREB, and cells were treatedwith phorbol ester
sed as indicated. Expression levels of N'IRS-1 and GSK-3β
-1 as calculated from densitometry analysis is shown on the
ent experiments±SEM.
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defines the borders of a surface cavity (Fig. 1a). Gln89
and Asn95 point toward the cavity, indicating that it
is a likely substrate binding subsite (Fig. 1a). Using
the recently developed anchoring spots mapping
procedure,41 we found that a variety of amino acid
side chains can make favorable contacts within this
cavity (Fig. 1a), suggesting that the subsite is
promiscuous, in line with the variability of GSK-3
substrates. To further explore the role of the 89–95
loop in GSK-3β substrate binding, each of the amino
acid residues within this segment was individually
mutated to alanine (see Fig. 1b). The generated
mutants (D90A, K91A, R92A, F93A and K94A) were
transiently expressed in human embryonic kidney
(HEK)-293 cells. All the mutants were expressed at
levels considerably above that of the endogenous
GSK-3β (Fig. 1c, upper panel). Similar to the wild-
Fig. 1 (legend on
type (WT) GSK-3β, the mutants were phosphorylat-
ed at Tyr216 (Fig. 1c, lower panel), indicating that
their catalytic activity was not impaired by the
mutation, as phosphorylation at Tyr216 reflects an
auto-phosphorylation process.42,43

The GSK-3β mutants were partially purified by
ion-exchange chromatography, and their abilities to
phosphorylate peptide substrates were tested in in
vitro kinase assays. The substrates were pIRS-1,
p9CREB and pGS-1, which are phosphorylated
peptides derived from the insulin receptor sub-
strate-1 (IRS-1),44 cAMP-responsive element bind-
ing protein (CREB)39 and glycogen synthase,39

respectively. Three of the five mutants, R92A,
F93A and K94A mutants, impaired the ability to
phosphorylate the substrates (Table 1). Mutation at
Lys91 enhanced substrate phosphorylation by about
previous page)



Table 1. Phosphorylation of GSK-3 substrates by various
mutants

Substrate phosphorylation (% of WT GSK-3β)

Mutant pIRS-1 p9CREB pGS-1

D90A 88±15 92±21 83±2
K91A 140±18 161±5 119±5
R92A 60±3 49±19 41±14
F93A 42±13 46±2 13±7
K94A 52±19 71±4 19±14

The results present the percentage of substrate phosphorylation
(indicated peptides are pIRS-1, p9CREB and pGS-1) obtained
withWTGSK-3β, which was set to 100%, and are means of two to
three independent experiments, each performed in duplicates±
SEM.
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20–60% (Table 1). Notably, mutation at Phe93 had
the most deleterious effect for all substrates,
reducing the kinase ability to phosphorylate them
by more than 50% (Table 1 and Fig. 1d). A similar
impact was observed with Q89A and N95A
mutants.39 Hence, Phe93 adjoins Gln89 and Asn95
as an important substrate binding position. Phe93
located within the 89–95 loop, is highly exposed
(81% solvent accessibility) and faces the substrate
binding cavity, facilitating contacts with a variety of
residues. We next verified the role of Phe93 in
substrate binding by employing a cellular system
and protein substrates (i.e., not peptides). To this
end, the WT GSK-3β and F93A mutant were
expressed in HEK-293 cells together with GSK-3
substrates CREB or N'IRS-1 (the N-terminal region
of IRS-144). Because GSK-3 requires pre-phosphor-
means of two independent experiments, each performed in du
was used. *pb0.05; **pb0.01.
ylation of its substrates, we treated the cells with
forskolin to enhance CREB phosphorylation via
activation of cAMP-dependent kinase (protein ki-
nase A)45 or with phorbol ester to enhance N'IRS-1
phosphorylation via activation of protein kinase C46

(see Fig. 1S). We then examined the phosphorylation
of CREB at serine 129 and the phosphorylation of
N'IRS-1 at serine 332 (both GSK-3 phosphorylation
sites). Unlike WT GSK-3β, the expression of F93A
did not enhance the phosphorylation of these
substrates as determined by specific anti-phospho-
antibodies (Fig. 1e and f). This substantiated the in
vitro results showing that Phe93 interacts with GSK-
3 substrates under cellular conditions.

The 89–95 loop is not conserved in
unicellular organisms

The 89–95 loop is highly conserved in the
vertebrate kingdom39 (and unpublished results
from our laboratory), but some variability is found
in the lower unicellular organisms choanoflagellate
and apicomplexa (Fig. 2a). In choanoflagellate,
Lys91 is replaced by arginine, and Phe93 is replaced
by tyrosine. In Plasmodium falciparum (the parasite
causing malaria), the three consecutive amino acids
corresponding to positions 91–93 are replaced by
proline, glutamine and tyrosine (Fig. 2a). In Trypa-
nosoma brucei (T. brucei) GSK-3 short, Lys91 and
Phe93 are replaced by proline and tyrosine, respec-
tively. Interestingly, in T. brucei GSK-3 long, none of
the loop residues match the vertebrate consensus
(Fig. 2a). Indeed, this GSK-3 form showed distinct
Fig. 2. Natural “mutations” at
the 89–95 loop and their impacts
on GSK-3 substrate recognition. (a)
Alignment of the Q89–N95 se-
quence of GSK-3β from non-verte-
brate species in which this loop is
not conserved. The different resi-
dues are marked gray. (b) Expres-
sions of F93Y and TM 91–93
mutants in HEK-293 cells and levels
of phosphorylation at Tyr216. (c)
Substrate phosphorylation by F93Y.
WT GSK-3β and F93Y mutant were
subjected to in vitro kinase assays
with pIRS-1, p9CREB and PGS-1
peptide substrates as described in
Materials and Methods. The per-
centage of substrate phosphoryla-
tion obtained with WT GSK-3βwas
defined as 100%, and the results are

plicate. (d) The same as (c), except that TM (91–93) mutant

image of Fig. 2


Fig. 3. Inhibition of GSK-3β by L803 and L803-mts requires GSK-3-Phe93. (a) L803-mts competes with substrates.
Purified GSK-3βwas subjected to in vitro kinase assays using pIRS-1, p9CREB and pGS-1 substrates in the presence or in
the absence of L803-mts (100 μM). (b) L803-mts does not inhibit substrate phosphorylation by F93A. WT GSK-3β and
F93A were subjected to in vitro kinase assays together with L803-mts. In both bars, the results present the percentages of
substrate phosphorylation obtained with the inhibitor versus those of phosphorylation without the inhibitor (Con, defined
as 100%), and they are means of two to three independent experiments±SEM. (c) The same as (b), except that L803
(200 μM) was used.
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biological activity compared to T. brucei GSK-3
short.47 We thus focused on the natural variability
found in the organisms containing the 89–95 loop. A
mutant in which Phe93 was replaced by tyrosine
(F93Y), and a mutant that copied the 89–95 loop in
Plasmodium (TM 91–93; a triple mutant in which
positions 91, 92 and 93 were replaced by proline,
glutamine and tyrosine, respectively) were generat-
ed. The mutants were expressed in cells and were
able to phosphorylate at tyrosine 216 (Fig. 2b). The
mutants were then subjected to phosphorylation
assays. We found that the F93Y mutant did not
affect the ability of GSK-3 to phosphorylate pIRS-1
and p9CREB substrates but slightly reduced phos-
phorylation of pGS1 (Fig. 2c). TM 91–93 showed a
more significant reduction in the phosphorylation of
pGS1 (Fig. 2d). These results indicated that these
natural changes in the 89–95 loop had a moderate
effect on GSK-3 substrate recognition and suggested
that different substrates have different sets of
interactions with the individual residues within the
loop (as also seen in Table 1). In addition, the fact
that mutation at Phe93 to alanine impaired GSK-3
substrate phosphorylation (Table 1 and Fig. 1d–f),
but its replacement by tyrosine was not deleterious,
indicated that these residues interact with GSK-3
substrates via their aromatic ring.

Phe93 is required for the inhibition of GSK-3 by
the substrate competitive inhibitors L803 and
L803-mts

L803 is a selective substrate competitive inhibitor of
GSK-3.27We performed the experimentswith L803 or
with its biologically active version L803-mts27 (in
which a myristic acid is attached to its N-terminus).
L803-mts competes with various substrates (Fig. 3a),
indicating that its binding mode with GSK-3 may
share interactions similar to those ofGSK-3 substrates.
Thus, we examined if L803-mts (or L803) interacts
with the 89–95 loop. In vitro kinase assays were
performed with WT GSK-3β and GSK-3βmutants in
the presence or in the absence of the peptide
inhibitors. Results indicated that L803-mts or L803
did not inhibit F93A (Fig. 3b and c). In contrast, all the
other mutants including Q89A, N95A, R92A, K94A,
F93Y and TM (91–93) were inhibited (not shown).
Collectively, our results suggest that both inhibitors
(L803 and L803-mts) and the substrates interact
with Phe93; however, unlike the substrates, L803/
L803-mts do not interact with other residues within
the 89–95 loop including Gln89 and Asn95.

L803 binding with GSK-3β is controlled by
hydrophobic interactions

In view of the fact that Gln89 and Asn95 did not
contribute to the binding of L803, we examined
whether the binding involves any hydrophilic
interactions. L803 includes two charged amino
acids, Lys1 and Glu2, and a polar residue, Gln9
(Fig. 4a). New peptide variants were synthesized in
which each of these residues was individually
replaced by alanine (PK1A, PE2A and PQ9A
peptides, respectively; Fig. 4a). The ability of each
peptide to inhibit GSK-3β was then determined by
in vitro kinase assays as described previously. PK1A
inhibitedWT GSK-3β to a similar extent as L803, but
inhibition by PE2A was slightly impaired (Fig. 4b).
In contrast, the inhibition by PQ9A, a peptide in
which Gln9 was replaced by alanine, was stronger
by about twofold relative to the inhibition by L803
(Fig. 4b). To further understand the contribution of
position 9 to L803 function, we replaced Gln9 with

image of Fig. 3


Fig. 4. L803 inhibition of GSK-3 does not involve hydrophilic interactions other than the interaction through S(p). (a)
L803 variants used in this study. The positions that were changed to alanine and the substitution at position 9 are in
boldface. Sp, phosphorylated serine. (b) The ability of L803 variants (250 μM each) to inhibit GSK-3β was determined by
in vitro kinase assays as described in Materials and Methods. Substrate phosphorylation obtained in reaction with no
inhibitor that was defined as 100% (Con), and results presented are means of two independent experiments, each
performed in duplicate±SEM. (c) The same as in (b), expect that L803 variants PQ9A, PQ9R and PQ9Y were used.
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either the charged amino acid arginine (PQ9R) or the
aromatic residue phenylalanine (PQ9F). Both repla-
cements produced non-inhibitory L803 variants
(Fig. 4c). It appears that the binding of L803 to
GSK-3β is mostly mediated by hydrophobic inter-
actions and that a small amino acid in position 9
might be advantageous.

Modeling GSK-3β interactions with the inhibitor

Predicting the binding modes of peptides is
generally a difficult problem due to their inherent
flexibility, which contributes to the high entropy of
unbound peptides. This entropy barrier has to be
overcome upon binding. However, in our study,
the inhibitory peptide is proline rich, making it
rather rigid. Molecular dynamics (MD) simulation
of L803 in water, starting from a preliminary
model of the peptide obtained by short energy
minimization, showed that the free L803 adopts a
polyproline-like helix for part of its structure. The
conformers of L803 in the last 0.5 ns of the MD
simulation were superposed and clustered by
calculating the root-mean-square difference
(RMSD) for all non-hydrogen atoms. The clustering
produced four groups in which the RMSD between
conformers within the group is below 3 Å (Fig. 2S).
The central conformer from each group was used
in rigid-body docking.
Rigid-body docking of the L803 conformers to

GSK-3β was executed with the geometric–electro-
static–hydrophobic version of MolFit48 followed by
filtering based on statistical propensity measures
and solvation energy estimates.49 At this point, we
introduced the requirement that S10(p) of L803 must
reside near the phosphate binding cavity of GSK-3β
and found that only the search that employed the
central L803 conformer from the largest MD group
produced a high-ranking cluster of acceptable
docking models. Docking of the central conformers
from the three other MD groups did not produce a
plausible model.
MolFit allows for moderate conformational flexi-

bility of side chains,50 and to explore its sensitivity to
the exact conformation of the peptide, we selected
four additional conformers from the largest MD
group that represent the range of structures within
this group (Fig. 2S) and docked them to GSK-3β. At
least one acceptable docking model [in which S10(p)
is in contact with the positive cavity of GSK-3β] was
obtained for three of these conformers; for the fourth
conformer, we obtained an acceptable models when
the docking scan was biased by up-weighting
contacts through S10(p).51 These results indicated
that RMSD of ∼3 Å for the peptide that do not
involve large changes in the backbone are mostly
tolerated byMolFit. Moreover, in this case, the rigid-
body docking distinguished between the four MD
groups, producing acceptable interaction models
only for the largest MD group. The docking of five
conformers from this group produced eight docking
models, which form two subgroups that show
slightly different orientations of the peptide and
that differ in the conformation of L803 Pro11 (Fig.
5a). In all of the eight docking models, L803 is
positioned in the deep groove near the P-loop (Fig.
3S), and it interacts with Phe93 through Pro8. In
addition, L803 Pro5 interacts with a hydrophobic
surface patch of GSK-3β, which consists of Val214,
the aromatic ring of Tyr216 and Ile217. In the smaller
subgroup of docking models, an additional contact
with GSK-3β Phe93 is observed via L803 Pro11.
To further substantiate the rigid-body docking

model, we performed a 2-ns MD simulation of the
GSK-3β/ATP–Mg2+/L803 complex in water. The
starting structure of the complex consisted of GSK-
3β in complex with ATP and Mg2+ and the
preliminary model of L803. L803 was positioned
∼5 Å away from the molecular surface of GSK-3β,
near the deep groove and with S10(p) opposite the

image of Fig. 4


Fig. 5. Models for L803 binding with GSK-3β. (a) Representative L803 poses from the two clusters obtained in the rigid-
body docking (red for the large cluster and violet for the small cluster). (b) Representative model from the largest cluster in
theMD simulation. The interactions of L803 with GSK-3β in all the models consist of a charged interaction between S10(p)
of L803 (whose phosphorous atom is indicated by a sphere) and the positive phosphate binding pocket of GSK-3β
(indicated blue) and of hydrophobic interactions between L803/P8 and GSK-3β/F93 and between L803/P5 and a
hydrophobic patch on the surface of GSK-3β, indicated in beige.
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positive phosphate binding site. The last 1 ns of the
trajectory was clustered, and Fig. 5b presents a
representative snapshot from the largest group,
reflecting the most abundant binding mode. Nota-
bly, the peptide adopts a conformation very similar
to that of the free peptide. Thus, the RMSD between
the central model of free L803 in the largest MD
group and the bound L803 is only 1.7 Å for all non-
hydrogen atoms (Fig. 2S). It however moves away
from the starting position and interacts with GSK-3β
in a manner similar to that observed in the rigid-
body docking models. Thus, L803 Pro5 interacts
with the hydrophobic surface patch of GSK-3β
(Val214, Ile217 and Tyr216), and Pro8 interacts
with GSK-3β Phe93. Ala6 of L803, located at the
phosphorylation site, is found ∼10 Å away from the
ATP γ-phosphate, too far for phosphorylation. In
line with the experimental results (Figs. 3 and 4),
Phe93 of GSK-3β interacts with Pro8 of L803, Gln89
and Asn95 of GSK-3β are not involved in L803
binding and the charged residues of the peptide are
solvent exposed. Gln9 of L803 is near GSK-3β
residue Val214 and contacts it in parts of the
trajectory, yet in every case, the polar end of its
side chain is exposed. A small hydrophobic residue,
such as Ala, in this position can make the same
interactions but is not entropically restricted, con-
tributing to the better inhibition by PQ9A (Fig. 4b).
Our previous study on the interaction between

pCREB and GSK-3β suggested that the two helical
segments of the substrate bind in the deep groove
next to the P-loop and in a shallower groove near
Phe9339 (Fig. 3S). The rigid-body docking did not
detect binding of L803 in the shallow groove, but
the experimental results do not rule out such
binding. We therefore repeated the MD simulation
with L803 near the shallow groove as a starting
position. The most abundant structure in the last
1 ns of the simulation shows hydrophilic interac-
tions between the charged residues of the peptide
and the GSK-3β; Phe93 in this model makes no
contact with the inhibitor (Fig. 3S). This result
refutes the alternative binding mode of L803 in the
shallow groove of GSK-3β.

Designing improved inhibitors

The L803 binding model shows contacts between
GSK-3 Phe93 and Pro8 and, possibly, Pro11 of L803
(Fig. 5). Additional contacts with Phe93 may
improve the inhibition; therefore, MD simulations
with the variant L803F, in which a Phe residue was
added at the C-terminus, were performed. The
results show that L803F has a conformation very
similar to that of L803 (RMSD of 2.4 Å for the non-
hydrogen atoms of the common residues; Fig. 2S),
and it interacts extensively with Phe93, via its Pro8
and Phe12, and with the hydrophobic surface patch
of GSK-3β (Fig. 6a). We next performed in vitro
kinase assays, which showed that the new peptide,
L803F, has improved inhibition ability by about 50%
relatively to L803 (Fig. 6b). The role of Phe93 in
binding L803F was then validated. We found that
the ability of L803F to inhibit F93A mutant was

image of Fig. 5


Fig. 6. The peptide inhibitor with strengthened contacts with Phe93 has improved efficacy. (a) Representative model
from the largest cluster in the MD simulation showing the binding geometry of L803F. The peptide is slightly shifted
toward GSK-3β Phe93 and forms interactions with this residue. (b) Inhibition of GSK-3β by L803F. In vitro kinase assays
were performed with GSK-3β in the presence of L803 or L803F (200 μM each). Percentage of the substrate
phosphorylation obtained without inhibitor was defined as 100% (Con), and results are means of two independent
experiments±SEM.
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significantly impaired, but to a smaller extent as
compared with L803 (Fig. 4S and Fig. 3c). Thus,
similar to L803, L803F interacts with Phe93, but the
additional contacts with GSK-3β (Fig. 6) enabled
stronger interaction with F93A mutant.
Another variant of L803 was designed based on

the experimental results for PQ9A (Fig. 4b). Assum-
ing that the multiproline composition of L803 and its
hydrophobic nature dominates the binding to GSK-
3β, we replaced Gln9 by proline, which is a small
hydrophobic residue (PQ9P). Indeed, PQ9P inhib-
ited GSK-3β by ∼80% more compared to L803 (Fig.
7a). MD simulation of free PQ9P in water showed
that the peptide adopts a different conformation
than L803. Also, clustering of the PQ9P MD
conformers produced three groups and showed
limited mobility within the largest group (Fig. 2S).
Rigid-body docking of the central conformer from
each MD group to GSK-3β did not produce an
acceptable interaction model in either the regular
searches or the biased searches, in which contacts
through S10(p) and the positive phosphate binding
cavity of GSK-3βwere up-weighted. MD simulation
of the GSK-3β/ATP–Mg2+/PQ9P complex, starting
with PQ9P near the deep groove and S10(p)
opposite the positive phosphate binding groove,
suggested that the bound PQ9P differs considerably
from the free peptide (RMSD of 5.3 Å for the non-
hydrogen atoms). The bound model of PQ9P was
obtained in a short MD simulation that did not
necessarily explore the whole conformational space;
however, the proposed conformation change be-
tween bound and unbound PQ9P is corroborated by
the lack of suitable rigid-body docking models.
Hence, the rigidity of this peptide does not help to
lower the entropy barrier for binding. Our model
suggests that the high affinity of PQ9P can be
attributed to the extensive contacts with Phe93,
Phe67 and additional contacts with the substrate
binding cavity delimited by the P-loop and the 89–
95 loop (Fig. 7b). PQ9P does not interact with the
hydrophobic patch formed by V214, Y216 and I217.
Hence, its general binding location differs from that
of L803 and L803F (Figs. 5 and 6). Similar to L803,
PQ9P's ability to inhibit F93A mutant was impaired
though to a smaller extent as compared with L803
(Fig. 4S and Fig. 3c). Hence, PQ9P interacts with
Phe93 (as predicted by our model); its stronger
binding affinity to GSK-3β (Fig. 7a) enabled a
stronger interaction with F93A mutant.

The importance of the hydrophobic surface
patch of GSK-3β in binding peptide inhibitors

The hydrophobic surface patch that consists of
Val214, the aromatic ring of Tyr216 and Ile217, was
predicted to contribute to the binding of L803 and
L803F (Figs. 5 and 6a) but not of PQ9P (Fig. 7b). We
therefore tested the importance of this patch in
binding these three peptide inhibitors. We generated
a newmutant, V214A, in which Val214 was mutated
to alanine. We chose to mutate Val214, since it
makes multiple contacts with Pro5 (Figs. 5 and 6a)
and is highly exposed (60% exposure). Ile217 is far
less exposed (23%), and mutation of Tyr216 ham-
pers the kinase function of GSK-3β.52 We found that
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Fig. 7. The peptide inhibitor with Gln9 replaced with Pro9 has improved efficacy. (a) Inhibition of GSK-3β by PQ9P. In
vitro kinase assays were performed with GSK-3β in the presence of L803 or PQ9P (200 μM each). Substrate
phosphorylation obtained without inhibitor was defined as 100%, and results are means of two independent experiments
±SEM. (b) Representative model from the largest cluster in the MD simulation showing the binding geometry of PQ9P. (c)
Role of Val214 in interacting with L803 and L803F. In vitro kinase assays were performed with WT GSK-3β or V214A in
the presence of L803, L803F (250 μM each) and PQ9P (100 μM), using pIRS-1 as a substrate. Results present the
percentages of substrate phosphorylation obtained with the inhibitor versus those of phosphorylation obtained without
the inhibitor (Con, defined as 100%) and are means of two independent experiments±SEM.
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the ability of L803 and L803F to inhibit V214A was
significantly impaired (Fig. 7c, about 20–25% reduc-
tion). On the other hand, PQ9P inhibition was not
affected by this mutation (Fig. 7c). Taken together,
these results support the existence of hydrophobic
contacts between L803 and L803F, but not PQ9P,
and GSK-3β Val214.
In summary, the experimental and computational

results presented here suggest that different yet
partially overlapping surface regions of GSK-3β are
used for substrate and inhibitor binding, thus
allowing for competitive inhibition. The substrate
binds in the groove between the lobes and in a
cavity bordered by the P-loop and the loop 89–95. It
forms tight interactions with Gln89, Asn9539 and
Phe93 (in addition to its binding into the phosphate
binding cavity previously described).30,31 Together,
these surface features provide the correct environ-
ment for accurate positioning of the substrate,
which is essential for successful phosphorylation.
The inhibitor, on the other hand, does not need
exact positioning; its ability to bind to the positive
phosphate binding cavity is essential for recogni-
tion, but it is not sufficient for high-affinity binding
and efficient competitive inhibition. In the case of
L803 inhibitor, its binding affinity is mediated by its
hydrophobic interactions with Phe93 and the
hydrophobic patch described here, together with
its inherent rigidity that diminishes the entropic
cost of binding and contributes to its binding
affinity. This understanding led to the generation
of the new inhibitor L803F that makes stronger
contacts with Phe93. The even more potent inhib-
itor PQ9P has increased hydrophobic content and a
different conformation compared to L803. It
appears to bind in a somewhat different pose
than L803 and L803F, near the P-loop and the
substrate binding cavity. Our study thus provides

image of Fig. 7
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new prospects for the design of new substrate
competitive inhibitors for GSK-3.
†http://www.gromacs.org/Downloads/User_contri-
butions/Force_fields
Materials and Methods

Materials

Peptides were synthesized by Genemed Synthesis, Inc.
(San Francisco, CA, USA). The peptide substrates included
p9CREB, ILSRRPS(p)YR; pIRS-1, RREGGMSRPAS(p)VDG;
and PGS-1, YRRAAVPPSPSLSRHSSPSQS(p)EDEEE as pre-
viously described.39 The peptide inhibitor L803 KEAP-
PAPPQS(p)P and the L803-mts, in which myristic acid was
attached to its N-terminus, were described previously.27

Other L803 variants synthesized for this work are described
in the text. Anti-GSK-3β antibody was obtained from
Transduction Laboratory (Lexington, KY, USA), anti-phos-
pho-GSK-3 (Y216,)was obtained fromUpstate Biotechnology
(Lake Placid, NY, USA), anti-phospho-CREB (S129/133) was
obtained from BioSource International, Inc. (Camarillo, CA,
USA), CREB antibody was obtained from Cell Signaling
Technology (Beverly, MA, USA) and anti-phospho-IRS-1
(S332) was generated in our laboratory as described
previously.44 Radioactive materials were purchased from
NEN PerkinElmer USA.

Plasmids and mutants

GSK-3β in the pCMV4 vector43 was used as the template
for mutagenesis. Mutations were generated using Quik-
Change Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA, USA) according to the manufacturer's protocols.
Mutations included replacement of D90, K91, R92, F93 and
K94 to alanine, replacement of F93 to tyrosine, and a triple
mutation at residues 91–93. All constructs were sequenced
to confirm the presence of desired mutations. The
sequences of mutagenic oligonucleotides are available
from the authors upon request. N'IRS-1 (also termed PTB2)
plasmid was previously described.44 The CREB–green
fluorescent protein plasmid was purchased from Clontech
(Mountain View, CA, USA).

Cell transfections and protein partial purifications

HEK-293 cells were grown in Dulbecco's modified
Eagle's medium, supplemented with 10% fetal calf
serum, 2 mM glutamine, 100 U/ml penicillin and
100 μg/ml streptomycin. HEK-293 cells were transiently
transfected with indicated constructs, using calcium
phosphate method as described previously.39 Cells were
lysed in ice-cold buffer G [20 mM Tris–HCl (pH 7.5),
10 mM β-glycerophosphate, 10% glycerol, 1 mM ethylene
glycol bis(β-aminoethyl ether) N,N′-tetraacetic acid, 1 mM
ethylenediaminetetraacetic acid, 50 mM NaF, 5 mM
sodium pyrophosphate, 0.5 mM orthovanadate, 1 mM
benzamidine, 10 μg/ml leupeptin, 5 μg/ml aprotinin,
1 μg/ml pepstatin and 0.5% Triton X-100]. Cell extracts
were centrifuged at 15,000g for 30 min. Supernatants were
collected, and equal amounts of proteins were boiled with
SDS sample buffer, were subjected to gel electrophoresis
(7.5–12% polyacrylamide gel), were transferred to nitro-
cellulose membranes and were immunoblotted with
indicated antibodies. For partial purification, cells were
lysed in buffer H [20 mM Tris (pH 7.3), 1 mM ethylene
glycol bis(β-aminoethyl ether) N,N′-tetraacetic acid, 1 mM
ethylenediaminetetraacetic acid, 1 mM orthovanadate,
25 μg/ml leupeptin, 25 μg/ml aprotinin, 25 μg/ml
pepstatin A, 500 nM microcystine LR and 0.25% Triton
X-100]. The lysates were centrifuged at 15,000g. The
resulting supernatants were passed through DE-52 mini-
columns (Whatman, Maidstone, England) that were
equilibrated with buffer H. GSK-3β proteins were eluted
with the same buffer containing 0.02 M NaCl. Equal
amounts of proteins were used for in vitro kinase assays. In
all experiments, GSK-3 mutants were expressed at levels
at least fivefold higher than levels of the endogenous GSK-
3β as determined by Western blot analysis.

In vitro kinase assays

The GSK-3β proteins (WT or mutants) were incubated
with indicated substrate in a reaction mixture [50 mM
Tris–HCl (pH 7.3), 10 mM magnesium acetate and 0.01%
β-mercaptoethanol] together with 100 μM 32P[γ-ATP]
(0.5 μCi/assay) for 15 min. Reactions were stopped by
spotting them on p81 paper (Whatman) washed with
phosphoric acid and were counted for radioactivity as
described previously.39 In assays from cells overexpres-
sing GSK-3 proteins, the activity of the endogenous GSK-3
that was determined in cells transfected with the pCMV4
vector was subtracted from the activity values obtained
for WT and mutants.

Statistical analysis

Data were analyzed with Origin Professional 6.0
software using Student's t-test to compare GSK-3 activity
of WT versus mutants or peptides treatment versus
peptides nontreatment. Data were considered significant
at pb0.05

Molecular modeling and dynamics

A model of L803 peptide in helical conformation was
built using the Biopolymer module of InsightII (Accelrys
Inc., San Diego, CA) and was minimized shortly in water.
This preliminary model was used in MD simulations of
the free peptide and of the GSK-3β/ATP–Mg2+/L803
complex (GSK-3β was phosphorylated on Tyr216). In the
latter case, the peptide was positioned about 5 Å away
from the molecular surface of GSK-3β with S10(p)
opposite the positive phosphate binding cavity, defined
by Arg96, Arg180 and Lys205. The same procedure was
used to obtain initial models of free PQ9P and of the GSK-
3β/ATP–Mg2+/PQ9P complex. The MD simulations were
performed using the program Gromacs,53 employing the
united atoms gromos96 43a1 force field54 modified to
include phosphorylated residues†. The initial model of the
solute (peptide or the GSK-3β/ATP–Mg2+/peptide
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complex) was immersed in a cube of water, neutralized
and energy minimized. This was followed by a 1-ns MD
simulation to equilibrate the water, keeping the non-
hydrogen atoms of the solute restrained. Next, an
additional 1-ns or 2-ns simulation of the peptide or the
GSK-3β/ATP-Mg2+/peptide complex was performed,
respectively, immersed in water. In the latter case, the
Cα atoms of GSK-3β were restrained. Only the last 1 ns of
each MD simulation was considered in the analysis of the
trajectory (0.5 ns for the free peptides). Clustering of
conformers from the MD trajectory was executed using
the g_cluster tool of Gromacs. An ensemble of conformers
was obtained by sampling the trajectory at 0.5-ps
intervals. Conformers of the free peptides were super-
posed using all non-hydrogen atoms and were clustered
using RMSD values calculated for the same atoms.
Conformers of the complexes were superposed using the
Cα atoms of GSK-3β and were then clustered using RMSD
values calculated for the non-hydrogen atoms of the
peptide. The single-linkage method was used for cluster-
ing with 1-Å cutoff.

Rigid-body docking

Rigid-body docking was performed with the geometric-
electrostatic-hydrophobic version of MolFit,48 employing
translation and rotation intervals of 1.05 Å and 12°,
respectively, as previously described.55 The starting
geometry of the GSK-3β/ATP–Mg2+ complex, in which
Tyr216 is phosphorylated, was modeled as previously
described.39 Several conformers of the peptide were
docked: central conformers from groups obtained by
clustering the MD trajectory of the free peptide in water
and additional conformers from the largest MD group
selected manually to represent the range of structures
within this group. The comprehensive docking scans were
followed by a new post-scan filtering procedure that
incorporates statistical propensity measures and desolva-
tion energy calculations.49 The filtered models were
further screened, requesting that S10(p) of the peptide
makes contact with the positive cavity on the surface of
GSK-3β. We refer to these models as acceptable models.

Anchoring spots mapping

Anchoring spots mapping identifies preferred binding
positions of amino acid side chains on the surface of a
protein.41 This procedure was used here to detect amino
acids that bind in the GSK-3β surface cavity bordered by
the loop 89–95 and the P-loop. The cutoff value
ΔG≤−4 kcal/mol was previously found useful for
identifying likely hotspot anchors;41 here, we used a
higher cutoff of ΔG≤−3 kcal/mol to include residues that
can bind strongly in the cavity but are not necessarily
anchoring hot spots.
Solvent accessibility

Solvent accessibility was calculated with a 1.4-Å probe
using the Homology module of InsightII (Accelrys Inc.).
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2011.02.036
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