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Abstract Glycogen synthase kinase 3 (GSK-3) is an
attractive target for the treatment of diabetes, and paullones
have been reported to be effective inhibitors of GSK-3.
However, it is still a challenging task to improve selectivity
among protein kinases, especially cyclin-dependent kinases
(CDKs). Here we investigated the mechanism that enables
paullones to selectively inhibit GSK-3 rather than cyclin-
dependent kinase 5 (CDKS5) using sequence alignment,
molecular dynamics simulations, free-energy calculations
and free-energy decomposition analysis. The results indicate
that the interaction between paullones and Vall35 of GSK-3 is
obviously stronger than that between paullones and Cys83 of
CDKS5, suggesting that paullones could be utilized as potent
selective inhibitors. Meanwhile, we observed that the decrease
in the interaction between paullones and the Asp86 of CDKS5
favors their selectivity towards GSK-3 rather than CDKS, as
demonstrated using 1-azakenpaullone as an example. Al-
though substitution at position 9 and replacement at position 2
may influence the activity of GSK-3, they only have a minor
effect on the selectivity. We expect that the information
obtained here could prove useful for developing specific
paullone inhibitors of GSK-3.
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Introduction

The prevalence and rising incidence of diabetes has become
one of the most serious threats to global public health [1].
There are 220 million people worldwide who have diabetes,
and this number is likely to reach 300 million by 2025 [2].
Therefore, new targets and novel therapeutic drugs against
diabetes are urgently required.

As reported, glycogen synthase kinase 3 (GSK-3) is an
important factor in the regulation of glucose metabolism. The
inactivation of glycogen synthase by phosphorylation through
GSK-3 results in decreased glycogen synthesis [3]. Thus,
GSK-3 has become an attractive drug target for diabetes, and
various groups around the world have attempted to design
novel GSK-3 inhibitors over the past decade [4-8]. One such
GSK-3 inhibitor is paullone, which was reported in 2000 [4].

Since GSK-3 is closely related to the cyclin-dependent
kinases (CDKs) [8], it is not surprising that most GSK-3
inhibitors have been found to act on both GSK-3 and CDKs
such as alsterpaullone [4]. In 2004, Kunick reported that
1-azakenpaullone displays 200-fold greater selectivity for
GSK-3 than for cyclin-dependent kinase 5 (CDKSY5) [9].
Based on that work, a series of inhibitors were synthesized
[10]. However, it is still a challenge to improve selectivity
for GSK-3 rather than CDKs.

In this study, the mechanism that enables the selectivity of
paullones towards GSK-3 rather than CDKS5 was investigated
by molecular dynamics (MD) simulations, molecular me-
chanics/Poisson—Boltzmann surface area (MM/PBSA) free-
energy calculations [11-19], and molecular mechanics/
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generalized Born surface area (MM/GBSA) free-energy
decomposition analysis [20-23]. We expect that this work
could provide useful information for the development of
more promising specific paullone inhibitors of GSK-3. The
chemical structures of the inhibitors studied in this work are
shown in Fig. 1 [4, 9, 10].

Materials and methods
Starting structure

The crystallographic structure of GSK-3 complexed with
alsterpaullone (PDB entry: 1Q3W) was obtained from the
RCSB Protein Data Bank (PDB) [24]. Since some of the
residues in 1Q3W were missing, it was necessary to
complete the chain of this complex. Therefore, 109U, the

[

HN

12

alsterpaullone

10

1-azakenpaullone

2-azakenpaullone

Fig. 1 Structures of the inhibitors studied in this work: alsterpaullone,
1-azakenpaullone and 2-azakenpaullone [4, 9, 10]
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X-ray diffraction structure of GSK-3 complexed with a
different inhibitor was selected as the initial structure of
GSK-3, as this structure has a complete chain [25]. In
order to construct the complex structures of 109U and the
inhibitors, the models 1Q3W and 109U were structurally
aligned by homology using the biopolymer module of
SYBYL7.1 [26], and the alsterpaullone ligand in 1Q3W
was extracted and merged into 109U. The structure of
109U complexed with alsterpaullone was taken as the
starting point for the following calculations. The com-
plexes of 1-azakenpaullone/GSK-3 and 2-azakenpaullone/
GSK-3 were derived from the alsterpaullone/GSK-3
complex.

The crystallographic structure of CDK5 (PDB entry:
1UNL) was also obtained from the RCSB Protein Data
Bank [27]. This complex has two chains that are the same,
so only chain A was selected as the initial structure of
CDKS5. The complex of each inhibitor with CDKS5 was
constructed as follows: first, the CDKS5 and GSK-3 complexes
were structurally aligned; then the ligand in GSK-3 was
extracted and merged into CDKS5. The root mean square
deviation (RMSD) of the alpha carbons between the two
proteins was only 2.3830 A, which indicates their similarity
and confirms that the above method is a feasible one for
constructing complexes of CDKS5.

All of the above work was performed using the
molecular modeling package SYBYL7.1 [26]. The missing
atoms of GSK-3 and CDKS5 were added using the leap
program in AMBER9.0 [28]. The AMBERO3 force field
was used to establish the potentials of the proteins [29],
while the general AMBER force field (gaff) [30] was used
to establish the potentials of the inhibitors. Each complex
was immersed in TIP3P water [31] in a truncated
octahedron box that extended 12 A away from any solute
atom. Cl ions were then added to neutralize the system
using leap in AMBERO9.0.

To obtain the minimized geometries for electrostatic
potential calculations, the inhibitors (with Gasteiger—Hiickel
charges) were first minimized using the conjugate gradient
method to a gradient of 0.001 kcal mol ' A™" in SYBYL7.1.
Further geometric optimization was then performed with
Gaussian 03 [32] using the Hartree—Fock/6-31G* level of
theory. Subsequently, the atomic charges of the inhibitors
were derived by fitting the electrostatic potentials calculated
by Gaussian 03 using the restrained electrostatic potential
(RESP) technique [33]. Partial atomic charges and gaff
forcefield parameters for the inhibitors were generated by the
antechamber program in AMBER9.0 [30].

Sequence alignment

In order to compare differences in the binding sites,
sequence alignment was performed on GSK-3 and CDKS,
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Fig. 2 RMSDs of the backbone atoms of a GSK-3 and b CDKS5
complexed with inhibitors

which will provide useful information for the analysis of
binding free energy and for improving the inhibitors. The
alignment was performed using EMBOSS online (provided
by the European Bioinformatics Institute, EBI). Needle was
selected to find the optimum alignment of the two
sequences, and the parameters used for the gap open
penalty, gap extend penalty and the matrix were 10, 0.5
and Blosum62, respectively [34, 35].

Molecular dynamics simulations

Prior to the MD simulations, energy optimization was
conducted using the sander program in AMBER9.0 in
three steps. First, the water molecules were optimized via
steepest descent minimization for 2000 cycles, followed
by a conjugate gradient minimization for 2000 cycles.
Then, all of the backbone atoms were restrained, and the
side chains, inhibitor and solvent were optimized using
5000 steps of steepest descent and 10000 steps of
conjugate gradient minimization. Finally, the whole

system was optimized using 5000 steps of steepest descent
and 5000 conjugate gradient minimization without any
restraint.

After optimization, the system was gradually heated
from 0 K to 310 K over 60 ps. Then, 2 ns MD simulations
were performed with a 2 fs time step and the SHAKE
algorithm [36] under a constant temperature of 310 K using
the weak-coupling algorithm [37]. Particle-mesh Ewald
(PME) was employed to treat the long-range electrostatic
interactions [38, 39]. The coordinates were saved every
1 ps, and the conformations generated from these simu-
lations were used for binding free-energy calculations and
decomposition analysis.

Calculation of the binding free energies
Using the trajectories generated by MD simulations, the

binding free energies (AGying) of the inhibitors as well as
the individual energy components were calculated using an

a 4.0 4
] —— alsterpaullone
3.5 —— 1-azakenpaullone
—— 2-azakenpaullone
3.0 4
=
ey
-
g 20+
=
e
W 154
=
o
1.0 4
05
DD I v I v I ' Ll ' I v I v T
50 100 150 200 250 300 350
Residue number
b 3.0 -
——  alsterpaullone
25 —— 1-azakenpaullone
—— 2-azakenpaullone
= 204
=
2
5
S 1.5 -
=}
=
. h
= 1.0
0.5 -
0.0

” T d I » Ll . T
50 100 150 200 250
Residue number

Fig. 3 RMSFs of the backbone atoms of a GSK-3 and b CDKS5
complexed with inhibitors
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Table 1 Binding free energies and energy components of inhibitors (kcal mol™")

Ligand-protein complex AE, gy AE, AGpp AFE.+AGpg  AGsa -TAS AGpea  ICso(nM)
[4,9, 10]
Alsterpaullone/GSK-3 —37.3843.18 —14.72+4.16  24.52+3.11  9.80 -4.93+0.17 -13.14 4565 0.004
Alsterpaullone/CDK5 —39.37+2.51 33274573  47.69+4.38  14.42 —4.88+0.12 -10.58 —40.42  0.040
1-Azakenpaullone/GSK-3 ~ —37.76+2.64  —10.02+3.48  21.23+3.19  11.21 —4.87+0.12 —14.78 —46.20 0.018
1-Azakenpaullone/CDK5 =36.11£2.77  —24.06+5.44  39.35+3.30 15.29 -491+0.13  -10.37 -36.10  4.200
2-Azakenpaullone/GSK-3 ~ —38.33+2.67  —19.124£3.33  30.55+2.65 11.43 —4.88+0.10 —13.59 4537  0.052
2-Azakenpaullone/CDK5 —35.99+2.63  —37.30+7.36  47.22+4.57 9.92 -4.83+0.11 —11.67 —42.57  0.180

MM/PBSA procedure according to the following equation
[18, 19]:

AGbind = Gcomplex - Gprotein - Gligand
(1)
= AEym + AGpg + AGspy — T AS

where AEyp, is the molecular mechanics interaction energy
between the protein and inhibitor; AGpg and AGg, are the
polar and nonpolar free energies of solvation, respectively;
and TAS is the entropic contribution of the inhibitor at
temperature 7.

Here, the polar solvation energy was calculated by
solving the Poisson—Boltzmann (PB) equations. The non-
polar solvation contribution was calculated as: Gga=
0.0072xSASA [40]. The binding free energy of the
inhibitor was calculated by averaging the 160 snapshots
extracted from the MD trajectory from 0.4 to 2.0 ns at 10 ps
intervals. The conformational entropy upon ligand binding
was calculated using normal-mode analysis by the nmode
program in AMBER9.0 [28]. Each snapshot was fully
minimized for 100,000 steps in the presence of a distance-
dependent dielectric of 4rj; (r;; is the distance between two
atoms) until the root mean square of the elements of the
gradient vector was less than 1.0x10 kcal mol 'A™". Due
to the high computational demand of this approach, only 20
snapshots that were evenly extracted from the MD
trajectory from 0.4 to 2.0 ns were used to calculate the
entropic contribution.

Decomposition analysis of the binding free energies

An MM/GBSA decomposition process was employed to
calculate the interaction between the inhibitor and each
residue using the mm_pbsa program in AMBER9.0 [22].
The interaction of each inhibitor—residue pair includes three
energy terms: a van der Waals contribution (AE.qy), an
electrostatic contribution (AE,.), and a solvation contribu-
tion (AGslvation). The solvation free energy AGgoivation 1S
the sum of the polar (AGgp) and the nonpolar (AGs,)
parts. The AGgg term was computed using the generalized
Born (GB) model, and the parameters for GB were
developed by Onufriev et al. [9]. The nonpolar contribution
(AGga) was determined based on the solvent-accessible
surface area (SASA), as determined with the ICOSA
method [41]. In this method, the SASA per atom was
estimated with a recursive algorithm, and at every recursion
step each triangular face of the polyhedron is divided into four
pieces of equal size, allowing a better approximation of a
sphere to be obtained. All of the above energy components
were calculated using 160 snapshots, as generated above.

Results and discussion
MD simulations were performed on six inhibitor/protein

complexes. The root mean square displacements (RMSDs)
of the backbone atoms of the GSK-3 and CDKS5 complexes

Fig. 4 Sequence alignment of GSK-3 062 IGNGSFGVVYQAKLCDSGELVAIKKV-———LQGKAFKNRELQIMRK 103
GSK-3 and CDK5 ] B R ey ) = ssake. Mleserss
CDK5 010 IGEGTYGTVFKAKNRETHE IVALKRVRLDDDDEGVPSSAL—REICLIKE 057
GSK-3 104 LDHCNIVRLRYFFYSSGEKKDEVYLNLVLDYVPATVYRVARHYSRAKQTL 153
MU 1)1 (OO [ [N O WO . S—
CDKS 058 LKHKNIVRLHDVIHS—-DKK-—-LTLVFEFCDQD-—LKKYFDSCNGDL 098
GSK-3 154 PVIYVKLYMYQLFRSLAY IHSFG ICHRDIKPQNLLLDPDTAVLKLCD 200
B | ] Py O . ]| 8-
CDK5 099 DPEIVKSFLFQLLKGLGFCHSRNVLHRDLKPQNLLINRN-GELKLAN 144
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Fig. 5 Comparison of the residues that interact with the inhibitor in a
GSK-3 and b CDKS5

were calculated and are plotted in Fig. 2. From this figure,
it can be seen that the RMSDs of the GSK-3 and CDKS5
complexes achieved equilibrium at 0.4 ns, and fluctuated at
around 2.0 A and 1.5 A, respectively. Although 2 ns is a
very short simulation, the trajectories are stable enough for
the following binding free-energy calculations and free-
energy decomposition analysis. In addition, other characters
such as the RMSDs of the inhibitors and the distances
between key atoms in GSK-3 and CDKS5 were also calculated
(shown in the “Electronic supplementary material”), which
further confirmed the stability of the simulations.

More detailed analysis of the root mean square fluctuations
(RMSFs) versus the residue numbers of the six complexes is
illustrated in Fig. 3. Overall, structures with the same proteins
share similar RMSF distributions and similar trends in
dynamic features. Meanwhile, the residues of both GSK-3
and CDKS5 around the binding sites indicated by arrows in
Fig. 3 show rigid behavior. Thus, inhibitions should be due
to similar interactions on the whole.

Binding free energy

In the MM/PBSA calculations, the affinity of a ligand for
binding to a protein can be estimated by the snapshots from
the trajectory of the complex. The binding free energies and
the energy components of inhibitors are shown in Table 1.
An excellent correlation (r=0.858) is observed between the
experimental results (InICsg) and the predicted values.

According to the energy components of the binding free
energies, AFE,q, contributes most to the binding free
energies and AGsgu contributes slightly favorably. The net
electrostatic contribution (the sum of AE,. and AGpp)
opposes the binding.

Selectivity mechanism for inhibitors
As inhibitors of GSK-3, paullones show better activity
towards GSK-3 rather than CDKS5 on the whole. In the

current work, we discuss their selectivity towards GSK-3
rather than CDK5 from two aspects. First, we investigate
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Fig. 7 Inhibitor—residue interaction spectra of 1-azakenpaullone with
a GSK-3 and b CDKS5

why paullones have an inherent selectivity towards GSK-3
rather than CDKS5. Second, we study the selectivity
mechanism of 1-azakenpaullone. In addition, considering
that the selectivity of an inhibitor is determined by the
dissimilarity between the proteins, especially the differ-
ences in residues around the binding sites, it is necessary to
compare the protein sequences of GSK-3 and CDKS5. In
this work we used EMBOSS to compare the sequences of
the proteins. The sequence identity of the two proteins is
28.8% and their similarity is 45.4%. The result of sequence
alignment for GSK-3 and CDKS is shown in Fig. 4, in
which the residues that can interact with the inhibitor are
highlighted in blue. A comparison of the residues in GSK-3
and CDKS5 that interact with the inhibitor is shown in
Fig. 5. From this figure, it can be seen that the inhibitor
undergoes similar interactions with the two proteins.
Meanwhile, it is worth mentioning that although Argl4l
of GSK-3 corresponds to a gap, there is a similar position
(Lys89) in CDKS, so Argl4l of GSK-3 shows a similar
interaction to Lys89 of CDKS.

@ Springer

Based on the above work, free-energy decomposition
analysis was employed to discern the detailed interactions
between inhibitors and residues, which will provide more
quantitative information. The results of the decomposition
analysis of inhibitors and residues are shown in Figs. 6, 7
and 8. Moreover, in order to compare the corresponding
homologous residue interactions between GSK-3 and
CDKS directly, we added some gaps between the residue
numbers in Figs. 6, 7, 8 and 9 based on the gap information
provided by sequence alignment. However, the labels are
the actual residue series of the proteins.

From Figs. 6a, 7a and 8a, it can be seen that the
interactions between the inhibitors and GSK-3 are mainly
determined by the following residues: Ile62, Val70, Tyr134,
Vall35, Alal37, Thr138, Leul88 and Cys199. Figures 5, 6
and 7 indicate that the interaction spectra of GSK-3 and
CDKS are quite similar. Residues such as Ile10, Vall8,
Phe82, Cys83, GIn85, Asp86, Leul33 and Alal43 of
CDKS5 also undergo strong interactions with inhibitors.
However, interactions with GSK-3 are stronger than those
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Fig. 8 Inhibitor—residue interaction spectra of 2-azakenpaullone with
a GSK-3 and b CDKS5
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with CDK5 on the whole, which are consistent with the
experimental result that paullones show stronger activities
towards GSK-3 rather than CDKS5.

By comparing the energy contributions in GSK-3 and
CDKS5, it was found that all of the AEypw values are
similar (data not shown) but that the net electrostatic
contributions (sum of AFE.. and AGpg) of GSK-3 are
obviously stronger than those of CDKS5. Here we take
alsterpaullone as an example. As shown in Fig. 9, the net
electrostatic contributions of alsterpaullone with Vall35 of
GSK-3 and Cys83 of CDKS5 are —3.52 and —1.82 kcal mol ',
respectively, which are the key factors that cause paullones
to exhibit stronger biological activities towards GSK-3 rather

than CDKS. However, as suggested by Fig. 5, the inhibitors
could interact with the backbone of Vall35 in GSK-3 and
that of Cys83 in CDKS. Therefore, it is not a wise approach
to improve the selectivity by modifying the inhibitor groups
that interact with these residues. Hence, it is necessary to find
other factors that may influence the selectivity.

Comparing Fig. 5 with Figs. 6 and 7, it is clear that
the interactions of alsterpaullone with Lys85 of GSK-3
(-1.94 kcal mol ') and with Lys33 of CDKS5
(-1.84 kcal mol ') are different from those of
1-azakenpaullone (—0.72 and —0.33 kcal mol ') and
2-azakenpaullone (—0.81 and —0.36 kcal mol™"). This could
be because the nitro group of alsterpaullone can form
stronger electrostatic interactions with Lys85 and Lys33.
When C9 is substituted by bromine, the interaction clearly
decreases. However, whether C9 is substituted by another
nitro group or a bromine, the interactions with GSK-3 and
CDKS are similar. Consequently, the substitution of C9 by
different groups may have a significant effect on the
activity of GSK-3, but it does not have a great effect on
the selectivity towards GSK-3 rather than CDKS. By
analyzing the residues around C9, it is easy to elucidate
this phenomenon. Both Lys85 and Glu97 of GSK-3 around
C9 are identical to those of CDKS.

As reported by Kunick, when C1 is substituted by
nitrogen, the selectivity towards GSK-3 rather than CDKS5
is clearly increased. They inferred that the charge distribu-
tion only disturbs the binding of CDKs, not the binding of
GSK-3 [9]. In this work we compared the structures after
the MD simulations. The distance between the OD2 atom
of Asp86 and N12 (~1.91 A) is shorter than that between
the CG2 atom of Thr138 and N12 (~4.50 A). The N12 of
paullones can thus form a hydrogen bond with the Asp86 of
CDK5. Meanwhile, free-energy decomposition analysis
indicates that position 1 has a great influence on the
interaction between N12 and Asp86 of CDKS5. As shown in
Figs. 6b and 7b, the interactions of Asp86 with alsterpaul-
lone and 1-azakenpaullone are —2.07 and —1.01 kcal mol ",
respectively. In order to confirm this result, the visible
percentages of hydrogen bonds during MD simulations
were calculated and are shown in Table 2. From Table 2, it
can be found that the visible percentage of hydrogen bonds
of alsterpaullone with Asp86 (64.00%) is distinctly larger
than that of 1-azakenpaullone (39.25%), which is consistent
with the results of the decomposition analysis. However, a
structural change at position 1 has little effect because N12

Table 2 Visible percentages of

hydrogen bonds during MD Inhibitor Donor Acceptor Occupied (%) Distance (A) Angle (°)
simulations of CDKS5
Alsterpaullone :86@03 :inhi@H-:inhi@N12 64.00 2.84 17.62
1-Azakenpaullone :86@O03 :inhi@H-:inhi@N12 39.25 2.86 17.25
2-Azakenpaullone :86@03 :inhi@H-:inhi@N12 58.69 2.85 14.69
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is far from Thr138 of GSK-3 (the corresponding residue of
CDKS5 is Asp86). It can thus be further concluded that N1
influences the hydrogen bond between the inhibitor and the
Asp86 of CDKS5 and enhances the selectivity of the inhibitor.

Moreover, as shown in Fig. 5, position 2 of the paullones
is close to a basic residue in GSK-3 or CDKS5 (Argl41 or
Lys89, respectively). Thus, in contrast to 1-azakenpaullone,
2-azakenpaullone can form electrostatic interactions
with Argl4l in GSK-3 or Lys89 in CDKS, but as shown
in Fig. 8, the interactions (0.80 and 0.65 kcal mol ") are
similar. Therefore, such interactions barely contribute to the
selectivity towards GSK-3 rather than CDKS5. In addition,
although replacing C2 with N2 also decreases the interaction
with Asp86, upon comparing Figs. 7b and 8b, we find
that the interaction of 2-azakenpaullone with Asp86
(—1.82 kcal mol ") is stronger than that of 1-azakenpaullone
(—1.01 kcal mol™") in CDKS5. Therefore, replacing C2 with
nitrogen has less of an effect on the selectivity than replacing
C1 with nitrogen.

Conclusions

GSK-3 has emerged as an attractive target for the treatment
of diabetes, and paullones have been reported to be
effective inhibitors of GSK-3. However, it is still a
challenging task to improve selectivity among protein
kinases, especially CDKs. In this study, six complexes of
three paullone inhibitors were studied. MD simulations and
the MM/PBSA technique were employed to calculate the
binding free energy. The results obtained are consistent
with experimental values. Subsequent studies, such as
sequence alignment and free-energy decomposition analy-
sis, demonstrate that different substitutions at C9 may affect
the activity of GSK-3, but barely affect the selectivity
towards GSK-3 rather than CDKS5. Though the difference
in the interactions between Vall35 of GSK-3 and Cys83 of
CDKS5 does contribute to the selectivity, this effect is
limited. The most effective way of improving the selectivity
is to change the interaction with Asp86 in CDKS5, as was
demonstrated for 1-azakenpaullone.
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