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Abstract Glycogen synthase kinase-3 (GSK-3) is a kind of
serine-threonine protein kinase. It places important roles in
several signaling pathways and it is a key therapeutic target for
a number of diseases, such as diabetes, cancer, Alzheimer’s
disease and chronic inflammation. Mg”" ions which interact
with ATP are conserved in GSK. They are important in
phosphoryl transfer. Li" is an inhibitor for GSK-3. It is used
to treat bipolar mood disorder. This paper illustrates the effect
of Li" on GSK-3. When Mg;*" is replaced by Li", the atom
fluctuation of GSK-3 will rise, and the in-line phosphoryl
transfer mechanism is probably demolished and the binding
of pre-phosphorylated substrates may be disturbed. All the
results we obtained clearly suggest that inhibition to GSK-3
is caused by the Mg*" replacement with Li".

Keywords Dynamic simulation - GSK-3 - Inhibitor -
Lithium - Metal ions
Introduction

Glycogen synthase kinase-3 (GSK-3) is a kind of serine-
threonine protein kinase. It was originally identified in 1980
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and was initially shown to phosphorylate and inactivate
glycogen synthase (GS), the rate-limiting enzyme of
glycogen biosynthesis [1]. GSK-3 is ubiquitously expressed
in eukaryotes [2, 3]. There are two major isoforms of GSK-
3 in mammals: GSK-33 and GSK-3«, which are encoded
by different genes. The kinase domain sequences of the two
isoforms are almost the same and the main differences
occur at the N and C termini [4—6].

GSK-3 plays an essential role in many different path-
ways. Initially GSK-3 was shown to be important in the
Insulin/IGF1 and Wnt/Shaggy signaling pathways. How-
ever, recent studies reveal that GSK-3 is present in many
other pathways, such as NGF signaling, Estradiol signaling,
and the Reelin pathway [7]. GSK-3 is one of the most
promising drug targets for adult onset type 2 diabetes,
stroke, neurodegenerative disorders (Alzheimer’s disease),
bipolar disorder, schizophrenia acute inflammatory processes,
cancer, and so forth.

So far, more than 40 substrates of GSK-3 have been
discovered, and the number is still growing [8]. GSK-3
phosphorylates its substrates by recognizing the canonical
phosphorylation motif SXXXpS. The motif features Ser or
Thr at position PO, and a phospho-serine or phospho-
threonine at position P+4. The primed phosphorylation on
position P + 4 requires phosphorylation by a kinase other
than GSK-3 [9]. Many kinases have two Mg”"*, for instance
PKA and CDKs, and the two Mg?" behave in different
ways. Mgl (the Mg2+ binding with (3-and y-phosphates of
ATP) was generally identified as a catalytic activator, while
Mgll (the Mg®* binding with «- and y-phosphates of ATP)
as an inhibitor [10].

Lithium has been a primary therapeutic agent for bipolar
mood disorder since 1949 [11], although people did not
know its inhibition on GSK-3 until 1996 [12]. Lithium can
selectively inhibit GSK-3 [13, 14]. The inhibition could be
influenced by the concentration of magnesium [15].
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Experiments have shown that lithium did not compete
with ATP and substrates of GSK-3, but competed with
Mg?®", suggesting the existence of two Mg”" binding sites
(one is Li-sensitive and the other is Li-insensitive) [15, 16].
Ryves and Harwood proposed that Li" and Mg*" had
similar ionic radiis, 0.60 and 0.65 angstrom respectively.
This enabled Li" to physically invade the low affinity Mg*"
binding site and subsequently disrupted the catalytic
function of GSK-3 [15, 16].

To reveal how lithium inhibits GSK-3(3, we performed
computational studies on GSK-33 using molecular me-
chanical methods. We set up three enzyme complexes. One
contained two Mg>" ions, one contained Mg,*"(the Mg*"
binding with B-and y-phosphates of ATP) while Mg;>"
(the Mg®" binding with &~ and y-phosphates of ATP) was
replaced by Li", and one contained Mg;;>* while Mg>" was
replaced by Li".

Computational methods
Preparation of the systems

The structure of GSK-3(3 in a complex with ATP mimic AMP-
PNP (PDB code: 1PYX) was chosen as the initial structure.
Absent residues on the disordered loop (residue 120 to 124 and
residue 287 to 290) of the crystal structure were added and the
conformations of the residues were modeled using the Loop
Search module of Sybyl6.8 (Tripos Inc.). The structure of
AMP-PNP was changed to that of ATP by replacing the
nitrogen atom N3B in 1PYX with an oxygen atom. Three
systems were prepared. Systeml, complex-2 Mg, featured
GSK-3p with ATP and two Mg”" ions. System 2, complex-
Lill, featured GSK-3 with ATP and Mg", while Mgy*"
was replaced with Li". System 3, complex-Lil, featured GSK-
3B with ATP and Mgy>", while Mg;>" was replaced with Li".

Molecular dynamics simulations

Molecular dynamics simulations were carried out on the
three systems respectively, using the SANDER module of
AMBER 9.0 with the Amber FF03 and GAFF force field.
The parameters of ATP, provided by Amber web site [17].
All simulations were carried out at neutral pH. Lys and Arg
residues were positively charged, while Asp and Glu
residues were negatively charged. The default His proton-
ation state in AMBER 9 was adopted. Seven counterions
(Cl") were added into complex-2 Mg, while six counterions
(CI') were added into complex-Lil and complex-Lill to
maintain the electroneutrality of the systems. Every system
was immersed in a 10 A truncated octahedron periodic
water box, and the structures of water molecules were
maintained. The box of water molecules in all systems
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contained around 13635 TIP3P water molecules. A 2 fs
time step was used in all simulations, and long-range
electrostatic interactions were treated with the particle mesh
Ewald (PME) procedure with a 10 A non-bonded cutoff.
Bond lengths involving hydrogen atoms were constrained
using the SHAKE algorithm. All systems were minimized
prior to the production run. The minimization employed the
SANDER module under constant volume conditions. The
solvent molecules were first relaxed, while all heavy atoms
in both protein and ATP were restrained with forces of
500 kcal mol' angstrom 2. Then, the systems were
continually relaxed. All heavy atoms of the system were
restrained with forces of 500 kcal mol ' angstrom 2, except
the atoms of the residues modeled by the Loop Search
module of Sybyl6.8. Finally, all restraints were lifted and
the whole system was relaxed. The three steps above all
feature 1000 cycles of steepest descent followed by 1000
cycles of conjugate gradient minimization. After the
relaxation, 300 ps of MD simulations were carried out at
constant volume, with 10 kcal mol ' angstrom  restraint
on solute. Then 5 ns of equilibration MD followed by 5 ns
of production MD were respectively carried out on all
systems at constant pressure (1 atm). All simulations were
performed at 300 K.

Results and discussion

The root-mean-squared deviations (RMSD) value curves of
backbone atoms during the production MD simulations
have been obtained. The curves in Fig. 1 show that
corresponding to the relaxation of the systems, the RMSD
values of the backbone atoms of the complexes increase
slowly before 600 ps, And after 600 ps, the RMSD values
are fairly stable around 2 angstroms. The total potential
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Fig. 1 RMSD value curves of backbone atoms during the production
simulations
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Fig. 2 Root mean square (RMS) fluctuation value curves of Ca
atomic positions of all systems

energy fluctuates around a constant mean value after
1000 ps. This indicates the systems attain equilibrium.
RMS fluctuation (RMSF) values from structure provide
an approach to evaluate the convergence of the dynamical
properties of systems. As shown in Fig. 2, the fluctuation
values of the complex-2 Mg (black curve) and the complex-

Fig. 3 Interactions in ATP
binding site and substrate
binding site of GSK. Molecules
shown in stick model are ATP
and residues in GSK; Atoms
shown in ball model are metal
ions in GSK, purple atoms are
Mg?>", green ones are Li". a
shows the interaction details in
complex-2 Mg; b shows the
details in complex-Lill and ¢
shows the details in complex-Lil

Lill (red curve) are almost the same. Most fluctuation
values of complex-Lil (green curves) are higher than that of
complex-2 Mg and the complex-Lill, especially the values
corresponding residues 260 to residues 300. This indicates
that when Mg,>" is replaced by Li", the thermostability of
the system will decrease.

As shown in Fig. 3a and b, when Mg;*" is replaced by
Li", there is little change in the conformation of ATP. In the
complex-Lill, the interactions between ATP and metal atoms
are almost the same as that in the complex-2 Mg. The
oxygen atoms O and O*® of ATP still interact with Mg;>",
while the oxygen atoms O** and O?Y still interact with Liy;".
In comparison, as shown in Fig. 3¢, when Mg;*" is replaced
by Li", there are some changes in the conformation of ATP.
The oxygen atom O*? of ATP does not interact with Li;", but
with MgH2+ for the low electrostatic interaction between Li"
and O*®. The bond angles between y- and f-P atoms of ATP
and the oxygen atom between them in all systems were
monitored. As shown in Fig. 4, the bond angles in complex-
2 Mg and complex-Lill are both around 135 degrees while in
complex-Lil the angle decreases by 10 degrees.

According to experimental studies on PKA, G-loop
plays an essential role in catalytic reactions. It structurally
guarantees the in-line phosphoryl transfer mechanism [18].
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Fig. 4 Bond angles between y- and (3- P atoms of ATP and the
oxygen atom between them

Mutations on G-loop can significantly reduce the affinity
for ATP and lower the rate of phosphoryl transfer [19, 20].
Similar results have also been observed in studies on CDK
[21, 22]. In our systems, when Mg;>" is replaced by Li',
Ser66 of G-loop forms H-bond with the oxygen atom O*Y
of ATP(occupation is 63.70%, refer to Table 1). The
formation of the H-bond leads G-loop to cover ATP more
tightly. Considering the changes it causes, we believe that
the replacement of Mg;>" with Li" in GSK-3 can demolish
in-line phosphoryl transfer mechanism and then reduce the
rate of phosphoryl transfer.

Compared with CDK2, p38-y, and ERK2, GSK-3f3 does
not have the threonine phosphorylation site in the activation
loop, thus Arg96 takes on an important role in GSK-3f3. To
align the two kinase domains, the substrate should be
prephosphated. According to crystallography studies, the
phospho-group of the substrate interacts with the positively
charged residues Arg96, Argl80, and Lys205 just as the
phospho-threonine in MAP kinases interacts with the
positively charged residues [23—25]. Mutation studies have
revealed that when Arg96 is mutated to Ala or Lys, GSK-
3f3 lost its kinase activity [26], which further affirms the
importance of Arg96.

Unlike in complex-2 Mg and complex-Lill, as shown in
Fig. 3, the C-loop in complex-Lil adopts distorted con-
formations. The phenyl of Phe93 interaction with phenyl of
Phe67 by hydrophobic interaction is destroyed. The
distortion of C-loop induces the displacement of Arg96.
The guanidino of Arg96 turns by about 90 degrees from
Argl80, and cannot form H-bond with Ala204, refer to
Table 1. This disturbs the conformations of phospho-group
binding site formed by Arg96, Argl80 and Lys205, and
probably could weaken the electrostatic interactions be-
tween the phospho-group of substrate and the three
positively charged residues, and subsequently disturb the
alignment of the two kinase domains and reduce the
activity of GSK-3 eventually.

Conclusions

The effect of Li" on GSK-3p is illustrated by MD
simulation. When Mg;*" is replaced by Li', the atom
fluctuation of GSK-3 will rise. When Mg;>" is replaced by
Li", there is little change in the conformation of ATP and
the interactions between ATP and metal ions hardly change.
When Mg;** is replaced by Li', the oxygen atom O*P of
ATP does not interacts with Li;", but with MgHzJr for
the low electrostatic interaction between Li* and O*. The
bond angles between y- and 3- P atoms of ATP and the
oxygen atom between them in complex-2 Mg and complex-
LiIl are both around 135 degrees while in complex-Lil the
angle decreases by 10 degrees. The H-bond formation
between Ser66 and the oxygen atom O°Y of ATP leads G-
loop to cover ATP more tightly. Considering the changes it
causes, we believe that the replacement of Mg;>" with Li"
in GSK-3 can compromise in-line phosphoryl transfer
mechanism. In addition, when Mg;>" is replaced with Li",
the C-loop adopts distortional conformations. The guanidino
of Arg96 turns by about 90 degrees from Arg180 and cannot
form H-bond with Ala204, which may weaken the electro-
static interactions between the phospho-group of substrates
and the three positively charged residues, and eventually
reduce the activity of GSK-3. All the results we have
observed above clearly suggest that the inhibition of GSK-3
is caused by the replacement of Mgl with Li".

Table 1 Hydrogen bonds in
the ATP binding site and the

substrate binding site

Complex Hydrogen bond Distance (A) Angle (°) Occupied (%)
Complex-2 Mg (Ala204)O--HH1-NH1(Arg96) 291 22.01 66.92
(ATP)O*Y--HG-OG(Ser66) - - -
Complex-Lill (Ala204)O--HH1-NH1(Arg96) 2.96 24.78 13.16
(ATP)O*Y--HZ1-NZ(Ser66) - - -
Complex-Lil (Ala204)0--HH1-NH1(Arg96) 2.93 4522 0.02
(ATP)O*Y:--HZ2-NZ(Ser66) 2.73 14.86 63.70
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