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Abstract Glycogen synthase kinase 3/ (GSK3p) is a
multifunctional serine/threonine protein kinase that is
involved in several biological processes including insulin
and Wnt signaling pathways. The Wnt signaling via FRAT-
mediated displacement of axin inhibits GSK3pf activity
toward non-primed substrates without affecting its activity
toward primed substrates. Herein, molecular dynamics
simulation, molecular mechanics generalized Born/surface
area (MM_GBSA) calculation, and normal mode analysis
are performed to explore the structural influence of the
double mutations K214/A-E215/Q of FRATide on the
GSK3f-FRATide complex. The results reveal that the
priming phosphate-binding site, the primed substrate-bind-
ing site, the alignment of the critical active site residues in the
ATP-binding site, as well as the periodic open—closed con-
formational change of the ATP-binding site, which are
critical for the catalytic activity of GSK3p, are negligibly
influenced in the mutated system compared with the wild-
type (WT) system. This indicates that FRATide does not
inhibit the GSK3p activity toward primed substrates. Addi-
tionally, MM_GBSA calculation indicates that the less
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energy-favorable GSK3f~FRATide complex is observed in
the mutant than in the WT complex.
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Abbreviations

MD Molecular dynamics

GSK3 Glycogen synthase kinase 3

GS Glycogen synthase

APC Adenomatous polyposis coil protein

FRAT Advanced T-cell lymphomas protein

CDK2 Cyclin-dependent kinase 2

MAP Mitogen-activated protein kinase

elF2B Eukaryotic initialization factor 2B

CREB cAMP-responsive element-binding protein

Tau Microtubule-binding protein

GBP GSK3-binding protein

KE Lysine and glutamic acid

AQ Alanine and glutamine

NMA Normal mode analysis

MM_GBSA Molecular mechanics generalized
born/surface area

PDB Protein data bank

RMSD Root mean-square deviation

Introduction

As a serine/threonine protein kinase, glycogen synthase
kinase 3 (GSK3) is ubiquitously expressed in mammalian
tissues (Emibi et al. 1980; Welsh and Proud 1993; Ali et al.
2001). In mammals, GSK3 is coded by two highly
homologous isoforms, GSK3a (51 kDa) and GSK3f
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(47 kDa) (Ali et al. 2001). The two genes share a sequence
identity of 93% in their catalytic domains and exhibit
similar biological functions, but mainly diverge at the N
and C termini. Although GSK3 was originally identified in
insulin signaling and metabolic regulation, later research
has unequivocally ascertained that GSK3 is engaged in
many signaling pathways including Wnt, NF-kB, Estradiol,
and Reelin pathways (Grimes and Jope 2001; Doble and
Woodgett 2003; Harwood 2001). An elevation or aberrant
regulation of its normal activity level is associated with
numerous disease states, including type 2 diabetes, cancer,
Alzheimer’s disease, Huntington’s disease, bipolar disor-
der, and chronic inflammation (Ali et al. 2001; Eldar-
Finkelman et al. 2010).

Unlike many other protein kinases, the autoinhibition of
GSK3 is a hallmark of the phosphorylation of an N-ter-
minal serine residue (Ser9 in GSK3/ and Ser21 in GSK3x)
via the PKB/AKT pathway (Cross et al. 1995). The phos-
phoserine, acting as a pseudosubstrate, occupies the same
binding site as the priming phosphate of the substrate and
blocks access to the catalytic site. This in turn results in
activation of prephosphorylated (primed) substrates such as
glycogen synthase (GS), thereby contributing to the stim-
ulation of glycogen synthesis and subsequently modulating
blood glucose levels. This is called insulin signaling, which
is important for the treatment of diabetes. However, GSK3
activity toward non-primed substrates such as cytoplasmic
f-catenin is not affected by this pathway. GSK3 activity
can also be controlled by the canonical Wnt signaling
pathway.

Whnt signaling pathway controls cell fate determination
and cell renewal (Cadigan and Nusse 1997). It has been
implicated in cancer, osteoporosis, and neurodegenerative
disorders (Miller et al. 1999; Peifer and Polakis 2000). In
the absence of a Wnt signal, GSK3 is involved in a
multiprotein complex that contains axin and adenomatous
polyposis coil protein (APC). Phosphorylation of
p-catenin by GSK3 targets it for degradation via ubiq-
uitin-dependent proteolysis (Aberle et al. 1997; Rubin-
feld et al. 1996). In the activated Wnt signaling, the
extracellular Wnt binds to the Frizzled/LRP transmem-
brane receptors. This initiates an intracellular signaling
cascade consisting of Dishevelled (Dvl) and frequent
rearrangement in advanced T-cell lymphomas (FRAT)
proteins that lead to the inhibition of GSK3. In this
process, FRAT competes with axin for binding to GSK3,
resulting in disruption of the GSK3/axin/APC multipro-
tein complex and the formation of FRAT1/GSK3 com-
plex, thereby preventing the phosphorylation and
degradation of f-catenin, but not the phosphorylation of
primed substrates (Chou et al. 2006; Hay et al. 2005;
Thomas et al. 1999). As a result, unphosphorylated
f-catenin accumulates in the cytoplasm and translocates
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to the nucleus, where it can activate members of the
TCF/LEF transcription factors. The inappropriate activa-
tion of proliferative genes such as c-myc by the elevated
p-catenin is associated with cancerogenesis. In essence,
compared with the insulin signaling, Wnt signaling
inhibits GSK3 activity toward non-primed substrates
without affecting its activity toward primed substrates.
Additionally, the primed and non-primed protein sub-
strates of GSK3 are summarized in Table S1.

Compared with cyclin-dependent kinase 2 (CDK2),
mitogen-activated protein kinase (MAP)/ERK2 and
cAMP-dependent protein kinase (PKA), GSK3 has a
unique specificity for its primed substrates, such as GS,
eukaryotic initialization factor 2B (elF2B), and cAMP-
responsive element-binding protein (CREB). It prefers
phosphorylation of its substrates at the P44 serine [S(p)]
before it can further phosphorylate the substrates at the
PO serine in the canonical motif SXXXS(p), where
S(p) is the primed phosphorylation site. The PO and the
P+4 serines are separated by three residues. This is
called primed phosphorylation mechanism and is ~2-3
orders of magnitudes larger than phosphorylation without
priming (Thomas et al. 1999). Recent computational
studies from our group have evidenced that the primed
substrate not only optimizes the proper orientation of the
GSK3N- and C-terminal domains but also clamps the PO
serine of primed substrate in the appropriate configura-
tion for interaction with the ATP vy-phosphate for the
optimal phosphorylation reaction to occur (Lu et al.
2011a).

Experimentally, Thomas et al. (1999) have reported that
FRATide (a peptide corresponding to residue 188-226 of
FRATI) selectively inhibits the GSK3-catalyzed phos-
phorylation of axin and f-catenin in vitro, but does not
suppress GSK3 activity toward primed substrates derived
from GS, elF2B, and CREB. Furthermore, Culbert et al.
(2001) demonstrated that cellular overexpression of
FRATI correlates with inhibition of GSK3 activity toward
microtubule-binding protein (Tau) and f-catenin, but not
modulation of GS activity. Aside from these, GSK3-bind-
ing protein (GBP)/FRAT1 does not inhibit phosphorylation
of a CREB-derived peptide substrate by GSK3, also sup-
porting the notion that the nature of FRAT/GBP-mediated
inhibition of GSK3 activity is selective (Farr III et al.
2000). Double mutations of the KE sequence to AQ in the
Xenopus FRAT homolog, GBP, abolish GSK3 binding
(Yost et al. 1998). Despite the extensive experimental
observations, the mechanism for the selective inhibition of
GSK3 activity by FRAT has not been rationalized at the
atomic level.

Computational studies are increasingly gaining interest
in elucidating the pathways connecting the active and
inactive forms of the kinases and play an important
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complementary role with respect to experiments (Buch
et al. 2010; Tang et al. 2011; Lu et al. 2011b, c). Recently,
we elucidate the allosteric regulation mechanism regarding
mutation K85M of GSK3f on the GSK3p-FRATide
complex via molecular dynamics (MD) simulation and
normal mode analysis (NMA) (Lu et al. 2011d). The
allosteric regulation originates form the observation that
the mutation K85M at the N-terminal domain of GSK3p, in
the ATP-binding site, not only inhibits GSK3f activity
toward the phosphorylation of primed substrates, but also
abolishes the binding of FRATide that binds at a distal site
at the C-terminal domain, to GSK3p (Lu et al. 2011d).

In this study, we use MD simulation, molecular
mechanics generalized Born/surface area (MM_GBSA)
calculation, and NMA to investigate the structural
influence of the double mutations K214/A-E215/Q of
FRATide, in the FRATide-binding site, on the GSK3/—
FRATide complex. Here, we aim to gain better under-
standing of the selective inhibition of GSK3 activity by
FRATide. The obtained results may provide an insight
into the different mechanisms in insulin and Wnt sig-
naling pathways.

Materials and methods
Systems setup

To date, there are no crystal structures of GSK3«. Thus,
GSK3p, the most structurally characterized kinase of the
GSK3 family, is used. The initial 2.6 A wild-type GSK3 /-
FRATide complex was extracted from the RCSB Protein
Data Bank (PDB ID: 1GNG) (Bax et al. 2001). The con-
struction of the double mutations K214/A-E215/Q of
FRATide was carried out with the Biopolymer module of
SYBYL 6.8 (Tripos Associates Inc.), using the crystallo-
graphic coordinates as a template and replacing target
residues with the desired amino acids. The AMBER FF03
(Duan et al. 2003) force field was used for the GSK3 /-
FRATide complex. The force field parameters for the
phosphorylated tyrosine 216 residue with a —2 (deproto-
nated) charge were obtained from the AMBER parameter
database (Homeyer et al. 2006). All hydrogen atoms were
added to the heavy atoms of the GSK3/-FRATide com-
plex using the Xleap module in the AMBER 9 package
(Case et al. 2006). Each system was embedded in the
truncated octahedron box of the TIP3P (Jorgensen et al.
1983) water molecules with a 10.0 A buffer. The eight CI™
counter-ions were added to maintain the electroneutrality
of each system. This was done by random substitution of
water molecules with ions at the most favorable electro-
static potential positions. About 48,000 atoms were used
for each system.

MD simulation

Energy minimizations and MD simulations were performed
for each system using the SANDER module of the
AMBERY package. First, energy minimization of the water
molecules and counter-ions with a positional restraint of
500 keal/(mol A2) in the GSK3p-FRATide complex was
performed to remove the bad contacts. Afterward, the
whole system was minimized without any restraint. After
relaxation, each system was gradually heated from O to
150 K, and then from 150 to 300 K in 10 ps. This was
followed by constant temperature equilibration at 300 K
for 300 ps, with a positional restraint of 10 kcal/(mol A?)
in the GSK35-FRATide complex in a canonical ensemble
(NVT). Finally, 30 ns MD simulations were carried out on
both systems in an isothermal isobaric ensemble (NPT)
with periodic boundary conditions. An integration step of
2 fs was set for the MD simulations, and the long-range
electrostatic interactions were treated by the particle mesh
Ewald method (Darden et al. 1993), using a cubic fourth-
order B-spline interpolation, and by setting the direct sum
tolerance to 107>, A cutoff equal to 10 A was used for
short-range electrostatics and van der Waals interactions.
The SHAKE method (Ryckaert et al. 1977), with a toler-
ance of 107> A, was applied to constrain all covalent bonds
involving hydrogen atoms. Each simulation was coupled to
a 300 K thermal bath at 1.0 atm (1 atm = 101.3 kPa) by
applying the Langevin algorithm (Wu and Brooks 2003).
The temperature and pressure coupling parameters were set
as 1.0 ps. The coordinates were saved every 1.0 ps for
analysis.

MM_GBSA calculation

Energetic postprocessing was performed using the molecular
mechanics generalized Born/surface area (MM_GBSA)
method (Kollman et al. 2000; Hou et al. 2011a, b), which was
used to calculate the relative free energies of substrate
binding to GSK3p. The snapshots of each system
were sampled from the last 1 ns with an interval of 10 ps.
The binding free energies (AGyinging) Were calculated as
follows:

AGinding = AGcomplex — [AGasksp + AGaubsiratc | (1)
AGhindging = AEgas + AGsotyation — TAS (2)
AEg.s = AEyqw + AEqe + AEiy (3)
AGolvation = AGGp + AGronpolar (4)
AGonpolar = 7 X SASA +b. (5)

The sum of molecular mechanical energies, AEgas, can
be divided into contributions from van der Waals energy
(AE,qw), electrostatic energy (AE,;.), and internal energies
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(AE;,) (Eq. 3). The solvation free energy, AGojvaton, Can
be partitioned into two (Eq. 4): the polar contribution
(AGgg) and the nonpolar contribution (AGponpolar). The
polar contribution (AGgg) to the solvation energy was
calculated using the GB model (Onufriev’s GB, IGB = 2).
The dielectric constants used for the interior (solute) and
exterior (water) were 1 and 80, respectively. Atomic radii
and charges were the same as those used in the MD
simulations. The nonpolar contributions (AGpenpolar) Were
calculated using the function of the solvent accessible
surface area (SASA), which is determined using the linear
combination of pairwise overlaps (Weiser et al. 1999); the
probe radius was 1.4 A p = 0.0072 kcal/(mol Az) and
b = 0 kcal/mol (Eq. 5). The solute entropy contributions
to the binding free energy, obtained from the sum of
translational, rotational, and vibrational components, were
not computed in this work because of the extremely long
durations of NMA for large systems. Estimation of
energies in this manner has proven successful in our
previous studies (Lu et al. 2011a, d; Zhang et al. 2007,
2009; Sun et al. 2008).

Normal mode analysis (NMA)

The average structures obtained from the MD simulations
for the two systems were used as the starting structure in a
series of computational calculations. NMA was carried out
using the web server of NOMAD-Ref developed by Lin-
dahl et al. (2006) (http://lorentz.immstr.pasteur.fr/nomad-
ref.php). During the NMA calculations, the single-param-
eter Hookean potential was used (Eq. 6).

E,= Y cldy—dY) (6)

d% <R,
y

where d; is the distance between two atoms i and j, dg is the
distance between the atoms in the three-dimensional structure,
c is a phenomenological constant assumed to be the same for
all interacting pairs which refers to the spring constant of the
potential, and R. is an arbitrary cutoff parameter, beyond
which interactions are not taken into account. In this study, R
was set to be 10 A. In both cases, the sparse metric solver
method was used to calculate the lowest 25 modes. The first
six trivial normal modes were discarded because they only
represent translation and rotation.

Results and discussion
Global and local structural behavior
Conventional MD simulations of two systems, the wild-

type (WT) and the double mutations K214/A-E215/Q of
FRATide of the GSK3-FRATide complexes were carried
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Fig. 1 The time dependence of RMSDs for the Co atoms of the
GSK3p-FRATide complex for the WT system (black) and the
mutated systems (red) in the 30-ns MD simulations (color figure
online)

out in explicit water for 30 ns, respectively. The root mean-
square deviation (RMSD) for all Co atoms in relation to the
X-ray crystal structure as a function of simulation time for
the two simulated systems is shown in Fig. 1. This provides
the first glimpse of any major conformational change that
may have occurred during the MD simulations. The fluc-
tuations of the complex follow the same trend in both cases
throughout the simulations, and the RMSDs tend to con-
verge at ~5 ns, with the RMSD values of 1.85 4+ 0.22 and
1.83 + 0.23 A for the WT and the mutated systems,
respectively. This indicates that the global structure of the
complex remains quite similar to the initial one. The
RMSD for the local structural domains in the two systems
is tabulated in Table 1. In general, the loop domains show
larger fluctuations compared with the helical domains.
Inspection of Table 1 reveals that all domains in the two
systems show a similar fluctuation except the second
helical FRATide (residue 211-221), where it shows
slightly larger fluctuation in the mutated system than in
the WT complex, with the RMSD values of 1.23 £ 0.42
and 0.61 & 0.15 A for the mutant and the WT systems,
respectively. This different fluctuation is reasonable
because the positions of the double mutations K214/A—
E215/Q of FRATide are located in the second helical
FRATi de.

Priming phosphate-binding site and primed
substrate-binding site

In protein kinases, P38y (Bellon et al. 1999), CDK2
(Brown et al. 1999), and PKA (Zheng et al. 1999), the
phosphothreonine residues (p-Thr183 for P38y, p-Thr160
for CDK2, and p-Thr197 for PKA) at the activation loop
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Table 1 Root mean-square deviation (RMSD, A) of structural
domains of GSK3-FRATide complex in the two simulated systems

Structural domains WT Mutant

N-lobe (36-138) 1.06 £+ 0.13 1.08 + 0.16
Helix D (139-149) 0.45 £ 0.17 0.35 £ 0.11
Helix E (155-174) 0.46 £ 0.08 0.40 £ 0.07
Helix F (237-252) 0.41 £ 0.07 0.42 £+ 0.07
Helix G (262-273) 0.46 £ 0.11 0.37 £ 0.09
Helix H (278-284) 0.28 + 0.08 0.25 £+ 0.08
Helix I (311-321) 0.32 £+ 0.07 0.34 £+ 0.07
Loop 1 (150-154) 0.43 £ 0.15 0.41 £ 0.13
Loop 2 (175-236) 1.27 £ 0.32 1.31 £ 0.36
Loop 3 (253-261) 0.64 £ 0.14 0.52 £ 0.15
Loop 4 (274-277) 0.23 £ 0.09 0.20 £ 0.08
Loop 5 (285-300) 1.03 + 0.19 1.10 £ 0.15
Loop 6 (301-310) 0.68 £+ 0.22 0.59 £ 0.21
Irregular domain (322-385) 1.18 £ 0.23 1.19 £+ 0.23
al helical FRATide (199-209) 0.46 + 0.16 0.43 + 0.17
a2 helical FRATide (211-221) 0.61 + 0.15 1.23 £ 0.42

(A loop) appear to induce the active conformation of this
loop for optimal catalytic activity. However, GSK3f does
not have the threonine phosphorylation site in the A loop.
Therefore, GSK3f uses the prephosphorylated serine resi-
due at the P44 position of the substrates to occupy the
priming phosphate-binding site for the proper alignment of
the N- and C-terminal domains for optimal catalytic
activity (Lu et al. 2011a; ter Haar et al. 2001). The priming
phosphate-binding site consists of three positively charged
residues: Arg96, Arg180, and Lys205. Mutation of the triad
or disruption of the interactions between the priming
phosphate group of the substrate and the triad prevents
phosphorylation of GSK3f primed substrates, a suggestion
that finds support in results from experimental observations
(Frame et al. 2011; Dajani et al. 2001) and computational
studies (Zhang et al. 2009). Thus, whether the double
mutations K214/A-E215/Q of FRATide would affect the
dynamic behavior of the priming phosphate-binding site is
explored. The average structures are calculated by aver-
aging coordinates from the 30 ns collective trajectories.
Figure 2 shows the superimposition of the backbone atoms
of the average structures for the two systems. The priming
phosphate-binding site is similar in the two systems, sug-
gesting that the mutation scarcely influences the priming
phosphate-binding site.

In GSK3p, the primed substrate-binding site is situated
between the two lobes of the kinase domain. The FRATide-
binding site or non-primed substrate-binding site is located
on the C-terminal lobe of the kinase domain. Figure 3
illustrates the molecular surface visualizations of the two
average structures. Clearly, the FRATide-binding site does

* Priming phosphate
binding site

Fig. 2 The superimposition of the backbone atoms of the average
structure of the GSK3-FRATide complex between the WT (cyan)
and the mutated systems (magenta). The three positively charged
residues, Arg96, Argl80, and Lys205, consisting of the priming
phosphate-binding site, are shown in stick for the WT (green) and the
mutated systems (blue) (color figure online)

not interfere with the primed substrate-binding site. The
primed substrate-binding site is similar in the two systems;
this indicates that the mutation has hardly any influence on
the primed substrate-binding site.

ATP-binding site and dynamics behavior
of ATP-binding site

In GSK3p, the ATP-binding site is at the interface of the
p-stranded domains and o-helical domains and is bordered
by the G loop and the hinge domain. ATP active site res-
idues contain Lys85, Aspl133, Vall35, Aspl81, Lys183,
Asnl86, and Asp200. These residues help the ATP mole-
cule to adopt an active conformation for the transfer of
y-phosphate group from ATP to a serine or threonine res-
idues of GSK3f substrates. As shown in Fig. 4, the
superimposition of the ATP active site residues between
the average structures of the WT and the mutated systems
reveals that the orientations of these residues are similar,
with the RMSD value of 0.43 A.

As previously reported (Lu et al. 2011d), the periodic
open—closed conformational change of the ATP-binding
site is critical for the function of the protein kinase. The
K85M mutation of GSK3f on the GSK3p-FRATide
complex results in the G loop to collapse into the ATP-
binding site. This in turn prevents the ATP from binding to
GSK3p (Raaf et al. 2009). Thus, we want to investigate
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Fig. 3 Molecular surface
visualizations of the two
average structures for the WT
(a) and the mutated systems (b)

Lys85 Asp200 Aspl8l
Aspl33
Asnl86
Lys183

w Vall3s

Fig. 4 The superimposition of the ATP active site residues between
the average structures of the WT (carbon atoms colored in cyan) and
the mutated systems (carbon atoms colored in magenta) (color figure
online)

whether the double mutations K214/A-E215/Q of FRA-
Tide would affect the dynamic behavior of the ATP-
binding site. Accordingly, the distance between the Ser66
at the tip of the G loop and the Asnl86 beneath the tri-
phosphate arm of ATP is monitored. This distance serves
as the width of the entrance. As shown in Fig. 5, taking the
mutated system as an example, the closed event of the
ATP-binding site is at ~2,270 ps, correlating to
the changes in the Ser66—Asn186 pairing distance. Then,
the ATP-binding site gradually opens at ~ 3,200 ps, and the
separation between Ser66 and Asn186 increases to a local
maximum. As the simulation processes, the ATP-binding
site gradually closes at ~5,000 ps, and the separation
between Ser66 and Asn186 decreases to a local minimum.

@ Springer

Afterward, it opens again at ~ 6,400 ps. The molecular
surface visualizations of the open—closed process of the
ATP-binding site in the mutated system as observed from
MD simulations are shown in Fig. 6. Also, Fig. 7 shows the
molecular surface visualizations of the open—closed process
of the ATP-binding site in the WT system. This periodic
open—closed conformational change of the ATP-binding
site in the mutated system is similar to the WT system, as
demonstrated in Figs. 6 and 7. This indicates that the
mutant negligibly influences the dynamics behavior of the
ATP-binding site.

As a complementary method to MD simulation, NMA is
efficient for predicting large conformational changes in
biological macromolecules. Thus, NMA is employed to
study the opening and closing of the ATP-binding site of
the GSK3/-FRATide complex. NMA reveals the con-
certed rocking of the N- and C-terminal domains of
GSK3p, resulting in the opening and closing of the ATP-
binding site, as shown in Videos S2 (WT) and S3 (Mutant).
Obviously, The ATP-binding site in the mutated system
opens or closes to a similar extent as the WT system, in
good agreement with the dynamics behavior of the ATP-
binding site in the MD simulations.

Hydrogen bonding interactions analysis

The FRATide consists of two amphipathic «-helices, «l
(residue 199-209) and «2 (residue 211-221). It adopts a
helix—turn—helix conformation that packs against at the
C-terminal domain of GSK3f mediated by hydrophobic
and electrostatic interactions. The major GSK3-FRATide
interactions come from the «-helix (residue 267-273) and
the extended loop (residue 285-299) of GSK3p and the a2-
helix of FRATide. Residues Lys214 and Glu215 reside in
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Fig. 7 Molecular surface
visualizations of representative
conformations of the WT
systems during the open—closed
process of the ATP-binding site
as observed from MD
simulations. A double dashed
line shows the ATP-binding site
opening

4

s

the o2-helix of FRATide. As observed in X-ray crystal
structure (Bax et al. 2001), the main-chain N-H group of
Lys214 donates a hydrogen bond to the side chain oxygen
atom (OE1) of Glu290 from GSK3p. On the other hand, the
side chain nitrogen atom (NZ) of Lys214 partakes in the
hydrogen bonding interactions with the side chain oxygen
atom (OEl) of Glu290 and with the main-chain oxygen
atom of Lys292 from GSK3f. Additionally, the main-chain
N-H groups of Leu2l12 and Ile213 from FRATide are
hydrogen bonded to the side chain oxygen atoms from the
Tyr288 OH and Glu290 OE2 atoms of GSK3p, respec-
tively. The residue Glu215, which is solvent exposed, does
not interact with GSK3f but involves in intra-hydrogen

bonding or salt bridges interactions with Arg218 and
Arg219 of FRATide. Therefore, the inter-hydrogen bond-
ing interactions between GSK3/ and FRATide as well as
the intra-hydrogen bonding interactions in FRATide
between Glu215 and Arg218 and Arg219 in the two sim-
ulated systems are analyzed.

The inter-hydrogen bonding interactions between
GSK3f and FRATide characterized by means of average
distances between heavy atoms and percentage of occur-
rence data are listed in Table 2. The observed inter-
hydrogen bonding interactions in the crystal structure are
conserved during the MD simulation in the WT system.
However, due to the K214/A mutation in FRATide, the two

Table 2 Summary of the
average distances between
heavy atoms (A) and percentage

of occurrence data for inter-
hydrogen bonding interactions
between GSK3p and FRATide
in the two systems

Hydrogen bond WT Mutant

XY % XY %
Leu212-N-H.--OH-Tyr288 3.14 £ 0.17 64.12 3.19 £ 0.17 82.40
Ile213-N-H---OE2-Glu290 2.84 £ 0.11 99.99 2.83 £0.10 100
Lys(Ala)214-N-H---OE1-Glu290 3.17 £ 0.15 92.11 295 +£0.14 93.11
Lys214-NZ-HZ.--OE1-Glu290 2.78 £ 0.11 99.75 - -
Lys214-NZ-HZ.--O-Lys292 2.88 £ 0.14 90.10 - -
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Table 3 Summary of the Hydrogen bond WT Mutant

average distances between

heavy atoms (A) and percentage XY % X...Y %

of occurrence data for intra-

hydrogen bonding interactions Glu(GIn)215-OE1---HE-NE-Arg218 2.98 + 0.21 71.09 2.99 £+ 0.19 26.92

begWEEZﬁAE‘CZ?QU(Gé“)ZU Glu(GIn)215-OE1---HH-NH2-Arg218 2.94 £ 0.25 68.61 2.94 £ 0.19 16.08

an 1de g an

FRATide Arg219 in the two Glu215-OE2---HE-NE-Arg218 2.88 + 0.14 59.58 - -

systems Glu215-OE2---HH-NH2-Arg218 291 +£0.22 81.06 - -
Glu215-OE2(GIn215-0OE1)---HE-NE-Arg219 3.04 £ 0.24 56.27 2.98 + 0.19 16.40

hydrogen bonds (Lys214-NZ-HZ.--OE1-Glu290 and A

Lys214-NZ-HZ---O-Lys290) are no longer formed in the
mutated system. The loss of the two important hydrogen
bonds is sufficient to eliminate binding with FRATide, as
reported in experimental observations (Fraser et al. 2002;
Dajani et al. 2003) and in our previous MD simulations (Lu
et al. 2011d).

Table 3 summarizes the intra-hydrogen bonding inter-
actions between FRATide Glu215 and FRATide Arg218,
as well as FRATide Arg219. Specifically, in the WT
complex, the side chain OEl atoms of Glu2l5 form
bifurcated hydrogen bonds (2.98 £+ 0.21 A, 71.09%
occurrence and 2.94 £ 0.25 /f\, 68.61% occurrence,
respectively) with the side chain nitrogen atoms NE and
NH2 of Arg218. The side chain OE2 atoms of Glu215 form
trifurcated hydrogen bonds (2.88 + 0.14 A, 59.58%
occurrence, 2.91 £+ 0.22 10\, 81.06% occurrence, and
3.04 + 0.24 A, 56.27% occurrence, respectively) with the
side chain nitrogen atoms, NE and NH2 of Arg218 and
with the side chain nitrogen atom NE of Arg219 (Fig. 8a).
In contrast, in the mutated system, the intra-hydrogen
bonding interactions cannot form between GIn215 and
Arg218 and Arg219, as evidenced in the hydrogen bonding
occurrence data. This leads to movement of the side chains
of GIn215, Arg218, and Arg219 away from their initial
positions (Fig. 8b) and subsequently may lose the helical
conformation. In contrast, in WT, these intra-hydrogen
bonds constrain the side chain of Glu215, Arg218, and
Arg219 in a compact conformation.

Binding free energy calculations

To obtain further information of the contributions of
energy component to the GSK35-FRATide interaction in
the WT and mutated systems, various components of the
binding free energy (AGpinging) Of the complex are evalu-
ated using the MM_GBSA method. Table 4 shows the
decomposition of energy terms and the AGyinging Of
GSK3-FRATide. According to the components of the
AGhinding, the favorable formation of the GSK3-FRATide
complex is driven by the electrostatic (AE,.) and the van
der Walls (AE,qw) terms of the molecular mechanics
energy and the nonpolar component of the solvation energy

FRATide

ol

Arg219

Arg218

Arg219

Fig. 8 The side chain conformations of Glu(Gln)215, Arg218, and
Arg219 from the o2 helical FRATide for the WT (a) and the mutated
systems (b)

(AGponpolar)- The total electrostatic interaction (AGe)
between the GSK3f and FRATide, which are composed of
the gas phase AFE.. and the polar solvation free energy
contributions (AGgp), in the mutated system is ~ 14 kcal/
mol less favorable than that of the WT system. This is in
accordance with less hydrogen bonding interactions
between GSK3f and FRATide in the mutated systems. The
intermolecular AE,qw and the nonpolar contributions
(AGponpolar) Of the mutated system are ~8 kcal/mol less
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Table 4 Energy terms of the binding free energy of the WT and the
mutated systems (kcal/mol)

Energy terms WT? Mutant
Mean SD Mean SD

AES. —191.41 19.37 —104.87 18.32
AEqw -97.70 5.09 —89.59 5.70
AEL —289.11 19.90 —194.46 18.70
AGy, —13.57 0.34 —12.80 0.51
AGY, 216.12 18.13 14351 18.20
AGE, 202.55 18.04 130.71 18.65
AGh. 24.71 5.34 38.64 4.40
AGLindmg —86.41 5.40 —63.75 3.78
AAG‘Linding 0 22.66

AEgas = AEele + AEvdW’ AGSO] = A(-;np + Ang’ AGele = AEe-

le + AGygb, AGyinding = AEgas + AGio

? The values were taken from Lu et al. (2011d)

® AE,. is the electrostatic energy calculated by the MM force field
¢ AE,qw is van der Waals contribution from MM force field

d AE,,, is absolute free energy in the gas phase

¢ AG,, is nonpolar contribution to the solvation free energy

f AGyy, is polar contribution to the solvation free energy calculated

& AGy,, is solvation free energy

" AG,, is total electrostatic energy contribution to the binding energy
i AGyinding is the binding energy

i AAGyinging is the value relative to the WT

favorable than that of the WT system. The total AGyinging in
the mutated system is ~22 kcal/mol higher than that of the
WT system. This means that the mutated system yields a
less energy-favorable complex that subsequently would
lead to the non-binding of the FRATide to GSK3p, con-
sistent with the experimental studies (Yost et al. 1998). As
a result, axin could bind to GSK3/ and phosphorylation of
f-catenin by GSK3, targeting it for degradation, could be
conducted. The Wnt signaling via FRAT-mediated dis-
placement of axin could be inhibited, which could be
potentially useful in some human cancers (Bax et al. 2001).

Conclusions

MD simulation, MM_GBSA-binding energy calculation,
and NMA are employed to explore the effect of the double
mutations K214/A-E215/Q of FRATide on GSK3p. The
priming phosphate-binding site composed of three posi-
tively charged residues, Arg96, Argl80, and Lys205, the
primed substrate-binding site, the alignment of the critical
residues (Lys85, Aspl33, Vall35, Aspl81, Lysl83,
Asnl186, and Asp200) in the ATP-binding site, as well as
the periodic open—closed conformational change of the
ATP-binding site are similar in the WT and in the mutated

@ Springer

systems. Thus, double mutations of the FRATide do not
affect the GSK3f activity toward the primed substrates.
Binding free energy calculation provides a qualitative
explanation of the energetic effects of double mutations of
FRATide on the binding affinity between GSK3p and
FRATide. The mutated system could lead to a less energy-
favorable GSK3-FRATide complex, which would lead to
the non-binding of the FRATide to GSK3f. The compu-
tational results, complementary to the experiments, may
explain the selective inhibition of GSK3 activity by
FRATide.
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