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Interaction of manzamine A with glycogen synthase kinase 3f3:
a molecular dynamics study
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The search for the possible binding site of manzamine A to glycogen synthase kinase
3B(GSK-3B) was performed by molecular docking followed by molecular dynamics simulation
and calculations of the Gibbs free energy of inhibitor—kinase binding. The cavity between the
glycine-rich loop, the loop C, and the activation loop is the most likely site of interaction.
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Human glycogen synthase kinase 3 (GSK-3) is a ser-
ine/threonine protein kinase discovered in the studies of
glycogen metabolism.! Recently, it was established that
the role of this enzyme is not reduced to phosphorylation
of glycogen synthase; GSK-3 is involved in hyperphos-
phorylation of tau protein,? in the formation of amyloid
plaques during Alzheimer s disease,3 and in phosphoryla-
tion of B-catenin (being complexed with axin and APC) 4
various gene transcription factors, and many other protein
substrates.> In most cases, the GSK-3-mediated phos-
phorylation leads to inhibition of substrate activity.> GSK-3
was also found in parasites, such as causative agents of
malaria Plasmodium falciparum and trypanosomiasis 7ry-
panosoma brucei.%’

There are two isoforms of GSK-3, viz., GSK-3a
(51 kDa) and GSK-3pB (47 kDa), which are encoded by
distinct genes.® Both isoforms are expressed in the brain;
however, the expression level of the o-isoform in periph-
eral organs is higher than in the brain.? The GSK-3 iso-
forms play different roles in the organism.1? In particular,
only the a-isoform of GSK-3 is involved in the formation
of amyloid plaques in the case of Alzheimer’s disease,3
whereas the B-isoform mainly interacts with presenilin-1
and tau protein.!! The identity of the amino acid sequenc-
es of the GSK-3 isoforms is 98% for the catalytic domain
("kinase domain"). The a-isoform differs from the B-iso-
form in an extended N-terminal glycine-rich tail.8 The
majority of competitive inhibitors of GSK-3 known to
date are not selective between its isoforms.12

A salient feature of GSK-3 is preferred phosphoryla-
tion of substrates containing the (S/T)XXX[(S/T)P] amino

acid sequence, where (S/T) is a serine or threonine resi-
due, X is any amino acid residue, and [(S/T)P] is a pre-
phosphorylated serine or threonine residue (usually, the
phosphorylating agent is casein kinase 11).13 Tau protein
can also be phosphorylated at non-primed sites, although
the efficiency of this process is lower.14 Recognition of the
primed substrates is mediated by the interaction with the
cluster of basic amino acid residues Arg96, Argl80, and
Lys205 (from this point on, numeration of the residues is
given according to the GSK-3f sequence unless otherwise
stated).15:16 This site also participates in the kinase auto-
inhibition upon phosphorylation of the regulatory residue
Ser9 with protein kinase B (Akt/PKB).15:17

The structure of the catalytic domain of GSK-3p has
been the subject of numerous X-ray studies. Twenty two
structures of the kinase were available in the Protein Data
Bank!8 as of October 2009, with different molecules occu-
pying the ATP binding site, the axin binding site, the prim-
ing phosphate binding site, as well as differing in phos-
phorylation state of the regulatory Tyr216 residue. Signif-
icant structural differences appear only upon phosphory-
lation of this residue and lead to twofold increase in the
kinase activity compared to the non-phosphorylated form.
Namely, the side chain of Tyr216 is rotated by 120° and
the phosphate group forms salt bridges with the Arg220
and Arg223 residues. Other differences between the struc-
tures correspond to small position fluctuations of the side
chains and the backbone due to induced fit of the protein
structure to the bound ligand.

GSK-3 inhibitors can be used for treatment of various
diseases including type 2 diabetes,1%:10 Alzheimer’s dis-

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 10, pp. 1932—1943, October, 2010.
1066-5285/10/5910-1983 © 2010 Springer Science+ Business Media, Inc.



1984  Russ.Chem.Bull., Int.Ed., Vol. 59, No. 10, October, 2010

Osolodkin et al.

ease? and other neurodegenerative diseases, ! mood disor-
ders (bipolar disorder and unipolar depression),!? various
kidney diseases,2? inflammatory processes, ! prostate can-
cer,2! mixed-lineage leukemia,?? as well as disorders of
sleep and circadian rhythm.1® Most GSK-3 inhibitors
known to date are ATP competitive and interact with the
conservative ATP binding site?3. Consequently, they
are usually not very selective against other kinases.
Non-competitive ATP inhibitors, which interact with
other, less conservative regions of the enzyme structure,
lack these drawbacks. Non-competitive GSK-3 inhibitors
are mainly represented by two classes of compounds, viz.,
synthetically accessible thiadiazolidinones (e.g., TDZD-S8,
1)2425 and less studied, naturally occurring manzamines
(e.g., manzamine A, 2) isolated from sponges.26—28

Manzamines are alkaloids containing the B-carboline
fragment and a characteristic polycyclic framework. They
are synthesized by Micromonospora sp. bacteria (strain
M42)29 and can be isolated from the sponges belonging to
the geni Haliclona,3® Petrosiidae,?® Pellina, and some other.3!
Manzamine A exhibits antiviral (anti-HIV), antifungal,
antibacterial,3? and antimalarial?8 activity and is the best
known representative of this class of compounds. Also, manz-
amine A inhibits human GSK-3 by the ATP non-compe-
titive mechanism;2’ consequently, it may appear to be useful
for the search or design of novel non-competitive inhibitors
of the kinase. Rational search for such inhibitors requires
detailed investigations of the interaction between manz-
amine A and GSK-3 that have not been performed so far.

In the present work, we analyze possible binding modes
of manzamine A to GSK-3p. We performed a conforma-
tional analysis to rank the potential biologically active
manzamine conformations, a search for potential binding
sites by docking, and molecular dynamics (MD) simula-
tion to identify the most probable mode of the interaction
between manzamine A and GSK-3p.

Calculation Procedures

Molecular docking. Docking was performed using the Auto-
Dock 4.01 program, which is based on the genetic algorithm of

the optimal solution search.33:34 The structure of the activated
form of the kinase used in the docking experiments was retrieved
from the PDB database!® (access code 1GNG, see Ref. 16).
Geometry optimization and preparation of the protein structure
was done using the Sybyl 8.0 software suite.35 The ligand and
protein structures were prepared using the AutoDockTools 1.4.5
software.36 The Gasteiger charges3” were assigned to the protein
and ligand atoms.

The potentials of the ligand-receptor interaction were cal-
culated at the nodes of a grid surrounding all possible binding
sites. Due to software limitations on the grid box size, three grids
were constructed and 100 orientations of the ligand were gener-
ated for each grid box. The bond between the carboline moiety
and polycyclic core of the ligand was explicitly marked as rotat-
able. The ligand orientations thus generated were clustered ac-
cording to the root-mean-square deviation (RMSD) of non-
hydrogen atoms between them; the threshold RMSD value was
2.0 A. The representative structures from each cluster were used
for further analysis.

Analysis of docking results. The binding energies for different
ligand orientations were scored using the AutoDock scoring func-
tion33 and the CScore package3® (Sybyl 8.0) implementing the
G_score,¥ D_score,4? PMF,4! and ChemScore4? scoring func-
tions. The choice of the ligand orientations for further studies
was guided by the score values and visual pose analysis.

Molecular dynamics simulation was carried out using the
AMBER 10 software suite.43 In all cases, the AMBER ff99SB
force field** was used for the protein molecule and the GAFF
force field4S was used for the ligand molecule. The partial atom-
ic charges for the protein molecule were taken from the AMBER
ff99SB library. The partial atomic charges for the ligand mole-
cule were calculated following the AM1-BCC scheme#® using
the Antechamber 1.27 program.4’ The lengths of the bonds
involving hydrogen atoms were constrained using the SHAKE
algorithm48 to speed up calculations. The net charge of the system
was neutralized by adding a necessary number of chloride ions.

Periodic boundary conditions and an explicit representation
of water molecules (TIP3P model4®) were used during MD sim-
ulation. The box containing solvent molecules had the shape of
a truncated octahedron. Water molecules were added automati-
cally in such a manner that the minimum distance between the
box boundary and the molecule being simulated was 8.0 A. The
number of water molecules added was 10515 for the apo-form of
GSK-3B, 779 for free manzamine, 10462 for the manzamine—
GSK-3B complexes formed in the sites I and IV, and 10433 and
10380 for the manzamine—GSK-3B complexes formed in the
sites I and III, respectively. The temperature of the system was
maintained at 300 K using the Langevin thermostat; the colli-
sion frequency parameter was 2 ps—!. The following steps were
performed during the preparation of the system to the produc-
tive dynamics simulations:

1) minimization of the energy of solvent molecules (500 steep-
est descent iterations and 500 conjugated gradient iterations)
with force-field restraints imposed on positions of the ligand and
protein atoms (500 kcal mol~! A~2);

2) constant-volume gradual heating of the system from 0 to
300 K over a period of 50 ps (integration step 2 fs) using the
force-field restraints imposed on positions of the ligand and pro-
tein atoms (2 kcal mol~! A~2);

3) optimization of the density of the system over a period of
50 ps (integration step 2 fs) at constant pressure and temperature
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using the force-field restraints on positions of the ligand and
protein atoms (2 kcal mol~! A-2);

4) equilibration of the system over a period of 500 ps (inte-
gration step 2 fs) at constant pressure and temperature without
force-field restraints.

MD simulation (integration step 2 fs) was carried out on 256
CPUs of the SKIF MSU "CHEBYSHEV" cluster at the Re-
search Computing Center, Moscow State University. Ten nano-
seconds were simulated. If the results obtained were ambiguous,
additional simulation was performed.

Analysis of the results of MD simulation and conformational
search. Visual analysis of the trajectories obtained from MD
simulation was performed using the VM D molecular graphics
program.59 The correlation matrices were constructed using the
ptraj program incorporated into the AMBER 10 suite. The ele-
ments of such a matrix are the correlation coefficients between
the coordinates of C, atoms in different amino acid residues
along the trajectory. The correlation coefficient close to 1 corre-
sponds to unidirectional motion, the correlation coefficient close
to —1 corresponds to oppositely directed motion, while the near-
ly-zero correlation coefficient corresponds to uncorrelated mo-
tions of molecular fragments. The correlation maps based on the
correlation matrices were constructed using the LabPlot 1.5.1
software.5!

For better clarity of the results of conformational studies, the
ligand trajectories were modified, viz., the trajectory snapshots
were aligned by the five carbon atoms comprising the most rigid
fragment of the manzamine molecule (Fig. 1).

The binding energies were estimated using the MM-PBSA/
GBSA method®? implemented in the AMBER 10 package. It
involves calculations of changes in the Gibbs free energy AG
upon binding by evaluating the trajectory-average Gibbs free
energy <G> for the ligand-protein complex (C), ligand (L), and
free protein (P) structures:

ASG> = <G> — <Gp> — <G >.

The Gibbs free energy was estimated from the relation
<G> = <Eyp> + <G> — <TSym>>

where Ey;y is the molecular mechanics estimated energy of the
structure and Gg is the Gibbs free energy of solvation calculated
by numerically solving the Poisson—Boltzmann equation33
(G5 ppsa) or by the computationally simpler generalized Born
technique* (Gg Gpsa). Normal mode analysis was used to cal-
culate the entropy term T:Sy;p.55

In all cases, the binding energies were calculated by the three
trajectories approach; the energy characteristics of free protein
and ligand were estimated based on independent trajectories.

Identification of putative binding sites of manzamine A

The following criteria were used to choose IGNG as
a GSK-3B structure for docking. First, there is no ligand in
the ATP binding site; this allows one to leave possible
artifacts of crystallization of the ligand-protein complex
out of consideration. Second, in this structure, the conform-
ation of the phosphate binding site is fixed by the sulfate
ion; this is a good approximation to the initial state of this
site upon interaction with the substrate. Third, Tyr216 is
phosphorylated in this structure, which corresponds to the
activated state of the kinase. In addition, the fact that this
structure of the kinase was used in the previous studies28
enables a direct comparison of the results obtained.

Three hundred docking solutions falling into 107 diffe-
rent clusters were generated for the complex of GSK-33 with
manzamine A. The cluster populations vary from one to
dozens per cluster; however, low-populated clusters dom-
inate. Typical representatives of clusters are shown in Fig. 2.

Fig. 1. A conformation of the manzamine A molecule corre-
sponding to the global energy minimum. The fragment used for
alignment is highlighted.

Fig. 2. Docking results. Shown are the representative structures
of all possible clusters. The kinase surface is constructed using
the Connolly algorithm.56
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Five sites (I—V, see Fig. 2) for further analysis
were identified on the surface of GSK-3B based on the
docking results and published data. Interaction of the
ligand with these sites may affect the functioning of
the enzyme.

The axin3” and FRAT 16 binding site (site I) mediates
the formation of the complex of GSK-3p with axin that
phosphorylates B-catenin, which plays an important role
in the Wnt signalling pathway. The FRAT protein inhibits
the formation of this complex, thus activating the
pathway. Interactions with these proteins do not affect
the catalytic activity of the kinase; however, the possi-
ble role of manzamine in this interaction was not studied
so far. A study of the interaction of manzamine A with
this site is interesting because it offers prospects for
the design of inhibitors of the GSK-3B—axin interac-
tion enabling selective regulation of the Wnt signalling
pathway.

The cavity between the glycine-rich loop (residues
62—70), the loop C (residues 87—97), and the activation
loop (residues 200—226) (site II) is formed by the key
structural fragments involved in the activation of the kinase
and in the kinase—substrate interaction.8 This site is re-
sponsible for the recognition of the substrate priming phos-
phate group. Based on the docking results, a number
of researchers believe that the TDZD inhibitors of GSK-3f3
(see Refs 24 and 59) interact with this site, which leads
to violation of the interaction between the kinase and
substrate.

Binding of manzamine A near the loop C (site III) was
suggested?8 based on the results of a GOLD (see Ref. 39)
docking study. The putative binding mode proposed in
that study could not be exactly reproduced by us, but the
key interaction, viz., the hydrogen bond between the
hydroxyl group of manzamine A and the backbone
carbonyl oxygen of Arg92, was found. Such an orientation
is usually scored quite low by both the AutoDock and
CScore functions; nevertheless, we performed an MD
simulation of this complex to test the hypotheses men-
tioned above.

Site IV is a possible binding site of allosteric inhibitors.
By analogy with the published data,%® one can assume that
allosteric GSK-3 inhibitors interact with the amino acid
residues Tyr140, Argld4, Arg220, Tyr221, Tyr222, and
Pro255 and thus violate the interaction between the kinase
and substrate. The possibility for such an interaction in-
volving GSK-3 was not studied in detail so far.

The ATP binding site (V). Manzamine A should not
interact with this site due to non-competitive character of
its inhibitory activity.2” Nevertheless, the docking pro-
gram places the ligand to this site because it is sufficiently
large and hydrophobic. Site V is usually ranked high by the
scoring functions first of all due to a large surface area of
contacts between the kinase and the ligand. We have not
studied site V by the MD method.

The sites I, I, IV, and V are ranked high by all scoring
functions used in the present work. Other ligand orienta-
tions generated by docking are ranked much lower and do
not correspond to any experimental data available at the
moment. No hypotheses on the mechanism of non-com-
petitive inhibition may be proposed based on these alter-
native low-ranked solutions.

Conformational analysis of the manzamine A molecule

The manzamine A molecule comprises a complex poly-
cyclic framework linked to an aromatic fragment. It
seemed important to analyze the conformational behavior
of this molecule in order to establish the extent to which
the molecular conformation in the crystal?® matches the
solution conformation and that of the complexes with
kinase. In addition, it was interesting to study the possibil-
ity of changes in the ligand conformation due to the inter-
action with the protein.

Conformational behavior of the ligand in complexes. To
study the behavior of the bound manzamine, we extracted
its coordinates from the M D trajectories I—IV correspond-
ing to the sites I—IV (see above). The coordinates were
aligned over the fragment including five carbon atoms
comprising the base of the rigid framework of the ligand
molecule (see Fig. 1). Visual monitoring of the trajectories
thus prepared for each starting point made it possible to
reveal a number of salient features. In all trajectories stud-
ied, the conformations of all rings in the aliphatic frame-
work show no qualitative changes throughout the time
interval of simulation. The most important conformational
differences may consist in numerical values of the angle of
rotation of the carboline fragment relative to the macro-
cyclic fragment and the torsion angle characterizing rota-
tion of the C—O bond and the presence or absence of the
intramolecular hydrogen bond O—H...N. Since the nu-
merical values of these torsion angles could vary in arbi-
trary manner in the course of the molecular docking pro-
cedure, mention should be made of the possibility of for-
mation of various conformations upon changes in these
torsion angles. In this connection, one should also assess
the probability of conformational transitions at room tem-
perature in aqueous solution.

The parameters described above were used for charac-
terization of specific features of the conformational be-
havior for each trajectory corresponding to a particular
site. In the site I, the carboline fragment is rotated toward
the hydroxyl group of the molecule and the intramolecular
hydrogen bond is rather stable along the whole trajectory.
This conformation corresponds to a global minimum of
the ligand energy. In the case of trajectory II, the carbo-
line fragment is also rotated toward the hydroxyl group.
A distinctive feature of this trajectory is high lability of the
intramolecular hydrogen bond (often, up to its frequent
breakdown). The sites III and IV are characterized by the
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flip of the carboline moiety "outward" from the hydroxyl
group and by the stable intramolecular hydrogen bond
despite the fact that in the starting conformations of the
docked ligand the hydroxyl group is rotated "away" from
the corresponding nitrogen atom (acceptor of the hydro-
gen bond). The energies of the conformations with the
flipped carboline moiety is 1.4 kcal mol~! higher than the
energy of the global minimum .

Ligand behavior in aqueous solution. We also studied
the behavior of the free ligand by the MD method to com-
pare the results obtained with the ligand behavior in com-
plexes. The starting point was an optimized conforma-
tion, the closest to the manzamine A conformation in the
crystal. In the latter, the carboline fragment is oriented
toward the hydroxyl group and there is the intramolecular
hydrogen bond. The coordinates of manzamine atoms were
extracted from the trajectory and processed analogously to
the coordinates extracted from the trajectories of com-
plexes (vide supra).

The motion of the free ligand in aqueous solution is
similar to that mentioned above in the analysis of trajectory 1.
It is noteworthy that no flip of the carboline moiety by 180°
was observed during the 10-ns simulation. This can be
explained by both a rather high energy barrier to such
a rearrangement and long characteristic times of this
motion, which involves a concerted displacement of many
atoms in the molecule. In addition, the ligand conforma-
tions in which the torsion angle of the carboline fragment
is 0 and 180° are not energetically favorable. This frag-
ment spends much time being rotated by +30° relative to
those values.

Molecular dynamics simulation of the complexes

The dynamics of four structures of the complexes cor-
responding to the sites I—IV as well as the apo-form of
GSK-3p were studied by the MD method. The choice of
the starting structures was guided by the CScore consen-
sus scoring, viz., the orientations scored the highest by the
four scoring functions implemented in this software package
were selected for the M D simulation. These structures are
shown in Fig. 3.

MD trajectories 10 to 20 ns long (see below) were
generated in the course of the simulation. The structures
of the complexes were sufficiently stable along the tra-
jectory, namely, the RMSD of the protein backbone
atoms was at most 2.5 A (see Fig. 4). This suggests their
applicability for the ligand binding analysis. Small RMSD
deviations are due to the thermal concerted motions of the
kinase lobes relative to each other (so-called "chewing
motions").

The trajectory of the apo-form of GSK-3B. The struc-
ture of the apo-form of GSK-3B changes only slightly
during the MD simulation. Almost no large-scale motions
of the kinase lobes relative to each other were revealed and

Fig. 3. The structures of complexes chosen for the MD simu-
lation.*
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Fig. 4. The RMSD of the backbone atoms plotted vs. time in the
MD simulation for the apo-form of GSK-3p (/) and for the sites
1(2), 11 (3), III (4), and IV (5).

the loops also show only small-scale motions. The resi-
dues Arg96, Argl45, and Lys205 forming the priming phos-
phate binding site are relatively close to one another over
the whole trajectory. The residue Glu2l1 occasionally
forms a salt bridge with Lys205 rather than Arg96 (cf. other

* Figures 3, 4, and 9 are available in full color in the on-line
version of the journal (http://springerlink.com).
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trajectories); as a result, the activation loop does not ap-
proach the loop C. There is a hydrogen bond between the
amino acid residues GIn89 and Asn95 responsible for
the substrate recognition.®! The results obtained suggest
that the priming phosphate site is rather stable and ac-
cessible to the substrate even in the lack of negatively
charged ions stabilizing it. The action of any factor desta-
bilizing this site may lead to changes in the catalytic ac-
tivity of the kinase.

The stability of the glycine-rich loop of the kinase, in
particular, the Phe67 residue, is important. This loop plays
the key role in the kinase—ATP binding and in the prepa-
ration of phosphate group transfer from ATP to the sub-
strate.38 Our simulation revealed small-scale thermal mo-
tions of this loop; however, its equilibrium conformation
is quite stable and does not impede ATP binding.

The trajectory of the apo-form of GSK-3p obtained
from the MD simulations was used as a reference for com-
parison with the trajectories I—IV of the proposed struc-
tures of the manzamine A—GSK-33 complexes.

Trajectory I. The structure of the complex rapidly sta-
bilizes (it takes less than 0.5 ns) and remains almost un-
changed throughout the simulation period (Fig. 5, a). The
average structure of the complex is similar to the initial

RMSD/A a
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Fig. 5. Results of the M D simulation for the site I: the RMSD of
the ligand atoms plotted vs. time of simulation (a); the overview
of the average structure of the complex compared to the initial
structure (b); here and in Figs 6 and 8 the initial structure is given
in black and the average structure is given in light-grey; super-
imposition of the initial (black) and average (light-grey) struc-
tures of the ligand (¢); and the binding mode of the ligand to the
protein (d). Possible hydrogen bond is shown by dashed lines.

structure (Fig. 5, b) and differs from it by a noticeable
(~60°) rotation about the bond between the carboline and
polycyclic fragments of the ligand (Fig. 5, c¢). The carbo-
line fragment goes inside the hydrophobic pocket (Fig. 5, d).
The hydroxyl group of Tyr288 can form hydrogen bonds with
the pyrrole hydrogen atom or with the hydroxyl group of
the ligand; however, these bonds are not very stable, viz., the
occupancy of the hydrogen bond with the pyrrole atom is only
11%, whereas the hydrogen bond with the hydroxyl group
of the ligand is formed from time to time. The hydroxyl
group of the ligand is involved in the intramolecular hydro-
gen bond throughout the whole period of simulation.

It is important that the ligand binding indirectly affects
the conformation of the activation loop owing to the in-
teraction with Phe229. As a consequence, a strong salt
bridge is formed between the residues Arg96 and Glu211
and the loop C moves toward the activation loop in the
course of MD simulation. The volume of the substrate
binding site is thus reduced, which may mediate noncom-
petitive inhibition of GSK-3p.

Trajectory II. The ligand rapidly (in less than 1 ns)
moves to the region between the glycine-rich loop and the
loop C. However, the orientation of the ligand is not very
stable (Fig. 6, a) because there exist a number of distinct
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Fig. 6. Results of the MD simulation for the site I1: the RMSD of
ligand atoms plotted vs. time of the MD simulation (@); a com-
parison of the overview of the average structure of the complex
and the initial strucure (), and the binding mode of the ligand to
the protein (c¢). The glycine-rich loop, the loop C, and the acti-
vation loop are denoted by "G", "C", and "A", respectively.
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characteristic conformations with, e.g., significantly dif-
ferent orientations of the carboline moiety. The MD sim-
ulation was extended to an additional 10 ns to collect
more data, but the character of the ligand motion remained
the same. Further analysis was performed for the 20-ns
trajectory. It was found that the polycyclic core of the
manzamine molecule is fixed between the glycine-rich loop
and the loop C and moves together with the small kinase
lobe (Fig. 6, b). The residues Val87, Asp90, Arg92, and
Phe93 (loop C) form hydrophobic contacts with the rings
C and E, while the residues Leu88 (loop C) and Phe67
(glycine-rich loop) form hydrophobic contacts with the
rings D and E of manzamine A (Fig. 6, c¢). The hydrogen
bond between GIn89 and Asn95 breaks down and the side
chain of GIn89 reorients outward. The carboline fragment
of manzamine A interacts with the activation loop (resi-
due Val214) only when the kinase lobes approach each
other. Owing to the binding to the ligand, the loop C
moves toward the activation loop, thus gripping the prim-
ing phosphate binding site. This leads to the formation of
a strong salt bridge between the amino acid residues Arg96
and Glu211. Thus, the presence of the manzamine mole-
cule in the site II makes recognition of the phosphate
group difficult. The interaction between the residues Phe67
and Leu88 plays an important role in the orientation of
the glycine-rich loop for optimal interaction with ATP
(see Ref. 61). The manzamine molecule also causes chang-
es in the character of this interaction, while the break-
down of the hydrogen bond GIn89...Asn95 makes recog-
nition of the substrate impossible;®! consequently, this
structure of the complex corresponds to a possible mecha-
nism of non-competitive inhibition of the kinase.

Trajectory I11. The surface area of the ligand—protein
contact in the site Il is relatively small; as a consequence,
the ligand molecule moves across the surface of the kinase
in the course of the M D simulation. The RMSD from the
starting structure increases along the trajectory (Fig. 7, a)
to more than 20 A. The hydrogen bond between the ligand
and the protein is replaced by an intramolecular hydrogen
bond in the manzamine molecule that is characteristic of
all other complexes. During the first 2 ns of simulation,
the carboline fragment of the ligand interacts with the
activation loop in the space between the lobes at the side
opposite to the ATP binding site (RMSD about 10 A) and
causes the kinase lobes to move apart. However, this ligand
orientation is unstable and manzamine continues its trans-
lational motion across the surface of GSK-3p. A relatively
stable orientation is formed at 8 ns (Fig. 7, ). The hydr-
oxyl group of the manzamine molecule is oriented toward
the solvent molecule. There are almost no noticeable struc-
tural rearrangements in the priming phosphate binding
site and the activation loop and the loop C do not ap-
proach each other; these facts do not allow one to formu-
late a reasonable explanation for the non-competitive in-
hibition mechanism through binding in this site.

RMSD/A

a
18
12F
6L
2 4 6 8 10 t/ns
b

Q365

Q206 F175
E366
G176
L207 Y171

Fig. 7. Results of the MD simulations for the site III: the RMSD
of ligand atoms plotted vs. time of the MD simulations (a) and
the binding mode of the ligand to the protein in the equilibrium
portion of trajectory (§—10 ns) (b).

Trajectory IV. Similarly to site I, the site IV is charac-
terized by fast stabilization of the structure of the complex
(Fig. 8, a). The average structure of the complex (Fig. 8, b)
differs from the initial structure only in a small (less than
1 A) displacement of the manzamine molecule toward the
ATP binding site. The ligand orientation remains un-
changed over a period of 8 ns; then, the molecule rapidly
rotates in such a manner that the carboline fragment is
oriented outward and the ligand contacts the protein mol-
ecule at the rings D and E and then only at the ring E, thus
making the ATP binding site inaccessible. These changes
can be due to a thermal fluctuation of the structure leading
to the overcoming of the corresponding energy barrier. To
refine the characteristics of the ligand orientation thus
obtained, we performed an additional 2-ns MD simula-
tion; however, no global changes in the structure of the
complex were obtained. Note also that the activation loop
and the loop C do not approach each other; this does not
allow one to relate the mechanism of non-competitive
inhibition to infringement of the phosphate binding. Nev-
ertheless, infringement of the binding to the other sub-



1990  Russ.Chem.Bull., Int.Ed., Vol. 59, No. 10, October, 2010

Osolodkin et al.

RMSD/A a

Fig. 8. Results of the MD simulation for the site IV: the RMSD
of ligand atoms plotted vs. time of the MD simulations (a),
a comparison of overview of the average structure of the com-
plex and the initial strucure (b), and the binding mode of the
ligand to the protein (¢). The hydroxyl group of the ligand and
the ring E of manzamine are oriented toward the solvent. Hydro-
gen atoms are not shown.

strate sites is possible; this binding is necessary for correct
orientation of the phosphorylation site near the ATP mol-
ecule. A more detailed investigation of this hypothetical
mechanism requires additional experimental data.

A relatively long period (8 ns) of stability of the initial
structure allows this site to be treated as a site of possible
non-competitive binding of inhibitors. The final structure
of the complex is formed at 9 ns and agrees with the mech-
anism of ATP-competitive inhibition, thus going beyond
the scope of this study.

Analysis of the correlation maps

A comparison of the correlation maps is a widely used
method of analysis of MD trajectories. It allows one to

reveal differences between concerted motions of large
atomic groups, in particular, domains or structural frag-
ments. The correlation maps were constructed for the equi-
librium portions (see above) of all trajectories (Fig. 9).

Changes in the character of the motion in the vicinity
of the amino acid residues 106—116 (helix C) and 320—330
in the presence of the inhibitor are clearly seen when com-
paring the correlation maps for the apo-form and the site I
(see Fig. 9, a, b). Rather long distances between these
amino acid residues and the inhibitor binding site can be
explained by the allosteric effect of the inhibitor binding
on the dynamic behavior of the protein molecule.

The correlation map for the trajectory II (see Fig. 9, ¢)
was constructed using a portion corresponding toa 10—18 ns
interval in the M D trajectory and characterized by a stable
ligand orientation in the binding site between the glycine-
rich loop and the loop C. If a molecule is placed in the
site II, the most pronounced differences from the apo-form
appear near the amino acid residues 250—260, which in-
teract with the phosphate group of pTyr216. Thus, the
binding of the ligand changes the character of motion of
the activation loop; this can be an important factor in the
mechanism of non-competitive inhibition of the kinase.
In this case, the changes in the correlation map are most
pronounced, although confined within a few amino acid
residues.

The correlation map constructed for trajectory I11 (see
Fig. 9, d) shows the least spread of data points compared
to the other maps; this suggests no rigid domains in the
protein structure. The complex for the site III is softer
than the complex for the apo-form. However, the correla-
tion maps show no fundamental differences and suggest
that the kinase—manzamine binding has little effect on the
character of protein motions. Higher plasticity of the pro-
tein compared to the apo-form can also be a consequence
of analysis of a smaller portion of the MD trajectory.

Contrary to this, for the site IV (see Fig. 9, e) the
protein becomes less "granular”, viz., the correlated and
anti-correlated regions enlarge and the small and the large
kinase lobes move in opposite directions. Similar motions
were observed in the M D simulation of a complex of pro-
tein kinase A (PKA) with ATP (see Ref. 62). In addition,
the character of motions near the activation loop (amino
acid residues 205—220) noticeably changes; this may cor-
respond to non-competitive inhibition.

Thus, our analysis of the correlation maps suggests
that for all possible sites, except for the site III, local
changes are induced compared to the map of the apo-form
of GSK-3B. These changes can correspond to allosteric
processes related to the kinase inhibition.

Estimation of binding energy

The binding energies were estimated by the
MM-PBSA/GBSA method (3 trajectories) using the fol-
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Fig. 9. Correlation maps of the MD trajectories: the MD trajectory for the apo-form of GSK-3 (@) and the MD trajectories I (b);
II (¢); 11T (d); and 1V (e). The brightest regions correspond to high positive correlation, brown regions correspond to a nearly zero
correlation, and blue regions correspond to negative correlation. N is the number of the amino acid residue in the amino acid sequence

of GSK-3p.

lowing portions of trajectories: 1—10 ns for trajectory I;
10—18 ns for trajectory II; 8—10 ns for trajectory III;
and 1—8 ns for trajectory IV. The calculated thermo-
dynamic parameters are given in Table 1. Owing to large
(in absolute value) AG values, a direct interpretation
of the calculated binding free energies in terms of sta-
tistical thermodynamics, in particular, calculations of
the binding constant, have no physical meaning. In
other words, a comparison of this estimate with the exper-
imental binding energy is senseless. However, the cal-
culated binding energy values can be compared to one
another.

Table 1 lists the relative binding energies to the sites
I—IV. The Gibbs energy of binding to site III was chosen

as a reference. For the site II, the Gibbs energy of binding
is higher, whereas for the sites I and IV it is much higher
than that calculated for the site III. The reason for such
large differences is the difference in the surface areas of
the ligand—protein contacts, because the manzamine
binding mainly occurs through hydrophobic interactions
and n—nrn-interactions with GSK-3. Thus, in this case the
MM-PBSA/GBSA method is hardly applicable for the
search for a binding site of an allosteric modulator to the
protein. The energetically optimal binding mode may not
be related to the inhibition mechanism. Meanwhile, this
method gives the best results when comparing the binding
constants of structurally similar ligands for the same ac-
tive site.

Table 1. Calculated Gibbs free energies of manzamine A binding to the sites [I—IV of GSK-383

Region  -AEyy -AGs pgsa -AGs Gesa -TAS -AGpgsp  —-AGgpsa  AAGpgsy  AAGGpsa
I 112 30 19 17 125 113 143 154
11 157 23 3 12 168 149 100 118
111 208 75 74 15 268 267 0 0
v 73 41 60 4 109 129 159 138
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The ranking of sites

Since at present all MD methods provide no compre-
hensive answer to the inhibition mechanism, to improve
the predictive power, it is appropriate to use several dif-
ferent techniques. Potential sites were ranked based on the
results obtained by three methods of analysis of the MD
trajectories, viz., conformational analysis of the ligand,
visual analysis of the MD trajectories, and the correlation
maps. The following criteria were used.

The conformational ranking criterion is based on
a comparison of the conformational space of the ligand in
the complex with the conformational space of the free
ligand. The best fit was obtained for the site I. The site I1 is
characterized by a more labile intramolecular hydrogen
bond in the ligand; however, its conformation is close to
that corresponding to the global energy minimum. The
sites III and IV are characterized by non-optimal dihedral
angles near the carboline moiety.

The ranking criterion based on the visual analysis of
the trajectory includes an investigation of the interactions
between the ligand and particular amino acid residues or
important sites of the protein as well as identification of
the specific features of enzyme conformations that can
help to explain the mechanism of non-competitive inhibi-
tion and complex stability. According to this criterion, the
interaction of manzamine with the site IT of GSK-3 seems
to be optimal. This site is characterized by stable ligand
orientation in the structurally important region of the
kinase molecule and by structural rearrangements in the
priming phosphate binding site. The site I is also character-
ized by similar structural changes; however, the ligand is
located in the axin binding site, while binding in this site does
not provide a complete explanation for the mechanism of
non-competitive inhibition because the GSK-3B—axin
complex is catalytically active unlike the GSK-3—FRAT
complex.1® The advantage of the site IV over the site II1
consists in a longer stability period of the system.

Eventually, analysis of the correlation maps is based
on their differences from the map for the apo-form of
GSK-3pB and on noticeable unique features that can be
related to the visual analysis of trajectories. They are most
pronounced in the map for the site II, whereas in the map
for the site III they are least pronounced. By and large, the
results of map ranking correspond to those of visual ranking.

Based on the aforesaid, one can suggest that the site I1
is the most probable ligand binding site because it is marked
as optimal by the visual analysis and correlation maps
criteria and as suboptimal by the conformational space
criterion. This conclusion agrees with the results of a dock-
ing-based search for the binding site of GSK-3B to TDZD
non-competitive inhibitors.? Interestingly, the results of
ranking obtained using sophisticated computational meth-
ods generally agree with those of thorough visual analysis
of MD trajectories. The correlation map approach is use-

ful for solving the ambiguities of the visual analysis be-
cause it allows one to monitor structural rearrangements
or changes in the structural mobility in the visual analysis
of MD trajectories.

Thus, in the present work we have studied the possible
modes of interaction of GSK-3p with non-competitive
inhibitor manzamine A. Four potential sites of the ki-
nase—ligand interaction were revealed and analyzed. The
cavity between the glycine-rich loop, the loop C, and the
activation loop is the most probable site of interaction.
Representative snapshots of the corresponding MD tra-
jectory can be used for the structure-based design of novel
non-competitive GSK-3 inhibitors.
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