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ABSTRACT

Epilepsy is a common chronic central nervous system disorder
characterized by repeated malicious seizures. Current
medications acceptable by medical practitioners till date
mostly suppresses the seizures and has symptomatic relief, but
no effect on epileptogenesis. In the present work, we have
attempted to provide the scientific base to use the bee venom
therapy (Apitherapy) which was practiced throughout ancient
Egyptian, Greek and Chinese civilization to treat epilepsy.
Our computational studies and molecular dynamics simulation
results indicate that interaction between S100B (calcium
binding protein) and melittin (a venom peptide from bee),
resulted in the structural distortion and inaccessibility of
calcium binding domain of S100B protein, which is required
to maintain ionic imbalance due to over expressed S100B in
disease conditions.
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1. INTRODUCTION

Epilepsy is a neuronal disorder in which person has repeated
convulsions because of enormous disruption of electrical
communication between neurons in the brain, leading to the
temporary release of excessive energy in a coordinated form
[1]. Worldwide over 50 million people are affected by
epilepsy of which 80% resides in developing countries [2].
Epileptic disorders have been treated with a variety of
botanicals and herbs for thousands of years that include
extracts from kava, valerian, chamomile, passionflower etc
[3]. In ancient Indian medicine system, uses of powdered
beans with wine or water were considered as a highly valued
remedy for epilepsy. Several new drugs viz. Felbamate,
Gabapentin, Lamotrigine, Topiramate, Tiagabine,

Levetiracetam, Oxcarbazepine and many more have also been
stamped in last two decades [4, 5, 6]. Despites of such a huge
list of anti-epileptic compound, currently there is no drug
available which can prevent epileptogenesis [7, 8, 9]. In most
of the cases patient usually requires polytherapy. However,
there are few reports where complete symptomatic relief has
been observed in the epileptic patients after bee venom
therapy.

The bee venom is a rich source of several biologically active
components of which  melittin, apamin, adolpin,
phospholipase A2 have been studied in details [10]. Melittin,
the main elementary and hydrophobic peptide represents 50-
60% of the total amount of the chemical constituents of Apis
mellifera venom [11, 12]. Epilepsy is the disease state resulted
by the hyper excitability (firing and burst) of neurons due to
the interruption in the flow of calcium, sodium and potassium
ions through voltage and ligand-gated ion channels. Voltage
gated calcium and potassium ion channels plays a significant
role in different biological processes, including
neurotransmitter release, excitation-contraction of muscle and
regulation of gene expression as well as neuronal migration.
In addition, compounds that directly affect Ca™/ K* channels
or proteins that modulate their activity are used to treat a
number of neurological pathologies [13]. In case of epilepsy,
over expression of S100B, a calcium binding protein has been
observed throughout the epileptic development process.
S100B, a sub protein of S100 protein family, are localized in
cytoplasm and nucleus of vast range of cells implicated in the
regulation of a number of cellular processes such as cell cycle
progression, separation and their association in several human
diseases such as rheumatoid arthritis, acute inflammatory
lesions, cardiomyophathy, Alzheimer’s disease, and cancer
[14, 15]. It has been suggested that the down regulation of
S100B has a potential in epileptic therapy [16]. The
interaction of Melittin with S100B protein was previously
observed in the presence and absence of calcium by
fluorescence polarization, UV difference spectroscopy, and
sulfhydryl derivatization [17, 18], which establish melittin as
potential therapeutic agent in case of epilepsy.
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2. MATERIALS AND METHODS

The three dimensional (3D) structural data of melittin (PDB:
2MLT) and S100B (PDB: 2H61) was retrieved from the
Protein Data Bank available at www.rcsh.org. The protein
structures were cleaned using Prepare Protein tools of
Accelerys Discovery Studio (DS) 3.1. These tools correct
structural disorders, nonstandard names for amino acid
residues, incomplete residues, protein residue connectivity
and bond orders, missing side-chain or backbone atoms,
addition of hydrogen atoms and other errors. CHARMmM
(Chemistry at HARvard Macromolecular Mechanics)
forcefield, a semi empirical quantum-chemistry program and a
modular quantum-mechanical/mole quantum (QM/MM)
package [19] was assigned to the molecules before being
subjected to molecular docking studies.

The intermolecular interactions between S100B and melittin
proteins were studied through molecular docking approach.
This task was attained using ZDock and RDock programs of
DS3.1. The ZDOCK protocol provides rigid body docking of
two protein structures using the ZDOCK algorithm [20] as
well as clusters the poses according to the ligand position. The
free energy change upon binding of ligand to a receptor is
calculated as:

2
-
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where i = index of atoms in the ligand, j = index of atoms in
the receptor, Wyesoy = linear regression coefficient or weight
for the desolvation free energy term, S; = solvation term for
atom i, V; = atomic fragmental volume of atom i, r;; = distance
between atom i and atom j (in A) and ¢ = Gaussian distance
constant = 3.5 A,

In the initial stage, the protein and peptide molecules were
treated as rigid bodies and all six revolving and translational
degrees of freedom were entirely explored with the scoring
functions that are liberal to conformational changes [21]. The
predicted docked structures from ZDOCK were refined and
re-ranked in order to pick out near-native structures using
RDOCK [22] program. The program is mainly a two-stage
energy minimization scheme that includes evaluation of
electrostatic and desolvation energies. It takes advantage of
CHARMM [23] to remove clashes and optimize polar and
charge interactions. For 2-stage energy-minimization and
optimization in RDOCK, each ZDOCK prediction was run
through 130 steps of Adopted Basis Newton-Raphson
(ABNR) energy minimization using the CHARMmM forcefield
[24]. In the first stage of optimization, all the clashes between
the atoms were removed by allowing atoms to move freely
followed by total energy minimization (which is the sum of
coulombic electrostatics, vdW, and internal energies) of the
complex. During this stage, ionic side-chains were kept at
their neutral states and non-hydrogen atoms were restrained
harmonically at their starting positions with a mass-weighted
force constant of 20 kcal/ (mol*A). In the second stage of
minimization in RDOCK, all ionic residues were kept in their
charged states and the structures were subjected to energy
minimization without any constraints. All the complex
structures with vdW energies higher than 10 kcal/mol were
penalized and considered as no hits. The desolvation energies
of all the filtered structures were computed after both steps of
minimization using the Atomic Contact Energy (ACE)
algorithm [21]. The desolvation energy of forming a protein

complex ( [AG] _ACE) from individual receptor and ligand
structures is the sum of the atomic ACE scores of all receptor-
ligand atom pairs within a distance cutoff of 6 angstroms.
The scoring function of RDOCK is calculated as the sum of
ACE desolvation energy ( [AG] _ACE) and the CHARMm
electrostatics energy ( [AE] _elec) [21] using following
equation:

[AG] _binding= [AG] ACE+px [AE] _elec
where f is a scaling factor (default value = 0.9).

In order to evaluate the relative stability of several interaction
poses generated between melittin and S100B, we used
molecular dynamics (MD) simulations using CHARMmMm force
field. CHARMmM uses a flexible empirical energy function
that is summation of many individuals’ energy terms. Each
energy function is based on internal co-ordinates and pair-
wise non-bonded interaction terms. The total energy term
(E_pot) is calculated by following equation:

E_pot = (E_bond + E_angle + E_torsion + E_oop +
E_electrostatic + E_vdW + E_constraint + E_user)

where, the OOP (out-of-plane) angle is defined as an improper
torsion [23]. For each interaction pose, configuration of the
docked structure with lowest electrostatic interaction energy
after RDOCK refinement was used as the starting structure for
MD simulation using Standard Dynamics Cascade of DS 3.1.
Energy minimization was performed to obtain the stable
initial structure by applying 500 steps of steepest decent
algorithm followed by 500 steps of conjugate gradient
method. NVT condition i.e. constant number of particles,
volume and temperature was maintained during the whole
simulation process. Equilibration of the whole system was
carried out for 1000 ps followed by heating period of 2000 ps.
Finally, the 5 ns of production run were attained with a time
step of 1 fs. The target temperature was set to 300 K, using a
coupling constant (Ty) of 0.1 ps.

3. RESULTS
3.1 Molecular docking of S100B and Melittin

proteins

The 3D structural files of S100B and melittin were
downloaded from the Protein Data Bank (www.rcsb.org). To
prepare the structures for molecular docking, water molecules
were removed from the pdb files. The protein — protein
interaction between S100B and melittin was performed using
ZDOCK protocol available in Accelrys Discovery Studio 3.1.
S100B, a calcium binding protein (PDB: 2H61), was chosen
as a receptor and melittin peptide (PDB: 2MLT) was selected
as ligand. Both the receptor and ligand proteins were typed
with CHARMmM Polar H force field and the dielectric constant
parameter was set to 4.0. The angular step size was set to 6 as
this search provides more accurate predictions. Both RMSD
and Interface cut-off were set as 10.0. Maximum 20 clusters
were allowed to form and Rest parameters were set as default
values. With all these parameters, protein-protein interaction
poses were generated. Docked poses with high ZDOCK
scores, high density values and low cluster numbers were
selected for the refinements. In our case, a total of 20 clusters
were formed covering all the possible interaction poses
between two proteins. Cluster-1, the largest cluster, contains
16 docked poses, followed by progressively smaller clusters.
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The best 20 poses chosen on the basis of ZDOCK score were
selected for further refining and analysis (Table 1).

Table.1: ZDock result table showing important features of
top 20 poses for interaction of S100B with melittin

Pose X * Y * z* Clust |Cluster|Den | Zdock
No. er size |sity | score

to approximate the existence of hydrogen atoms if valences
are not filled.

Table 2. Various energy parameters of S100B and melittin
interaction poses after RDOCK refinement.

Name E elecl [E_elec2 |E_sol [E_vdwl |E_vdw2

RDOCK

Posel9 | -4.556 |-5.484 |24.105 2 10 5 12.56

Pose30 [-44.388 |[-0.0591 |[41.0978 (7.4 |-48.6899 [60.942

Posel7 [-15.604|-0.983 |32.468 1 16 16 | 12.08

Pose4 [-37.7935 |0.089745 -34.9928 16.3 |-62.6273 }61.8091

Posel4 [-15.488|-0.041 |31.453 1 16 16 | 12.06

Pose95 |(-37.0824 (-2.03008 [26.6471 {13.1 |-41.0805 }[63.4353

Pose95 |[-15.718|-1.115 |32.315 1 16 16 12

Pose29 [-33.9079 (-0.94568 -23.3421 112.9 |-60.6649 166.3708

Pose47 | -5.678 |-7.263 |25.572 2 10 5 11.92

Posel7 [-31.9651 (-2.08025 [20.8501 {13.2 |-55.7366 [68.0333

Pose29 [-15.598|-1.141 |32.468 1 16 16 | 11.82

Pose39 (-30.8498 |0.060568 14.2775 {18 -65.0798 175.8816

Pose89 [-14.288| 0.105 |31.446 1 16 16 11.7

Posel8 [-29.4344 |-2.08173 -23.2604 18.5 |-60.0005 164.5498

Pose67 | 7.311 |-20.673 |41.669 3 9 9 11.68

Pose89 (-29.1075 (-0.48631 [19.675 (11.4 |-65.2512 [63.6709

Posel8 [-15.452|-0.406 |31.678 1 16 16 | 11.64

Pose23 [-28.505 |[0.616019 -20.3389 (10.2 |-65.712 73.3751

Pose65 | 7.213 |-20.509 |41.669 3 9 9 11.46

Pose20 (-27.2998 |-2.24908 [-21.6664 (7.8 [-65.5325 166.951

Pose23 [-15.598|-1.314 |31.286 1 16 16 | 11.44

Pose9 [-26.3893 (0.604779 -18.3214 19.9 |-68.3098 71.2363

Pose39 [-14.229|-5.295 |28.298 7 4 4 11.32

Pose54 [-26.0109 |-1.22943 -20.0121 (8 -59.7462 164.2974

Pose4 | -7.874 |-1.509 [28.395 2 10 6 11.28

Posel4 (-25.7337 |-2.01935 [-20.1486 (7.6 |-67.6252 167.449

Pose9 |-15.586|-1.155 [31.286 1 16 16 | 11.18

Posel9 [-23.4601 |3.28496 |-14.6223 110.3 |-62.6205 165.2999

Pose60 | 6.079 |-20.585 [42.035 9 9 11.02

Pose66 (-23.1371 |1.81767 -15.4857 19.2  |-68.5456 74.3126

Pose47 |-21.4577 |5.44383 13.1752 (9.6  [-69.3362 71.5381

w| w

Pose59 | 7.181 |-20.502 |41.541 9 9 10.96

Pose60 (-19.5074 |-0.59674 -7.89716 t12.4 |[-62.045 161.4026

Pose20 | -15.51 |-0.209 |31.453 1 16 16 10.9

Pose59 (-17.3507 |-0.75821 -7.61192 t10.5 |-59.0466 60.8754

Pose30 |[-16.201| 2.152 (33.413 | 10 3 3 10.86

Pose65 [-17.3215 |-1.07555 -7.24608 {10.8 |[-59.658 163.0426

Pose66 | -4.628 |-5.437 [23.975 2 10 5 10.78

Pose67 |-16.7847 |-0.4099 -5.983 (114 |[-61.6342 60.7989

Pose54 | -15.41 | -0.23 |31.678 1 16 16 | 10.72

* X 'Y | Z are the coordinates of various poses in the
interaction file.

3.2 Refinement of ZDock results using RDock
program

Refinement of top 20 docked poses obtained from ZDOCK
was achieved using RDOCK algorithm [19] which uses a
CHARMM-based technique for refinement and scoring. Total
2 step energy minimizations were carried out using RDOCK.
During first minimization step, the electrostatics energy (Elec)
was calculated using CHARMm with a distance dependent
dielectric constant, and for the second stage minimization,
keeping all ionic side chains in their full charge states. The
refined poses were arranged on the basis of E_RDOCK score
(Table 2). After RDock refinement, pose 30 was identified as
the best pose showing lowest E_RDOCK and van der Waals
energy of -44.388 and -60.942 respectively. The interaction of
S100B and Melittin in pose 30 is shown in Figure 1.

A total of 6 inter-molecular hydrogen bonds were formed
between S100B and melittin that are responsible for the
stability of complex. Atoms of receptor and ligand whose
distance is less than or equal to a threshold are considered as
Bumps in the molecular interactions. Bump monitors attempt

In our case no bumps were found between receptor and
ligand. The detailed lists of the residues involved in hydrogen
bonding are shown in Table 3 along with bond distance in
angstrom; atoms involved in bonding, DHA angle and HAY
angle for all intermolecular H-bonds.

Table 3: Detail of intermolecular H-bond between S100B
with Melittin (Pose — 30)

Amino acid
residues involved Distance Atom |Atom |Angle | Angle
in H-bond 1 2 DHA HAY
formation

LigLYST:HZ2 - 1503619 |Hz2 | O [123.802 [129.755
Rec:SER41:0

LigARG22:HH11- |5 31933 |HH11 | OE2 [117.182 [104.193
Rec:GLUB89:0E2

LigARG22:HH21- 15 15101 |HH21 | OE2 [133.286 [114.172
Rec:GLU91:0E2

LigLYS23:HZ2 - |5 35087 | Hz2 | O 111389 [132.055
Rec:HIS90:0

LigLYS23:HZ3- |1 94974 | Hz3 | OEL [145.459 [89.5558
Rec:GLU91:0E1

LigLYS23:HZ3- 15 15700 | Hz3 | OE2 [143.681 [80.576
Rec:GLU91:0E2
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Figure 1 Molecular interactions of S100B and Melittin proteins. Intermolecular hydrogen bonds between S100B and melittin
are shown by black color, and the interacting residues in both the proteins are labeled.

3.3 Molecular Dynamics Simulation

In order to evaluate the relative stability of first and the last
pose among top 20 poses chosen on the basis of E_RDock
score, we performed molecular dynamics simulation studies.
Implicit solvent model conditions were created for studying
protein peptide simulations. The constant temperature
dynamics using Berendsen weak coupling method was
applied to examine the potential and total energy differences
between the two poses (Figure 2). We observed that the
complex in pose 1 was more stable than pose 20. All the
persisting hydrogen bonds in two MD simulated complexes
(pose 1 and pose 20) were examined from the average
structure calculated from 5 ns time scale. We noticed that
hydrogen bond formed between S100B:GIu91 and melittin:
Lys23 don’t remain stable and leaves its contact during
simulation.

4. DISCUSSION

Previous studies suggest the over expression of S100B protein
associated with many neurodegenerative diseases [25, 26, 27,
28]. Winocur and co-workers observed the hyperactivity and
impaired hippocampal functioning in transgenic mice due to
S100B over expression [29]. S100B protein has two Ca®" -
binding domains in each of its monomer units and upon
binding with Ca®" conformational changes has been observed
in the S100B leading to the exposure of hydrophobic groups
that are necessary for S100B to interact with other proteins in
the pathway. The detailed structural and functional insights of
Ca?" interaction with S100B calcium binding domain has been
previously studied [30]. It was observed that Ca®" ion
interaction is coordinated by Ser4l and Leu44 from one
subunit and Aspl2 of another subunit of S100B. Over
expression of S100B resulted in the Ca®" ion imbalance that
leads to the disease state.
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Figure 2 Energy vs. time simulation graphs. (a) Potential
and (b) Total energy simulation graph between pose30 and
67 for a total 5ns run.

Our results with melittin and S100B interaction shows that
persistent strong hydrogen bonds are formed between 1)
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S100B:Glu89 and melittin:Arg22; 2) S100B:Glu91 and
melittin:Arg22; 3) S100B:His90 and melittin:Lys23, 4)
S100B:Glu9l and melittin:Lys23; and 5) S100B:Ser41 and
melittin:Lys7. The simulation studies also revealed the effect
of conformational changes of tyrosine residue of melittin
which moves to a less polar environment (Figure 3) upon
complex formation with S100B as was earlier examined by
Baudier and co-workers [18].

Figure 3 Superposition of melittin before (Cyan) and after
(Pink) complex formation with S100B. Also, the significant
structural deviation in TRP19 of melittin before (green
surface) and after (blue surface) interaction with S100B
protein are highlighted.

Structural superposition of melittin before and after complex
formation showed very high (8.531 A) structural deviation
(Figure 3), leading to changes in the environment of certain
residues including TRP19 of melittin (Figure 4).

Figure 4 Interaction between S100B and melittin showing
exposed (cyan), buried (green) and partial exposed
residues including TRP19 of melittin (red).

The interaction of melittin with S100B also interfere and
blocks the Ca?* ion binding domain of S100B as amino acid
residue Ser41 which coordinate the Ca®" ion binding directly
interact with melittin. The interaction of Ser41 from the Ca?*
binding domain of S100B with Lys7 of melittin was also
stable as we observed throughout the MD simulation run. Our
results clearly indicate that melittin from bee venom helps in
maintaining the ionic balance which disrupt due to the over
expressing of S100B in disease conditions. S100B has been
shown not only a prognostic marker, but also to contribute to
cancer progression in malignant melanoma by interacting with
p53 and inhibiting its function as a tumor suppressor [31, 32,

33]. Therefore, our study also support the hypothesis that
melittin has potential to disrupt the normal functioning of
S100B hence may be a promising future therapeutics for
epilepsy. Few studies also highlight the contribution of
S100B in the depletion of wild-type p53 protein in malignant
melanoma. The S100B protein levels have been also observed
to be elevated in various types of cancers [34]. Thus melittin
may also be explored as potential cancer therapeutics.

5. CONCLUSION

S100B over expression has been proposed to play an
important in epileptic therapy by increasing calcium
concentration and turn on the active phospholipase C and IP3
through activation of various central nervous system neurons.
We predict the interaction ability of melittin with S100B
using various computational approaches. It was noticed that
melittin forms a high-affinity complex with S100B. The
conformational changes in the S100B-melittin complex were
observed by molecular dynamics simulations. The study
revealed that besides the van der Walls interactions, there are
some persistent hydrogen bonds that maintain the stability of
the complex. Some of the amino acid residues involved in the
coordination of Ca?* ion binding in S100B directly interact
with melittin. Therefore, melittin has the ability to interfere
with  S100B protein  functionality  responsible  for
epileptogenesis and also tumorigenesis. As the bee venom
therapy is in use against epilepsy in some part of the world,
these computational studies provide the molecular insights of
such traditional therapies that are important to identify the
potential drug molecules.
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