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Abstract: This study includes the structure-activity relationship of active molecules that are commonly used in
the treatment of convulsive seizures in epileptic diseases. Well-known epileptic active molecules studied are:
Vigabatrin, Lokosamidine, Zonisamide, Oxcarbazepine, Levetiresetam, Tiagabine, Topiramate, Lamotrigin,
Gabapentin, Felbamat, Ethosuximide, Valproic Acid, Mesuximide, Ethotoin, Primidon, Trimethadion,
Phenytoin, Remasemide, Mephenytoin. These molecules, which were selected considering the
physiopathological mechanisms of action of epileptic disease, were considered suitable for molecular docking
studies since they were used as a potential antiepileptic agent. In addition, it was focused on the potassium
channels, which were prominent in the mechanisms of epilepsy. During the action potential that triggers seizure
formation, inward rectifying potassium channels (KIR3.2) make a important role providing the flow of K* ions.
Thus, PDB ID: 4KFM receptor was chosen for molecular docking study, since its act as an agonist according
to its activity on the canal in the case of epileptic seizures formation. The result of molecular docking analysis
demonstrated that Phenytoin gave the best binding affinity for 4KFM with a value of -6.2 kcal/mol. Other
analysis in descending order (as kcal/mol); Oxcarbazepine (-6,0), Remasemide (-5.9), Topiramate and Primidon
(-5.8), Tiagabine, Felbamat and Mesuximide (-5.7), Lamotrigin (-5.6) Zonisamide, Ethotoin and Mephenytoin,
Lokosamidine (-5.5), Gabapentin (-4.8), Trimethadion (-4.7), Ethosuximide (-4.6), Levetiresetam (-4.5),
Vigabatrin (-4.0), Valproic Acid (-3.9) determined as.
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1. Introduction

Epilepsy is a central nervous system disease that affects 1-2% of the world population and is
characterized by the disruption of the balance between excitatory and inhibitory voltage-
dependent/synaptic transmission and excessive shaking of the body as a result of structural or
functional changes in the brain [1,2]. These changes can lead to the development of epilepsy in a
particular region of the brain, with the occurrence of functional disorders in macromolecules involved
in excitatory and inhibitory transmission in an epileptic brain [3]. GABA is the main inhibitor of
neuronal excitability in the brain, and it does this through the GABA-A and GABA-B receptors [4].
The binding of GABA to the GABA-B receptor increases the potassium current, decreases calcium
ion input, and inhibits the presynaptic release of other neurotransmitters [5].

Genetic, molecular, physiological, and pharmacological findings are known that Kir3.2, a subunit of
potassium channels, plays a role in the control of epileptogenesis and neuronal excitability. The main
task of Kir channels is to control cell excitability by converting action potential to membrane resting
potential. Kir channels carrying K* ions into the cell to bring the cell hyperpolarized at the end of the
action potential to its normal resting potential accelerate repolarization, making the action potential a
repeatable process. Active Kir channels play a key role in activation by stimulating the cell by causing

How to cite this article
Cakmak E. N., Giir M., Kiran B., “K+ Channels and Some Familiar Antiepileptic Drugs: Evaluation of Their the Structure-Activity Relationships with Molecular
Docking Analysis,” El-Cezeri Journal of Science and Engineering, Vol. 10, No. 1, pp. 305-325, 2023.

ORCID: 0000-0003-4033-5190; ®0000-0001-9942-6324; °0000-0001-9796-6028


http://www.dergipark.gov.tr/
mailto:kmrc_1675@hotmail.com

ECJSE 2023 (2) 305-325 K+ Channels and Some Familiar Antiepileptic ...

membrane hyperpolarization [6,7]; while the increase in the function of the channels reduces neuronal
activity, loss of their functions leads to excessive neuronal stimulation and epilepsy [8]. This stuation
shows that potassium channels will be potential targets of new AEDs [9] and advances in drug
screening technology have been instrumental in considering potassium channel agonists as AEDs
[10]. On the other hand, antiepileptic drugs used in the treatment of epilepsy can be categorized based
on act the potassium channel in various different mechanisms. In a study conducted by Doupnik in
the literature in 2019, Kir channels targeted by the venom peptide tertiapin (TPN) were emphasized.
In the molecular docking study with 4KFM, it was observed that the TPN-13 structure gave the
highest affinity value for Kir3.2 channel [11]. In another study, Zhao (2020) et al, examined the G-
protein-gated inward K* channel (GIRK) of the 4KFM macromolecule, and pharmacologically
targeting subsets of GIRK channels that may provide new opportunities to improve the treatment of
neurological disorders stemmed from various therapeutic effects in the brain [12]. For similar reasons
in the mentioned studies, 4KFM macromolecule was chosen considering the above-mentioned
conditions, in this study.

In the study, Vigabatrin, Lokosamidine, Zonisamide, Oxcarbazepine, Levetiresetam, Tiagabine,
Topiramate, Lamotrigine, Gabapentin, Felbamate, Ethosuximide, Valproic Acid, Mesuximide,
Ethotoin, Primidone, Trimethadion, Phenytoin, Remasemide, Mephenytoin were used as ligand. And
these ligands are embedded in the 4KFM protein.

The molecular interaction bond structures and properties obtained from the newly created ligand-
4KFM structure were examined. The Autodock Vina program and Discovery Studio programs
mentioned in the following sections were used for these placement processes. The obtained data are
presented in 2D and 3D.

2. Experimental Methods
2.1. Materials

PDB ID: 4KFM macromolecule obtained from RCSB PDB database is a macromolecule studied on
the crystal structure of the inward rectifier K* channel GIRK2 (Kir3.2) gated in complex with B- v G
protein subunits [13]. This macromolecule was chosen from among the molecules that produce
agonist effects for the ion-gated potassium channel. Considering that potassium channels have an
inhibitory effect in the formation of seizures and it is known that the channel Kir3.2 in the
infrastructure of the potassium channel plays an active role in the treatment of epilepsy, the 4KFM
structure has been chosen as a macromolecule suitable for the action mechanism of the ligands [14].

The nomenclatures, molecular structures, and mechanisms of action of the AED active ingredients
used in this study are presented in Table 1: Vigabatrin, Lokosamidine, Zonisamide, Oxcarbazepine,
Levetiresetam, Tiagabine, Topiramate, Lamotrigine, Gabapentin, Felbamat, Ethosuximide, Valproic
Acid, Mesuximide, Ethotoin, Primidon, Trimethadion, Phenytoin, Remasemide, Mephenytoin and
their 3D structures are accessed from PubChem database.

2.2. Method

Molecular docking analysis was applied to determine the interactions between the active ingredients
determined according to their high potential on ion channels for the treatment of epilepsy and the
protein targeting their mechanisms and to calculate the binding energy. In the study carried out with
this method, firstly, the structures previously studied were extracted from the receptor structure in the
Discovery Studio 2020 Client [15] and the ligand structures were recorded in .pdb format. In the
second step, the structures saved in .pdb format were converted to .pdbqt format by following the
necessary steps in the Autodock Vina program [16,17], which is the Autodock Tools interface. Then,
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the conformational structure with the best binding affinity was sent into the receptor and the
interactions were examined.

Table 1. The nomenclatures, molecular structures and mechanisms of action of the aed active

ingredients
Names Mechanisms of Action Chemical Structures
g
O N
Ethotoin Na* channel inhibition Y
N
h‘“\_/ \
O
0
Ethosiiksimide 0 N 0]
T-type Calcium (Ca?*) channel inhibition }j/
H5C CH;4
NH,
QO —
Glutamate inhibition, NMDA receptor ©
Felbamat blockage, increases GABA levels, Na* 3—@
channel blockade, blockade of voltage-gated O
Ca?* channels o
NH->
0] OH
NH, ™S
Gabapentin Increases GABA levels, Calcium channel

modification

Y
L amotridine Voltage-gated sodium channel inhibition, NKN/
g glutamate reduction, Ca?* channel inhibition
Cl

Cl
O
Modulation of synaptic vesicle proteins, N, ‘
T-type Ca?* Channel inhibition, increases
) voltage-gated potassium channel H->N
Levetirasetam 2 .
conductivity, increases GABA concentration, N O

and inhibits glutamate system by stimulating g
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Fenitoine

Primidon

Oxcarbazepine

Tiagabine

Topiramat

Valproic acid

Vigabatrin

Zonisamide

Sodium and calcium channel inhibition
activates K* channel transmission, increases
GABA concentration

GABA increase, Glutamate decrease, Na*,
Ca?* channel inhibition, K+ channel opening

Sodium channel inhibition, N, P, R type Ca?*
channel inhibition

Increases GABA concentrations and inhibits
GABA-AT

Glutamate reduction, voltage-transition
sodium channel inhibition, activation of
potassium currents, AMPA and glutamate
inhibition, voltage-transition calcium channel
inhibition, NMDA inhibition, increase of
GABA concentration, inhibition of
carbonicanhydrase isoenzyme

Na* and T type Ca?* channel inhibition,
GABA increase, K* channel activity

GABA increase opens K* (potassium)
channels, increases Cl- channel opening,
GABA-AT inhibition effect

T-type Calcium channel inhibition, Inhibit
Carbonic Anhydrase isoenzyme, voltage-
gated Na* channel inhibition, inhibit
glutamate release
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It increases the slow inactivation phase of the

}ll 0
Hic. N
Lakosamide Na* channel and is responsible for blocking ’ \[( N
the voltage-gated sodium channel. 0 ]'{
OCH;

Mesuximide T-type Ca?* channel inhibition, partial T
NMDA inhibition -
O
T-type Ca?*, Na* channel inhibiti tial o></o
. . -type Ca“*, Na* channel inhibition, partia
Trimethadione 15 A inhibition N
74 N
O
H
Mephenytoine L |
Inhibits voltage-gated Na* channel O N
conduction \\/
/N
CH;
Remasemide HaC O
Blocks NMDA responses, inhibits voltage- ‘ g
gated Na* channel conduction o

2.3. Molecular Docking Analysis

4KFM macromolecule is selected according to the mechanism of agonist effect in terms of potassium
channel for neurotransmitters in epilepsy, and consists of three chains consisting of A, B, G. For the
coupling process of the 4KFM macromolecule in this study, the A chain with active binding sites in
all ligands was randomly selected. The following amino acid active sites have been determined for
the binding sites; LYS 90, TRP 91, ARG 92, LYS 194, LYS 199, LYS 200. Research area is 375A
interval value, grid size is determined as 48A x 44A x 46A for all ligands. The location of this
research area was set for all ligands, the X, Y and Z coordinates of the center to -54.479, -47.165 and
-62.864 and each recorded in the conf.txt file. The vina.exe file prepared by The Scripps Research
Institute, which enables the Vina program to run before the docking phase begins, was called through
the script system, after that, the folder containing the conf.txt file to be used in the docking phase was
called. Then the program was run and out.pdbqt file containing 10 conformation was created. The
equation used to find the best binding energy is as follows;

AG = AGvdW + AGHbond + AGelec4AGto + AGdesolv (1)

AG: represents a change in energy.

3. Results and Discussion

In the Discovery Studio 2020 Client program, the conformation that gives the best value was placed
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inside the 4KFM macromolecule to see 2D and 3D structures. The binding affinity values obtained
for ligands as a result of this calculation are summarized in Table 2.

Table 2. The binding affinity values of ligands placed in 4KFM at the best conformation

Ligand’s Best Binding affinity Distance from best mode (A)
(kcal/mol) RMSD l.b RMSD u.b

Vigabatrin -4,0 0,000 0,000
Locosamidine -5,0 0,000 0,000
Zonisamide -5,5 0,000 0,000
Oxcarbazepine -6,0 0,000 0,000
Levetiracetam -4,5 0,000 0,000
Tiagabine -5,7 0,000 0,000
Topiramate -5,8 0,000 0,000
Lamotrigine -5,6 0,000 0,000
Gabapentin -4.,8 0,000 0,000
Felbamate -5,7 0,000 0,000
Ethosuximide -4,6 0,000 0,000
Valproic Acid -3,9 0,000 0,000
Mesuximide -5,7 0,000 0,000
Ethotoin -5,5 0,000 0,000
Primidone -5,8 0,000 0,000
Trimethadione -4,7 0,000 0,000
Phenytoin -6,2 0,000 0,000
Remasemide -5,9 0,000 0,000
Mephenytoine -5,5 0,000 0,000

3.1. Vigabatrin
The affinity value of vigabatrin placed in the macromolecule 4KFM in the best binding mode was

obtained as -4.0 kcal/mol and 2D and 3D pictures of the intermolecular interactions between
vigabatrin and macromolecule 4KFM are given in Fig. 1.

Interactions
van der Waais 3 .7_3

E Conventional Hydrogen Bond

ASP Bl

A:206 : ]

- Pi-Akyl
25

lr“r"\j

Figure 1. 2D and 3D representation of vigabatrin and 4KFM macromolecule.

The resulting ligand-protein interactions are as follows; PHEA202, ALAA323 and ALAA202 amino
acid binding sites 5. 38A, 3.58A and 3.87A, respectively, with a double bonded oxygen atom; pi-
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alkyl formed the interaction with alkyl and alkyl bond lengths. The PHEA207 amino acid binding
site forms a conventional 2.19A long hydrogen bond interaction with the hydroxyl group; the amino
acid active sites ALAA202 and TYRAa205 formed the conventional hydrogen bond interaction with
the amine at repeat lengths of 2.08A and 2.53A, respectively (Table 3).

3.2. Lamotrigine

The affinity value of lamotrigine was obtained as -5.6 kcal/mol and the intermolecular interaction
patterns are presented in the fig. 2. Interactions are as follows; ARGa230, LY Sa200, ARGA231 and
VALa314 amino acid active sites 4,12A with benzene group; 4. 69A; More pi-cations, pi-alkyl, pi-
alkyl and pi-sigma bond interference of 5. 32A and 3.99A length; the amino acid active sites of
VALAa314 and ALAg316 formed the methyl group with an alkyl bond of 5. 25A and 4.15A length
(Table 3).

Table 3. Interactions, types and distances between vigabatrin and lamotrigine and 4KFM
macromolecule

Vigabatrin Lamotrigine
Residue Ligand group Dis(tg;lce Interaction Residue Ligand group Dis('iz)nce Interaction
PHEA207  \joqomrn 538 Pi- Alkyl ARGA230 DO 412 Pication
ALAA323 3;;32;‘,2 3,58 Alkyl LYSA200 E}eﬂﬂ‘;ﬂg’lﬂz 469  Pi-Alkyl
ALAA202 8;;32:;.2 3,87 Alkyl ARGa231 ﬁfﬂ;ﬁf}‘;ﬂ;"lﬂg 532  Pi-Alkyl
PHEA207 i?\'j/izzg‘;‘r’i‘;”d 2,19 ﬁy"(?fg”eﬂ(’t?ﬁrﬂd VALA314 ﬁfﬂ;ﬁ:‘gt?ig’iﬂg 399  Pi-Sigma
ALAA202 ﬁ','li;;’g‘;ﬁ?# e 2,08 ﬁ;; X,Z,”J,?QS,'M VALa314 iCnHEacn‘,’]?t?%‘i‘rr:g 525  Alkyl
LEUA205 ﬁ%ﬁ;ﬁ&ﬁ?ﬁ " 253 ﬁyo(;] nglﬂ"t?iéd ALA:316 %HE;;’(E‘;’%‘:QS 415 Alkyl

The interactions found for vigabatrin and lamotrigine are shown in table 3.

Interactions
van der Waals - Akt
mm [ oo
@ P-Sgma

4.69

&

Figure 2. 2D and 3D representation of lamotragine and 4KFM macromolecule
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3.3. Ethosuximide

Molecular interactions between the ligand with affinity value given as -4.6 kcal/mol and the
macromolecule 4KFM are shown in the fig. 3 and the interactions are the; 2, 12A long hydrogen bond
interaction with GLNa322 amino acid active site amine group; LY Sa64 amino acid active site methyl
group 4. 72A long alkyl bond interaction; LYSa199 and ALAg202 amino acid active sites formed
3,34A and 4,15A long alkyl bond interactions with the methylene group (Table 4).

| 251(ASP
O G A62

Interactions

E van der Wads - { = me
D Conventional Hydrogen Bond g T P \
. Carbon Hydrogen Bond ;

:] Piealkyl

Figure 3. 2D and 3D representation of ethosuximid and 4KFM macromolecule
3.4. Locosamidine

Molecular interactions between locosamide and 4KFM with affinity values of -5.0 kcal/mol are
shown in the fig. 4. Interactions; conventional hydrogen bond interaction with the amine of the
ASPA62 amino acid active site at a distance of 2.51A; carbon- -hydrogen bond interaction with carbon
monoxide at the amino acid regions of GLUA203 and LYSa199 at 3. 51A and 3.41A, respectively;
ALAA323 and ALAA202 amino acid binding sites formed a pi-alkyl bond interaction with benzene
group of 5. 25A and 5.06A length, respectively (Table 4).

Table 4. Interactions, types and distances between ethosuximide and lokosamidine and 4KFM
macromolecule

Ethosuximide Locosamide

Residue Ligand group Dls(tgr)lce Interaction | Residue Ligand group D's(tf;]ce Interaction

NH, compound Convention NH, compound in Conventional
GLNa322 .2 poul 2,12 al hydrogen | ASPa62 2 comp 2,51 hydrogen bond

in ethosuximide bond locosamide

CH2 compound CO compound in Carbon hydrogen
LYSAL99 i ethosuximide 3.24 Alkyl GLUAZ03 5 cosamide 351 bond

CH2 compound CO compound in Carbon hydrogen
ALAB202 i) ethosuximide 415 Alkyl LYSA199  |5cosamide 341 bond
Lysa64  CHscompound 4,72 Alkyl ALAs323 Benzenegroupin - gon b o

in ethosuximide locosamide

NH2 compound Convention Benzene group in -
GLNa322 . g 2,12 al hydrogen | ALAA202 . 5,06 Pi-alkyl

in ethosuximide bond locosamide
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The interactions found for ethosuximide and locosamide are shown in Table 4.

GLY

A:63 GLU s g 22

ASP A:203 A:200

A:62 \ /
¥ \ b

, A
ALA \ A
A:323 '
ARG

A:324 2.12 34

4
/
/
nerctons ')\/\/\
van der Waals
@ % Conventional Hydrogen Bond

[ A

Figure 4. 2D and 3D representation of lacosamide and 4KFM macromolecule
3.5. Zonisamide

The affinity value of the ligand zonisamide placed in 4KFM at the best binding position was obtained
as -5.5 kcal/mol and the interactions between the best binding mode of zonisamide and 4KFM are
shown as fig. 5. The obtained ligand-protein interactions are the; conventional hydrogen bond
interaction with GLNa197 and ILEA195 amino acid binding sites at 2.84A19 and 2. 94A distance,
respectively; 3. 72A long carbon bond interaction with ARGA201 amino acid active site nitrogen
atom; the amino acid binding sites ARGa230, ARGa201 and LY Sa200 with benzoxaline group were
pi-cation, pi-alkyl and pi-alkyl bond interaction at 4, 10A; 5,08A and 5,01A lengths, respectively. The
ARGA200 amino acid active site formed a 4.01A long pi-alkyl bond interaction with the benzene
group (Table 5).

[ venderviess
Y " J Pi-Cation
D Conventional Hydrogen Bond D

[ coton ydrogen Eend [ Pt

Figure 5. 2D and 3D representation of zonisamide and 4KFM macromolecule
3.6. Felbamate

The patterns of the interactions between the felbamate best binding position and 4KFM with an
affinity value of -5.7 kcal/mol are shown in the fig. 6 and the molecular coupling interactions obtained
are as follows; the amino acid active sites ALAA202, ALAA203, LEUA205 and LEUA205 with the
amine group were respectively 2. 80A 2. OOA conventional hydrogen bond interaction of 2. 31A and
2.00A length; 4. 94A long pi-alkyl bond interaction with benzene group of LYSa61 amino acid active
site; 3.76A long carbon hydrogen bond interaction with the methylene group of the LEUA205 amino
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acid active site; the GLUA203 amino acid active site formed a 3,441&-Iong carbon-hydrogen bond
interaction with the O atom (Table 5).

Table 5. Interactions, types and distances between zonisamide and felbamate and the 4KFM
macromolecule

Zonisamide Felbamat
Residue Ligand group Dls(tg)nce Interaction Residue Ligand group D'if;‘)nce Interaction
NH. compound Conventional NH. comoound in Conventional
GLNal97 . .2Compe 2,84 hydrogen ALAA202 2 comp 2,80 hydrogen bond
in zonisamide bond felbamate
NH2 compound Conventional NHz2 compound in Conventional
ILEA195 in zonisamide 2,94 Eg%ogen GLUA203 felbamate 2,00 hydrogen bond
. Carbon
ARGA201 Nitrogen atom hydrogen GLUA203 O atom in felbamate 3,44 Carbon hydrogen
in zonisamide 3,72 bond bond
Benzaxazoline NH- comoound in Conventional
ARGA230 groupin 4,10 Pi-Catiin LEUA205 2 P 2,31 hydrogen bond
e felbamate
zonisamide
Benzaxazoline . Conventional
ARGA201  group in 508  Pi-Alkyl LEUx205  NH2Zcompoundin -, hydrogen bond
o felbamate
zonisamide
Benzaxazoline
LYSA200  group in 501  Pi-Alkyl LEUA205 T:‘Oeumf;hfi'ligfnate 3,76 g:;gon hydrogen
zonisamide group
LYSa200 DeNZenegroup o1 pi Alkyl LYSa61 | nebenzene group 4,94 Pi- Alkyl
in zonisamide in felbamate

The interactions found for zonisamide and felbamat are shown in table 5.
3.7. Oxcarbazepine

The binding affinity value of the ligand oxcarbazepine placed in the macromolecule 4KFM at the best
binding position was obtained as -6.6 kcal / mol. 2D and 3D visualizations of intermolecular
interactions between the position in the best binding mode of oxcarbazepine and 4KFM are provided
in the fig. 7. The resulting ligand-protein interactions were the; ALAA202 and ALAA323 amino acid
active sites formed 4.95A and 5.34A long pi-alkyl bond interactions with benzene group (Table 6).

Interactions

ﬁ vanides Woals - Carbon Hydrogen Bond
b &

D Conventional Hydrogen Bond - Al

zao ZBU

oidd

ASP p -

Figure 6. 2D and 3D representation of felbamat and 4KFM macromolecule
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‘ 495
A ¢ A
' i Interactions

[] venderwads
- PieAkyl

Figure 7. 2D and 3D representation of oxcarbazepine and 4KFM macromolecule

Table 6. Interactions, types and distances between oxcarbazepine and tiagabine and 4KFM
macromolecule

Oxcarbazepine Tiagabine
Dista . Dist
Residue Ligand group nce Interactio Residue Ligand group ance Interaction
A A)
ALAn202 Benzenegroupin o0 pi Ayl | Lysael Benzene groupin - 416 Ajkyl
oxcarbazepine tiagabine
ALAA323 Benzene group in 534 Pi-Alkvl VALA206 CHs compound in 484 Alkyl
oxcarbazepine ' y tiagabine !

The interactions found for oxcarbazepine and tiagabine are shown in table 6.

3.8. Tiagabin

The binding affinity value of tiagabine was obtained as -5.7 kcal/mol, and the links between the best
binding mode and 4KFM are shown in the fig. 8. The ligand-protein communications obtained are
the; LYSa61 amino acid binding site with benzene group at 4.16A distance alkyl bond interaction;
the VALA206 amino acid active site formed a 4.84A long alkyl bond interaction with the methylene
group (Table 6).

Figure 8. 2D and 3D representation of tiagabin and 4KFM macromolecule
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3.9. Gabapentin

The affinity value of gabapentin at the best binding position was obtained as -4.8 kcal/mol, and the
patterns of interactions between gabapentin and 4KFM are shown in the fig. 9. Interactions after
molecular coupling study are the; GLUA203, GLUA203 and LEUA205 amino acid active sites with
amine compound respectively 2.47A ile; they formed the conventional hydrogen bond interaction of
2.90A and 2.20A in length (Table 7).

Interactions.
I van der Waals

Canventional Hydragen Bond

Figure 9. 2D and 3D representation of gabapentin and 4KFM macromolecule

3.10. Valproic Acid

The affinity value of valproic acid placed in 4KFM at the best binding position was obtained as -3.9
kcal/mol, and pictures of the molecular interactions between valproic acid and 4KFM are given in the
fig. 10. Interactions after the study are as follows; conventional hydrogen bonding interaction of
LEUA205 and ALAA202 amino acid active sites with hydrogen atom with lengths of 2. 00A and
2.39A, respectively; PHEA207 amino acid active site formed a 5. 30A long pi-alkyl bond interaction
with the methylene group (Table 7).

Table 7. Interactions, types and distances between gabapentin and valproic acid and 4KFM
macromolecule

Gabapentin Valproic Acid
Residue Ligand group Dls&l)nce Interaction Residue Ligand group Dls(tg)nce Interaction
Carbon
GLUa203 NHzcompound ;o hydrogen LEUa205 Hydrogenatom ., Carbon hydrogen
in gabapentin bond in valproic acid bond
Carbon
GLUplss NHzcompound o, hydrogen ALAa20p Hydrogenatom ., .5 Carbon hydrogen
in gabapentin bond in valproic acid bond
Carbon .
LEUa205 NHzcompound 5, hydrogen PHEa207 ~ CHzgroupin 530  Pi-Alkyl
in gabapentin bond valproic acid

The interactions found for gabapentin and valproic acid are shown in Table 7.

3.11. Primidon

The affinity value of primidone placed in 4KFM at the best binding position was obtained as -5.8
kcal/mol and the molecule interactions between primidone and macromolecule are given in the fig.
11.
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Lvs SER
A6l A:325

U205

PHE
A207

530

VAL
A:206

0
ARG ional =
-

. - A:324 202

LEUS. , 200 Interactions
A:205 N ALA [ van der Waais

'2.39 ASP A:323 - Conventional Hydrogen Bond

GLU K A:62 |:| Pi-Alyl
A203 ALA

Figure 10. 2D and 3D representation of valproic acid and 4KFM macromolecule

The resulting ligand-protein interactions are the; 2. 27A interaction long hydrogen bond interaction
with the LEUA273 amino acid active site amine group; the VALA235 amino acid active site formed
a 3.86A long alkyl bond interaction with the methylene group (Table 8).

Interactions

[] vancer iads [ At

Conventional Hydrogen Bond

Figure 11. 2D and 3D representation of primidone and 4KFM macromolecule

3.12. Remasemid

The affinity value of remasemide placed in 4KFM at the best binding position was obtained as -5.9
kcal/mol. 2D and 3D shapes of interactions between remasemid and 4KFM are presented in the fig.
12 and interactions after molecular docking are the; PHEA83 and PHEA186 amino acid active sites
interacted with benzene group of 3. 83A and 3.70A length pi-pi stacked bond, respectively (Table 8).

Table 8. Interactions, types and distances between primidone and remasemid and the 4KFM
macromolecule

Primidone Remasemid
Residue Ligand group Dls(tgr)\ce Interaction Residue Ligand group Dls('ig)nce Interaction
NHz Carbon Benzene grou
LEUA273 compound in 2,27 hydrogen PHEA83 . group 3,83 Pi-Pi Stacked
in remasemid

primidone bond

Benzene group
in remasemid

CHz compound 3,70 Pi-Pi Stacked
in primidone

VALA235 3,86 Alki-yl PHEA186
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The interactions found for primidone and remasemid are shown in Table 8.

Interactions.

[[] vander viaais

PP Stacked
THR ASP
A:84 A:81

Figure 12. 2D and 3D representation of remasemid and 4KFM macromolecule
3.13. Phenytoin

The affinity value of phenytoin at the best binding position was -6.2 kcal/mol. Pictures of interactions
between phenytoin and 4KFM are presented in the fig. 13 and post-study interactions are the;
conventional hydrogen bond interaction with the amine group of the amino acid active site of
ARGA57 with a length of 1. 99A; LEUA257 and LEUsS53 amino acid active sites formed pi-sigma and
pi-alkyl bond interactions with benzene group of 3. 62A and 5.18A, respectively (Table 9).

Interactions

D van der Waals

[ cConventional Hydrogen Band
I Fisoe

- Fi-tlkyl

LEU257

Figure 13. 2D and 3D representation of phenytoin and 4KFM macromolecule
3.14. Ethotoin
The affinity value of the ethhotoin placed in the macromolecule 4KFM at the best binding position
was obtained as -5.5 kcal/mol and pictures of the interactions between the ethotoin and 4KFM are

shown in the fig. 14. The interactions obtained are the; conventional hydrogen bond interaction of
PHEA207 amino acid active site with amine group of 2. 90A length; 3. 38A length carbon hydrogen
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bond interaction with O atom of LYSa61 amino acid active site; the LYSa61 amino acid active site
formed a 3,76A long alkyl bond interaction with the methylene group (Table 9).)

Table 9. Interactions, types and distances between phenytoin and ethotoin and 4KFM
macromolecule

Fenitoin Ethotoin

Residue Ligand group Dls(t;:;]ce Interaction Residue Ligand group D'if;‘)nce Interaction

NH2 . NH2 .
ARGA57 compound in 1,99 Eogr\:)er;trzoggru d PHEA207 compound in 2,90 ﬁo;r\(/)enetr:oggrl] q

phenytoin yarog ethotoin ydrog

Benzene group i O atom in Carbon hydrogen
LEUA257 in phenytoin 3,62 Pi-Sigma LYSa61 ethhotoin 3,38 bond

Benzene group CH.
LEUB53 in phenytoin 518 Pi-Alkyl LYSA61 g?hrgi);ﬁnd in 3,76 Alkyl

The interactions found for fenitoin and ethotoin are shown in table 9.

Interactions.

] vender wasis
e i i LYS61
A »l,'» _\) \ » » S ]

\‘\3.75 /,\
= :

Fig. 14. 2D and 3D representation of ethotoin and 4KFM macromolecule

3.15. Trimethadion

The affinity value of trimethadione at the best binding position was achieved as -4.7 kcal/mol, and
2D and 3D shapes of intermolecular interactions between trimethadione and macromolecule are
shown in the fig. 15. Interactions are the; the amino acid binding sites ARGa324, ALAA323,
ALAA202, ALAA202, LYSA64 and LYSa199 were respectively 3, 64A with methyl group; 3. 95A;
3. 47A 4. 08A they formed the interaction of carbon hydrogen bond, alkyl, alkyl, alkyl, alkyl and
alkyl bonds, respectively, 4. 54A and 4.31A in length (Table 10).

“ﬁo 2
)

Figure 15. 2D and 3D representation of trimethadion and 4KFM macromolecule
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3.16. Levetiracetam

The affinity value of levetiresetam at the best binding position was obtained as -4.5 kcal/mol, and
pictures of the molecular interactions between levetiresetam best binding position and 4KFM are
shown in the fig. 16. The resulting ligand-protein interactions were as follows; the amino acid binding
sites ALAA202, GLUA203 and LEUA205 with the amine group were 2.59A length, respectively;
conventional hydrogen bond interaction of 2.38A and 2.31A length; the amino acid active sites
LEUA205, ALAA323 and PHEA207 were 3.75Alength with methylene group; carbon hydrogen bond,
alkyl and pi-alkyl bond interaction, respectively, at 4.40A and 5.46 A length; 3.78A length long carbon
hydrogen bond interaction with GLUA203 amino acid active site O atom; the ASPA62 amino acid
binding site formed a 3,55A long carbon-hydrogen bond interaction with the carbon atom (Table 10).

Table 10. Interactions their types and distances between levetiresetam and trimethadion and 4KFM
macromolecule

Levetiresetam Trimethadion
. . Distance . . Ligand Distance .
Residue Ligand grou Interaction Residue Interaction
gand group @A) group A)
. CHs
ALAA202 :\r‘]'fg\fe‘;lnr‘g’s‘;‘;:ri 2,59 ﬁoé‘r‘ge”etr']"gg:‘ 4 | ARGA324  compoundin 3,64 gg‘;zo” hydrogen
ydrog trimethadion
. CHs
GLUA203 :\r']'?;\fe‘;rr‘g’s‘::;‘g] 238 ﬁoé‘r‘:)er;tr:"g‘g:‘ 4 | ALAA323  compoundin 395 Alkyl
ydrog trimethadion
. CHs
LEUa205 WHzcompound o31  conventional A 565 compound in Alkyl
in levetiresetam hydrogen bond . - 3,47
trimethadion
O atom in Carbon CHs
GLUA203 . 3,78 ALAA202  compound in 4,08 Alkyl
levetiracetam hydrogen bond - -
trimethadion
The methylene Carbon CHs
LEUA205  groupin 3,75 LYSa64 compound in Alkyl
; hydrogen bond - - 4,54
levetircetam trimethadion
The methylene CHs
ALAA323  group in 4,40 Alkyl LYSa199  compoundin 4,31 Alkyl
levetircetam trimethadion
The methylene
PHEA207  groupin 5,46 Pi- Alkyl
levetircetam
C atom in Carbon
ASPa62 levetircetam 3,5 hydrogen bond

The interactions found for levetiresetam and trimethadion are shown in table 10.

- ,
75 Z
4 sam1 ¢ :~ Jeu < !
X gt ALAS23 7
=, Interactions = g
’ [ van der waaks IGLu203 %
/1 N Il Conventional Hydrogen Bond -
' Il Carbon Hydrogen Bond e

-
- Pi-Alkyl

Figure 16. 2D and 3D representation of levetiresetam and 4KFM macromolecule
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3.17. Topiramate

The affinity value of topiramate at the best binding position was obtained as -5.8 kcal/mol, and 2D
and 3D pictures of the interactions of molecules with 4KFM are presented in the fig. 17. The
interactions obtained are as follows; 3.48A long carbon hydrogen bond interaction with LEUA205
amino acid active site C atom; pi-donor hydrogen bond interaction with HISa357 amino acid binding
site amine group, respectively, 3. 08A long; the LYSa61 amino acid active site formed an alkyl bond
interaction with the methyl group of 4.11A and 4. 09A, respectively (Table 11).

. . . :
g
109 1

Interactions
ASP [] van der wask
@
. I oo rogenBone
- PrDonar Hydrogen Band
I:l et

o. ‘o

Figure 17. 2D and 3D representation of topiramate and 4KFM macromolecule
3.18. Mesuximide

The mesuximide binding affinity value was obtained as -5.7 kcal/mol, and the patterns of molecular
interactions between the best binding mode and 4KFM are presented in the fig. 18 and the interactions
were as follows; ALAA323 and ALAA202 amino acid active sites with benzene group 5, 31A and
3,83A long pi-alkyl and amide-pi stacked bond interaction, respectively; the VALA206 and LY Sa61
amino acid active sites formed an alkyl bond interaction with the methyl group of 4. 82A and 4.96A
long, respectively (Table 11).

Table 11. Interactions, types and distances between topiramate and mesuximide and the 4KFM
macromolecule

Topiramat Mesuximide
Residue Ligand group Dls(?;]ce Interaction Residue Ligand group Dls('ig)nce Interaction
Catomin Carbon Benzene group in
LEUA205 : 3,48 hydrogen ALAA323 1€ group 5,31 Pi- Alkyl
topiramate bond mesuximide
NH2 group in Pi-donor Benzene group in
HISA357 2 group 3,08 hydrogen ALAA202 e group 3,83 Amid-Pi Stacked
topiramate bond mesuximide
The methyl CHs aroun in
LYSA61  groupin 4,11 Alkyl VALA206 s group 482  Alkyl
h mesuximide
topiramate
The methyl CHs aroun in
LYSs61 group in 4,09 Alkyl LYSa61 3 group 4,96 Alkyl
. mesuximide
topiramate
Catomin Carbon
LEUA205 - 3,48 hydrogen
topiramate bond

The interactions found for topiramat and mesuximide are shown in Table 11.

321



ECJSE 2023 (2) 305-325 K+ Channels and Some Familiar Antiepileptic ...

Interactions

van der Waals

Amde-P Stacked
ASP =]
Aa -
‘ ‘ . o

Figure 18. 2D and 3D representation of mesuximide and 4KFM macromolecule
3.19. Mephenytoin
The binding affinity value of mephenytoin at the best binding position was achieved as -5.5 kcal/mol,
and the patterns of molecules interactions between the best binding position and 4KFM are shown in
the fig. 19. Ligand-protein interactions are the; HISA357 amino acid binding site formed 4, 59A long,
pi-alkyl interaction with the methyl group (Table 12).

Table 12. Communications, species and distances between mephenytoin and 4KFM macromole

Mephenytoin

Residue Ligand group Distance (A) Interaction

CHs compound in

HISA357 mephenytoin

4,59 Pi-Alkyl

The interactions found for mephenytoin are shown in table 12.

. Interactions
[[] vender woss
. ASP 7
A:62

Figure 19. 2D and 3D representation of mephenytoin and 4KFM macromolecule
4. Conclusions

Only DOCK energy scoring was used in the study, but there are also various scoring functions. The
results show that the 4KFM coded macromolecule can best achieve its potency for potassium
channels, which has an important impact on its role in epilepsy treatment, with phenytoin. Another
piece of information provided by the docking study is that the conventional hydrogen bonding and
carbon-hydrogen bond formation between the receptor and the ligands create a strong bond, and the
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appearance of these bonds can have a good effect on the resulting complex structure. Therefore,
structures that form strong bonds give better results than others. Piplani et al. (2016) found that the
data they obtained for the antiepileptic drug active ingredients we examined in their implantation
study with PDB ID: 1Q55 were more or less similar to the results we found. In both studies compared,
valproic acid gave the lowest interaction compared to the others [18]. In another study, Gilani et al.
(2019) found the affinity value of -2.803 kcal/mol as a result of a vigabatrin coupling study with the
1HOV macromolecule, but here the 4KFM macromolecule gave a better affinity value for vigabatrin
[19]. For zonisamide, Shahabadi et al. (2013) found a value of -6.86 kcal/mol in their coupling study
with the 1AO6 macromolecule, a result of -5.5 kcal/mol was found when compared with the 4KFM
macromolecule. It can be said that the binding affinity of the 10A6 macromolecule on zonisamide is
better [20] . Tripathi and Ayyanna (2017) found 5.34 kcal/mol and -6.68 kcal/mol values for
phenytoin and lamotrigine in coupling study with 2KAV macromolecule, respectively, while
comparing the binding affinity values found for the complex structure of 4KFM-phenytoin and
4KFM-lamotrigine[21]. The interaction of 4KFM-phenytoin structure occurs the strongest, while
weak results were obtained for 4KFM-lamotrigine. Fijalowski et al. (2017) conducted a molecular
docking study between the active ingredients of gabapentin, lamotrigine, tiagabine, valproic acid,
zonisamide and vigabatrin and the hGAT1 macromolecule. Compared to the molecular coupling
process with 4KFM, 4KFM gave higher affinity value for active ingredients other than valproic acid,
tiagabine and vigabatrin. The discussed data show that AEDs are frequently used materials in
molecular docking studies [22]. And, according to the docking results compared with other studies,
it has been seen that affinity values may be close to each other. If we compare the data obtained as a
result of molecular coupling of the ligands with the PDB ID file 4KFM, which was studied as a K*
channel agonist, the highest binding affinities were -6.2 kcal/mol the 4KFM-phenytoin complex
structure.

Table 13. Comparison of bond and energy in ligand-4KFM structure

Conventional Hydrogen Bonding Ligands Number Of Ties  Binding Energy (kcal/mol)

Vigabatrin 3 -4,0
Locosamidine 1 -5,0
Zonisamide 2 -5,5
Oxcarbazepine 0 -6,0
Levetiracetam 3 -4.5
Tiagabine 0 -5,7
Topiramate 0 5,8
Lamotrigine 0 -5,6
Gabapentin 0 -4,8
Felbamate 4 -5,7
Ethosuximide 2 -4.6
Valproic Acid 0 -3,9
Mesuximide 0 -5,7
Ethotoin 1 -5,5
Primidone 0 -5,8
Trimethadione 0 -4,7
Phenytoin 1 -6,2
Remasemide 0 i)
Mephenytoine 0 5,5

Then oxcarbezepine with a value of -6.0 kcal/mol; Remasemide with -5.9 kcal/mol; Primidone and
topiramate structures come with -5.8 kcal/mol. These substances were followed by tiagabine,
felbamate and mesuximide with -5.7 kcal/mol; Lamotrigine with a value of -5.6 kcal/mol;
Zonisamide, ethotoin and mephenytoin with -5.5 kcal/mol; Locosamide with -5.0 kcal/mol;
Gabapentin with -4.8 kcal/mol; Trimethadione with -4.7 kcal/mol; Ethosuximide with -4.6 kcal/mol;
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Levetiresetam with -4.5 kcal/mol; Vigabatrin with -4.0 kcal/mol and valproic acid complex structures
with -3.9 kcal/mol. As a result, when looking at the data, it is seen that it is the active substance
phenytoin that acts best as a potassium channel agonist.

Looking at table 13, it is seen in which antiepileptics the traditional hydrogen bond formed between
the studied ligands and 4KFM and the number of bonds. Despite the conventional hydrogen bonding,
the bonding energy of the structure was compared. It is seen that; Although phenytoin gave the best
binding energy, it was able to make one of the desired conventional hydrogen bonds. Oxcarbazepine,
which gave the best binding energy immediately after, could not form any conventional hydrogen
bonds. It is seen that felbamate has made 4 conventional hydrogen bonds, but it is seen that this
desired bond cannot be obtained in ligands with better binding energy. Although vigabatrin,
ethosuximide and levetiracetam gave the lowest bond energies, it was observed that they formed 3, 2
and 3 conventional hydrogen bonds, respectively. It is seen that only 8 ligands (green color) out of
19 structures form this bond, while 8 structures (orange color) with good binding energy do not. It
was observed that the remaining 3 structures (gri color) with low binding energy did not give
conventional hydrogen bonding.

It can be concluded that there is no direct proportionality between the best binding energy obtained
and the bond structures formed.
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