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EAAT2, a glial protein that clears excess glutamate from synapses, regulates synaptic transmission, and prevents
excitotoxicity in neurons is impaired by Af induced oxidative stress in neurodegenerative diseases like Alz-
heimer’s disease. Therefore, compounds that enhance EAAT2 function by reducing oxidative stress and excito-
toxicity might be neuroprotective. The current study aimed to identify allosteric activators targeting EAAT2 in
the treatment of AD using in-silico. Virtual screening identified promising candidates from the specs database and
demonstrated excellent binding affinity with the allosteric pocket of EAAT2. ADMET studies determined the
lipophilicity of the compounds and displayed good permeability across the BBB. MM-GBSA analysis further
showed higher binding free energy for two compounds. Subsequently, molecular dynamics simulations
confirmed the stability of the complex and its binding ability to the allosteric pocket of EAAT2. These findings
identified the compound AK-968/15360623 as a promising lead molecule that could enhance EAAT2 function

and prevent neurodegeneration in AD.

1. Introduction

Glutamate is the most abundant excitatory neurotransmitter in the
central nervous system (CNS) and is essential for maintaining synaptic
transmission [1]. However, excessive glutamate stimulation of post-
synaptic receptors via neurons results in excitotoxicity and neuronal
death. Therefore, the removal of glutamate from the synapse is required
for neuronal survival, and this can be accomplished by the uptake of
released glutamate by astrocytic transporters [2,3]. Currently, five
structurally distinct subtypes of EAATs have been identified, one of
which is excitatory amino acid transporter 2 (EAAT2), which is essential
for maintaining glutamate homeostasis and preventing excitotoxicity
[1,4]. EAAT2 is highly expressed in astrocytes and contributes to 95 % of
glutamate transport activity.

Several neurodegenerative conditions, including cerebral ischemia
[5-7], amyotrophic lateral sclerosis (ALS) [8], and Alzheimer’s disease
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(AD) [9], have been linked to glutamate-mediated excitotoxicity
mechanisms. Patients with AD have excitotoxic damage to gluta-
matergic neurons in the cortex and hippocampus [10,11]. Numerous
studies have shown that the function of EAAT?2 is significantly reduced
or damaged in AD due to oxy-radicals and cytokines [9,12-14]. The
abnormal deposition of amyloid beta (Af) is AD’s most prominent
pathological feature [15]. Moreover, AD mutants (Amyloid precursor
protein/presenilin-1) lacking the EAAT2 protein exhibited cognitive
deficits at a younger age [16]. These findings suggested that the
dysfunction of EAAT2 is involved in early pathogenic processes in AD
that result from the dysregulation of glutamatergic neurotransmission
by Ap and contribute to synaptic dysfunction and cognitive impairment
[17].

Parawixin 1 is one of the novel neuroprotective components identi-
fied in spider venom that modulates glutamate transport. Parawixin 1
increases glutamate uptake in rat synaptosomes by acting directly and
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Table 1
Description of binding sites of EAAT2.

Binding site Site score Size D score Volume (A)
Site 3 1.02 185 1.18 131.02
Site 5 0.96 131 1.13 71.00
Site 1 0.95 2070 1.07 1415.56
Site 4 0.94 154 1.11 79.57
Site 2 0.93 1125 1.06 661.64

selectively on the EAAT2 glutamate transporter [18,19]. In addition to
diverse pharmacological profiles, exogenous neuroprotective activators
of EAAT2 such as riluzole [20,21], guanosine [22,23], nicergoline
[24,25], [R]-[—]-5-methyl-1-nicotinoyl-2-pyrazoline (MS-153) [26],
and parawixin-1 produced nonspecific side effects, therefore restricting
their use [27]. Additionally, a mutagenesis study revealed that the
EAAT2 transporter’s structural region, which is made up of the trans-
membrane (TM) domains 2, 5, and 8, is essential for improving EAAT2
transporter activity [28]. This allowed for the identification of novel
allosteric modulators of EAAT2 using hybrid structure-based virtual
screening of a vast library of molecules [29]. In vitro studies have shown
that the allosteric modulator 3-[(4-Cyclohexyl-1-piperazinyl) [1-(2-
phenylethyl)-1H-tetrazol-5-ylJmethyl]-6-methoxy-2(1H)-quinolinone

(GT949) increased EAAT2 activity in primary neuronal-glial culture.

In addition, they have been found to protect neurons from glutamate-
mediated excitotoxicity in neuronal-glial cultures. However, GT949 has
some limitations for allosteric activation of EAAT2, as it has been shown
to be ineffective in halting neurodegeneration caused by oxidative stress
because it did not protect neurons in an in vitro model of oxidative
damage caused by hydrogen peroxide [30]. This could be because
reactive stress has damaged the glutamate transporters. Additionally. It
has also been shown that GT949 has a high risk of human ether-a-go-go-
related gene (HERG) inhibition and poor oral absorption, impacting its
cardiac toxicity, bioavailability, and pharmacokinetics. Furthermore,
extensive research is required in in vivo to evaluate the safety and
effectiveness of GT949 in activating the EAAT2 protein. Therefore, the
identification of potential positive allosteric activators targeting the
EAAT?2 transporter is required to prevent AB-mediated oxidative damage
and excitotoxicity and offers a novel approach in AD.

In the current study, we employed an in-silico virtual screening
approach to identify potential small molecules capable of functioning as
positive allosteric modulators targeting the EAAT2 protein. To accom-
plish this, a synthesized chemical library was obtained from the specs
database and subjected to an initial screening process. Subsequently, the
compounds that successfully passed this preliminary screening were
further examined through molecular docking simulations to ascertain
their interaction with the allosteric binding pocket of EAAT2. In addi-
tion, an ADMET analysis was performed to identify candidate com-
pounds exhibiting promising pharmacological characteristics.
Thereafter, Molecular Mechanics/Generalized Born Surface Area (MM-
GBSA) determined the compounds’ binding free energy. Finally, mo-
lecular dynamics (MD) simulations were employed to assess the stability
of the complexes formed between EAAT2 and individual drugs.

The Schrodinger suite 2021-4 was chosen for these simulations due
to its comprehensive and integrated platform with advanced algorithms
and state-of-the-art force fields over other software packages. This force
field provides predictions of molecular interactions and properties,
enhancing the accuracy of our computational results. In our study, we
used the OPLS4 force field for water, which is known for its precision in
modeling molecular interactions and predicting binding affinities,
making it a valuable tool for drug discovery and molecular modeling
[31].

In our study, the compound AK-968/15360623 exhibited a favour-
able binding affinity for EAAT2, and acceptable blood-brain barrier
permeability. Consequently, our study suggested that this compound
could act as an potential allosteric activator of EAAT2, which may have
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beneficial effects for neurodegenerative conditions like AD.
2. Materials and methods
2.1. EAAT2 protein preparation

The crystal structure of EAAT2 (PDB ID: 7VR8) was obtained from
the RCSB protein data bank (https://www.rcsb.org) [32]. The structure
was prepared using Maestro’s protein preparation wizard tool
(Schrodinger suite 2021-4), which involved the removal of unnecessary
water molecules, the addition of missing hydrogen atoms, and the
assignment of bond orders. A restrained minimization process was
performed using the OPLS4 force field to optimize the protein structure
[31].

2.2. Preparation of compound database

A library of 5,00,000 synthetic compounds was downloaded from the
Specs database (https://www.specs.net). The compounds were pro-
cessed using Maestro’s builder panel to generate their three-dimensional
structures. Subsequently, the LigPrep wizard in Schrodinger software
was employed to optimize the compounds, considering different ste-
reoisomers, tautomers, and ionization states at pH 7 £ 2. The optimi-
zation utilized the OPLS4 force field, resulting in the generation of
optimized structures for further analysis [31].

2.3. Binding pocket prediction

From the reported literature [29], the amino acids His71-Trp472
considered as the allosteric region residues. By utilising the siteMap
module in Schrodinger [33] different catalytic pockets were generated
in the allosteric region (7VR8.pdb). This analysis involved in examining
the entire allosteric region to identify and rank possible binding sites
based on various numerical descriptors, including size, degree of
enclosure or exposure, tightness, hydrophobic or hydrophilic character,
and hydrogen bonding possibilities. The potential binding sites were
then prioritized using a weighted average of these values, with the site
score serving as the scoring function to evaluate the likelihood of ligand
binding and identify pharmaceutically significant binding sites.

2.4. Molecular docking simulation

The virtual screening of synthetic compounds from the specs data-
base (https://www.specs.net) was performed via the predicted binding
pocket using the Glide module [34]. Firstly, the compounds were
screened using the predicted allosteric binding site and further
sequenced by Glide Score (Ggceore) using HTVS. Subsequently, precise
screening was employed using standard precision (SP) docking. Then,
the compounds with the highest docking scores from SP docking, indi-
cating strong binding affinity and favorable pose quality, were priori-
tized for extra precision (XP) docking. This selection ensured that only
the most promising candidates were subjected to the more detailed and
computationally intensive XP docking process [35]. Further, based on
the glide score function, the glide energy, and the glide emodel energy,
the best-docked structures and the docked poses with the highest
negative energy were chosen for further study.

ADMET prediction

The physicochemical and absorption, distribution, metabolism,
excretion, and toxicity (ADMET) properties of the chosen compounds
were predicted using the QikProp module [36] in Maestro (Schrodinger
2021-4). The pharmacokinetic parameters and toxicological properties,
including ADMET, were analyzed for molecular weight, blood-brain
barrier (BBB) permeability, hydrophobicity, CNS activity, log P, and log
HERG. The molecular pharmacokinetic prediction is useful in lead
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Fig. 1. Predicted druggable pockets by siteMap. (a) Site 1, (b) Site 2, (¢) Site 3, (d) Site 4, and (e) Site 5. The helical structure represents the EAAT2 protein, and the
light blue colour spots represent the binding pocket.

optimization and for the development of novel molecules that are 2.5. Binding free energy calculation using Prime/MM-GBSA approach

druggable. Lipinski’s rule of five defined the molecule’s rational drug

design and discovery [37]. The top 8 compounds that followed ADMET properties were further
selected for MM-GBSA using the Prime module of Schrodinger Suite
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Table 2
Extra precision docking score of the top 20 molecules.
No.  Specs ID “Goeore  "Gemodel  ‘Genergy  ‘AGcoul  “AGuaw
1 AN-648/15101138 —9.40 —96.12 —60.27 —5.48 —54.79
2 AA-504/07472044 -9.09 —78.88 —53.88 —5.69 —48.18
3 AP-845/41779983 —8.73 —78.66 —55.25 —-3.38 —51.87
4 AK-778/43413629 —-8.70 —69.07 —47.08 —4.82 —42.25
5 AN-652/14870006 —8.55 —89.99 —61.30 —7.54 —-53.75
6 AK-968/41017196 —8.38 —75.25 —49.03 -3.05 —45.98
7 AK-968/15363543 —7.67 —76.64 —52.79 —4.07 —48.71
8 AG-690/40756319 —6.99 —93.94 —61.57 —-3.28 —58.29
9 AK-968/41024200 —6.70 —80.21 —55.39 —4.43 —50.95
10 AG-205/13184070 —6.80 —79.54 —53.30 —4.37 —48.93
11 AK-968/15363543 —6.62 —82.07 —52.30 —-1.26 —51.04
12 AK-968/15360276 —6.56 —71.49 —56.96 -3.16 —53.80
13 AM-900/40673850 —6.42 —83.85 —60.01 —4.62 —55.39
14 AK-968/15360623 —6.39 —68.15 —57.13 —-3.28 —53.85
15 AK-968/15252716 —6.26 —104.00 —65.53 —-5.25 —60.28
16 AP-501/43059400 —6.21 —79.28 —51.57 —2.88 —48.68
17 AG-690/36164031 —5.41 —117.38 —79.06 —8.54 —70.51
18 AH-487/41187857 -5.25 —109.08 —70.90 —-9.16 —61.73
19 AP-970/42895825 —4.96 —65.21 —49.16 —-4.97 —44.19
20 AE-848/41827603 —-2.25 —73.02 —54.64 —6.48 —48.15
21 Standard (GT949) —4.28 —68.62 —49.34 —4.78 —44.55

2 Glide score,

b Glide model energy,

¢ Glide energy,

4 Coulomb energy,

¢ Van der Waals energy.

2021-4 [38]. The complex’s binding free energy was calculated using
the MM-GBSA approach [39]. Polar solvation was performed using the
variable-dielectric generalized Born (VSGB) solvation model [40] and
energy calculations were performed using the OPLS force field [31].

2.6. Molecular dynamic simulation

The best-docked pose of the AK-968/15360623/EAAT2 complex was
subjected to a 200 ns molecular dynamics simulation using the Desmond
module of Schrodinger 2021-4 [41] employing the OPLS4 [31] force
field for accurate representation of intermolecular interactions. The
system was solvated using the TIP4P [42] water model, which includes
explicit water molecules to maintain a realistic solvation environment.
The system was prepared by solvating the molecular system in a water
box with a buffer distance of 10 A from the protein atoms. 0.15 M So-
dium chloride (NaCl) solutions were added to simulate the physiological
environment, and counterions were introduced to neutralize the charge.
The system was then minimized, equilibrated, and subjected to a 200 ns
MD simulation in an NPT ensemble at a temperature of 300 K and a
pressure of 1 atm. Trajectory data was collected every 1.2 ps for coor-
dinate information and every 100 ps for energy. The resulting trajectory
was analyzed using Maestro’s graphical interface, and an average
structure from the final 250 ps of the simulation was refined through
energy minimization. The convergence criteria for energy minimization
were set at 0.001 kJ/mol/A.

3. Results
3.1. Identification of catalytic pocket

Based on the results of the siteMap analysis (Table 1), although site 3
had the highest site score of 1.02 among the evaluated binding sites, we
ultimately selected site 1 as our target based on important criteria. Site 1
had the highest site score of 0.95, indicating its propensity for ligand
binding. In terms of size, site 1 had a substantial size of 2070 units,
suggesting a spacious binding pocket for potential interactions. The D
score for site 1 was 1.07, indicating a high degree of enclosure and the
potential for favorable ligand interactions. Additionally, site 1 exhibited
a significant volume of 1415.56 A (Fig. 1a), further supporting its
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suitability as a target for ligand binding. Despite site 3 having a
marginally higher site score (Fig. 1c), the combined attributes of site 1
made it a more promising candidate for further exploration as a po-
tential binding site that can interact with EAAT2 and serve as allosteric
modulators (Fig. 1).

3.2. Virtual screening and binding energy evaluation

In our study, we performed virtual screening and evaluated the
binding free energy of a library of synthetic compound databases ob-
tained from specs. Our goal was to identify potential allosteric activators
targeting a specific binding site, referred to as allosteric binding site 1.
To begin, we subjected a total of 5,00,000 compounds to HTVS. Through
this initial screening, we were able to filter down to a subset of 1,317
compounds using SP docking, which helped us prioritize the most
promising candidates. Next, we performed the extra-precision docking
results, which provide valuable insights into the binding affinities and
energies of the 20 selected synthetic compounds. These compounds
were carefully chosen based on their XP glide score (Gscore), With a
defined cut-off score of —9.40 kcal/mol, indicating strong binding po-
tentials as allosteric activators compared to standard GT949, which has
a low Ggeore Oof —4.28 kcal/mol.

A range of Ggcore for the compounds has been observed, varying from
—9.40 to —2.25. The Ggcore represents the global score, reflecting the
overall binding affinity of a compound to the target site. Higher negative
Gscores indicated stronger binding interactions. Upon examining the
glide model energy (Gemodel) Values, it has been observed that they range
from —117.38 to —65.21. More negative Gemodel Values indicate more
favorable binding energies. Moving on to glide energy (Gepergy), the
values span from —79.06 to —47.08. More negative Gepergy values
indicate stronger coulombic attractions between the compound and the
target site. Additionally, we consider the coulomb energy (AGcoy) and
Van der Waals energy (AGygw) values. The AGcqy values range from
—9.16 to —1.26, while the AGyqw values range from —70.51 to —42.25.
More negative values for both parameters suggest stronger interactions
and favorable binding energies (Table 2). Overall, virtual screening
successfully identified a set of 20 synthetic compounds that hold
promise as allosteric activators targeting allosteric binding site 1 of the
EAAT2 protein. These compounds demonstrated favorable binding en-
ergies and were selected based on their high affinity for the target site
compared to standard GT949. Further, all 20 compounds and standard
GT949 were subjected to ADMET evaluation to predict their pharma-
cological and toxicological properties.

3.3. ADMET properties

The ADMET data for the top 20 compounds and standard GT949
gives us insight into their characteristics and applicability to our
investigation. The molecular weight ranged from 420.89 to 820.94 g/
mol, indicating a diverse set of compound sizes. Hydrogen bonding ca-
pacity and lipophilicity, crucial for drug-receptor interactions, varied
across the compounds, as denoted by the number of hydrogen bond
donors and acceptors. Lipophilicity, as measured by QPlogPo/w, ranged
from 4.58 to 9.00, signifying differences in hydrophobicity. Caco-2
permeability values (QPPCaco) ranged from 28.79 to 2632.72 nm/sec,
reflecting diverse potentials for intestinal absorption. Higher perme-
ability suggests a greater likelihood of oral absorption, except for a few
compounds. CNS activity varied, indicating differences in the ability of
compounds to penetrate the blood-brain barrier and affect the CNS.
Also, the solvent-accessible surface area (SASA) of the compounds was
found to be between 713.61 and 1331 10\2, which shows that these
molecules fit well in the binding pocket. Polar surface area (PSA),
ranging from 75.90 to 187.09 A, provided insights into molecular size
and surface exposure, influencing compound solubility and interactions
with targets.

Furthermore, HERG inhibition (QPlogHERG) values ranged from
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Table 3
ADMET properties of the top 20 compounds.
Specs ID “Mol. Wt "donor  ‘accpt  ‘Rule of % Human ‘cNs 5SASA "QPlogPo/ iQPPCaco IQPlog “psA 'QPlogBB
HB HB five oral A% w (nm/sec) HERG
abspn
AN-648/ 598.65 2 9.5 2 90.54 -1 956.01 6.34 840.14 —4.90 106.44 —0.807
15101138
AA-504/ 480.56 2 6.5 1 100 -2 919.98 6.45 1317.20 —-8.78 87.40 —-1.168
07472044
AP-845/ 566.52 1 6 2 94.75 -1 874.45 7.17 774.41 —7.93 79.56 —0.828
41779983
AK-778/ 420.89 1.5 5.75 0 100 -2 713.61 4.58 423.87 —6.81 94.51 —1.255
43413629
AN-652/ 586.64 0.5 11.5 2 75.78 -2 988.62 5.22 292.47 —8.69 136.89 —-1.724
14870006
AK-968/ 576.55 2 5 2 95.38 -2 906.17 7.33 748.06 —6.99 91.5 —1.033
41017196
AK-968/ 580.68 1 5 2 100 0 912.98 7.91 1195.26 —6.58 92.12 —0.457
15363543
AG-690/ 522.62 0.5 6.75 2 79.95 -2 936.92 6.39 208.75 —-8.30 119.23 —2.216
40756319
AK-968/ 525.70 2 5 2 95.33 -2 907.87 7.22 806.41 -7.10 88.46 -1.119
41024200
AG-205/ 506.60 1 4.25 2 100 0 904.17 8.28 2632.72 —9.54 56.00 —0.475
13184070
AK-968/ 577.74 2 5.75 2 100 -2 949.29 7.58 845.90 —7.44 92.11 -1.196
15363543
AK-968/ 654.28 1.25 7.25 2 95.38 0 856.76 6.59 1302.78 -7.13 95.79 —0.057
15360276
AM-900/ 540.03 1 5.75 2 94.98 -1 859.38 6.87 999.96 —7.83 80.88 —0.86
40673850
AK-968/ 575.38 1.25 7.25 2 90.52 0 825.07 5.92 1153.42 —4.21 96.80 —0.299
15360623
AK-968/ 598.70 2 7 2 100 -1 948.57 7.85 1410.07 -9.11 86.60 —0.955
15252716
AP-501/ 477.94 1 5.5 1 100 0 791.13 6.29 1189.75 -8.11 75.90 —0.575
43059400
AG-690/ 820.94 2 11 2 79.87 -2 1331 9.00 28.79 —9.55 187.09 —3.649
36164031
AH-487/ 566.57 2 8.5 3 46.02 -2 945.77 5.01 39.54 —7.85 173.38 -3.071
41187857
AP-970/ 459.93 1 7 1 100 0 792.60 5.3 1259.73 -7.73 77.07 —0.523
42895825
AE-848/ 583.02 2 6 2 90.71 -2 873.35 6.97 533.93 —7.63 99.51 —1.016
41827603
Standard 527.66 1 10.25 1 62.06 1 887.63 3.67 30.36 —8.41 105.80 —0.64
(GT949)
Recommended 130-725 0-6 2-20 Max 4 > 80 % is —-2to 300-1000 —-2.0—6.5 > 500 great, Below 7-200 -3—1.2
values high, +2 < 25 poor -5
<20 % is
poor
# Mol Wt: Molecular weight,
b

Rule of five: Number of violations of Lipinski’s rule of five,
¢ Percentage human oral abspn: Human oral absorption,

& SASA: Total solvent accessible surface area,

h QPlogPo/w: Predicted octanol/water partition coefficient,

I QPPCaco: Predicted apparent Caco-2 cell permeability in nm/sec,

i QPlogHERG: Predicted ICs, value for blockage of HERG K* channels,
k PSA: Van der Waals surface area of polar nitrogen and oxygen atoms,
! QPlogBB: Predicted brain/blood partition coefficient.

—4.21 to —9.55, indicating the potential to influence the HERG potas-
sium channel and the associated risk of cardiac side effects. The BBB
permeability (QPlogBB) value, which ranged from —0.057 to —3.649.
This parameter indicates the compounds’ ability to penetrate the BBB,
with higher values implying an increased likelihood of BBB permeation.
Considering these results, compounds AK-968/15360623 and AN-648/
15101138 stand out as they exhibit favorable characteristics in multi-
ple aspects compared to standard GT949, which exhibited a high risk of
HERG inhibition, moderate oral absorption, and low Caco-2 perme-
ability. The screened compounds demonstrate good lipophilicity, high

donorHB: Estimated number of hydrogen bonds that would be donated by the compound,
accptHB: Estimated number of hydrogen bonds that would be accepted by the compound,

CNS: Predicted central nervous system activity on a -2 (inactive) to + 2 (active) scale,

Caco-2 permeability, and a relatively low risk of HERG inhibition, sug-
gesting their potential as a drug candidate with favorable oral absorp-
tion and reduced cardiac toxicity. Additionally, it shows a favorable BBB
permeability value, indicating its ability to cross the blood-brain bar-
rier, which is particularly important for therapeutic targets within the
CNS (Table 3). Further, out of 20 compounds, 8 compounds from this
subset that exhibit appropriate properties of ADMET within the rec-
ommended range [43] were subjected to further analysis using MM-
GBSA, providing additional information about their binding
characteristics.
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Table 4

Binding free energy calculation by Prime/MM-GBSA approach of the top-ranked hits in the catalytic pocket of EAAT2 (7VR8.pdb).
No. Specs ID *AGging *AGgou “AGcoy “AGup “AGripo 'AGsoly ¢AGyaw
1 AN-648/15101138 —79.67 10.69 13.42 0.17 —-34.17 12.02 —78.21
2 AA-504/07472044 —60.67 5.65 13.9 1.5 —40 25.93 —66.69
3 AK-778/43413629 -31.77 28.21 0.49 3.27 —25.86 -12.13 —30.89
4 AN-652/14870006 —75.75 —-17.09 13.5 0.75 -33.85 29.65 —67
5 AG-690/40756319 —79.50 34.35 -7.09 —0.46 —-38.1 —9.52 —58.17
6 AK-968/15360623 —82.74 29.12 8.56 0.38 —35.66 7.26 —88.71
7 AP-501/43059400 —78.69 17.52 4.87 —0.48 —37.84 4.43 —64.98
8 AP-970/42895825 —62.7 22.61 3.22 1.73 —27.85 —4.27 —57.74
9 Standard (GT949) —51.37 4.17 9.65 —1.52 —15.91 10.68 -56.19

2 Free energy of binding,

b Coulomb energy,

¢ Covalent energy (internal energy),
4 Hydrogen bonding energy,

¢ Hydrophobic energy (non-polar contribution estimated by solvent accessible surface area),

f Electrostatic solvation energy,
8 Van der Waals energy.

|
IOO LIJlOi Se@”?1 LMMO8 Va#37 04
2

-6 hbond
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Energy kcal/mol

Amino acids

Fig. 2. Graphic illustration of the binding energy of various amino acids within
the stable complex AK-968/15360623. The X-axis represents different amino
acids, while the Y-axis shows the energy values in kcal/mol. The bars are
colour-coded to represent different types of interactions: van der Waals forces
(vdw), coulombic (coul) and hydrogen bonding (hbond).

3.4. MM-GBSA

The binding free energy evaluation by MM-GBSA of the top 8 mol-
ecules reveals a range of values, indicating their varying binding affin-
ities and interactions with the target site. Among these compounds, the
binding free energy values (AGgjnq) range from —82.74 kcal/mol to
—31.77 kcal/mol. Looking at the contributions from specific energy
components, the coulomb energy values (AGcoy) vary from 34.35 kecal/
mol to —17.09 kcal/mol, indicating different levels of coulombic in-
teractions. The covalent energy values (AGgoy) span from 13.9 kcal/mol
to —7.09 kcal/mol, representing variations in covalent interactions. In
terms of hydrogen bonding interactions (AGyg), the values range from
3.27 keal/mol to —0.46 kcal/mol. The lipophilic interactions (AGripo)
show a range from —40 kcal/mol to —25.86 kcal/mol, reflecting the
diversity of hydrophobic interactions.

The solvation effects (AGgoly) range from 29.65 kcal/mol to —4.27
kcal/mol, indicating differences in the compounds’ solvation properties.
The contributions from van der Waals interactions (AGygw) vary from
—88.71 kcal/mol to —30.89 kcal/mol, representing the strength of these
forces in stabilizing the binding complexes. Among these 8 molecules,
compounds AK-968/15360623, and AN-648/15101138 stand out as the
best candidates due to their highly negative binding free energy values
of —82.74 and —79.67 kcal/mol compared to standard GT949 (—51.37
kcal/mol) (Table 4). Compounds AK-968/15360623 and AN-648/
15101138 exhibited favorable hydrophobic interactions and

demonstrated a higher lipophilic nature. These characteristics suggest
that it has a greater affinity for hydrophobic regions within the target
protein, which can be advantageous for its binding and modulation of
EAAT2 protein activity. The graphic quantification of AK-968/
15360623 stable complex with negative binding free energy has been
shown in Fig. 2.

The 3D interactions of the top 2 hits and the standard GT949 ob-
tained from MM-GBSA and XP docking scores are shown in Fig. 3. The
docked poses of the selected 2 hits and standard GT949 exhibited non-
covalent interactions, such as hydrogen bonds and hydrophobic in-
teractions. The bromo pyrazole of ligand AK-968/15360623 formed a
halogen interaction with SER441 (Fig. 3a). The amide group of ligands
AN-648/15101138 formed hydrogen bond interaction with LEU 108
(Fig. 3b). The carbonyl group in the quinoline ring of ligand GT949
formed hydrogen bond interactions with ALA 445, and the amide group
in the quinoline ring formed hydrogen bond interactions with ILE 442
(Fig. 3c). Subsequently, molecular docking studies indicate that ligands
interact with different amino acid residues of the EAAT2 protein
through non-covalent bonds, such as halogen interactions and hydrogen
bonds. Considering the overall importance of higher binding free en-
ergy, hydrophobic, lipophilic interactions, and ADMET properties in the
context of the desired allosteric activation of EAAT2 protein, compound
AK-968/15360623 appears to be a suitable candidate compared to
compound AN-648/15101138 and standard GT949. Therefore, com-
pound AK-968/15360623 was chosen as the primary candidate for
further investigation in molecular dynamic simulation studies due to its
favorable ADMET characteristics and promising binding free energies.

3.5. Molecular dynamic simulation

To assess the stability and convergence of the docked complex be-
tween compound AK-968/15360623 and EAAT2, molecular dynamics
simulations were conducted for a duration of 200 ns. The simulations
revealed that the root mean square deviation (RMSD) of the protein’s C-
o backbone experienced minor fluctuations of 1.3 to 2.7 A between
5-25 ns, and then stabilized respectively, in the range of 2.3 to 3 A from
25-95 ns. Subsequently, the RMSD of the protein exhibited a minor
fluctuation of 2.7 to 3.2 A between 95-100 ns, and then again stabilized
in the range of 2.8 to 3.7 A from 100-200 ns. Importantly, this indicates
that the protein structure maintained higher flexibility throughout the
simulation trajectory. In contrast, the ligand (compound AK-968/
15360623) initially exhibited major fluctuations with an RMSD of 1 to
3.1A 2.1 A) between 5-10 ns. However, it immediately reached a stable
state with an RMSD of 1.1 to 3.3 A (2.2 A) between 10-200 ns. Lower
RMSD values (3 A) [44] indicates the better stability of the complex.
These findings suggest that compound AK-968/15360623 in complex
with EAAT2 exhibits acceptable stability (<3 A) [44] and maintains its
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Fig. 3. 3D interaction diagrams of binding poses of compounds within the EAAT2 allosteric binding pocket. (a) AK-968,/15360623, (b) AN-648/15101138, and (c)
GT949. In the 3D diagrams, the ribbon structures represent the EAAT2 protein, while the stick model shows the compounds and their interactions.

binding pose during the molecular dynamic’s simulation, supporting its
potential as a promising candidate for further investigation in the
context of allosteric activation of EAAT2 protein for glutamate uptake
(Fig. 4a).

The flexibility of residues in the ligand binding site was assessed
using root mean square fluctuation (RMSF) measurements. The RMSF
values indicated moderate fluctuations ranging from 1.6 to 4.2 A, 0.8 to
5 i\, and 1.0 to 5 A for different residues, while higher fluctuations were
observed ranging from 1.2 to 6.2 A Among the residues, ILE 70, NMA
109, NMA 147, SER 163, SER 164, LYS 193, NMA 193, ILE 230, and LYS
231 exhibited the highest RMSF values, indicating greater conforma-
tional flexibility in the protein. On the other hand, residues such as
HIS71, ASP83, MET86, LEU290, LEU295, GLY298, LYS299, PRO443,
SER465, and TRP472, which are part of the allosteric pocket, showed
lower RMSF values, suggesting a more stable conformation during the
molecular dynamic’s simulation (Fig. 4b).

A total of 20 protein-ligand contacts were formed with amino acids
of the EAAT2 protein, from ILE 93 to LEU 101, THR 103 to MET 125, ILE
246 to VAL 437, and ALA 440 to LEU 452. From Fig. 5a, it was stated
that the ligand is stabilized by forming most of the hydrophobic in-
teractions (1 %—40 % of simulation time) with residues ILE 93, LEU 96,
ILE 97, LEU 101, LEU 108, MET 121, MET 125, ILE 246, ILE 396, LEU
434, VAL 437, ALA 440, ILE 442, VAL 448, and LEU 452. Over the
course of 1 %-65 % of the simulation trajectory, it also formed hydrogen
bonds with SER 100, VAL 437, and SER 441. This complex also formed
many water bridges with SER 100, LEU 101, THR 103, LEU 105, ASN
274, and SER 441 up to 1 %-98 % of simulation. Multiple protein-ligand
interactions were observed for SER 100, LEU 101, VAL 437, and SER

441. These findings highlight the stability of the ligand within the
allosteric binding site of the protein and emphasize the importance of
hydrophobic interactions in complex formation. Overall, our study
supports the potential of compound AK-968/15360623 as a lead
candidate for targeting EAAT2 in neurodegenerative diseases.

We analyzed the 2D-trajectory interaction diagram (Fig. 5b) to gain
insights into the binding interactions between the ligand (AK-968/
15360623) and the allosteric binding pocket of the EAAT2 protein. We
observed a strong hydrogen bond between SER 441 and the amide group
of the compound at 60 % occurrence. Furthermore, the carbonyl group
in the pyrazole ring formed a water bridge with SER 100 at 40 % of the
simulation time. The hydrophobic interactions between the ligand and
the EAAT2 protein were observed with the ILE 97 residue, indicating
their contribution to the overall stability of the complex. These findings
highlight that specific binding interactions and hydrophobic in-
teractions play a crucial role in the ligand’s interaction with the EAAT2
protein.

4. Discussion

S. Kortagere et al. demonstrated the three-dimensional structure of
the EAAT2 protein using homology modeling and subsequent prediction
of the allosteric binding pocket via molecular dynamic simulation and
site-directed mutagenesis [29]. In the current work, the crystallized
protein (PDB ID: 7VR8) was used and the allosteric binding site was
identified using siteMap analysis. Our investigation utilized; a site 1
allosteric binding pocket that possessed all the amino acid residues
necessary for activation of EAAT2.
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Fig. 4. MD simulations of the complex of compound AK-968/15360623 with EAAT2. (a) RMSD and (b) RMSF.

Furthermore, a five-point receptor-based pharmacophore model was
designed for HTVS and identified GT949 as a positive allosteric modu-
lator of EAAT2. The receptor-based pharmacophore has an aromatic
ring, hydrophobic groups, hydrogen bond donor and acceptor groups
[29]. In the present study, virtual screening has been performed, eval-
uating the binding free energy of a library of synthetic compound da-
tabases obtained from specs and identifying the compound AK-968/
15360623 as an allosteric activator. The compound AK-968/15360623
also possesses two aromatic rings, two hydrogen bond donors, and
four hydrogen bond acceptors. Therefore, the presence of similar phar-
macophoric features may be the reason for the increased EAAT2
activation.

According to earlier findings, the standard compound GT949
exhibited a high risk of HERG inhibition and moderate oral absorption
[30] and additionally, it has limited intestinal absorption based on poor
Caco-2 permeability. The present study found that the compound AK-
968/15360623 had optimal values for good lipophilicity, BBB perme-
ability, Caco-2 permeability, and a relatively low risk of HERG inhibi-
tion, suggesting its potential as a drug candidate with improved oral
bioavailability, blood brain barrier permeability, and lower cardiac risk.

Subsequently, relative binding free energies were evaluated using

MM-GBSA for GT949, which was not demonstrated in earlier studies.
The binding free energy of the compound AK-968,/15360623 was found
to be higher compared to GT949. Therefore, considering overall results,
the compound AK-968/15360623 would be a more promising potential
candidate than GT949 for allosteric activation of the EAAT2 protein due
to its greater binding free energy, hydrophobic, lipophilic, and ADMET
characteristics. A molecular dynamics simulation study of the AK-968/
15360623/EAAT2 complex was stable enough in RMSD and subse-
quently showed lower RMSF values for the residues in the allosteric
pocket, including HIS71, ASP83, MET86, LEU290, LEU295, GLY298,
LYS299, PRO443, SER465, and TRP472. Moreover, the protein-ligand
interaction fraction results in a greater number of hydrophobic in-
teractions that play a crucial role in the overall stability of the complex.

It has been demonstrated that the presence of the five-membered
azole rings, such as pyrazole, pyrrole, tetrazole, and imidazole, has
antioxidant and anti-inflammatory properties and plays a major role in
neuroprotective activities in the context of neurodegenerative disorders.
The fact has been substantiated by the chemical structure of the
following activators: riluzole has a benz thiazole moiety [20,21], nic-
ergoline has a pyrrole moiety [24,25], guanosine has a purine moiety
[22,23], MS-153 has a tetrazole moiety [26], and the direct allosteric
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activator GT949 has a tetrazole moiety [30] (Fig. 6) are only a few ex-
amples of the existing specific activators that have been employed to
activate EAAT2, but the use of these drugs has been limited due to their
non-specific side effects, low bioavailability, and cardiac toxicity. The
biological activity of a protein may be improved by the addition of
substituted functional groups, electron-withdrawing groups, and
electron-donating groups to 5-membered heterocyclic rings [45,46].
Therefore, a potential allosteric activator of EAAT2 is required for the
early-occurring pathogenesis of AD to prevent Af-mediated oxidative
damage and excitotoxicity. All these compounds exhibit the 5-
membered heterocyclic ring; similarly, AK-968/15360623 also ex-
hibits the 5-membered heterocyclic ring, which could be a potent
molecule as compared to existing compounds in the treatment of AD.
Surprisingly, EAAT also functions as an anion channel. Heterologous
expression studies revealed that EAAT1, EAAT2, and EAAT3 conduct a
current carried by anions, independent of their glutamate transport
activity. Until recently, this channel function was thought to be negli-
gible and lacking any obvious physiological role. However, recent
research has shown the physiological and pathophysiological roles of
EAAT anion channels. EAAT2 anion channel hyperactivity has been
implicated in cerebellar degeneration associated with episodic ataxia.
The exact mechanism remains to be fully elucidated, but aberrant
EAAT2 channel function could disrupt neuronal signaling and
contribute to disease progression [47]. Similarly, in epileptic encepha-
lopathy, EAAT2 anion channel dysfunction may play a key role.
Elevated glutamate levels due to impaired EAAT2 function could lead to
neuronal hyperexcitability and contribute to seizure activity [48].
Researchers have explored strategies to enhance EAAT2 expression
as a potential therapeutic avenue. Small molecule activators of EAAT2
translation, such as LDN/OSU-0212320, have shown promise. LDN/
0OSU-0212320 protected neurons from glutamate-mediated excitotoxic
injury and extended lifespan in an animal model of amyotrophic lateral
sclerosis [49]. It also reduced mortality and neuronal death in a
pilocarpine-induced temporal lobe epilepsy model [50]. While EAAT2
activators hold therapeutic potential, it’s essential to recognize that
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their effects are multifaceted. The balance between glutamate transport
and anion channel activity remains delicate. Allosteric activation of
EAAT2 has the potential to impact both functions, necessitating thor-
ough evaluation in future research to ensure therapeutic efficacy while
minimizing risks to neurological health.

5. Conclusions

Our study focused on the identification of small-molecule allosteric
activators targeting the EAAT2 protein, which plays a critical role in the
uptake of glutamate and may have potential benefits for neurodegen-
erative diseases such as AD. Through virtual screening and molecular
docking, we meticulously evaluated a vast synthetic compound database
to prioritize potential candidates. In the current study, among the top-
ranked compounds from HTVS, compound AK-968/15360623
emerged as the most promising allosteric activator based on its favor-
able binding characteristics and high affinity for allosteric binding site 1
of EAAT2. Additionally, compound AK-968/15360623 demonstrated
excellent drug-like properties, including favorable lipophilicity,
permeability across the blood-brain barrier, and a reduced risk of car-
diac toxicity, making it a promising candidate for further development.
The comprehensive analysis using MM-GBSA further confirmed the
exceptional binding potency of compound AK-968/15360623, with a
highly negative binding free energy value (—82.74 kcal/mol). Notably,
this compound exhibited strong hydrophobic interactions, suggesting its
ability to effectively interact with critical residues within the protein’s
binding pocket. Furthermore, the molecular dynamics simulation
revealed the stability of compound AK-968/15360623 within the allo-
steric binding site of EAAT2, supporting its potential as an effective
allosteric activator. The compound maintained its binding pose and
exhibited satisfactory conformational stability throughout the simula-
tion, enhancing its prospects for therapeutic application. Collectively,
our study used in-silico methods to identify the allosteric activator AK-
968/15360623 as a possible enhancer of glutamate uptake by EAAT-2.
Therefore, this compound might possess the desired characteristics for
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targeting neurodegenerative diseases with its ability to selectively
activate EAAT2, that may facilitate the uptake of glutamate, and reduce
oxidative stress and excitotoxicity. Our findings provide a solid foun-
dation for further investigations, including preclinical and clinical
studies, to explore the therapeutic potential of compound AK-968/
15360623 and pave the way for the development of novel allosteric
activators targeting EAAT2 in the treatment of AD and related neuro-
degenerative disorders.
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