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ned triple partition of dual binding
pockets unlocks mechanistic insights and a novel
antagonist design of NMDA receptors: a combined
MD/DFT study

Zihan Yu, abc Bingkun Chen, abc Shan Yang,abd Pengfei Song,abd Zhuo Zhang,abd

Yuanjun Zhu,abc Chao Ma*abd and Yanjuan Wang*abc

N-Methyl-D-aspartate (NMDA) receptors are key glutamate-gated ion channels regulating synaptic

plasticity and cognition, which are critically associated with neurodegenerative diseases through

dysregulation-induced excitotoxicity, yet their existing antagonists suffer from poor binding affinity,

unfavorable safety and low selectivity. Current research studies on NMDA receptors focus mainly on the

primary binding pocket, with the secondary binding pocket remaining largely unexplored. The focus of

this study is to gain mechanistic insights into the dual binding pockets and establish a universal binding

frame and ligand modification strategies, thereby designing novel ligands occupying both pockets with

enhanced binding affinity and selectivity through a combination of molecular dynamics (MD) simulations,

ABFE/RBFE calculations and quantum calculations. 500 ns MD simulations were performed on 22 NMDA

protein–ligand complexes, and 24 groups of key interactions were quantified via DFT calculations. As

a result, a polarity-determined triple partition hypothesis was proposed based on the comprehensive

analysis of key residues within dual binding pockets, with three termini (A, N, and G) featuring their

distinct regions. Novel mechanistic insights including polarity selectivity and an elongation strategy were

applied in the modification and design of new antagonists with the guidance of the above-mentioned

hypothesis. The newly designed ligand ANG01 integrated the complementary binding advantages of

both pockets, demonstrating a significantly enhanced binding affinity.
1 Introduction

Neurodegenerative diseases represent a group of irreversible
neurological disorders, including conditions such as stroke,
epilepsy, Alzheimer's disease, Parkinson's disease, and Hun-
tington's disease.1 According to a comprehensive analysis from
the Global Burden of Disease Study, these conditions stand as
a leading cause of disability and mortality among the elderly
worldwide, placing an enormous and growing burden on
healthcare systems, economies, and societies. The development
of novel targeted therapeutic agents has become a critical
imperative.2
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N-Methyl-D-aspartate (NMDA) receptors belong to the iono-
tropic glutamate receptor family, which is essential for synaptic
plasticity and memory,3 mediating most excitatory synaptic
transmissions in the mammalian brain.4 Both hyper- and hypo-
activation of NMDA receptors can lead to neurological disor-
ders, causing neurodegenerative diseases.5 Previous studies have
reported that the neurological disorders mediated by NMDA
receptors in the central nervous system can be attributed to
NMDA receptors in astrocytes to a large extent, for the astrocytic
NMDA receptors were shown to stimulate the secretion of pro-
inammatory cytokines, which interferes with the homeostatic
mechanism of astrocytes and participates in the progression of
neurodegenerative diseases.6 Studies have shown that the over-
activation of N-methyl-D-aspartate receptors (NMDARs) is a well-
established driver of excitotoxicity and neuronal loss in neuro-
degenerative pathologies, making the NMDAR a potential drug
target for the treatment of neurodegenerative diseases.7 The
inhibition of NMDA receptors signicantly prevents neurological
disorders,8 and the relevant antagonists show great activity in
treating neurodegenerative diseases.9

GluN2B is one of the six subtypes of NMDA receptors,
namely, GluN1, GluN2(A-D), and GluN3. The extrasynaptic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 3D schematic of the dual binding pocket and illustrative outline of this study.
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NMDA GluN2B receptor might be signicantly benecial for
treatment because it prevents neuronal cell death without di-
srupting the protective pathways.10 Studies examining the role
of GluN2-containing NMDAR subtypes in neuronal death
generally suggest that GluN2B-containing NMDARs play
a dominant role in mediating neuronal toxicity by coupling to
multiple neuronal death signaling complexes.11 Further
research found that pathological overactivity of GluN2B-
containing NMDARs is associated with neuronal death.12

Based on the aforesaid studies, GluN2B became the focus of
NMDAR research.

Currently, most NMDA antagonists are still in pre-clinical
trial stage. Memantine was approved by the FDA in 2003 for
the treatment of moderate and severe Alzheimer's disease,
while its low competitiveness and affinity cause a number of
side effects including hallucinations, confusion, high blood
pressure and restlessness.13 Ifenprodil had been studied as
a cardiovascular modulator agent until the 1990s,14 when it was
found to be able to block NMDA receptors with different
mechanisms of action from other NMDAR blockers. Recent
study has shown that Ifenprodil binds to the GluN1–GluN2B
ATD interface, stabilizing a closed-cle conformation that
prevents the relative rotation of GluN1 and GluN2B subunits
(about 15°), thereby inhibiting the coordinated movement of
LBD and TMD and the activation of the ion channel.15 Despite
their promising neuroprotective efficacy in preclinical studies,
GluN2B-selective NMDAR antagonists like Ifenprodil have been
hampered by substantial limitations including poor bioavail-
ability, suboptimal selectivity and dose-limiting psychotomi-
metic side effects, underscoring the urgent need for novel
compounds with optimized pharmacological proles.16

Structural and functional studies have established the exis-
tence of two distinct allosteric pockets at the GluN1/GluN2B
interface: a primary pocket targeted by Ifenprodil-like ligands
and a secondary pocket bound by chemotypes such as EVT-101.4
© 2026 The Author(s). Published by the Royal Society of Chemistry
Recent work had further delineated these cavities and func-
tionally validated their roles through comparative analysis and
mutagenesis.17 These two pockets are situated at the interface of
the two protein subunits (chain A and chain B). They partially
overlap at one end and extend in opposite directions at the
other, collectively forming a V-shaped dual-pocket binding
region (Fig. 1). Although a critical structural framework has
been provided, the detailed intermolecular forces, particularly
the residue-specic polarity contributions and dynamic inter-
action patterns that govern ligand selectivity and stability across
both pockets, remain to be fully quantied and integrated.
These questions have been addressed in our research by con-
ducting comprehensive molecular dynamics simulations on
a series of molecules, including initial lead compounds and
novel candidates that were screened out or modied, com-
plemented via the ABFE/RBFE method, MM/PBSA and DFT
calculations.

2 Materials and methods
2.1. Soware

Schrödinger suite 2021,18 GROMACS 2025.4,19 AmberTools25
and AMBER24,20 Discovery Studio4.5,21 ChemDraw20.0,22

PyMOL3.1.6.1,23 VMD1.9.4a53,24 R studio 2024,25 Gaussian09
Revision E.01,26 Orca 6.1.0 27 and Multiwfn 3.8 28,29 were
employed in this study.

2.2. Ligand and protein preparation

The structures of proteins and ligands were imported into the
Maestro 12.8 soware in Schrödinger suite 2021. The Ligprep
module was performed to optimize all the ligands involved in
this study, generating states at a pH of 7.0 ± 2.0. Force eld
OPLS4 30 was utilized to ensure proper structural initialization
and charge assignment for subsequent simulations. The crystal
structure of NMDA receptor subunits GluN1 and GluN2B (PDB
RSC Adv., 2026, 16, 13062–13082 | 13063
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ID: 5EWJ31) was downloaded from the RCSB Protein Data Bank
(PDB, https://www.rcsb.org/), which was co-crystallized with
Ifenprodil and used to dene the ligand-binding site. The
downloaded protein le was optimized by the Protein Prepara-
tion Wizard module. Constructing missing side-chains and
atoms, adding hydrogen atoms, removing waters beyond 5 Å
from het groups and optimizing the protein conformation were
applied. Protonation states of histidine, aspartic acid and glu-
tamic acid were predicted by optimizing the hydrogen bonding
network. Force eld OPLS4 was utilized for minimization and
relaxing steric clashes. Chain C and chain D of the protein were
deleted as the whole binding pocket was situated at the inter-
face of chain A and chain B, which were retained during
molecular docking and MD simulations.

2.3. Molecular docking study

As a modern technology, molecular docking was used to explore
the interactions between ligands and receptors and calculate
the corresponding binding energy. Glide module in the Schrö-
dinger soware package was employed for molecular docking.32

The receptor box for docking was generated around the cen-
trally located binding pocket at the interface of the chain A–
chain B protein–protein complex, with a 10 Å diameter centered
on the ligand coordinates to fully encompass both the ligand
and key residues of the binding site. All subsequent docking
procedures were performed based on this dened coordinate
system. The Glide SP (Standard Precision) module was used for
virtual screening, and the remaining parameters kept their
default values. Lead compounds from the Binding Database33

(https://www.bindingdb.org/), 4 742 020 molecules from the
Pharmit Database34 (https://pharmit.csb.pitt.edu/) and
molecules that were developed or modied were applied for
molecular docking, with the Glide docking scores and Glide
energy evaluated to assess their strength of binding. The
docking score provided a comprehensive measure that
integrates all relevant energy terms to predict the binding
affinity between NMDAR-GluN2B and ligands, and the Glide
energy specically represented the adjusted Coulomb–van der
Waals interaction energy. Each docking process was repeated
twice in verifying the reliability.

2.4. Molecular dynamics simulations

All the NMDA complex systems were subjected to molecular
dynamics (MD) simulations via Desmond (v4.3) for the optimal
conformation, comprehensive stability assessment of the
ligand–protein complexes and verication of their interaction
relationships. To more accurately simulate the ligand binding
under physiological conditions, the protein structures were
preprocessed using the Orientations of Proteins in Membranes
(OPM) database35 to optimize their membrane positioning. The
processed structures were imported into the Desmond soware
in Maestro 12.8 for subsequent processing.36 An orthorhombic
box of 10 Å side length was applied to include all the system,
with simple point charge (SPC) water as the solvent model. The
OPLS4 force eld was applied to position the complex within
the simulation box properly. The system was neutralized with
13064 | RSC Adv., 2026, 16, 13062–13082
an appropriate number of counterions, with the physiological
solvent containing both positively charged Na+ and negatively
charged Cl− ions added. The system was energy-minimized
using the Desmond module with the steepest descent and
limited-memory Broyden–Fletcher–Goldfarb–Shanno (L-BFGS)
algorithms.37 The minimization was considered converged
when the maximum force per atom reached a threshold of
1.0 kcal mol−1 Å−1. Following minimization, the system was
subjected to a standard multistage heating and equilibration
protocol. This included a gradual heating phase in the NVT
ensemble, comprising 12 ps short simulations with restraints
on solute heavy atoms to bring the system to the target
temperature of 300 K. Subsequently, the system was equili-
brated in the isothermal–isobaric (NPT) ensemble through
three steps including 12 ps and 24 ps simulations, where
restraints were progressively relaxed to stabilize the system
density. The fully equilibrated system from the nal step above
was used to initiate the production molecular dynamics simu-
lation. A total amount of 500 ns MD simulation was employed
for each of the complex systems under the NPT system at 300 K
and 1.01325 bar, recording trajectory every 500 ps and system
energy every 1.2 ps. Simulation interaction diagrams were
constructed to elucidate key interactions within the complex
throughout MD simulations.
2.5. MD simulation trajectory analysis

Parameters were obtained for the trajectory analysis including
the trajectory data of root mean square deviation (RMSD) and
root mean square uctuation (RMSF). The RMSD was calculated
for all frames in the trajectory of the entire protein–ligand
system to assess the equilibrium during simulation, while the
RMSF played a key role in characterizing local variations of the
protein. The two parameters can be expressed as follows:

RMSDx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

h
r
0
jðtxÞ � ri

�
tref

�i2
vuut (1)

where N means the number of atoms in the atom selection, tref
means the reference time (the rst frame is used as the refer-
ence and regarded as time t = 0), and r0 means the position of
the selected atoms in frame x aer superimposing on the
reference frame, where frame x is recorded at time tx.

RMSFi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

T

XT
i¼1

�
r
0
iðtÞ � ri

�
tref

��2
vuut (2)

where T means the total trajectory time over which the RMSF
was calculated, tref means the reference time, ri means the
position of residue i, r0 means the position of atoms in residue i
aer superposition on the reference, and the angle brackets
indicate that the average of the square distance is taken over the
selection of atoms in the residue.
2.6. Molecular dynamics convergence analysis

The stability and convergence of protein–ligand simulating
systems for virtual screening were rigorously validated through
© 2026 The Author(s). Published by the Royal Society of Chemistry
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three complementary metrics. Global structural stability was
validated by backbone RMSD and RMSF (Fig. S1–S4), binding
free energy convergence was veried via MM-PBSA and ABFE/
RBFE calculations yielding consistent binding affinities, and
robust interaction relationships given by interaction diagrams
indicated binding processivity. All these analyses were collec-
tively utilized to conrm that a state of structural equilibrium,
energetic convergence and interaction pattern stabilization has
been achieved within 500 ns.38

2.7. Ligand-based pharmacophore modeling

The ligand-based pharmacophore model delineated the essen-
tial structural features required for binding, representing their
spatial arrangement through key chemical characteristics,
thereby elucidating interaction patterns and supporting the
rational design of targeted ligands. The Maestro Phase package
was employed for three-dimensional pharmacophore modeling
via a multi-ligand strategy,39 and pharmacophore hypotheses
were generated on the basis of a set of possible common
pharmacophore features identied through individual ligands.
For the dual binding pockets, key chemical features including
hydrogen bond acceptors, hydrogen bond donors, hydrophobic
groups, negative or positive ionic centers and aromatic centers
were identied.

2.8. Binding free energy calculation via MMPBSA − TDS

The molecular mechanics–Poisson Boltzmann surface area
(MM/PBSA) method was employed to calculate the binding free
energy of complexes within dual binding pockets via
gmx_MMPBSA (v1.6.4).40 Utilizing the Interaction Entropy
method for entropic correction and solvation treatment, the
MM/PBSA calculations implemented in this study have been
shown to provide qualitatively reliable rankings of protein–
ligand binding affinities.41 The structures of three independent
snapshots from the equilibrated portion of 500 ns Desmond
MD simulations were extracted at regular intervals as starting
structures for GROMACS simulations using the CHARMM-GUI
website, as the Desmond-derived MD trajectory does not
support the MM/PBSA calculation.42 Three independent 100 ns
simulations were conducted for each complex, given that the
system had been adequately equilibrated in Desmond MD
simulations, with the CHARMM36m force eld43 applied. Each
protein–ligand complex was embedded in a periodic water box
using the TIP3P model, maintaining a minimum distance of 15
Å between the solute and box boundaries. Counterions Na+ and
Cl− were added to achieve a concentration of 0.15 M using the
Monte Carlo displacement. Periodic boundary conditions (PBC)
were applied and non-bonded interactions were truncated at 12
Å for Lennard-Jones and Coulomb potentials, with long-range
electrostatics handled by the Particle Mesh Ewald (PME)
method. All bonds were constrained with the linear constraint
solver (LINCS) algorithm.44 Each system was energy-minimized
using the steepest descent algorithm with a max step of 50 000
and a convergence threshold of 10.0 kJ mol−1 nm−1. Subse-
quent equilibration was carried out using canonical (NVT) and
isothermal–isobaric (NPT) ensembles,45 conducting
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature equilibration at 300 K using a Nosé–Hoover ther-
mostat46 for 500 ps and pressure equilibration at 300 K using
the Parrinello–Rahman barostat47 for another 500 ps. The
binding free energy was calculated using the following
equation:

DGeff = DEMM + DGsol − TDSMM (3)

where DGeff is the binding free energy for each complex system,
which equals the sum of protein–ligand interaction energy
(DEMM) and desolvation free energy for transferring the ligand
from water to the binding area calculated (DGsol), with an
entropic correction. Research studies have shown that explicit
entropic contribution to binding free energies could signi-
cantly improve the correlation with experimental measure-
ments.48 The equations for DEMM and DGsol are shown as
follows:

DEMM = DEele + DEvdW (4)

DGsol = DGele,sol + DGnonpolar,sol (5)

The binding free energies obtained were statistically pro-
cessed, and the mean value was calculated using the standard
averaging equation as the nal result:

x ¼
Xm
k¼1

nk

n
xk (6)

The MM/PBSA calculations were performed for three inde-
pendent 100 ns MD simulations to ensure a robust and repro-
ducible result. Alanine scanning mutagenesis of key residues
was conducted along with the MM/PBSA calculation.49 There-
fore, a highly positive DG value indicates the signicance of the
residue in the protein–ligand binding process.50 Dielectric
constant 3 = 4 was assigned to the charged residues ASP133,
ASP136 and ASP138.
2.9. Binding free energy calculation via ABFE and RBFE

The binding free energy of selected protein–ligand complexes
were rigorously quantied using alchemical free energy calcu-
lations performed with the BAT2.py program,51 with simula-
tions executed using the AMBER24 molecular dynamics engine.
Absolute binding free energy (ABFE) and relative binding free
energy (RBFE) calculations were employed for the direct deter-
mination of binding affinities and for precise comparison
between ligand analogues, respectively. These methods have
been extensively validated and demonstrate benchmarked
accuracy in predicting protein–ligand binding free energies.52

For all calculations, the calc_type= rank was utilized.53 BAT2.py
automatically identied and utilized three key protein atoms as
the anchor points for the alchemical transformations. The
proteins and ligands were described using the ff14SB54 and
GAFF55 force elds, respectively, with ligand partial charges
derived at pH 7.4. Each system was solvated in a rectangular box
of TIP3P water. A padding of 12 Å from the solute to the box
edge was applied in each dimension for protein–ligand
RSC Adv., 2026, 16, 13062–13082 | 13065
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complexes, while a 15 Å padding was used for ligand-only
systems. Systems were neutralized and brought to a physiolog-
ical ion concentration of 0.15 M NaCl. Long-range electrostatics
was handled using Particle Mesh Ewald with a 9 Å direct space
cutoff.56 Constant temperature (298 K) was maintained using
a Langevin thermostat with a collision frequency (gamma_ln) of
1.0 ps−1, and a constant pressure of 1 atm was regulated using
a Monte Carlo barostat.57 Thermodynamic Integration (TI)58 was
employed to estimate the free energy changes along the
alchemical pathway, using 12 l windows: [0.00921968,
0.04794137, 0.11504866, 0.20634102, 0.31608425, 0.43738330,
0.56261670, 0.68391575, 0.79365898, 0.88495134, 0.95205863,
0.99078032].

The alchemical transformation for each ligand was decom-
posed into four distinct free energy components (m, c, e, and v),
and each component was simulated independently across the
aforementioned 12 l windows. The sampling time for each l

window was 1.2 ns for the m and c components, 4.4 ns for the e
component, and 4.0 ns for the v component, ensuring adequate
convergence for each interaction type. Following simulation,
a block data analysis procedure was applied to assess the
robustness and convergence of the free energy estimates.59 The
standard deviation across blocks as a conservative estimate of
uncertainty was reported:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Nb

XNb

n¼1

ðxn � xÞ2
vuut (7)

The production trajectories were divided into 10 sequential
blocks (b1–b10). The binding free energy was calculated inde-
pendently from each block, and the nal reported value repre-
sented the mean of these 10 block estimates. The variance
between blocks provided ameasure of the statistical uncertainty
and serves as a key metric for demonstrating the convergence of
the calculations.

The ABFE calculations utilized the simultaneous decoupling
and recoupling (SDR) method with fe_type = express.53 The
binding free energy was computed as follows:

�DG�
bind ¼ DGp;att þ DGl;conf ;att þ DGl;TR;att þ DGtrans

þDGl;TR;rel þ DGl;conf ;rel þ DGp;rel

(8)

where the att and rel indices denoted the attachment and
release of restraints in the bound and bulk states, respectively,
for the protein (p) and ligand (l), including conformational
(conf) and translational/rotational (TR) restraints. The DGtrans

term represented the free energy of transferring the fully
restrained ligand from the binding site to the bulk solvent,
calculated using the SDR method:

DGtrans-SDR = DGelec + DGLJ (9)

The SDR transformation was performed with the ligand copy
displaced by sdr_dist = 60.0 Å along the Z-axis to eliminate the
protein–ligand interactions in the bulk state. The RBFE calcu-
lations employed the separate topologies (SepTop) approach
with fe_type = relative.53 This method computed the difference
13066 | RSC Adv., 2026, 16, 13062–13082
in binding affinity, DGbind, between a reference ligand 1 and
a target ligand 2. The computational protocol and parameters
for RBFE calculations were identical to those used for the above-
described ABFE calculations. The so-core potentials for non-
bonded interactions utilized the default, optimized parame-
ters within BAT2.py. Four systems (complexes of Ifenprodil,
IF03, EVT01, and ANG01) and two pairs (complexes of Ifen-
prodil and IF03, EVT-101 and EVT01) were strategically chosen
for ABFE and RBFE calculations, respectively.
2.10. Quantum chemistry calculation for key interactions

Key interactions including hydrogen bonds and p–p stacking
were quantied via Orca (v6.1.0) for the binding mechanism
study. The accurate quantication of hydrogen bond (HB)
energies is essential for rational drug optimization, as even
subtle changes in HB strength can signicantly alter the phar-
macological activity.60 Density functional theory (DFT) provided
atomic-level insights into these interactions, enabling the
prediction and further renement of ligand binding modes
based on accurate calculation.61

The use of MD-derived snapshots for single-point energy
calculations emphasizes the statistical and thermodynamic
behaviors of hydrogen bonds, which reects the dynamic
interactions observed in simulations. Maestro Desmond
trajectory clustering in the Desmond soware was employed to
extract the ve most representative frames from 1000 frames
obtained through 500 ns MD simulations based on clustering
analysis. The nal interaction strength was determined by
averaging the energy derived from these ve representative
frames.62 The geometric optimization procedure was inten-
tionally omitted in energy calculations to preserve the physio-
logically relevant congurations sampled by MD simulations.
The wB97M-V/def2-QZVP hybrid functional63 was applied. The
SMD solvation model64 was incorporated to account for van der
Waals interactions and solvent effects, respectively. To account
for the basis set superposition error (BSSE), the counterpoise
correction method was applied to all interaction energy calcu-
lations.65 Single-point energy calculations for the residue–
ligand complexes, isolated ligands and residues were per-
formed at the same theoretical level. The strength of a single
interaction was calculated as follows:

DEinteraction = Ecomplex − (Eresidue + Eligand) (10)
2.11. ADMET prediction

ADMET (absorption, distribution, metabolism, excretion, and
toxicity), as pharmacokinetic features, are important consider-
ations for the perspective medicines during pharmacological
investigation and development phase.66 The SwissADME server
(https://www.swissadme.ch/)67 and ADMETlab (https://
admetmesh.scbdd.com/)68 were utilized. General
characteristics including molecular weight, polarity,
topological polar surface area (TPSA), exibility, lipophilicity
and water solubility of a molecule were provided. The safety
prole characteristics and drug-likeness based on Lipinski's
© 2026 The Author(s). Published by the Royal Society of Chemistry
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“rule of ve” were also anticipated. Lipinski's “rule of ve” is
most well-known and widely used for ADMET evaluation,
including molecular weight (less than 500), log P (less than 5),
hydrogen bond donors (less than 5) and hydrogen bond
acceptors (less than 10). hERG blockers, hepatotoxicity (H-HT)
and AMES toxicity were estimated to give the value between
0 and 1, indicating their degrees of possibility.

3 Results and discussion
3.1. Integrated mechanistic analysis on action modes of two
binding pockets

3.1.1. Lead compound selection. For initial exploration of
the dual binding pocket, we selected eight lead compounds
from the Binding Database based on their known in vivo phar-
macological activity (Fig. 2). The selection was guided by the
overarching goal of studying the dual-pocket binding mode.
Candidate compounds were rst categorized into two groups
Fig. 2 Structures and biological activities of eight lead compounds for d

© 2026 The Author(s). Published by the Royal Society of Chemistry
based on the 3D binding pocket schematic: those predomi-
nantly occupying the primary pocket and those targeting the
secondary pocket. The binding poses were precisely validated by
structural alignment with the reference compounds, Ifenprodil
and EVT-101, which were known to bind distinctly to the
primary and secondary pockets, respectively. Subsequently,
from each category, we selected three compounds (excluding
the reference) based on their reported experimental activity,
and their positions within the binding cavity were determined
by molecular docking (Table S1). These eight compounds
collectively served as the foundational set for exploring the dual
binding pocket in this study, including four ligands (Ifenpro-
dil69 and Compound A,70 B,71 C72) occupying the primary site and
the other four (EVT-10173 and Compounds E,74 F,75 N70) targeting
the secondary site.

3.1.2. Mechanistic analysis on action modes of the primary
binding pocket. The RMSD curves during 500 ns MD simula-
tions were proved to be convergent aer 200 ns in Fig. S1, with
ual-pocket binding mode exploration.

RSC Adv., 2026, 16, 13062–13082 | 13067
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Fig. 3 (A)–(D) Two-dimensional interaction diagrams of Ifenprodil, Compound A, Compound B and Compound C during 500 ns MD simu-
lations. Pink arrows represent hydrogen bonds, green lines represent p–p stacking, and red lines represent p–cation interactions. (E)–(H)
Putative 3D binding diagrams of Ifenprodil, Compound A, Compound B and Compound C.
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optimal binding poses obtained for all protein–ligand
complexes. All possible interactions within complex systems
were evaluated to determine the crucial residues that played an
important role during the MD simulations. Hydrogen bonds, p–
p stacking, salt bridges and water bridges were included with
their percentages that occurred within 500 ns labeled on it
(Fig. 3).

Interactions were observed merely on one side of Ifenprodil,
Compound A and Compound C complexes. Residue GLU236
contributed to hydrogen bond formation in all complexes and
exhibited a lifetime exceeding 60%. p–Cation interactions
formed with ARG115 were highly stable in Ifenprodil (50%) and
13068 | RSC Adv., 2026, 16, 13062–13082
Compound A (59%) complexes. p–p stacking was consistently
observed between PHE176 and aromatic rings on the same side
of all these ligands (52% in Ifenprodil, 79% in Compound A and
40% in Compound B complexes). GLN110 served as a strong
hydrogen bond acceptor in Ifenprodil (98%) and Compound C
(15%) complexes, and SER132 hydrogen bonded with
Compound A (100%), underscoring their critical importance.
Notably, a unique p–p stacking with PHE114 on the opposite
side of binding pocket was exclusive to Compound B (18%), and
the formation of a strong hydrogen bond to LEU135 was
distinctive to Compound C (85%).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Despite divergent core scaffolds of the four lead compounds,
they shared a conserved architectural feature that aromatic
rings positioned at both termini of central carbon chains. Each
of them consistently formed a stable hydrogen bond with
residue GLU236 at one single end (designated as G-end), while
exhibiting minimal interactions at the opposite end (designated
as N-end, indicating “None”). Three-dimensional binding
diagrams revealed that the residue PHE114 at N-end was distal
to the ligand center, hindering interactions with shorter
Fig. 4 (A)–(D) Two-dimensional interaction diagrams of EVT-101, Comp
Pink arrows represent hydrogen bonds, pink lines represent salt bridge,
interactions. (E)–(H) Putative 3D binding diagrams of EVT-101, Compoun
bonds, pink lines represent salt bridge and blue lines represent p–p stac

© 2026 The Author(s). Published by the Royal Society of Chemistry
ligands. We proposed that the elongated tetracyclic scaffold of
Compound B facilitated the unique p–p stacking between its N-
terminal aromatic ring and PHE114. Such interaction mode at
both termini further stabilized the complex, compensating for
the absence of strong hydrogen bonds. Furthermore, the fused
ring system of Compound A provided superior complementarity
to the G-end binding pocket, enabling a stronger p–p stacking
with the G-terminal aromatic residue PHE176. Compound C
exclusively interacted with LEU135 and showed weak
ound E, Compound F and Compound N during 500 ns MD simulations.
green lines represent p–p stacking, and red lines represent p–cation
d E, Compound F and Compound N. Yellow lines represent hydrogen
king.
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interaction with crucial residues GLN110 or SER132. Such
preferential interaction with specic residues was possibly
dictated by the group polarity. It was easily recognized from 3D
binding diagrams that LEU135 resided on the opposite side of
the ligand to GLN110 and SER132. The polar carbonyl groups in
Ifenprodil and Compound A preferentially formed strong
hydrogen bonds with polar residues GLN110 and SER132.
Although energy barrier associated with molecular torsion
might be necessary, the process was thermodynamically favor-
able, resulting in a new complex with lower energy. In contrast,
the sulfonyl group with weaker polarity in Compound C pref-
erentially formed a hydrogen bond with the aliphatic residue
LEU135. Therefore, properly improving the strength and
number of polar groups of ligands possibly strengthened
interactions with such key amino acids.

3.1.3. Mechanistic analysis on action modes of the
secondary binding pocket. Fig. 4 illustrates the dynamic inter-
actions between ligands and key residues within the secondary
binding pocket throughout 500 ns MD simulations. Residue
TYR109 formed hydrogen bonds with three ligands (>30%) and
additionally interacted with multiple ring systems within
Compound E (37%) and F (23%) complexes. PHE114 and
PHE113 participated in the formation of p–p stacking with the
terminal benzene rings of Compound E (10%) and F (15%),
respectively. The four aspartate residues at the end of the
binding pocket contributed signicantly to stabilizing complex
systems. A hydrogen bond (54%) was observed between ASP113
and the imidazole ring of EVT-101. Both ASP130 and ASP138
formed ionic interactions with the imidazole ring of EVT-101
(10% and 22%), and ASP138 additionally formed a hydrogen
bond with the sulfonyl group of Compound N (51%). The
complex of Compound N was further stabilized by forming
a hydrogen bond (46%) with ASP136.

Lead compounds targeting the secondary binding pocket
exhibited structural diversity, yet several common features were
observed through interaction relationships. Aromatic residues
(PHE113, PHE114, TYR109, and HIS134) within the N-terminal
region signicantly contributed to ligand binding via p–p

stacking. Four aspartate residues dominated the protein–ligand
binding mode on the opposite end (designated as A-end, indi-
cating aspartate), further stabilizing complexes through
hydrogen bonds and salt bridges with polar groups of ligands.
The results of RMSD curves (Fig. S3) and interaction analysis
fromMD simulations indicated that ligand binding through the
secondary pocket generally exhibited weaker binding affinity
than those targeting the primary pocket.
3.2. Identication of novel potential ligands for the two
binding pockets via virtual screening and lead compound
modication

Five key residues (GLU236, GLN110, SER132, PHE176, and
ARG115) of the primary binding pocket and four key residues
(TYR109, ASP113, ASP136, and ASP138) of the secondary
binding pocket were determined according to 2D interaction
diagrams. The virtual screening of the Pharmit database was
carried out for the validation of the dual-pocket binding modes
13070 | RSC Adv., 2026, 16, 13062–13082
and exploration of related mechanisms. Twelve molecules with
the absolute value of Glide docking scores higher than 10 were
screened out (Table S2). Predicted poses of all these molecules
were subjected to 500 ns MD simulations (Fig. S2 and S61–S68),
and four of them (IF01, IF03, IF08, and IF09) with stable and
anticipated strong interactions were advanced for further study
of primary binding pocket. It is noteworthy that the 3D binding
pocket schematic revealed that all hit compounds identied
through virtual screening occupied only the primary binding
pocket, which directly highlighted the necessity of an in-depth
investigation into the secondary binding site.

Additionally, since initial virtual screening failed to identify
potential ligands for the secondary binding pocket, Compound
E and F were modied to EVT01 and EVT02 guided by analysis
of the ligand–residue interaction characteristics within the
secondary binding pocket, aiming to verify the binding features.
3.3. Molecular dynamics simulations study of identied
ligands

Results from 500 ns MD simulations of the identied ligands
(IF01, IF03, IF08, IF09, EVT01, and EVT02) were employed to
further validate the identied binding modes and investigate
potentially undiscovered mechanisms. MD trajectories, RMSD,
RMSF values (Fig. S2 and S4) and protein–ligand interaction
diagrams (Fig. 5) were included.

3.3.1. Protein–ligand interaction analysis
3.3.1.1. Protein–ligand interaction analysis in the ligand-

targeting primary binding pocket. Fig. 5A–D depict the dynamic
interactions between the identied ligands and the key residues
within the primary binding pocket throughout the 500 ns MD
simulation. The residue GLU236 formed strong hydrogen
bonds with all the ligands (>65%), demonstrating its decisive
role in stabilizing complexes within the primary binding
pocket. PHE176 formed strong p–p stacking with three ligands,
particularly IF01 (83%), and ARG115 engaged in p–cation
interactions with the G-terminal benzene ring of IF03 (13%) and
IF08 (48%). The consistent presence of polar groups in all
ligands enhanced their interactions with the residue GLN110,
resulting in strong hydrogen bonds in IF01, 03, and 09
complexes (>75%) and two water bridges in the IF08 complex
(34% and 42%). Notably, GLN110 formed strong hydrogen
bonds with three polar groups of IF03 (>90%), respectively,
validating our previous conclusion regarding the preference for
polar interactions with such amino acids. Unlike the other
ligands, IF03 exhibited unique p–p stacking with the N-
terminal aromatic residue PHE114 (50%), resembling the
behavior of Compound B. p–Cation interactions with PHE114
(42%) and PHE113 (70%) were found in the IF08 complex due to
its lack of N-terminal benzene ring. Overall, the strong conser-
vation of binding modes between these potential ligands and
lead compounds of the primary binding pocket validated the
mechanistic insights we proposed, suggesting their promising
activity.

3.3.1.2. Protein–ligand interaction analysis in the ligand-
targeting secondary binding pocket. Fig. 5E and F depict the
dynamic interactions between the modied ligands and key
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Two-dimensional interaction diagrams of IF01, IF03, IF08, IF09, EVT01, and EVT02 during 500 ns MD simulations. (A) 5EWJ/IF01. (B)
5EWJ/IF03. (C) 5EWJ/IF08. (D) 5EWJ/IF09. (E) 5EWJ/EVT01. (F) 5EWJ/EVT02. Pink arrows represent hydrogen bonds, green lines represent p–p
stacking, and red lines represent p–cation interactions.
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residues within the secondary binding pocket throughout 500
ns MD simulations. Modied ligands EVT01 and EVT02
exhibited pronounced interactions with the residue TYR109
(52% and 60%), conrming its critical role in the secondary
binding pocket. Two newly introduced amino groups located at
the A-end of EVT01 formed hydrogen bonds with ASP138 (38%),
and the N-terminal aromatic ring engaged in p–p stacking with
PHE114 (24%). The amide group introduced at the A-end of
EVT02 played a major role in interactions with surrounding
aspartates at this end of the pocket. Notably, the central ami-
dine group of EVT02 formed a strong hydrogen bond with the
polar residue GLN110 (79%). Such polar interactions were
mediated via water bridges in the MD simulations of
Compound F before modication. Their difference in binding
modes possibly arose from the introduced electron-
withdrawing substituents in EVT02, which reduced the elec-
tron density of the benzene ring and weakened its conjugative
© 2026 The Author(s). Published by the Royal Society of Chemistry
electron-donating ability. The enhanced amidine polarity
signicantly promoted a stronger interaction with the
surrounding polar amino acids, which was in consistence with
the polarity selectivity of GLN110 that we observed.

3.3.2. Comprehensive binding mechanism and novel
insights into the primary binding pocket. The primary binding
pocket was characterized by non-polar aromatic residues at
both termini (PHE176 at G-end and PHE113, PHE114, TYR109
at N-end) and polar residues (GLU236, GLN110, and SER132)
near the N terminus. They were expected to play decisive roles in
stabilizing the complex. All ligands targeting the primary
binding pocket shared highly conserved structural features
(Fig. 6A–D): a central carbon chain bearing polar groups,
anked by aromatic or fused aromatic rings at both termini.
Ligands deviating from this structural pattern demonstrated
poor binding capability in MD simulations. The G-terminal
aromatic ring consistently formed a hydrogen bond with
RSC Adv., 2026, 16, 13062–13082 | 13071
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Fig. 6 Putative 3D binding mode diagrams of the primary and secondary binding pockets. (A) 5EWJ/IF01. (B) 5EWJ/IF03. (C) 5EWJ/IF08. (D)
5EWJ/IF09. (E) 5EWJ/EVT01. (F) 5EWJ/EVT02. Ligands with green scaffold target primary binding pocket, while ligands with yellow scaffold
target secondary binding pocket. Yellow lines represent hydrogen bonds, and blue lines represent p–p stacking or p–cation interactions.
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GLU236, as well as engaging in p–p stacking with PHE176 and
p–cation interactions with ARG115. Polar groups on the central
carbon chain formed hydrogen bonds with polar residues
GLN110 and SER132. The MD simulation results conrmed the
polar selectivity of this interaction and demonstrated that the
strength of hydrogen bonding was directly correlated with the
polarity of such groups on the ligand.

Few ligands were estimated to interact with N-terminal
residues across all evaluated complexes except p–p stacking
between PHE114 and Compound B, p–p stacking between
PHE114 and IF03, and p–cation interactions in IF08. Three-
dimensional binding diagrams demonstrated that these resi-
dues were situated at a considerable distance from the ligands.
The more extended carbon chain owned by Compound B, IF03
and IF08 successfully bridged this gap, and such lling effect
facilitated interactions between the terminal aromatic rings of
the ligands and the aromatic residues at the distal end
(particularly N-end) of the binding pocket. Additionally, the
modication of the terminal aromatic ring into a fused system
similar to Compound A further strengthened interactions
13072 | RSC Adv., 2026, 16, 13062–13082
within the terminal region via enhancing the protein–ligand
complementarity.

3.3.3. Comprehensive binding mechanism and novel
insights into the secondary binding pocket. The secondary
binding pocket was characterized by non-polar aromatic resi-
dues at the N-end (TYR109 and PHE114) and aspartates at the A-
end (ASP113, ASP136, and ASP138). Ligands of secondary
binding pocket exhibited lower structural conservation (Fig. 6E
and F). The N-terminal aromatic ring featured these ligands,
and the A-terminal polar groups or halogens engaged in
hydrogen bonds, water bridges or halogen bonds with the
surrounding aspartates. Three-dimensional schematics
revealed a considerable distance between the A-terminal
aspartates and the ligands. Accordingly, appropriate extension
of the polar groups on ligands signicantly enhanced polar
interactions, as demonstrated by the modication results of
EVT01 and EVT02. Ligands for the secondary binding pocket
suffered from weaker binding affinity and limited availability,
thus the modication of such ligands and the enhancement of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Comprehensive protein–ligand binding features. (A) 3D pharmacophore model for the ligands of primary binding pocket. (B) 3D phar-
macophore model for the ligands of secondary binding pocket. (C) Visualization of key residues for dual binding pockets. The red balls represent
polar residues, and the blue balls represent aromatic residues.

Fig. 8 Spatial partitioning of binding pockets by dominant interaction
types. The red-shaded area represents the polar interaction zone,
blue-shaded area denotes the hydrophobic interaction zone, and
purple-shaded region indicates the mixed polar/hydrophobic inter-
action zone. Three terminal sites are labeled: G-end (terminal for
ligand binding to GLU236 in the primary binding pocket), A-end
(terminal for ligand binding to aspartates in the secondary binding
pocket), and N-end (hydrophobic terminal shared for both pockets).
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A-terminal polar interactions should be the focus for the
development of novel potential ligands.

3.3.4. Ligand-based pharmacophore modeling and
proposal of polarity-determined triple partition hypothesis.
Pharmacophore models of the dual binding pockets were
generated to elucidate the common structural features of
ligands targeting both pockets and validate the binding mech-
anism derived from MD simulations (Fig. 7A and B). The
optimal pharmacophore for the primary binding pocket
compromised ve features including aromatic rings at both
termini, a central hydrogen bond acceptor and a positive ionic
center, and a G-terminal hydrogen bond donor, which were
involved in interactions with PHE114 (TYR109), PHE176,
GLN110 and GLU236. Such spatial arrangement complemented
well with the residue distribution within the binding pocket,
supporting our predicted conserved structure of ligands.
Common features of ligands for the secondary binding pocket
included two aromatic rings approaching N terminus, engaging
in p–p stacking with TYR109 and PHE114. The absence of an A-
terminal conserved structure segment resulted from the toler-
ance for diverse polar or halogen groups that interacted with
surrounding aspartates via hydrogen or halogen bonding,
thereby promoting ligand diversity in this region.

Based on the MD simulation study and pharmacophore
modeling, we visualized key residues commonly involved in the
formation of complexes within the dual binding pockets
(Fig. 7C). The secondary and primary binding pockets featured
an A-terminal polar interaction zone (aspartates) and a G-
terminal polar/hydrophobic hybrid interaction zone (GLU236
and PHE176), respectively, and they overlapped at the N-
terminal hydrophobic interaction zone (PHE114 and TYR109).
This pronounced that the regionalization of interaction char-
acteristics dividing the whole binding pockets into three parts
© 2026 The Author(s). Published by the Royal Society of Chemistry
was clearly demonstrated in Fig. 8. The distinct region-specic
interaction mode, dictated by the binding pockets, revealed
the essence of protein–ligand binding mechanism for the
NMDA receptor and provided a universal binding framework,
thereby directly guiding the discovery and modication of
potential active compounds.
3.4. Binding free energy calculations

3.4.1. Binding free energy calculations via the MM/PBSA
method. The entropy-corrected MM/PBSA method was
RSC Adv., 2026, 16, 13062–13082 | 13073
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Fig. 9 Results of MM/PBSA binding free energy. (A) DG fluctuation of ligands within the primary binding pocket during the 1000 frames. (B) DG
average and standard deviation (SD) of ligands within the primary binding pocket. (C) DG fluctuation of ligands within the secondary binding
pocket during the 1000 frames. (D) DG average and standard deviation (SD) of ligands within the secondary binding pocket.

Table 1 Alanine scanning mutagenesis results of 5EWJ complexes;
data are presented as mean ± pooled standard deviation (SD)

Index Complex system Wild type DG (kcal mol−1)

1 5EWJ/IF01 GLU236 5.83 � 1.74
2 5EWJ/IF01 GLN110 4.82 � 1.30
3 5EWJ/IF01 PHE176 2.56 � 1.58
4 5EWJ/IF03 GLU236 6.08 � 1.34
5 5EWJ/IF03 GLN110 5.56 � 0.79
6 5EWJ/IF03 PHE176 2.90 � 2.84
7 5EWJ/IF08 GLU236 4.28 � 1.42
8 5EWJ/IF08 GLN110 3.11 � 1.00
9 5EWJ/IF08 PHE176 0.15 � 1.59
10 5EWJ/IF09 GLU236 5.81 � 1.56
11 5EWJ/IF09 GLN110 4.28 � 2.18
12 5EWJ/IF09 PHE176 2.81 � 1.48
13 5EWJ/EVT01 TYR109 5.25 � 0.92
14 5EWJ/EVT01 PHE114 1.70 � 1.42
15 5EWJ/EVT01 ASP138 0.83 � 0.55
16 5EWJ/EVT02 TYR109 8.08 � 1.02
17 5EWJ/EVT02 PHE114 2.42 � 1.53
18 5EWJ/EVT02 ASP138 0.59 � 0.57

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 5
/1

8/
20

26
 1

2:
10

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
employed to calculate DG of 5EWJ complexes of dual binding
pockets, qualitatively assessing the protein–ligand binding
affinity (Fig. 9). IF03 (−62.24 ± 2.82 kcal mol−1) and IF09
(−61.95 ± 3.39 kcal mol−1) exhibited a signicantly lower
binding free energy, which validated their stronger binding
affinity and our analysis regarding key amino acids. A structure
with a long carbon chain and multiple central polar groups
(IF03) enhanced interactions with GLN110, PHE176 and
PHE114, thereby reducing the binding free energy. The DG
value of the secondary binding pocket ligands was generally
higher than those of the primary binding pocket, demon-
strating their weaker binding affinity. Notably, the signicant
improvement of binding free energy of the modied ligand
EVT02 (−50.37 ± 3.08 kcal mol−1) validated the critical role of
the residue GLN110 and A-terminal aspartates in the protein–
ligand binding process. The enhancement of polar interactions
with these residues (polar interaction zone in Fig. 8) was key to
their rational modication.

The residues GLU236, GLN110, PHE176, TYR109, PHE114,
and ASP138 were mutated to alanine in alanine scanning
mutagenesis conducted together with MM/PBSA (Table 1). The
DG contribution fromGLN110 was optimal for the IF03 complex
(5.56 ± 0.79 kcal mol−1), which was consistent with MD simu-
lation conclusions. TYR109 exhibited signicantly higher DG
13074 | RSC Adv., 2026, 16, 13062–13082
values than other residues within the secondary binding pocket,
demonstrating its dominant contribution. DG contributions
from the residues of secondary binding pocket were smaller
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Convergence of free energies across fractions of simulation time. Free energy changes for the annihilation of applying all restraints to the
ligands (A), electrostatic (B), Lennard-Jones (C) interactions in the bound state and binding free energy changes (D) are shown as a function of
sampling time for each window for the four systems. Red, green, black, and brown lines represent ANG01, IF03, Ifenprodil and EVT01,
respectively.
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than those of the primary pocket, which was consistent with the
overall binding free energy results.

3.4.2. Binding free energy calculation via ABFE and RBFE.
ABFE and RBFE calculations were performed using the BAT2.py
program and AMBER24 simulation engine to achieve the
precise quantication of binding free energies for key
complexes and enable comparative analysis between different
ligands. The ABFE calculations were conducted on four systems
(Ifenprodil, IF03, EVT01, and ANG01). These ligands occupied
distinct sub-pockets and represented their specic binding
modes, allowing for a detailed elucidation of energy contribu-
tion from different binding regions to the overall stability of the
dual-pocket binding complex. Free energy estimates for each
component were recorded within the successive fractions of
Table 2 Results of ABFE calculations of the four ligand systems. Energ
in kcal mol−1

Index Compound DGattach

1 Ifenprodil 7.94 � 0.10
2 IF03 10.83 � 0.55
3 EVT01 10.78 � 0.77
4 ANG01 11.51 � 0.55

© 2026 The Author(s). Published by the Royal Society of Chemistry
total simulation time to assess the convergence of alchemical
transformation (Fig. 10).

The mean values and standard deviations derived from ten
simulation blocks for each free energy component and the total
binding free energy across the four systems are presented in
Table 2. Despite statistical uctuations, the signicant differ-
ences in binding free energy among the ligands robustly
substantiated the conclusion of this study.76 EVT01, which
occupied the secondary pocket, exhibited the weakest binding
affinity (−5.12 ± 1.47 kcal mol−1), thereby validating the
conclusions from MD simulations regarding suboptimal inter-
actions in this pocket. IF03 (−14.33 ± 2.33 kcal mol−1)
demonstrated a stronger binding mode than Ifenprodil (−10.94
± 0.93 kcal mol−1), conrming the effectiveness of introducing
y is reported as mean value ± standard deviation (s) from 10 blocks

DGelec DGLJ DGbind

9.55 � 0.78 15.49 � 0.18 −10.94 � 0.93
−3.16 � 0.53 29.46 � 2.16 −14.33 � 2.33
−8.35 � 0.35 21.14 � 1.19 −5.12 � 1.47
4.99 � 1.05 22.75 � 1.10 −16.17 � 1.62

RSC Adv., 2026, 16, 13062–13082 | 13075
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Table 3 Results of RBFE calculations of the two ligand groups. Energy is reported in kcal mol−1

Group Id Compound Attach_all Ele-TI LJ-TI Release-TR Release-CF DG DGBAT-x1/2

a a-1 Ifenprodil 9.58 −1.57 4.71 −10.38 −10.39 8.05 −0.82
a a-2 IF03 10.86 4.62 0.43 −11.40 −11.73 7.23
b b-1 EVT-101 10.32 −4.48 −0.95 −11.48 −12.62 19.20 −6.03
b b-2 EVT01 8.34 −4.66 2.93 −11.31 −8.46 13.17
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polar groups and extending the ligand scaffold within the
primary pocket. The consistency between the ABFE results and
MM/PBSA calculations strongly supported the conclusions
regarding dual-pocket binding hypothesis proposed in this
study.

The RBFE calculations were performed on two ligand pairs
(Ifenprodil and IF03, and EVT-101 and EVT01) to separately
assess the thermodynamic impact of chemical modications
targeting primary and secondary binding pockets on complex
stability (Table 3). The RBFE for IF03 relative to Ifenprodil
yielded a value of −0.82 kcal mol−1, which demonstrated that
extending the ligand length and introducing additional polar
groups enhanced binding interactions within the primary
pocket. Notably, a substantial RBFE of −6.03 kcal mol−1 was
obtained for EVT01 compared to the lead compound EVT-101.
This pronounced change directly conrmed the success of our
ligand modications targeting secondary pocket and validated
the critical contribution of the terminal aspartate residues to
overall complex stability.
3.5. Quantum chemistry calculation for key interactions

Key interactions including hydrogen bonds, halogen bonds and
p–p stacking were systematically investigated utilizing DFT
calculations. Our comprehensive interaction calculations of the
eight ligands (Ifenprodil, IF03, IF09, Compound A, Compound
F, EVT-101, EVT02, and ANG01) within dual binding pockets
established a quantitative foundation for the proposed polarity-
determined triple partition hypothesis.

3.5.1. G-Terminal and central hydrogen bonds enhanced
the binding affinity. The strength of hydrogen bonding between
ligands IF03, IF09, and Ifenprodil and three key residues
(GLU236, GLN110, and SER132) are listed in Table 4, index 1–9.
Table 4 Bond energy of key interactions in MD simulations. Energy is re

Index Interaction system Energy

1 Ifenprodil/GLN110 −7.61
2 Ifenprodil/GLU236 −6.28
3 Ifenprodil/SER132 −1.70
4 IF03/GLN110 −6.55
5 IF03/GLU236 −4.67
6 IF03/SER132 −2.60
7 IF09/GLN110 −7.67
8 IF09/GLU236 −5.56
9 IF09/SER132 −3.01
10 Ifenprodil/ARG115 −1.20
11 Ifenprodil/PHE114 −1.92
12 Ifenprodil/PHE176 −5.09

13076 | RSC Adv., 2026, 16, 13062–13082
The general exceptional hydrogen bonds with GLN110
underscored its essential role in complex binding. For the active
reference Ifenprodil, the strong and stable HB interaction with
GLN110 (−7.61 kcal mol−1) dominated its binding mode, and
interaction with GLU236 failed to keep stable ranging from
−3.96 to −7.20 kcal mol−1. Variations in HB strength across
simulation frames likely stemmed from thermal uctuations
altering donor–acceptor angles and distances,77 which di-
scredited the dominant binding contribution of HB. IF09
exhibited a stronger HB with GLN110 (7.67 kcal mol−1) and
a more stable HB with GLU236 (ranging from −5.21 to
−5.99 kcal mol−1), indicating its stronger binding affinity.

3.5.2. N-Terminal p–p stacking altered the binding supe-
riority. Analysis on MD simulations concluded the possibility
that a larger aromatic group (fused ring) at both termini lled
the vacancy of binding pocket, and elongation of the molecular
scaffold compressed the terminal cavities, similarly strength-
ening terminal hydrophobic interactions to enhance the
binding affinity. The strength of crucial p–p stacking involved
in this lling process is listed in Table 4, index 10–15.

Compound A featured a fused-ring at one terminus and IF03
was characterized by an extended scaffold. Strong p–p stacking
was observed between PHE176 and these two ligands, which
was consistent with our determination of key amino acids.
Hydrophobic interactions between Compound A and ARG115
(−1.28 kcal mol−1), Compound A and PHE176
(−5.40 kcal mol−1), and IF03 and PHE114 (−2.64 kcal mol−1)
were stronger than corresponding interactions observed in
Ifenprodil. The overall enhancement of p–p stacking exerted
superior binding affinity we observed on IF03 and Compound A,
corroborating our elongation strategies to strengthen p–p

stacking with aromatic residues at the ends of the pocket.
ported in kcal mol−1

Index Interaction system Energy

13 Compound A/ARG115 −1.28
14 Compound A/PHE176 −5.40
15 IF03/PHE114 −2.64
16 EVT-101/TYR109 −6.92
17 EVT-101/ASP138 −2.66
18 Compound F/ASP136 −1.89
19 Compound F/ASP138 −1.48
20 EVT02/GLN110 −8.63
21 ANG01/GLU236 −5.64
22 ANG01/GLN110 −6.48
23 ANG01/PHE114 −2.87
24 ANG01/ASP113 −2.61

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.5.3. Hybrid interactions occurred within the secondary
binding pocket. The strengths of key interactions within the
secondary binding pocket are presented in Table 4, index 16–20.
Thep–p stacking between lead compound EVT-101 and TYR109
(−6.92 kcal mol−1) was remarkably stronger than A-terminal
polar interactions, conrming the dominant role of TYR109
within the secondary binding pocket. The interaction imbal-
ance contributed to its suboptimal protein–ligand binding
affinity. However, the strong hydrogen bond between the
modied ligand EVT02 and GLN110 (−8.63 kcal mol−1)
demonstrated that such polar interactions signicantly stabi-
lized the system. The A-terminal triuoromethyl group of
Compound F formed halogen bonds of moderate strength with
the surrounding aspartates, offering a novel strategy for
enhancing the binding affinity.
3.6. Design of novel ligands occupying dual binding pockets

3.6.1. Design procedure of ANG01. Based on the identied
key amino acids and polarity-determined triple partition
hypothesis of the dual binding pockets we proposed, as well as
several modication strategies that favored binding affinity, we
designed a novel ligand (ANG01) occupying both binding
Fig. 11 Two-dimensional interaction diagrams of pre-ANG01, pre-AN
ANG01. (B) 5EWJ/pre-ANG02. (C) 5EWJ/pre-ANG03. (D) 5EWJ/ANG01
stacking, and red lines represent p–cation interactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
pockets (Fig. 12B). A four-step modication process was
designed starting from Compound A (denoted as pre-ANG01),
with several intermediate compounds involved (Fig. 11). The
nal compound of each modication step (denoted as ANG
precursors) underwent 20 ns MD simulations to validate their
dynamic binding characteristics with the pockets, providing
direct evidence and guidance for subsequent structural modi-
cations. pre-ANG01 exhibited strong interactions with
multiple key residues at the G end, while it showed negligible
interactions with the N-terminal region and secondary binding
pocket, thereby serving as a rational starting point for the whole
procedure.

The scaffold of pre-ANG01 was extended to enhance the
interactions with key residues at both ends, and the number of
hydrogen bond donors and acceptors was minimized to main-
tain favorable drug-likeness. The resulting molecule pre-ANG02
achieved anticipated interactions within a 20 nsMD simulation,
including GLN-110 (77%), PHE-114 (23%) and GLU-236 (134%).
Subsequent structural extension toward the secondary binding
pocket was initiated from the N-terminal aromatic ring. Guided
by polarity–selectivity hypothesis, a polar group was introduced
to enhance interactions with surrounding polar residues.
Ligand pre-ANG03 simultaneously formed a hydrogen bond
G02, pre-ANG03, and ANG01 during MD simulations. (A) 5EWJ/pre-
. Pink arrows represent hydrogen bonds, green lines represent p–p

RSC Adv., 2026, 16, 13062–13082 | 13077
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Fig. 12 Protein–ligand binding mode of the newly designed ligand ANG01. (A) Two-dimensional interaction diagram of ANG01 during 500 ns
MD simulation. (B) Three-dimensional binding pocket diagram of ANG01.
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(84%) and a salt bridge (30%) with ASP-113. To accommodate
the polar residues and ll the cavity of A-terminal region,
a phenol group was introduced in the fourth step, yielding the
nal compound ANG01. Our modication process allowed
stepwise optimization based on changes in key residual inter-
actions surrounding the ligand, ensuring both scientic rigor
and maximal interactions of the resulting molecule.

3.6.2. Investigation of the potential activity of ANG01 via
multiple computational approaches. Approximately two-thirds
of ANG01 occupied the primary binding pocket, and the
remaining portion extended into the secondary pocket. The two
segments were connected by a benzene ring located within the
hydrophobic zone. A 500 ns MD simulation coupled with ABFE/
RBFE and DFT calculations was performed on this novel ligand.
ANG01 formed hydrogen bonds with GLU236 (55%) and ASP113
(38%) at the G and A termini, respectively, while engaging
TYR109 (10%) and PHE114 (51%) through p–p stacking within
the hydrophobic zone. The distribution and strength of these
key interactions were consistent with our anticipation, vali-
dating the rational design of universal binding framework we
proposed.

The ABFE calculation further conrmed the superior
stability of the ANG01 complex (−16.17 ± 1.62 kcal mol−1),
which exhibited a lower DGbind value than the ligands targeting
one single pocket (Table 2). The result demonstrated that
simultaneous engagement of both binding pockets could
signicantly enhance the ligand binding affinity. Furthermore,
the key interaction energy calculated for each group (Table 4,
index 21–24) was comparable to those of the previously studied
ligands within the single pocket, suggesting that the coopera-
tive interactions with residues from both pockets further
stabilized the complex system compared to binding within
a single pocket. Meanwhile, the improved structural comple-
mentarity achieved through this binding mode would possibly
contribute to a higher selectivity toward the NMDA receptor.78

ADME predictions demonstrated high GI absorption and
bioavailability of ANG01, as well as full compliance with Lip-
inski, Pzer rule and Golden-triangle. The results of our
comprehensive analysis positioned ANG01 as a promising lead
13078 | RSC Adv., 2026, 16, 13062–13082
compound for the development of novel NMDA receptor
antagonists with a higher binding affinity and enhanced
selectivity. Subsequent structural optimizations and pharma-
cological tests are pursued with the goal of minimizing the
potential toxicity of such molecules.
4 Conclusions

Although numerous NMDA receptor antagonists with known
activity have been reported experimentally, the dual-pocket
binding mechanism, particularly regarding the secondary
binding pocket and their integrated exploration, has received
limited attention and remained unexplored. In this study,
integrated computational methods were applied to gain mech-
anistic insights into the primary and secondary binding sites,
including 500 ns MD simulations of 22 complex systems, ABFE/
RBFE calculations for six complex groups and DFT calculations
for 20 interactions. Residues GLU236, GLN110, SER132,
PHE176, ARG115, TYR109, PHE114, ASP136, and ASP138 were
demonstrated as key amino acids in the dual-pocket binding
process. Polarity-determined triple partition hypothesis of dual
binding pockets was proposed as a universal binding frame,
dividing the whole binding region into polar zone, hydrophobic
zone and polar/hydrophobic hybrid zone, featuring three
termini (A, N, and G), unlocking the essence of the NMDAR-
ligand binding mode. Novel mechanistic insights including
polarity selectivity and elongated complementarity were dened
as the decoration of this universal frame. The new ligand
ANG01 occupying both binding pockets was designed based on
the above hypothesis and modication strategies, which
exhibited signicantly improved binding affinity and favorable
ADME properties. Additionally, two potential NMDAR antago-
nists IF03 and IF09 (cid: 121503195 and 71751913) were
discovered via virtual screening. In the future study, pharma-
cological evaluation and further structural optimization of
ANG01 are warranted to eliminate the potential toxicity,
advancing such compounds towards highly efficacious NMDAR
antagonists with improved selectivity and safety.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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