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Abstract

N-methyl-D-aspartate receptors (NMDAR) are crucial molecules in the brain,
governing learning, memory, and neuroplasticity. Recent evidence suggests that
oxidative stress, an imbalance between free radicals and antioxidants, can damage
these receptors. This is particularly concerning because NMDAR dysfunction is
linked to neurological disorders like depression, schizophrenia, and Alzheimer's
disease. This study utilizes advanced computational modeling to investigate the
impact of oxidative stress on glutamatergic receptors within the human hippocampus,
a brain region critical for their mediated functions. We focus on the oxidation of
Tryptophan (Trp) to 5-hydroxytryptophan (4pq) due to their prevalence in these
receptors. Leveraging high-performance computing resources, we aim to elucidate
how this specific oxidation alters receptor structure and function. This knowledge
could pave the way for future research on the potential contribution of oxidative
stress to neurological disorders.

Introduction

Oxidative stress, characterized by an imbalance between free radicals and
antioxidants, is increasingly recognized as a contributing factor to the pathogenesis of
neurodegenerative and psychiatric disorders [1]. Recent studies have highlighted the
susceptibility of glutamatergic receptors to oxidative modifications, suggesting that
oxidative stress-induced alterations in receptor structure and function may play a role
in the development and progression of these disorders. The human hippocampus, a
brain region crucial for learning and memory processes, is particularly vulnerable to
oxidative stress due to its high metabolic activity and abundant expression of these
receptors [2]. In this study, we aim to investigate the impact of oxidative stress on
glutamatergic receptors within the human hippocampus using advanced
computational modeling techniques. Specifically, we will focus on the oxidation of
tryptophan residues, as these modifications have been implicated in receptor
dysfunction. By leveraging high-performance computing resources, we seek to
elucidate how oxidative stress-induced modifications alter the structure and function
of these receptors in the hippocampus [3]. The selection of TRP near the channel of
the receptor for investigation is grounded in its pivotal location within the NMDA
receptor. Positioned within the transmembrane domain of each receptor subunit, TRP
is readily accessible for interactions with various ligands and molecules that can
influence receptor function. Furthermore, TRP exhibits a high degree of conservation
across different species, underscoring its functional significance [4]. Modifications to
TRP, such as oxidative damage, have the potential to disrupt the conformation and
activity of the NMDAR, thereby impacting its crucial roles in synaptic transmission
and plasticity. Hence, studying the oxidative modifications of TRP offers valuable
insights into the underlying mechanisms of NMDAR dysfunction and its implications
for neurological disorders [5].



Modeling of glutamate receptors with single and multiple
oxidations on the subunits.

In this study, we employ computational modeling techniques to investigate the impact
of oxidative stress on glutamate receptor. NMDA receptors are known to play a
crucial role in synaptic transmission and plasticity in the brain, and its dysfunction is
involved in various neurological disorders [6].
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Figure 1: Exploring the binding mechanism of Trp-4pq (hydroxytryptophan).

Tryptophan residues within the NMDA receptor will strategically modified to
simulate the effects of oxidative stress, a phenomenon implicated in various
neurological disorders. Oxidative stress-induced modifications, such as the
conversion of Tryptophan to 5-Hydroxy-L-Tryptophan [7], have been observed in
experimental studies and are believed to contribute to the dysfunction of NMDA. By
incorporating this modification into our computational model, we aimed to mimic the
molecular changes occurring in NMDA receptors under oxidative stress conditions,
providing valuable insights into the underlying mechanisms of neurological disorder.

By incorporating TRP to 4PQ modification into our computational model, we aim to
gain insight into the underlying mechanisms of NMDA receptor dysfunction in
neurological disorders. Specifically, we try to look for understanding how oxidative
stress-induced modifications alter the structure and function of NMDA receptors,
leading to synaptic dysfunction and neuronal injury. This knowledge is essential for
elucidating the pathophysiology of neurological diseases and may inform the
development of novel therapeutic strategies targeting oxidative stress pathways.

Materials and methods

The graphical processing unit (GPU) version of the GROMACS program package
was employed to perform all simulations [8]. For the simulation, NMDA receptor was
acquired from the Protein Data Bank (PDB ID: 6WHR) [9], and any missing residues



were corrected using Modeller software during the alignment process. Molecular
dynamics simulations using the GROMACS 2022.4 package were performed using
370 POPC lipid bilayers (185 POPCs per sheet) and 51366 water molecules. To
neutralize the charge, 99 water molecules in Na+ and Mg+ are replaced by cations,
and an additional 103 water molecules are replaced by CI- counterions. The bilayer
sheets are placed on a water plate with the lipid headgroups oriented in the water
phase. Two NMDA receptors were used to simulate the interaction of the membrane
and boron compounds. A rectangular prismatic box with periodic boundary
conditions applied in all directions. The initial topology for NMDA was taken from
the literature. CHARMM-GUI, http://www.charmm-gui.org , a web-based graphical
user interface, was used to generate input files for molecular dynamics minimization,
equilibration, and simulations. Visual Molecular Dynamics1.9.4 (VMD) and PyMOL
software were used to generate images.

Modeling was done in three stages:

* minimization of the energy;
e NVT and NPT equilibration of the system;
e molecular dynamics (MD) calculations with the CHARMMS36 force field,;

Initially, an energy minimization process was executed to eliminate excessive
potential from the model system. Throughout this simulation, the atoms adjusted to
appropriate positions, aligning with the nearest local minimum energy conformation
for this model system. Subsequently, short simulations of 100 ps in the NVT
(canonical ensemble) and 500 ps in the NPT (isobaric-isothermal ensemble) were
conducted, employing a positional restraint potential. The production part of the
simulation was set to 100 ns. The velocity-rescaling thermostat [10] and a Parrinello-
Rahman barostat [11] were used at 310.15 K and 1 atm, respectively.

Membrane bilayer

The lipid bilayer, a pivotal structural entity within cellular membranes, serves as a
dynamic partition separating the internal milieu of the cell from its extracellular
environment.

Comprised primarily of phospholipid molecules, notably POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine), this bilayer arrangement is characterized by
hydrophilic head groups that interface with the surrounding aqueous medium and
hydrophobic tails that interact inwardly, fostering a stable and selective barrier.
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Figure 2: VMD representation of a membrane model containing lipids and NMDA
receptor ions, initial and after 100 ns simulation.

In our computational simulations, we delineate the lipid bilayer to primarily consist
of POPC molecules, each featuring distinct choline, glycerol, and phosphate moieties
in their hydrophilic regions, juxtaposed with saturated palmitoyl and unsaturated
oleoyl hydrophobic chains. This molecular configuration allows for the self-assembly
of phospholipids into a bilayer structure, with their hydrophilic components oriented
outward and hydrophobic portions inward, thereby forming a cohesive lipid matrix.

Supplementary to phospholipids, our simulated membrane incorporates essential
membrane proteins, exemplified by the NMDA receptor, alongside pivotal ions such
as SOD, MG, and CLA, as well as water molecules (TIP3). These constituents
collectively orchestrate fundamental processes within the membrane, orchestrating
molecular transport and signaling events critical for cellular homeostasis. Through
our simulations, we endeavor to elucidate the intricate interplay between these
components, shedding light on the nuanced dynamics and functional implications
inherent to membrane physiology.

MD simulation

Molecular dynamics (MD) simulations serve as a cornerstone in computational
science, offering a robust methodology to explore the intricate movements and
interactions of atoms and molecules over time.

This method models the behavior of a system by solving the equations of motion for
each atom, considering the forces acting on them. The resulting trajectories are then
analyzed to gain insights into the system's behavior. These simulations provide a



powerful tool for investigating various biological systems, including the behavior of
molecules such as proteins and DNA. By simulating the motion and behavior of
individual atoms and molecules, MD simulations help researchers understand the
dynamic interactions within biological systems, contributing to advancements in
areas such as drug discovery and understanding biomolecular mechanisms.
Moreover, MD simulations play a crucial role in studying the oxidative modifications
of receptors. By simulating the dynamics of bonds within receptors subjected to
oxidative stress, researchers can unravel how oxidative damage alters the structure
and function of these receptors. This deeper understanding sheds light on the
molecular mechanisms underlying oxidative stress-related diseases and opens
avenues for developing therapeutic interventions targeting these processes. Thus, MD
simulations not only provide insights into fundamental biological processes but also
offer a platform for investigating disease mechanisms and designing targeted
therapies [12].

GROMACS

GROMACS short for (GROningen MAchine for Chemical Simulations), stands as a
highly utilized software for molecular dynamics simulations. Its primary focus lies in
simulating the behavior of biological molecules like proteins, lipids, and nucleic
acids. As an open-source suite, GROMACS offers comprehensive capabilities for
high-performance molecular dynamics and output analysis, making it a go-to choice
for researchers. Tailored specifically for MD simulations of biomolecules,
GROMACS boasts an array of features to enhance its usability. It offers various force
fields tailored to different biomolecule types and provides tools for both preparing
and analyzing simulation data. Furthermore, GROMACS supports a multitude of
simulation protocols, including energy minimization, equilibration, and production
runs. With trajectory analysis and visualization tools among its repertoire,
GROMACS emerges as a robust and versatile solution for exploring the behavior of
biomolecules through molecular dynamics simulations.

CHARMM

CHARMM (Chemistry at HARvard Molecular Mechanics) stands as a pinnacle of
molecular simulation platforms, meticulously refined and honed over a rich legacy
spanning three decades[13]. Serving as a stalwart in the realm of computational
biology, CHARMM's prowess extends across a vast array of biological entities,
embracing proteins, peptides, lipids, nucleic acids, carbohydrates, and small molecule
ligands, all within a diverse spectrum of environments including solution, crystalline
matrices, and intricate membrane landscapes. One of CHARMM's hallmark strengths
lies in its multifaceted toolkit, replete with an extensive repertoire of computational
methodologies meticulously designed to unravel the intricate dance of biomolecular
dynamics. From the nuanced exploration of conformational space to the rigorous



estimation of free energy landscapes, CHARMM's arsenal encompasses a myriad of
sophisticated techniques. These include not only traditional molecular dynamics
simulations but also cutting-edge conformational sampling methods, facilitating a
comprehensive understanding of biomolecular behavior. Moreover, CHARMM's
adaptability shines through in its ability to cater to a broad spectrum of complex
systems, transcending the boundaries of conventional biomolecular domains.
Whether navigating the intricacies of mixed quantum mechanical-molecular
mechanical force fields or harnessing the predictive power of all-atom classical
potential energy functions, CHARMM stands as a beacon of versatility. Its repertoire
encompasses explicit solvent representations, diverse boundary conditions, and the
nuanced subtleties of implicit solvent and membrane models, offering researchers an
expansive canvas upon which to explore the vast landscape of molecular interactions
and dynamics. In essence, CHARMM emerges not merely as a software platform but
as a cornerstone of computational biology, empowering researchers with the tools and
insights necessary to unravel the mysteries of biological systems with unparalleled
depth and precision.

Visual Molecular Dynamics

Visual Molecular Dynamics (VMD) stands as a versatile molecular graphics program
meticulously crafted for the visualization and analysis of complex molecular
assemblies, with a particular focus on biopolymers including proteins and nucleic
acids[14]. Renowned for its unparalleled flexibility, VMD empowers researchers to
effortlessly visualize an extensive array of molecular structures concurrently,
leveraging a diverse spectrum of rendering styles and coloring methodologies. At its
core, VMD boasts a comprehensive graphical user interface that seamlessly integrates
program controls, offering researchers an intuitive platform to navigate and
manipulate molecular landscapes with ease. Beyond mere visualization, VMD's
robust architecture extends to the dynamic realm of molecular dynamics (MD)
simulations, facilitating the seamless animation of trajectory data with unparalleled
precision and fluidity. In essence, VMD emerges not only as a sophisticated tool for
molecular visualization but as a cornerstone of computational biology, empowering
researchers with the capabilities necessary to unravel the intricacies of biomolecular
systems with unparalleled clarity and insight.

Results and discussion



Root Mean Square Deviation (RMSD) is a fundamental metric used in molecular
dynamics simulations to assess the stability and structural changes of biomolecules
over time[15]. RMSD serves as a crucial tool for understanding the dynamic behavior
of biomolecules and elucidating their structural changes under various conditions,
contributing to advancements in drug discovery, protein engineering, and molecular
biology research. Molecular dynamics simulations involving any protein begin by
bringing them to equilibrium. We can see how long and to what extent it has reached
equilibrium when the computer calculates this process. To ensure that the system
reaches equilibrium, we take the root mean square deviation. The root-mean-square
deviation of atomic positions, or simply root-mean-square deviation (RMSD), is the
measure of the average distance between the atoms (usually the backbone atoms).
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Figure 3: RMSD calculation for NMDA receptor in the membrane during the time of
the simulation.

The graph shows the behavior of the NMDA receptor backbone during a 100 ns
simulation. The RMSD measures the average deviation of the receptor structure from
its initial state. Increasing RMSD values indicate that the NMDA receptor backbone
becomes more flexible over time. This increased mobility can be influenced by
various factors, including interactions with lipids and ions present in the membrane
environment, as well as thermal fluctuations and the intrinsic flexibility of the
receptor. Overall, the graph provides insight into how the NMDA receptor responds
to its environment and adapts its structure during the simulation. As we can see in



Figure 1, the duration of the simulation seems to be short enough for our protein to
adapt to the simulation state, that is, to reach equilibrium. From the 40th ns to the
60th ns, it fluctuated almost the same, and after that it returned to the figure of those
seconds with little change. This means that the largest fluctuation in our system is
almost 9 nm, which is a good deviation for this protein. Additionally, the dynamic
behavior of proteins, characterized by fluctuations and conformational changes, can
be influenced by the presence of oxidized amino acids, further impacting RMSD
measurements. The specific type and extent of oxidation of the amino acid play a

crucial role in determining its interactions with the protein and subsequent structural
alterations. Different oxidative modifications may result in varying degrees of impact
on protein structure and consequently affect RMSD values.
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Figure 4: RMSD for SYIANLAAF motifs in the whole receptor(A) and individual
chains(B) within an NMDA receptor simulation.

The figure shows the time-dependent fluctuations (RMSD) of the four SYTANLAAF
motifs (S1, S2, S3, and S4) and the general SYTANLAAF motif within the NMDA
receptor simulation.

These motifs are highly conserved sequences of nine amino acids (Serine-Tyrosine-
Threonine-Alanine-Leucine-Alanine-Alanine-Alanine-Phenylalanine) in the M3c
domain of NMDA receptor subunits[16]. , which controls the flow of ions through the
channel. The above graph for the full SYTANLAAF motif shows that the fluctuation

has been significant over the given time period.
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Figure 5: Initial receptor view ready for simulation (rainbow part is SYTANLAAF
motifs).

Dynamic behavior of SYTANLAAF motifs can affect their function. A more mobile
motif (such as S4 in this case) can open and close the channel or block interactions
with regulatory molecules, while a less mobile motif (such as S1, S2 or S3) can
provide structural stability.
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Figure 6: Time-dependent variation of the distance between the centers of mass of a
pair of SYTANLAAF patterns.

The graph illustrates the evolution of distances between specific amino acid residues
within the SYTANLAAF sequence across different chains of an oxidized NMDA
receptor, as observed in a molecular simulation. The focus is on understanding how



oxidation influences the relative positions of these residues and potentially alters the
shape of the receptor's passage channel. On the X-axis, time (measured in
nanoseconds, ns) during the simulation is represented, while the Y-axis denotes the
distance in nanometrs (nm) between pairs of groups of amino acid residues. Here we
can see that the distance between the motifs belonging to the B and D chains is
significantly reduced Analyzing the trends and average values of each line over the
simulation duration allows for insights into changes in the relative positions of these
residues and their potential impact on the channel shape.

A consistent rise in distance between specific residues indicates a widening of the
space between these points along the channel walls, attributed to oxidation.
Conversely, a decline in distance suggests a narrowing of the channel space between
the selected residues. Fluctuations in distance imply flexibility in the channel walls,
possibly influenced by structural dynamics. Comparing the behavior of different lines
enables the assessment of how oxidation affects distinct regions of the channel.
Similar trends across lines suggest a uniform impact, while disparities indicate non-
uniform or distorted effects of oxidation. Understanding the specific residues chosen
for distance measurements within the SYTANLAAF sequence would provide
additional context for functional implications. Visualization of the NMDA receptor
structure with highlighted residues aids comprehension of how their relative positions
influence channel shape. Acknowledgment of simulation limitations is crucial
observed changes may be exaggerated compared to real-world scenarios. By
scrutinizing trends and comparing lines in this distance graph, valuable insights
emerge regarding how oxidation potentially alters the positions of amino acids within
the SYTANLAAF sequence across different chains. This information holds
significance in comprehending oxidation's impact on the receptor's function and
structure.

Receptor ion channel radius calculation

The NMDA (N-methyl-D-aspartate) receptor plays a pivotal role[17] in synaptic
transmission and plasticity within the central nervous system. Understanding the
structural characteristics of its ion channel pore is crucial for unraveling the
mechanisms underlying synaptic function and dysfunction[18]. In this analysis, we
employed the HOLE program( /) to investigate the pore
dimensions of the NMDA receptor, aiming to elucidate its functional implications.

HOLE is a program that allows the analysis and visualisation of the pore dimensions
of the holes through molecular structures of ion channels Smart et al., 1996.We
performed these steps to visualize the pore characteristics of the NMDA receptor
using dot and solid surfaces in VMD. By generating surfaces from the raw HOLE
sphere files, we can gain insights into the structural properties of the receptor,
particularly its channel architecture and the spatial distribution of regions with
different water accessibility.
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Figure 6: Comparative analysis of receptor ion channel dynamics using solid surfaces utility of
HOLE program.

The initial step involved creating a dot surface from the "hole_out.sph" file using the
sph_process program. This dot surface provides a visual representation of the pore
space, with different colors indicating areas suitable for water molecules and those
too constricted for their accommodation. Increasing the dot density with the -dotden
option enhances the surface resolution, providing finer details. Subsequently, we
converted the dot surface file to a format compatible with VMD[19] using the
gpt_conv tool. This conversion enables us to seamlessly integrate the HOLE-
generated surface into the VMD environment for interactive visualization and
analysis alongside the NMDA receptor model. In VMD, loading the dot surface
visualization allows us to examine the spatial distribution of pore characteristics
within the context of the receptor structure. This visualization aids in identifying
potential binding sites, understanding the accessibility of the channel to solutes or
ions, and assessing the overall conformational dynamics of the receptor. Additionally,
we have the option to create a solid surface representation using similar procedures.
This solid surface offers a more continuous visualization of the pore space,
facilitating a comprehensive analysis of the receptor's structural features and
functional implications. Overall, these visualization techniques provide valuable
insights into the structural properties of the NMDA receptor and contribute to our
understanding of its biological function and pharmacological modulation.
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Figure 7: NMDA receptor ion channel radius distribution calculated by HOLE program.

The graph on the left portrays the pore radius distribution before the simulation,
while the graph on the right depicts the radius distribution after the simulation. The x-
axis represents the channel coordinate in Angstroms, with the y-axis indicating the
pore radius in Angstroms. A notable observation is the apparent reduction in pore
radius following the simulation compared to its initial state.

The simulation's specific objective remains unspecified; however, it likely aimed to
investigate various factors impacting the NMDA channel's functionality. Potential
areas of inquiry may include the influence of pharmacological agents or physiological
conditions on channel dynamics. Overall, the graphical representation offers valuable
insights into the structural dynamics of the NMDA receptor channel, shedding light
on potential mechanisms underlying its regulation and function.

For graph a, the smallest value of the hole, the radius of the narrowest part of the
channel, is 0.53578 Angstroms, and for graph b, it is 0.40135 Angstroms. It can be
seen that the reduction of the channel occurred as a result of oxidation, although it
was almost indistinguishable from the results of the simulation.

The provided image offers insight into a protein simulation concerning the
SYTANLAAF [20] molecule. The simulation aims to analyze the structural dynamics
and conformational changes of the protein under investigation. The visual
representation presents a comparative analysis between two states of the protein: one
before and one after the simulation. Each state likely corresponds to a distinct
conformation or functional state of the SYTANLAAF molecule. While specific
details regarding the simulation's objectives are not provided, the comparison
suggests a focus on elucidating the molecular changes induced by the simulation.
These changes may involve alterations in the protein's secondary or tertiary structure,
protein-ligand interactions, or other biochemical properties.
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Figure 8: Comparative analysis of receptor ion channel dynamics (SYTANLAAF motif
part) using solid surfaces utility of HOLE program.

The comparison allows researchers to assess the impact of the simulation on the
SYTANLAAF molecule's overall structure and function. Insights gained from such
analyses can inform further investigations into the molecule's biological roles,
potential binding partners, or therapeutic implications.

Overall, the image serves as a visual representation of the dynamic behavior of the
SYTANLAATF protein, offering valuable insights into its functional properties and
molecular interactions.
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Figure 9: Pore characteristics of SYTANLAAF motif: (c) pre- and (d) post simulation
periods.



The provided image illustrates the changes in pore radius within the SYTANLAAF
motif channel before and after a simulation. The x-axis denotes the channel
coordinate in Angstroms (A), while the y-axis represents the pore radius in
Angstroms.

In the top graph, representing the pore radius before the simulation, the channel
exhibits a gradual increase in pore radius from approximately 15 A to 20 A along its
length. Conversely, the bottom graph, depicting the pore radius after the simulation,
shows a reduced pore radius, starting at around 10 A and gradually increasing to
approximately 15 A. The observed changes in pore radius suggest structural
alterations within the SYTANLAAF channel induced by the simulation. These
alterations may signify conformational rearrangements, ligand binding events, or
other dynamic processes affecting the channel's functionality. The title "Pore Radius
Variation in the SYTANLAAF Motif Channel (HOLE Results)" implies that the
simulation aimed to investigate the impact of external factors, such as drugs or
chemical compounds, on the channel's pore size. The text annotations "before the
simulation" and "after the simulation" clarify the temporal sequence of the analyzed
data, confirming that the graphs represent pre- and post-simulation states. If I say
conclusion for this graph, the comparison between pre- and post-simulation pore
radius profiles provides valuable insights into the structural dynamics of the
SYTANLAAF motif channel. These findings contribute to our understanding of the
channel's behavior and may inform future studies aimed at modulating its activity for
therapeutic purposes. For graph c, the smallest value of the hole, i.e., the radius of the
narrowest part of the channel, is 1.09385 Angstroms, and for graph d, it is 0.95659
Angstroms. It can be seen that the reduction of the channel occurred as a result of
oxidation, although it was almost indistinguishable from the results of the simulation.

Conclusion

Through advanced computational modeling techniques, our research has provided
valuable insights into two distinct but interconnected areas of molecular biology.
First, our study focused on the oxidation of tryptophan residues and revealed a
complex interrelationship between oxidative stress and receptor function. Through
molecular dynamics simulations, we revealed structural and functional changes
induced by oxidative modifications, which offered new perspectives on the
pathophysiology of neurological diseases. Second, analysis of pore properties across
the NMDA receptor channel revealed important details about its structural features
and functional consequences. Using visualization techniques such as point and solid
surfaces, we have gained a comprehensive understanding of channel architecture and
dynamics, elucidating potential regulatory mechanisms and therapeutic targets.

In conclusion, our study highlights the power of computational modeling in
unraveling complex biological phenomena and advancing our understanding of
fundamental processes in molecular biology. By combining simulations, analyses,
and visualization techniques, we have contributed to the elucidation of fundamental



structural and functional aspects of biological systems, paving the way for future
research efforts and therapeutic developments in neurobiology and beyond.
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