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Abstract

The renin—angiotensin system (RAS) regulates diverse physiological processes, making it a highly complex
and tightly controlled biological network. RAS components signal through two major pathways that mediate
both proliferative and anti-proliferative effects. Dysregulation of this system has been implicated in
cardiovascular and renal disorders, as well as in SARS-CoV-2 infection. Mas-related G protein-coupled
receptor member D (MRGPRD), an emerging RAS-associated protein, has been linked to multiple
physiological ~ conditions, including cancer progression and blood pressure  regulation.
Lacto-tripeptides—bioactive peptides derived from milk—are known modulators of ACE activity and can
influence RAS-mediated blood pressure control. In this study, structure-based virtual screening was performed
using 206 cow-milk metabolites docked against the MRGPRD receptor. The top-ranked metabolite—protein
complex was further examined using molecular dynamics simulations (150 ns) to assess interaction stability
and structural dynamics. Among the screened metabolites, BMDB0012305 demonstrated the highest binding
affinity and is reported to possess inhibitory potential toward MRGPRD. Molecular dynamics analyses
(RMSD, RMSF, and Rg) revealed that the “MRGPRD-BMDB0012305” complex remained stable throughout
the simulation, supported by persistent intermolecular interactions such as hydrogen bonding. Overall, our
findings suggest that the milk-derived metabolite BMDB0012305 may interact with and modulate MRGPRD
function, potentially influencing downstream RAS-related physiological processes. This highlights the need
for further experimental validation to understand its biological impact and potential role in RAS-associated
abnormalities
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1 Introduction

The renin—angiotensin system (RAS) is a complex regulatory network essential for maintaining cardiovascular,
pulmonary, and immune homeostasis in humans (Gomez et al., 2018). Extensive research has characterized
two major RAS signaling axes that mediate the proliferative effects of angiotensin Il and the
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counter-regulatory, anti-proliferative actions of other RAS hormones (Kanugula et al., 2023). Disruption of the
balance between these axes contributes to the pathogenesis of several disorders, including cardiovascular
diseases and COVID-19 caused by SARS-CoV-2 (Sriram et al., 2020). Aberrant expression of RAS
components has also been reported in multiple cancers, including breast cancer, highlighting the system’s
relevance to tumor biology and the need for novel therapeutic approaches (Galie, 2019).

The RAS network consists of several G protein—coupled receptors (GPCRs)—ATI1R, AT2R, MASR, and
MRGPRD—that orchestrate the physiological effects of angiotensin Il and angiotensin-(1-7). These hormones
are generated by ACE1 and ACE2 through protease-mediated processing (Forrester et al., 2018; Krishna et al.,
2024a). Among these receptors, Mas-related G protein-coupled receptor member D (MRGPRD) is part of the
larger MAS-related GPCR family, which regulates diverse signaling processes and is implicated in numerous
pathological conditions (Etelvino et al., 2014; Bader et al., 2014; Krishna et al., 2024b). Its protein-protein
interaction (PPI) network MRGPRD displays his central role in different biological process. Variants and
dysregulated signaling of MRGPRD have been associated with disorders such as femoral cancer, Fox—Fordyce
disease, and other disease states (Steele & Han, 2021). Increasing evidence suggests beneficial roles for this
receptor in cardiovascular and metabolic health, underscoring its potential as a therapeutic target.

Given the central involvement of RAS in systemic vascular resistance, fluid and electrolyte balance, and
blood pressure regulation (Fountain et al., 2024), various natural products—including herbs, milk components,
and Ayurvedic preparations—have long been explored for their antihypertensive properties. Bioactive milk
peptides, including lacto-tripeptides, are known to influence angiotensin-converting enzyme (ACE) activity;
however, evidence from human studies remains inconsistent, and their mechanisms of action may extend
beyond ACE inhibition (Rubak et al., 2020; Ferrari & Fox, 2009; Fekete et al., 2015). Increasing dietary intake
of dairy products has been associated with reduced blood pressure and improved cardiovascular outcomes,
potentially through interactions with RAS components (Park & Cifelli, 2013; Timon et al., 2020). Moreover,
RAS involvement in inflammation and tissue damage raises the possibility that dietary metabolites could also
modulate inflammatory processes via this pathway (Benigni et al., 2010; Cantero-Navarro et al., 2021).

Despite increasing evidence of bioactive components in dairy products, the precise molecular interactions
between cow-milk metabolites and human renin-angiotensin system (RAS) proteins remain insufficiently
characterized. Bridging this knowledge gap is crucial for understanding potential dietary influences on
RAS-mediated physiological processes and disease mechanisms. Bioinformatics tools offer robust
structure-based approaches—such as virtual screening and molecular dynamics (MD) simulations—to
elucidate binding affinity, stability, and conformational behaviour of biomolecular complexes (Katara, 2014;
Zhang, 2018; Pandey et al., 2020; Kumar et al., 2022; Dixit et al., 2024).

In this study, we employed an integrative structure-based workflow to characterize the interaction
landscape between cow-milk metabolites and MRGPRD, an important receptor associated with the extended
RAS pathway. Virtual screening was first applied to evaluate metabolite binding affinities, followed by the
construction of molecular interaction networks to identify key interaction nodes and patterns. MD simulations
were then performed to assess the structural stability and dynamic behavior of the top-ranked complex,
BMDB0012305-MRGPRD.

Our results demonstrate that the milk-derived metabolite BMDB0012305 exhibits strong and specific
binding affinity toward MRGPRD, modulating its conformational dynamics and indicating potential inhibitory
activity. These findings provide novel insights into the molecular basis of milk metabolite interactions with
RAS-associated receptors and establish a framework for future studies aimed at exploring therapeutic
opportunities related to MRGPRD dysfunction.
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2 Materials and Methodology

2.1 Selection of Cow-Milk Metabolites

A total of 206 cow-milk metabolites were retrieved from the Bovine Metabolome Database (BMDB, Foroutan
et al., 2020) available at, https://bovinedb.ca/. These metabolites exhibit diverse physicochemical properties.
For structure-based interaction profiling, the 3D structures of all metabolites were downloaded and stored in
pdb format for subsequent molecular docking analyses.

2.2 Retrieval of Protein Structure

The 3D structure of the human MRGPRD (UniProt accession: Q8TDS7) receptor was obtained from the
Protein Data Bank (PDB; https://www.rcsb.org/). The highest-quality available crystal structure (PDB ID:
7Y12, Suzuki, et al., 2022) was downloaded in pdb format and used as the receptor model for docking studies.

2.3 Protein and Ligand Preparation

Both the receptor and ligand structures were prepared for docking-based virtual screening. Initial structural
inspection of the receptor, including evaluation of chains, ligands, and ions, was conducted using UCSF
Chimera. Protein preparation was then performed using AutoDock Tools (ADT) following standard protocols:
(1) Removal of crystallographic water molecules, (2) Addition of all hydrogen atoms, (3). Correction of
missing atoms or irregular ions, (4). Assignment of Gasteiger partial charges, and (5). Conversion of the
prepared protein structure to pdbqt format

Similarly, ligand structures (milk metabolites) were processed using Open Babel, where atom types and
charges were assigned, and the final files were converted to the pdbqt format, required for AutoDock-based
docking.

2.4 Molecular Docking

Structure-based docking was performed using AutoDock Vina (Trott & Olson et al., 2010), with the entire
surface of the MRGPRD protein considered as the search space. All 206 cow-milk metabolites were docked
individually against the MRGPRD receptor. Binding affinities and interaction conformations were recorded for
downstream selection and analysis.

2.5 Molecular Dynamics (MD) Simulation

To evaluate the dynamic stability and interaction behavior of the top-scoring complex, atomistic MD
simulations were performed for the MRGPRD-BMDB0012305 complex using GROMACS 2020.3 and the
CHARMMB36 force field (Guterres et al, 2021). Ligand topology files were generated using the CGenFF
server.

The prepared complex was: Positioned at the center of a dodecahedral simulation box with a 2 nm margin,
Solvated using the SPCE water model, and Neutralized by replacing water molecules with appropriate Na+
counterions.

Energy minimization was conducted using the steepest descent algorithm until reaching a tolerance of 1000
kJ/mol/nm. The system was equilibrated, followed by a 150 ns production MD run. Random initial velocities
for the first and second replicas were set to —1 and -2, respectively.

2.6 Trajectory Analysis

MD simulation trajectories were analyzed using Xmgrace for data visualization (Turner, 2005). Four major
dynamic parameters, (i.e., RMSD, RMSF, Rg and hydrogen bonding profile), were calculated to assess the
stability and flexibility of the complex. These analyses provided insights into the structural stability and
interaction dynamics of the MRGPRD-BMDB0012305 complex (Fig. 1).
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Fig. 1 Schematic representation of considered methodology.

3 Results and Discussion

Milk contains a diverse array of metabolites that contribute to its biological functions and health-related
activities. Understanding how these metabolites interact with key human proteins is essential for assessing
their potential physiological impacts. In this study, we examined the interaction between the RAS-pathway
receptor MRGPRD and cow-milk metabolites to determine whether such interactions may influence receptor
behavior and potentially contribute to abnormal physiological outcomes. Further investigation into these
protein—ligand interactions is crucial for elucidating their functional relevance and mechanistic roles. To
explore these interactions, blind molecular docking was performed using AutoDock Vina, in which MRGPRD
was screened against all 206 selected milk metabolites.

3.1 Molecular Docking Analysis

MRGPRD, a receptor associated with the renin—-angiotensin system, was selected as the target protein, and its
binding affinity toward milk metabolites was evaluated. Docking scores, expressed as binding free energies
(kcal/mol) along with RMSD values, were used to assess the strength and stability of metabolite—protein
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interactions. Among the 206 metabolites screened, 15 exhibited binding affinities stronger than —8 kcal/mol,
indicating a notable interaction with MRGPRD.

Several metabolites demonstrated particularly strong binding propensities, including BMDB0012305,
BMDB0002174, BMDB0063639, BMDB0005781, BMDB0001095, and BMDB0063640, each possessing
distinct physicochemical characteristics (Table 1). Of these, BMDB0012305 displayed the highest binding
affinity (-11 kcal/mol), suggesting it may have a significant inhibitory or modulatory effect on MRGPRD.

Docking analyses revealed that most metabolite-binding regions are located on accessible surface pockets
of MRGPRD, consistent with typical ligand—receptor interaction patterns. These interactions are influenced by
the physicochemical properties of both metabolites and the receptor, including polarity, molecular size, and
hydrogen-bonding capacity. Notably, many of the interacting milk metabolites exhibit favorable
ADME-related characteristics—such as suitable solubility, stability, and molecular flexibility—which may
further support their potential biological relevance.

Table 1 Summary of milk metabolites exhibiting strong binding to MRGPRD (binding score < -8 kcal/mol) and their
physicochemical properties.

SN. MCDB ID of Drugbank ID  Binding Molecular HBD HBA Rotatable
metabolite affinity ~ Weight (g/mol) count counts bond
1 BMDB0012305 N/A -11 550.3 8 16 8
2 BMDB0001341 N/A -10.7 427.20 4 14 6
3 BMDB0063640 DB00759 -10.1 444.43 6 9 2
4 BMDB0001341 N/A -9.9 427.20 4 14 6
5 BMDB0002338 N/A -8.7 284.26 2 3 2
6 BMDB0003429 N/A -8.7 1329.3 9 19 16
7 BMDB0000429 N/A -8.5 272.4 2 2 0
8 BMDB0005808 N/A -8.5 268.26 1 4 2
9 BMDB0000900 DB00153 -8.5 396.6 1 1 5
10 BMDBO0000175 DB04566 -8.4 348.21 5 10 4
11 BMDB0001081 N/A -8.2 463.4 7 10 5
12 BMDB0063637 DB01060 -8.3 365.4 4 7 4
13 BMDB0000067 DB04540 -8.3 386.7 1 1 5
14 BMDBO0000077 DB01708 -8.1 288.4 1 2 0
15 BMDB0063639 N/A -8.1 916.1 5 18 13

3.2 MRGPRD (Mas-Related G-Protein Coupled Receptor Member D)

Docking analysis of MRGPRD revealed that 15 milk metabolites exhibited strong binding affinity toward the
receptor, each with binding energies lower than —8 kcal/mol. Among these, BMDB0012305 demonstrated the
highest affinity (-11 kcal/mol) (Fig. 2). CavityPlus analysis confirmed that BMDBO0012305 occupies the
primary binding cavity of MRGPRD, engaging 13 key residues and forming five stable hydrogen bonds. These
interactions were complemented by three electrostatic interactions and several carbon-hydrogen contacts
(Table 2), indicating a robust and multifaceted binding environment. The electrostatic interactions included
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cation—r and w—anion contributions, which further stabilized the ligand—receptor complex. Notably, hydrogen
bonds involving VAL276-HN1 and HIS213-HE3 were among the most significant contributors to binding
stability.

MRGPRD encodes a G protein—coupled receptor predominantly expressed in sensory neurons, where it
plays essential roles in detecting inflammatory signals, transmitting nociceptive information, and mediating
itch responses (Jiang et al., 2022). The metabolite BMDB0012305, a nucleotide-sugar molecule, is a key
precursor in the biosynthesis of rhamnose, a monosaccharide widely found in biological systems. Rhamnose
and its derivatives contribute to the formation of glycoproteins, cell-wall components, and secondary
metabolites, making BMDB0012305 central to various metabolic processes required for healthy cellular
function. Its incorporation into biological structures occurs through the action of rhamnose transferases,
enzymes responsible for transferring rhamnose residues to target molecules (Li et al., 2022).

Previous studies have shown that MRGPRD is a major mediator of LPS-induced chronic inflammation and
hyperalgesia, linking this receptor to long-lasting pain and inflammatory responses within the RAS pathway
(Li et al., 2020). The strong interaction observed between BMDB0012305 and MRGPRD in this study raises
the possibility that certain milk-derived metabolites may influence MRGPRD-associated signaling, potentially
modulating inflammatory or sensory outcomes.

Fig. 2 Best docked sites of MRGPRD against milk metabolite, BMDB0012305. Interaction types: green dashed (H-bond), purple
dashed (hydrophobic), orange dashed (electrostatic), red dashed (unfavorable). Panels: A-D show the top four poses in descending
order.
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Table 2 Details of interacting residues, bond types, and distances for the top four docked (MRGPRD -BMDB0012305) poses,
presented in descending order and corresponding to Fig. 2.

Pose Interacted residues Bonds Distance
AHIS213:HE2 - :UNL1:0 Hydrogen Bond 1.9767
AHIS213:HE2 - :UNL1:0 Hydrogen Bond 2.93095
B:ILE232:HN - :UNL1:0 Hydrogen Bond 2.95209
B:SER275:HG - :UNL1:0 Hydrogen Bond 2.63237
:UNL1:H - B:SER316:0 Hydrogen Bond 2.11404
:UNL1:H - B:THR274:0 Hydrogen Bond 3.01686

A :UNL1:H - B:SER275:0G Hydrogen Bond 2.05813
:UNL1:H - B:VAL276:0 Hydrogen Bond 1.92037
:UNL1:H - B:LEU318:0 Hydrogen Bond 2.37855
:UNL1:C - B:ASN230:0 Hydrogen Bond 3.73258
A:LYS210:NZ - :UNL1 Electrostatic Bond 3.92959
B:ARG314:NH1 - :UNL1 Electrostatic Bond 3.59408
B:ASP246:0D1 - :UNL1 Electrostatic Bond 4.01541
A:LYS210:HZ2 - :UNL1:0 Hydrogen Bond 2.03651
:UNL1:H - B:VAL276:0 Hydrogen Bond 2.65797
:UNLZ1:H - B:ASP290:0D2 Hydrogen Bond 2.77989

B A:LYS210:NZ - :UNL1 Electrostatic Bond 4.12934
B:ARG314:NH1 - :UNL1 Electrostatic Bond 3.56054
B:ASP246:0D2 - :UNL1 Electrostatic Bond 4.48728
B:ASP290:0D1 - :UNL1 Electrostatic Bond 4.71722
B:ARG150:HH21 - :UNL1:0 Hydrogen Bond 2.23942
B:SER191:HG - :UNL1:0 Hydrogen Bond 2.75589
B:PHE234:HN - :UNL1:0 Hydrogen Bond 2.31712
B:ARG314:HH11 - :UNL1:0 Hydrogen Bond 2.58361

C :UNL1:H - :UNL1:O Hydrogen Bond 2.74155
:UNL1:H - B:LEU318:0 Hydrogen Bond 2.03111
:UNL1:H - B:MET188:0 Hydrogen Bond 2.54384
:UNL1:H - B:MET188:0 Hydrogen Bond 1.93927
:UNLZ1:C - B:SER275:0G Hydrogen Bond 3.62796
B:SER189:HG - :UNL1:0 Hydrogen Bond 2.17803
B:SER275:HG - :UNL1:0 Hydrogen Bond 2.98022
B:SER277:HG - :UNL1:0 Hydrogen Bond 2.45169
:UNL1:H - B:SER147:0 Hydrogen Bond 2.79431
:UNL1:H - B:ALA193:0 Hydrogen Bond 2.79243
:UNL1 - B:LEU192 Hydrophobic Bond 4.64712

3.3 MD Simulation of the Docked Complex ‘BMDB0012305-MRGPRD’

Molecular dynamics (MD) simulations were performed to assess the conformational stability and interaction
behaviour of the BMDB0012305-MRGPRD complex under dynamic, physiologically relevant conditions. Four
key parameters—root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration
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(Rg), and hydrogen-bonding patterns—were analyzed to characterize the stability, flexibility, and compactness of
the complex.

The interaction profile revealed that complex stability is governed by a synergistic combination of hydrogen
bonding, hydrophobic interactions, and electrostatic forces (Fargher et al., 2022; Sun, 2022). Hydrogen bonds
provided directional stability within the binding pocket, hydrophobic contacts shielded nonpolar surfaces from
solvent exposure, and electrostatic interactions supported ligand accommodation by facilitating charge
complementarity. Together, these forces contributed to a tightly bound and stable complex. Comparative analysis
also indicated that the BMDB0012305-MRGPRD complex exhibited greater structural stability than the APO
(ligand-free) receptor across the simulation period, suggesting that ligand binding stabilizes MRGPRD.

3.3.1 Root Mean Square Deviation (RMSD)

RMSD analysis is a fundamental metric for evaluating conformational convergence and structural stability in MD
simulations (Maruyama et al., 2023). The RMSD profile of the BMDB0012305-MRGPRD complex (Fig. 3)
showed initial fluctuations during the early stages of simulation, reflecting structural adjustment as the ligand
settled into the binding cavity. Subsequently, the RMSD values stabilized, ranging between 0.1 nm and 0.3 nm,
indicating sustained structural integrity throughout the 150 ns simulation.

In contrast, the APO form displayed larger deviations, signifying higher intrinsic flexibility and reduced
stability in the absence of a ligand. The higher RMSD observed for the native structure indicates that
BMDB0012305 binding promotes a more stable, energetically favorable conformation. The RMSD plateau also
suggests that the complex achieves equilibrium after initial rearrangements.

Overall, RMSD analysis highlights subtle yet meaningful conformational changes induced by ligand binding
and confirms the formation of a stable, well-defined protein-ligand complex.

RMSD

0.4 . , : T

0.3

RMSD (nm)

(4] 50 100 150
Time (ns)

Fig. 3 RMSD profile of the BMDB0012305-MRGPRD complex over the simulation period.

This observation suggests that the protein's structure attained a specific distance from the reference structure
and subsequently maintained a relatively constant distance in comparison to the reference structure.
3.3.2 Root Mean Square Fluctuations
The Root Mean Square Fluctuation (RMSF) analysis quantifies the extent of atomic displacement around each
residue’s mean position, providing insight into local flexibility and thermodynamic stability. Higher RMSF values
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indicate regions of increased mobility, whereas lower values reflect more rigid and structurally stable regions
(Ghahremanian et al., 2022).

In this study, the RMSF profile revealed distinct patterns of intrinsic flexibility within the MRGPRD structure.
These fluctuations closely correlated with the crystallographic B-factors (temperature factors), which represent
average atomic displacement within the crystal lattice. The strong correspondence between RMSF and B-factor
values supports the reliability of the simulation and enhances our understanding of residue-level dynamics. This
alignment confirms that the simulated structural motions accurately reflect the protein’s inherent flexibility and
stability at the atomic scale.

RMSF

0.4 —

(nm)
&

e
[N

1
0 1000 2000 3000 4000 5000
Atom

Fig. 4 Root mean square fluctuation (RMSF) analysis of the BMDBO0012305-MRGPRD complex showing residue-level
flexibility during the simulation.

To assess the agreement between the simulation results and the experimentally derived crystal structure, a

correspondence analysis was performed. The RMSF profile clearly demonstrates that the highest fluctuations
occur at the N- and C-terminal regions, which is expected, as terminal segments typically exhibit greater
intrinsic  flexibility in GPCRs and many other proteins. The backbone residues of the
BMDBO0012305-MRGPRD complex showed fluctuations within the range of 0.1 nm to 0.0 nm (Fig. 4),
indicating moderate and biologically consistent mobility across the protein structure
3.3.3 Radius of Gyration (Rg)
The radius of gyration (Rg) provides important insights into the overall compactness and conformational
stability of a protein during molecular dynamics simulations. Rg reflects the distribution of atomic mass
around the protein’s center of mass and is closely related to the experimentally measurable hydrodynamic
radius. Lower Rg values generally indicate a more compact, folded, and stable structure, whereas higher values
suggest expanded or partially unfolded conformations (Sneha & Doss, 2016).

Ligand binding often induces conformational adjustments in proteins that may influence structural integrity
and functional behavior (Di, 2020). In the present study, the Rg profile of the BMDB0012305-MRGPRD
complex remained within a narrow range of 2.05 to 2.20 nm throughout the simulation (Fig. 5), reflecting a
stable and compact structure. A slight initial increase in Rg was observed as the receptor accommodated the
ligand, after which the complex rapidly stabilized.
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In contrast, the APO (ligand-free) form exhibited greater fluctuations, indicating reduced structural stability
compared to the ligand-bound complex. These observations suggest that binding of BMDB0012305 enhances
the conformational stability of MRGPRD and supports the overall structural integrity of the receptor during the
simulation.

Radius of gyration

N
N

T T T T T

Rg (nm)

1 l 1 l 1

o] 50000 10000 15000
Time (ns)

Fig. 5 Radius of gyration (Rg) profile illustrating the structural compactness of the BMDB0012305-MRGPRD complex during
the simulation.

3.3.4 Hydrogen Bond Interaction

Intermolecular hydrogen bonds are key determinants of specificity and affinity in protein—ligand interactions.
These directional, non-covalent interactions—formed between hydrogen bond donors and acceptors on the
protein and ligand—contribute substantially to the binding free energy and are critical for stabilizing the
complex. A well-organized hydrogen-bond network helps maintain the ligand in an optimal orientation within
the binding pocket, thereby supporting efficient biological activity (Fu et al., 2018).

In the BMDB0012305-MRGPRD complex, five stable hydrogen bonds were consistently observed
throughout the simulation, highlighting the strong interaction network that contributes to complex stability. To
further quantify binding strength, binding free energies were calculated using the MM-PBSA (Molecular
Mechanics Poisson—-Boltzmann Surface Area) method. In this framework, the total binding free energy
(AG_binding) is computed using the following relationship (Genheden & Ryde, 2015):

AG binding = Geomplex — (Greceptor + Gligand)

Where, G_complex represents the free energy of the bound system, G_receptor the free energy of the unbound
receptor, and G_ligand the free energy of the unbound ligand.

IAEES WWW.iaees.org



Network Biology, 2026, 16(3): 103-116 113

Hydrogen Bonds

(&Y T T T T T

Number
W
l

N
|

Se+05

t |
1

o 50000 le+05

Fig. 6 Intermolecular hydrogen-bond profile of the BMDB0012305-MRGPRD complex.

The hydrogen-bond analysis revealed a pronounced increase in hydrogen-bonding events between
simulation frames 215 and 250 (Fig. 6), indicating the formation of a stable and persistent hydrogen-bond
network within the BMDB0012305-MRGPRD complex. Hydrogen bonds were identified based on standard
geometric criteria involving donor-hydrogen—acceptor angles and interatomic distances, ensuring accurate
detection of stabilizing interactions.

The consistency of hydrogen-bond formation throughout the simulation strongly correlates with the overall
structural stability of the complex. This observation reinforces the concept that a higher number of persistent
hydrogen bonds contributes directly to enhanced protein—ligand stability (Yadav et al., 2023). These findings
further support the conclusion that the BMDB0012305-MRGPRD complex maintains a stable conformation
during MD simulations and is energetically favorable.

4 Conclusion

MRGPRD, a member of the G protein—coupled receptor (GPCR) family, plays a pivotal role in several
physiological processes, including inflammatory signaling, sensory perception, and regulation within the
renin—angiotensin system (RAS). In this study, computational screening of cow-milk metabolites against
MRGPRD identified BMDB0012305 as the strongest binder, exhibiting the highest docking affinity among all
206 metabolites evaluated. Molecular dynamics simulations conducted over 150 ns further validated this
interaction. RMSD, RMSF, and Rg analyses consistently demonstrated that the BMDB0012305-MRGPRD
complex remains structurally stable after initial equilibration, indicating a strong and sustained interaction
between the ligand and receptor. The presence of stable hydrogen bonds and favorable interaction energies
reinforces the robustness of this binding event.

Collectively, these computational findings suggest that BMDB0012305 has the potential to modulate the
structural and functional behavior of MRGPRD. Given the receptor’s involvement in RAS-mediated
physiological processes, such modulation may influence downstream signaling pathways and could contribute
to altered or abnormal physiological responses. While these results provide important theoretical insights,
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experimental validation—including biochemical binding assays and functional studies—is essential to confirm
the biological relevance of these interactions.
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