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ABSTRACT

Objectives: The objective of the study is to elucidate the molecular basis of Imeglimin’s mitochondrial protective and anti-inflammatory effects
through in silico analysis of its interactions with key mitochondrial and inflammatory regulatory proteins.

Methods: Molecular docking and 100 ns molecular dynamics simulations were performed to assess Imeglimin’s binding to five key targets: AKT1,
Parkin, DRP1, NLRP3, and hexokinase 2. Analyses included root mean square deviation, root mean square fluctuation, radius of gyration, principal
component analysis, dynamic cross-correlation matrices, and MM /GBSA-based binding-free energy calculations.

Results: Imeglimin exhibited stable interactions with critical regulatory residues in AKT1 (kinase domain), Parkin (Ubl and RING regions), DRP1
(GTPase domain), and NLRP3 (NATCH and LRR domains). These interactions were associated with constrained conformational mobility and
stabilization of inactive-like states. Hexokinase 2 showed lower binding affinity and higher flexibility. MM /GBSA analysis indicated favorable binding
energetics.

Conclusion: Imeglimin acts as a multi-target modulator of mitochondrial proteins, stabilizing functionally inactive or constrained conformations
without inducing structural destabilization. These findings provide a structural framework for its reported mitochondrial protective and anti-
inflammatory function.
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INTRODUCTION

Mitochondria, by performing a range of cellular tasks including cellular
metabolism, intracellular signaling, cellular energetics, apoptosis,
and immunity, are the key regulators of cellular homeostasis [1].
Mitochondrial dysfunction has emerged as a pivotal factor in the
development and progression of several inflammatory [2] and
metabolic disorders [3]. As a significant source of reactive oxygen
species (ROS) [4], mitochondrial dysfunction leads to the generation of
excessive ROS, thereby contributing to oxidative stress [3]. Mitochondrial
ROS also act as signal transduction molecules driving the production
of pro-inflammatory cytokines by both inflammasome-dependent and
inflammasome-independent pathways [5]. Mitochondrial dysfunction
has been implicated in multifactorial disorders such as rheumatoid
diseases [6] such as inflammatory arthritis [7], systemic lupus
erythematosus [8], osteoarthritis [9], cardiovascular diseases [10,11],
neurological and neurodegenerative disorders [12-16], metabolic
disorders [17-23], and neoplasms [24-26].

Primary mitochondrial diseases occur due to defects in oxidative
phosphorylation (OXPHOS) [27], whereas secondary mitochondrial
disorders stem from deficiencies in mitochondrial quality control,
biosynthesis, metabolism, and dynamics [28]. Targeting mitochondrial
dysfunction is essential as it represents a therapeutic gap in the
management of various multifactorial disorders. Recent advancements
in pharmacological research have focused on modulating mitochondrial
biogenesis [29-31], bioenergetics, and metabolism to improve disease
outcomes [32-36].

Imeglimin, a next-generation anti-diabetic drug, first in the new class
“glimins” [37], represents a promising candidate in this context, as

studies indicate that it can effectively modulate mitochondrial function.
Imeglimin distinguishes itself from other classes of anti-diabetic drugs
through its dual mechanism of action, which involves both enhancing
secretion through glucose-stimulated insulin secretion and restoring
B-cell function [38].

Imeglimin has been shown to modulate OXPHOS activity by exerting a
partial inhibition of Complex 1 while simultaneously restoring Complex
3 function, resulting in a metabolic shift, redirecting the substrate
flow through Complex 2 (succinate pathway). In addition, Imeglimin
prevents the reverse electron transfer through Complex 1 [39], a key
pathway involved in excessive mitochondrial ROS production. Beyond
regulating mitochondrial respiration, imeglimin has been observed to
reduce ROS production and NADPH oxidase subunit expression, thereby
mitigating oxidative stress. Moreover, it also enhances mitochondrial
biogenesis through a PGCla-independent mechanism and improves
mitochondrial bioenergetics by increasing ATP production [38,39].
Imeglimin has also been found to inhibit the opening of mitochondrial
membrane permeability transition pore, which is a critical event in
apoptotic cell death, thereby conferring an anti-apoptotic effect [39].
Furthermore, studies also indicate that Imeglimin treatment leads to
the downregulation of inflammatory markers, suggesting its potential
to modulate inflammation [40-43].

This study employs computational simulations to characterize
imeglimin’s interaction with key mitochondrial and inflammation-
associated proteins, protein kinase B (AKT1), dynamin-related
protein 1 (DRP1), Parkin with intact Ubl domain, and Hexokinase 2.
By elucidating the binding interaction of Imeglimin with these targets,
this study aims to uncover potential mechanisms by which Imeglimin
modulates mitochondrial and inflammatory pathways.
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METHODS

For the molecular docking study, the three-dimensional structure
of Imeglimin was retrieved from the PubChem database. The three-
dimensional protein structures of AKT1 (PBD ID: 7NH5) [44],
DRP1 [45], Parkin (UbIRORBR) (PDB ID: 5C1Z) [46], NLRP3 (PDB ID:
7ALV) [47,48], and Hexokinase2 (PDB ID: 2NZT) [48] were obtained
from the PDB database. AutuDockTools1.5.7 and Autodock4.0 software
packages were used for preparing and docking the proteins and ligands.
The binding affinity of the target proteins was assessed. Among the
analyzed proteins, AKT1, DRP1, Hexokinase 2, Parkin (UbIRORBR), and
NLRP3 demonstrated favorable binding energies, indicative of strong
ligand-protein interaction. Based on these results, these proteins were
selected for further molecular dynamics simulation study.

The topology and coordinate parameters for the molecular systems
were generated using the AMBERff19SB force field [49] within the
LEAP module of the AmberTools22 package [50]. Molecular dynamics
(MD) simulations spanning 100 ns were performed using the
OPENMM software package [51]. To simulate a biologically relevant
environment, the protein-ligand complex structures were solvated
in a TIP3P explicit water model with a 10 A buffer around each side.
Neutralization was achieved by adding Na*/Cl™ ions. The system was
subsequently minimized using the steepest descent and conjugate
gradient algorithms for 10,000 steps to eliminate steric clashes and
optimize the system’s initial conformation. Following minimization,
the system underwent equilibration for 2 ns under NPT ensemble
conditions at a temperature of 298 K and 1 atm pressure. Subsequently,
100 ns production MD simulations were conducted for Imeglimin in
complex with AKT1, DRP1, Hexokinase, Parkin (UbIRORBR), and NLRP3
employing an NPT ensemble (isothermal-isobaric conditions) with a
constant temperature (300 K) and pressure (1 bar) using a 10fs time
step. To assess the structural stability and conformational dynamics
of the protein-ligand complexes, root mean square deviation (RMSD)
and root mean square fluctuation (RMSF) analyses were performed.
In addition, principal component analysis (PCA) and dynamic cross-
correlation matrix (DCCM) plots were generated using CPPTRA] [52] to
elucidate the global motion and correlated atomic fluctuations within the
complexes. To investigate intermolecular interactions, hydrogen bonding
and hydrophobic interactions were analyzed using PyMOL (The PyMOL
Molecular Graphics System, Version 2.0, Schrodinger LLC) and Discovery
Studio Visualizer (BIOVIA, SanDiego, USA). The binding-free energy
(MM/GBSA) calculations were performed from the 100 ns MD simulation
trajectories using the MMPBSA.py routine available in AmberaTools22.

RESULTS

Imeglimin demonstrated strongbindingwith DRP1 (-27.1 kcal/mol) and
Parkin (-26.7 kcal/mol), moderate binding with AKT1 (-18.3 kcal/mol)
and NLRP3 (-12.9 kcal/mol), and weak binding with Hexokinase
2 (-6.1 kcal/mol) during 100 ns molecular dynamic simulation
highlighting its varying affinities across target proteins (Table 1). Also,
the intermolecular interactions between Imeglimin and amino acids
of the proteins, AKT1, Parkin, DRP1, Hexokinase, and NLRP3 during
docking and 100 ns MD simulation can be found in Table 2.

Table 1: MMGBSA binding-free energy of Imeglimin with AKT1,
Drp1, Hexokinase, NLRP3, and Parkin enzyme
complexes (in kcal/mol)

Target EVdW EEL EGB E Ggas G G
SURF solv Bind
AKT1 -21.7 -18.7 245 -25 -404 221 -183
Parkin -13.0 -139.1 128.0 -2.7 -152.0 125.3 -26.7
DRP1 -16.7 -52.5 453 -32 -69.2 421 -27.1
Hexokinase 2 -17.4 24.4 -103 -2.8 6.9 -13.1 -6.1
NLRP3 -15.87 -126.0 131.5 -2.4 -1419 129.0 -129

E VdW: Van der Waals Energy, E_EL: Electrostatic energy, EGB: Generalized
born electrostatic energy, E SURF: Nonpolar solvation energy, G gas: Gas phase
energy, G Solv: Solvation-free energy, G Bind: Binding-free energy
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Imeglimin and AKT1

Molecular docking revealed initial hydrogen bonding with residues
Tyr229, Glu234, Phe236, Glu278, Leu280, Thr291, Phe293 and
hydrophobic interactions with Tyr229 and Phe293, suggesting binding
near the activation loop [53]. MD simulations refined the interaction,
revealing persistent hydrogen bonds with Glu278and Thr291 and new
hydrogen interactions at Tyr272 and Asn279 (Fig. 1). Loss of hydrophobic
interactions was observed during MD simulation. Fig. 2a shows the RMSD of
the Imeglimin-AKT1 complex. The protein backbone deviation during the
simulation ranged from 0.0A to 2.76 A. The RMSD values initially fluctuated
but stabilized after approximately 10 ns, and the values stabilized with an
average of 2.04A. Fig. 2b shows the RMSF of Imeglimin-AKT1. Observed
RMSF values of the interaction. RMSF values of the binding residues
are Glu278: 0.4707954, Asn279: 0.443976A, Thr291: 0.5016644, and
Tyr272: 0.480740A. Fig. 2e shows the radius of gyration (Rg) of Imeglimin-
AKT1. The Rg analysis reveals an average value of 21.57A with a narrow
fluctuation range (21.33 A - 21.76 A). In the Imeglimin-AKT1 complex
PCA graph (Fig. 2d), the eigenvalues were plotted against the eigenvector
indices. Dominant movements were seen in the first five eigenvectors,
which accounted for 16.1%-51.2% of the variation overall. The first
three principal components (PC1, PC2, and PC3) accounted for 16.1%,
9.9%, and 5.89% of the variance, respectively, collectively explaining
over 31.89% of the system’s essential dynamics. PC1 captured large-scale
domain shifts while PC2 and PC3 highlighted localized motions around
the binding site. The DCCM map (Fig. 2c) of the AKT1-Imeglimin complex
exhibits strongly correlated motion patterns within the kinase domain,
and no significant anti-correlations were observed between the domains
of AKT1. The binding energetics (Table 2) calculated revealed a favorable
binding-free energy of 18.3 kcal/mol. This stability was primarily driven
by Van der Waals (-21.7 kcal/mol) and electrostatic (-18.7 kcal/mol)
interactions. While a solvation penalty (+22.1 kcal/mol) was observed, it
was outweighed by favorable gas-phase interactions (-40.4 kcal/mol).

Imeglimin-Parkin

Molecular docking analysis revealed initial hydrogen bond interactions
between Imeglimin and Gly47, Lys48, Glu49, Thr180, Tyr331, with a
strong hydrophobic interaction at Lys48. These residues are located
in the Ubl, RINGO, RING1, IBR, and RING2 domains of Parkin. MD
simulations refined these interactions, showing persistent hydrogen
bonding with Thr180& Tyr331 and new hydrogen bonds with Cys181,
Thr182, Asp334, Arg336 (Fig. 3). Hydrophobic interactions with Lys48
were slightly weakened during the MD trajectory. Fig. 4a represents the
RMSD of Imeglimin-Parkin complex. The protein backbone deviation
exhibited fluctuations during the first 5 ns. Beyond this phase, the
value stabilized with an average value of 3.74 throughout the simulation.
Transient sporadic peaks reaching up to 5.92 A were observed. Fig. 4b
shows the Rg of Imeglimin-Parkin. The values ranged from 25.12 A to
26.47 A, with an average of about 25.96 A with minimal fluctuations.
Stabilization occurred at about 1.6 ns of the simulation. Fig. 4c represents
the RMSF of Imeglimin-Parkin interaction. The RMSF values of interacting
residues were observes as Thr180: 1.20788 A, Cys181: 1.4095 A,
Thr182:1.4970 A, Tyr331: 1.7556 A, Asp334: 1.7560 A, Arg336: 1.9031
A & Lys48: 1.1087 A. In Imeglimin-Parkin PCA graph (Fig. 4d), the
eigenvalues were plotted against the eigenvector indices. It illustrates
the dominant structural motions captured in the first PCs. PC1 (31.12%)
represents large-scale domain movements primarily in RING1 and
RINGZ, while PC2 (18.87%) and PC3 (9.1%) depict localized flexibility in
RINGO and the binding pocket. The complex remained within a restricted
conformational space. Binding-free energy (Table 2) indicates that
Imeglimin binds Parkin with high affinity (-26.7 kcal/mol) predominantly
through electrostatic interactions (-139.1 kcal/mol) with additional Van
der Waals stabilization (-13.0 kcal/mol).

Imeglimin-DRP1

Molecular docking analysis revealed initial hydrogen bond interactions
between Imeglimin Thr215, Lys216, Asp218, Leu219, Asn246,
Arg247, and Ser248 with a strong hydrophobic interaction at Lys216
of DRP1. These residues are located in the GTPase domain, crucial
for its enzymatic activity. MD simulations refined these interactions,
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showing persistent hydrogen bonding with Asn246 and Ser248, while
new hydrogen bonds emerged with Asp251, Ser261, and Asp264.
Hydrophobic interactions shifted from Lys216 to Asp264 (Fig. 5).
Fig. 6a shows RMSD of Imeglimin-DRP1 complex. The protein backbone
deviation exhibited fluctuations during the initial 20 ns. Beyond
this phase, the value stabilized with an average of about 2 A. Fig. 6b
shows the radius of gyration Rg of Imeglimin-DRP1 complex. The
values ranged from 22.0 A to 22.6 &, with an average of about 22.31 A
with minimal fluctuations. Fig. 6¢c represents the RMSF of Imeglimin-
DRP1 complex. The RMSF values of interacting residues were
observed as Asn246: 0.7943 A, Ser248: 1.1575 A, Asp251: 1.9628 A,
Asp264: 0.8221 A. The DCCM map (Fig. 6€) of Imeglimin-DRP1 shows
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coordinated motions within the GTPase domain. DCCM map suggests
ligand-induced conformational restrictions that may impair DRP1
flexibility. In the Imeglimin-DRP1 PCA graph (Fig. 6d), the eigenvalues
were plotted against eigenvector indices. It illustrates the dominant
structural motions captured in the first PCs. PC2 (31.11%) represents
large-scale domain movements, while PC1 (27.68%) and PC3 (8.08%).
The PC1-PC2 projection showed a wide conformational spread. The
Scree plot shows a rapid decline in eigenvalues after PC3. MM/GBSA
analysis (Table 2) estimates the binding-free energy at -27.1 kcal/mol,
indicating high affinity with electrostatic interactions (-52.5 kcal/mol)
being the predominant contributor, while Van der Waals interaction
(-16.7 kcal/mol) stabilized the complex.

Table 2: Intermolecular interactions between Imeglimin and amino acids of different proteins (AKT1, Parkin, DRP1, Hexokinase, and
NLRP3) during docking and 100 ns MD simulation

Target protein Interacting amino acid residues (Distance A)
Docking Dynamics
Hydrogen bond Hydrophobic interaction Hydrogen bond Hydrophobic interaction
AKT1 Tyr229 (2.2), Tyr229 (3.3), Tyr272 (2.5), Glu278 (2.6), Nil
Glu234 (2.1), Phe293 (3.4) Asn279 (3.3), Thr291 (2.0)
Phe236 (3.0),
Glu278 (2.1),
Leu280 (3.4),
Thr291 (3.0),
Phe293 (2.3)
Parkin Gly47 (2.4), Lys48 (3.6) Thr180 (3.3), Cys181 (2.8), Lys48 (3.9)
Lys48 (2.4), Thr182 (2.7),
Glu49 (2.6), Tyr331 (3.2),
Thr180 (2.3), Asp334 (3.4),
Tyr331 (2.2) Arg336 (3.4)
DRP1 Thr215 (3.5), Lys216 (3.4) Asn246 (3.0), Asp264 (3.8)

Lys216 (2.7),
Asp218 (2.0),
Leu219 (3.0),
Asn246 (1.9),
Arg247 (3.3),
Ser248 (2.6)
Gly86 (2.9),
Gly87 (3.1),
Thr88 (2.8),
Asn89 (2.9),
Phe90 (3.0),
Tyr112 (3.0),
lle114 (1.9),
Met119 (3.2)
Arg351 (2.9),
Val353 (3.5),
Arg578 (2.1),
GIn624 (1.8),
Ser626 (2.7),
Glu629 (3.0),
Asp662 (3.0)

Hexokinase 2 lle111 (4.0)

NLRP3 Leu628 (4.6),

Tyr632 (4.1)

Ser248 (3.4),
Asp251 (1.9),
Ser261 (3.1),
Asp264 (1.8)

Lys337 (3.1),
Ser340 (3.1),
Ser415 (2.8),
Val416 (2.8),
Lys419 (3.1)

Thr232 (3.9)

Ala228 (3.2),
Nle574 (2.7),

Arg578 (3.2),
Glu629 (3.0),
Tyr632 (3.1)

Tyr632 (3.4)

DOCKING

DYNAMICS |

‘ SUPERIMPOSED ‘

Fig. 1: Interaction of Imeglimin with AKT1 at the end of 100 ns MD simulation and during docking
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DOCKING
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Fig. 3: Interaction of Imeglimin with Parkin during docking at the end of a 100 ns MD simulation

Imeglimin-Hexokinase 2

Molecular docking analysis revealed initial hydrogen bond
interactions between Imeglimin and Hexokinase 2 at Gly86, Gly87,
Thr88, Asn89, Phe90, Tyr112, Ile114, and Met119, with a strong
hydrophobic interaction at Ile111. MD simulations refined these
interactions, showing the formation of new hydrogen bonds with
Lys337, Ser340, Ser415, Val416, and Lys419, while initial interactions
observed in docking were lost. Hydrophobic interactions were
observed at Thr232, suggesting that Imeglimin underwent binding

site migration during the simulation (Fig. 7). Fig. 8a represents the
RMSD of the Imeglimin-Hexokinase2 complex. The protein backbone
fluctuations spanned 1.2-4.2& over 100 ns simulation. No specific
stabilization phase was observed. The Rg values fluctuated between
38.39 A and 40.62 A with the majority of the values lying in the
range of 39.524 to 39.97 A Fig. 8b. RMSF (Fig. 8c) represents the
RMSF of Imeglimin-Hexokinase2. The RMSF values of key interacting
residues were Lys337: 1.4132 A, Ser340: 1.3428 A, Ser415: 0.9450 4,
Val416: 0.8921 A, and Lys419: 1.2570 A. The PCA analysis (Fig. 8d)
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DOCKING

Fig. 5: Interaction of Imeglimin with DRP1 during docking at the end of a 100 ns MD simulation

revealed that the first PCs capture 68.75% of the total variance
with PC1 (38.05%), PC2 (22.27%), and PC3 (8.43%). The scree plot
confirms that PC1 and PC2 dominate the conformational landscape
while the higher-order PCs contribute less. A steep drop is observed
after PC2, with PC3 adding minor fluctuations. The DCCM analysis
(Fig. 8e) reveals both correlated and anti-correlated motions within
Hexokinase2-Imeglimin complex. Strongly correlated motions were

observed within localized regions, while anti-correlated motions
were observed between distant regions. Table 2 presents the MM/
GBSA binding-free energy calculations, indicating that Imeglimin
binds Hexokinase 2 with low affinity (-6.1 kcal/mol). Electrostatic
interactions were destabilizing (+24.4 kcal/mol) while Van der Waals
interactions (-17.4 kcal/mol) and solvation effects (-1.03 kcal/mol)
provided some stabilization.
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Fig. 7: Interaction of Imeglimin with Hexokinase 2 during docking at the end of a 100 ns MD simulation

Imeglimin-NLRP3

hydrogen bonds with Ala228, Ile574, and Tyr632. Hydrophobic

Molecular docking analysis revealed initial hydrogen bond interactions
between Imeglimin and Arg351, Val353, Arg578, GIn624, Ser626,
Glu629, and Asp662, with hydrophobic interactions at Leu628 and
Tyr632. MD simulation refined these interactions, showing persistent
hydrogen bonding with Arg578 and Glu629 while introducing new

interaction with Tyr632 emerged during the trajectory while the initial
hydrophobic interactions weakened (Fig. 9). The residues involved
in hydrogen bonding are located in the NATCH and LRR domains
of NLRP3, which are critical for ATP binding and inflammasome
activation. Fig. 10a represents the RMSD of Imeglimin-NLRP3 complex.
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ARG-578

WA N

Fig. 9: Interaction of Imeglimin with NLRP3 during docking at the end of a 100 ns MD simulation

The protein backbone deviation exhibited fluctuations in the initial 5
ns post which minor fluctuations were observed until 20 ns. Beyond
20 ns, the values stabilized with an average of 1.2-1.3 A throughout
the simulation. Transient peaks reaching up to 3.0 A were observed,
but no significant unfolding was observed. Fig. 10b shows the Rg of
Imeglimin-NLRP3 complex. The values range from 22.8 A to 23.4 A,

indicating the compactness of the complex. Fig. 10b represents the
Rg of the complex that remained compact throughout the simulation.
Fig. 10c represents RMSF of Imeglimin-NLRP3 interaction. The RMSF
values of the interacting residues were observed as Ala228: 0.7884 A,
Ile574: 0.7688 A, Arg578: 0.4789 A, Glu629: 0.8716 A, Tyr632: 0.6108 A.
In the Imeglimin-NLRP3 PCA graph (Fig. 10d), the eigenvalues were
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Fig. 10: (a) Root mean square deviation (b) Radius of gyration (c) root mean square fluctuation (d) principal component
analysis (e) dynamic cross-correlation matrix plots of Imeglimin/NLRP3 during MD simulation

plotted against eigenvector indices to illustrate dominant motions
captured during the simulation. The first PCs capture 54.69% of
the total variance with PC1 (39.4%), PC2 (9.14%), and PC3 (6.15%).
A steep decline in eigenvalues is observed after PC3. The DCCM
(Fig. 10e) reveals positive correlations in the NATCH domain, while anti-
correlated regions were observed in LRR domain. Table 2 presents the
MM/GBSA binding-free energy calculations, indicating that Imeglimin
binds NLRP3 with moderate affinity (-12.9 kcal/mol). Electrostatic
interactions were dominant (-126.0 kcal/mol), while Van der Waals
interactions (-15.87 kcal/mol). A desolvation penalty of +131.5 kcal/
mol and solvation energy of -2.4 kcal/mol was observed.

DISCUSSION

Imeglimin-AKT1

AKT1 is an AGC kinase [54] that regulates many processes such as
cell survival, metabolism, growth, and proliferation [55-59]. AKT1
activation is a multistep process that necessitates phosphorylation of

two key residues, Thr308 in the activation loop of the kinase domain by
PDK1, followed by Ser473 in the hydrophobic motif of the C-terminal
regulatory domain by mTORC2. AKT1 exists in an auto-inhibited state in
the cytoplasm. The PH domain of akt1 is found to interact with the kinase
domain, preventing spontaneous activation by PIP3. Upon the activation
of PIP3 pathway, PH domain binds with PIP3, and its interaction with
the kinase domain is lost, which undergoes conformational changes
that expose Thr308, making it accessible to PDK1 phosphorylation. The
interdomain flexibility of AKT1 increases transitioning to a more open
conformation of aktl, enabling Ser473 phosphorylation by mTORC2,
leading to complete activation. For termination of the signaling,
AKT1transitions to a closed conformation, making it accessible for
PP2A and PHLPP to dephosphorylate AKT1 [60-62].

Co-Crystal Structure of Aktl in Complex with Covalent-Allosteric

AKT1 Inhibitor 6 (PDB ID:7NH5) was taken up for the computational
study. Molecular docking and dynamic simulation studies revealed
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that Imeglimin forms persistent hydrogen bonding at Glu278, Thr291,
Asn279, and Tyr272. Although these residues are not the sites of
phosphorylation of AKT1, they are located in the kinase domain [60].
The low RMSF values of the binding residues indicate that Imeglimin
binding reduces the flexibility of the kinase domain and stabilizes
AKT1 in a certain conformation. The stable RMSD values of the alpha
carbon atom of AKT1 during simulation indicate that Imeglimin does
not induce large-scale conformational changes in AKT1. In addition, the
stable Rg values observed during the study indicate that the Imeglimin-
AKT1 complex maintains a compact structure. PCA analysis suggested
that the complex remained within a restricted conformational cluster,
indicating that AKT1 remains locked in a specific structural state. In
DCCM analysis, strongly correlated motion within the kinase domain
suggests Imeglimin reinforces an internally stable conformation, and
the limited anti-correlated motion between the loops and the rest of the
kinase domain indicates that the activation loop remains structurally
constrained. Free energy calculations showed that Imeglimin binds
stably to AKT1 with strong contributions from Van der Waals and
electrostatic interactions. These findings collectively indicate that
Imeglimin stabilizes AKT1 in a structured conformation, restricting
its large-scale motion. Since AKT1 activation requires significant
conformational changes [63] in the activation loop, this suggests
that Imeglimin does not facilitate direct activation but may influence
phosphorylation retention or substrate interactions.

AKT1 plays a critical role in mitochondrial biogenesis, metabolism and
bioenergetics, oxidative stress regulation, and mitophagy [64-66]. It is
also a key regulator of the inflammatory signaling pathway [58,67,68],
particularly through NF-Kb and mTORC1 activation. By stabilizing
AKT1 in a constrained conformation, Imeglimin may influence
its ability to mediate inflammatory responses. Given Imeglimin’s
established mitochondrial protective [39,41,69] and anti-inflammatory
effects [42,43], this interaction provides a structural basis for potential
mechanisms of action through AKT1 modulation.

Imeglimin-Parkin

Parkin, an E3 ubiquitin ligase, exists in an auto-inhibits state and
requires phospho-ubiquitin binding and phosphorylation of its
N-terminal ubiquitin-like (Ubl) domain by PINK1 for full activation.
In its inactive state, the Ubl domain interacts with catalytic domains
that prevent activation. Activation involves conformational changes
that expose the catalytic RING2 domain, allowing ubiquitination of
substrate [70-73].

Parkin (UbIRORBR) (PDBID: 5C1Z) was used for computational analysis.
Molecular docking and MD simulations demonstrated that Imeglimin
forms stable hydrogen bonds with Thr180, Tyr331, Cys181, Thr182,
Asp334, and Arg336 and hydrophobic interaction with Lys48. Lys48,
located in the Ubl domain, is the most stable residue (RMSF=1.1087 A)
suggesting that it might play an anchoring role in binding. Moderate
flexibility was observed in Thr180 (RMSF=1.20788 A), Cys181 (RMSF:
1.4095 A), Thr182 (RMSF: 1.4970 &), which are located in the RINGO
domain. These residues are known to play a role in Parkin’s auto-
inhibitory state. The observed increase in flexibility in these regions
may indicate a partial destabilization of the inhibitory interactions.
Tyr331 located in RING1 domain exhibited higher fluctuation in the
imeglimin-bound complex, suggesting increased flexibility at the key
structural interface. Since RING1 domains play a role in recruiting
Ubiquitin-conjugating enzymes [74], this observed flexibility may
indicate a shift in inter-domain dynamics. Higher fluctuation suggests
increased flexibility at Asp334 of the IBR domain, which suggests that
Imeglimin binding disrupts rigid domain interactions. Arg336 in the
RING2 domain, located near the catalytic site, exhibited the highest
fluctuation, indicating binding-induced structural adjustments. The
observed fluctuations, especially in the residues in RING2 and IBR
domains, mirror trends observed in studies of Parkin activating variants,
where regulatory flexibility was associated with increased functional
potential. Computational analysis study of Parkin with activating
mutations [75] reported RMSF values exceeding 44 in critical domains,
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similar to localized fluctuations observed in Imeglimin-bound complex,
suggesting that Imeglimin induces localized flexibility in regions
critical for Parkin’s function, potentially facilitating a transition from
auto-inhibited state to a primed state. The RMSD values of the Parkin
backbone stabilize between 5A and 64, whereas those of activating
mutations exhibit broader RMSD variations [75]. The stable RMSD (3.5-
4 &) of the Imeglimin-bound Parkin backbone suggests that Imeglimin
does not cause significant destabilization but induces local flexibility
in key regulatory domains. Similarly, Rg values indicate that Parkin
remains compact with only minor expansion (~26.4 A), indicating
priming rather than activation. PCA analysis revealed that Imeglimin-
bound Parkin remains within a constrained conformational space,
suggesting that while Imeglimin does not induce large-scale activation,
it may weaken the auto-inhibitory interactions. DCCM analysis revealed
strong positive correlations in the Ubl and IBR domains, indicating
stabilized intra-domain interactions, while negative correlations
between Ubl and RING domains suggest inter-domain flexibility.
These anti-correlated motions align with RMSD and RMSF findings,
suggesting that Imeglimin stabilizes Parkin’s binding interfaces while
promoting domain flexibility essential for functional transitions,
potentially weakening the auto-inhibitory interactions while priming
Parkin for activation [76]. Binding-free energy calculations indicate
that Imeglimin binds Parkin with high affinity predominantly through
electrostatic interactions with additional Van der Waals stabilization.
Parkin activation requires large-scale conformational changes. The
results indicate that Imeglimin does not induce these large-scale
motions but rather promotes domain flexibility in a controlled manner,
suggesting a possible priming [75-77] mechanism rather than direct
activation. Thus, Imeglimin could allosterically modulate Parkin.
Given the crucial role of Parkin in mitophagy and mitochondrial
homeostasis [78-83] and that Imeglimin is known for its Mitochondrial
protective effects [39-42,69,84], this interaction provides a potential
structural basis for Imeglimin’s role in mitochondrial function.

Imeglimin-DRP1

Dynamin-related protein 1 is a key GTPase regulating mitochondrial
fission [85]. It exists in a dynamic equilibrium between the cytosol
and mitochondria. In its inactive state, drpl exists in the cytosol
and undergoes oligomerization and conformation changes upon
recruitment to mitochondria. The GTPase domain of drpl consists of
sub-domains, the nucleotide binding pocket (G1-G5) motifs responsible
for GTP recognition, the Switch [ and Switch Il regions that regulate GTP
hydrolysis, the Bundle Signaling Element transmitting conformational
changes, and the dimerization interface essential for oligomerization
and function activation [86].

The GTPase domain-containing construct of drp1 (PDB ID: 3W6P) was
used for computational analysis. Molecular docking and MD simulations
revealed that Imeglimin binds within the GTPase domain. It forms
persistent hydrogen bonds with Asn246, Ser248, Asp251, Ser261, and
Asp264 and a hydrophobic interaction with Asp264. Asn246 is located
in the G5 motif of GTPase domain, and it stabilizes the guanine base of
GTP, thereby playing a key role in nucleotide recognition [86]. Imeglimin
binding at Asn246 might interfere with GTP binding. Other residues
involved in bonding are not directly involved in nucleotide binding
but are located within the catalytic domain, suggesting that Imeglimin
could modulate drpl’s enzymatic activity. The low RMSF values of
Asn246 and Asp264 suggest that Imeglimin stabilizes specific regions
of the GTPase domain, while Ser248 and Asp251 exhibit comparatively
moderate flexibility, which indicates localized conformational
adaptability. Imeglimin stabilizes Asn246 with low RMSF value (0.794),
reducing its flexibility, suggesting that Imeglimin could influence
nucleotide recognition, thereby restricting drp1’s activation dynamics.
The RMSD trajectory (1.5-2.5 A) of Imeglimin-bound drp1 complex
suggests that ligand binding does not induce large-scale conformational
changes. Similarly, Rg values indicate that the complex remains
compact, suggesting Imeglimin stabilizes drpl within a constrained
conformational space. PCA analyses revealed that the first two PCs (PC1
and PC2) accounted for 58.79% of the total variance, which indicates
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that Imeglimin binding significantly influences drp1’s dominant motion
patterns. The plot reveals a transition from a broader conformational
space toamore restricted cluster over time. This suggests that Imeglimin
stabilizes drp1 within a defined structural state, thereby limiting drp1’s
ability to undergo large-scale conformational changes required for its
activation cycle. DCCM analysis revealed strongly correlated motions
within the GTPase domain, indicating that Imeglimin reinforces a
stable conformation. Observed anti-correlated motion between distant
regions suggests potential hinge-like movements, which may restrict
large-scale movements essential for activation. The observed structural
constraints suggest that Imeglimin does not promote drpl activation
but modulates its flexibility, possibly limiting excessive mitochondrial
fragmentation. Binding-free energy calculations confirm strong and
stable interactions between Imeglimin and drpl, with electrostatic
interaction and van der Waals forces contributing significantly to
binding stability. These findings collectively suggest that Imeglimin
stabilizes drp1l in a structure conformation, restricting the large-scale
changes necessary for full activation. Drpl is a crucial regulator of
mitochondrial quality control [87,88]. drp1 inhibition is being studied
for various conditions [89,90]. Since drp1’s function relies on large-
scale structural rearrangements, the observed Imeglimin-induced
conformational restriction suggests that Imeglimin may act as a
negative modulator of drp1, thereby reducing excessive mitochondrial
fragmentation. Imeglimin’s modulation of drpl may contribute to its
mitochondrial protective effects.

Imeglimin-Hexokinase 2

Hexokinase 2 catalyzes the first step in glycolysis by catalyzing the
phosphorylation of Glucose and is the key enzyme of this process. It
also plays a crucial role in mitochondrial protection and autophagy.
Hexokinase 2 binds to the Outer Mitochondrial membrane, coupling
energy metabolism and cell survival [91]. The binding of Hexokinase
2 to OMM prevents the formation of mitochondrial permeability
pore, thereby preventing apoptosis [92]. Hexokinase 2 has a linker,
N-terminal (NTD) and C-terminal (CTD) domain, with the NTD and CTD
having large and small subdomains [93].

The crystal structure of human hexokinase 2 (PDB ID: 2NZT) was used
for computational analysis. Molecular docking study revealed that
Imeglimin forms hydrogen bonds with Gly86, Gly87, Asn89, Phe90,
lle114, and Met119, with a strong hydrophobic interaction at Ile119.
However, during MD simulations, a shift in the binding interactions was
observed with persistenthydrogenbondingoccurringatLys337,Ser340,
Ser415, Val416, and Lys419, and hydrophobic interaction was observed
at Thr232, suggesting a binding site migration. All these residues are
located in the N-terminal domain of Hexokinase 2 [94]. RMSF analysis
indicated that the interacting residues Ser415 and Val416 exhibited
lower fluctuations, suggesting stable ligand-protein interactions.
Moderate flexibility in Lys337, Ser340, and Lys419 indicated localized
conformational adaptability. The RMSD of the HK2-Imeglimin complex
fluctuated between 1.2A and 4.2 A, indicating that Imeglimin does not
rigidly stabilize HK2 but allows structural adaptability as observed by
the occasional fluctuations. The Rg analysis confirms that the complex
maintained its compactness without major structural expansion or
collapse. PCA analysis revealed that PC1 and PC2 accounted for 60.3%
of the total variance, indicating that Imeglimin influences Hexokinase
2’s structural dynamics. The broad conformational space observed
in PC projections suggests that HK2 retains flexibility rather than
adopting a single rigid state; however, a shift to a more constrained
cluster was noted over time, implying that Imeglimin-modulated
HK2’s motion while maintaining functional adaptability. The steep
variance drop after PC2 further supports that major functional motions
are primarily captured in the first two components. DCCM analysis
showed strongly correlated motions within localized structures, while
anti-correlated motions in distant residues indicating differential
inter-domain flexibility. Binding-free energy calculations show that
Imeglimin binds with HK2 with a moderate affinity, with contributions
primarily from van der Waals interactions and solvation effects, while
electrostatic interactions were destabilizing, suggesting that Imeglimin
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does not form highly stable interactions with HK2. The energetics and
the binding-induced conformational adaptability observed in this study
suggest that Imeglimin may influence Hexokinase 2’s activity, but not
significantly.

Imeglimin-NLRP3

NLRP3, belonging to the Signal transduction ATPases with numerous
domains group of ATPases exists in an auto-inhibited state in the
cytoplasm, wherein the NATCH domain remains in an inactive
configuration and acts as a sensor to both infection-mediated and
sterile inflammatory signals [95]. On activation, ATP binding causes
a conformational shift leading to oligomerization and activation of
the caspase 1 pathway, thereby catalyzing the production of mature
interleukins such as IL-lbeta and IL-18 [96-99]. NLRP3 has an
N-terminal Pyrin effector domain (PYD), a C-terminal LRR domain,
and a central NATCH domain, which in turn has 4 subdomains: the
Nucleotide-binding domain, Helical Domain 1 (HD1), Winged helical
domain, and HD2.

The crystal structure of NLRP3 (PDB ID: 7ALV) was used for
computational analysis. Molecular docking and MD simulations
revealed that Imeglimin formed persistent hydrogen bonds with
NLRP3 at Ala228, Ile574, Arg578, Glu629, and Tyr632 and hydrophobic
interactions at Tyr632. Imeglimin binds to key residues in the NATCH
domain, specifically Ala228, Arg578, and Glu629, which are essential
for ATP binding and hydrolysis, suggesting a possible interference in
the conformational change required for NLRP3 activation. In addition,
its interaction with Tyr632 in LRR domain implies a potential impact
on inflammasome assembly. The residues Ala228, Arg578, and Glu629
are also the critical binding sites for MCC950, whose inhibitory
function arises from stabilizing the NATCH domain and preventing
ATP-driven activation of NLRP3 [100,101]. Residue-specific RMSF
analysis revealed that Arg578 exhibited the lowest fluctuation of 0.478
A, indicating strong stabilization, while Glu629 and Try632 showed
higher RMSF values (~0.87-1.2 A), suggesting retained flexibility in
the LRR domain. The stabilization of Arg578 is significant as it is a
crucial ATP-binding residue, and its restricted movement suggests
a possible impaired ATPase activity, which is essential for NLRP3
activation [101]. The RMSD analysis showed that Imeglimin-NLRP3
complex exhibited early fluctuation during the simulations, reflecting
initial structural adjustments. Beyond this phase, the RMSD stabilized
around 1.2-1.3 A from 20 ns onward, indicating that Imeglimin
binding possibly restricts major structural transitions but allows
limited local flexibility. The Rg remained stable ~23.1 A, indicating
that Imeglimin binding maintains NLRP3 in a compact state without
inducing large-scale unfolding. This indicates that Imeglimin does
not cause destabilization but instead possibly stabilizes a constrained
conformation that may prevent the necessary flexibility required for
full inflammasome activation. PCA analysis revealed that PC1 (39.47%)
captures the dominant structural motion, primarily within the NATCH
domain. PC2 (9.14%) and PC3 (6.15%) represent additional localized
fluctuations, particularly within the LRR domain, suggesting that
Imeglimin binding influences intra-domain interactions but does not
induce full activation-related rearrangements. DCCM analysis further
supported these findings, showing strong positive correlations within
the NATCH domain, indicating Imeglimin stabilized intra-domain
interactions. Anti-correlated motions between NATCH and LRR suggest
localized flexibility in the LRR domain, aligning with the hypothesis that
Imeglimin may restrict ATP-driven NATCH activation while allowing
some conformational adaptability in the LRR domain. Binding-free
energy calculation using MM/GBSA indicates that Imeglimin binds
ti NLRP3 with moderate affinity of -12.9 kcal/mol, predominantly
driven by strong electrostatic interactions (-126.0 kcal/mol) with
additional Van der Waals stabilization (-15.87 kcal/mol). However, a
high solvation penalty (+129.0 kcal/mol) reduces the overall binding
strength. This structural modulation may prevent full NLRP3 activation
and downstream inflammatory signaling, aligning with Imeglimin’s
known roles in metabolic and mitochondrial homeostasis.
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Limitations

This study is based solely on in silico predictions and lacks experimental
validation. The use of static crystal structures may not reflect full
conformational flexibility under physiological conditions. Cellular
complexity is not fully captured. Post-translational modifications such
as phosphorylation or ubiquitination, which can affect binding, were
not considered.

CONCLUSION

This in silico study systematically investigates the interaction of
Imeglimin with five key proteins involved in mitochondrial function
and cellular stress responses: AKT1, Hexokinase2, Parkin, DRP1, and
NLRP3. Molecular docking and dynamics simulations revealed that
Imeglimin forms stable and energetically favorable interactions with
critical residues within the functional domains of each protein. In AKT1,
Imeglimin binds within the kinase domain but outside the activation
loop, suggesting a stabilizing influence that may affect phosphorylation
dynamics. For Parkin, Imeglimin targets both regulatory and catalytic
domains, potentially weakening intra-domain inhibition and
promoting a primed state. In DRP1, binding within the GTPase domain,
especially at Asn246 of G5 motif indicates restricted GTP binding
and reduced fission dynamics. In NLRP3, interactions suggest that
Imeglimin might prevent a full-scale activation of NLRP3. Hexokinase
2, by contrast, exhibited binding site migration and weaker interaction
energies, indicating minimal structural influence. Collectively, these
findings support the hypothesis that Imeglimin acts as a multi-target
mitochondrial modulator, with strong effects seen in DRP1, Parkin, and
NLRP3 proteins that are central to mitochondrial dynamics, autophagy,
and immune signaling. This structural insight provides a mechanistic
basis for Imeglimin’s mitochondrial protective and immunomodulatory
roles observed. Further experimental studies are needed to confirm
and extend these findings.
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