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Simulações de Dinâmica Molecular de Mediadores Lipídicos Ômega-3 e 
Ômega-6 como Agonistas Parciais do PPARγ
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Peroxisome Proliferator-Activated Receptors (PPARs) are nuclear receptor proteins vital for metabolism, 
cell growth, cell differentiation, autoimmune diseases, and inflammation resolution. However, the activation 
mechanism by lipid-mediating agonists remains unclear. This study explores the molecular interactions 
and per-residue binding energy calculations between the PPARγ subtype and four lipid mediators from 
n-3 and n-6 fatty acids: AA, DHA, 4HDHA, and 9HODE, identified as natural PPARγ agonists. These 
findings reveal the intricate atomic-level interactions between particular residues and ligands, which are 
critical for determining agonistic activity. The most relevant residues were located in the loop, sheets, 
and H3 helix of the receptor. Positively charged residues such as K263, K265, R280, and R288 were 
prominent, with hydrophobic residues I281, L330, I341, and C285 also playing significant roles in ligand 
affinity. Residues R280, Y327, S342, and K367 were notable for persistent hydrogen bonds. The lipid 
carboxylate groups form stronger contacts through hydrogen bonds and electrostatic interactions than 
the hydroxyl groups of oxidized lipids. This study sheds new insights on the molecular mechanisms 
underlying the preferences of these lipid mediators, aiding the development of safer and more effective 
PPARγ-targeted therapies inspired by the agonistic properties of its endogenous ligands.
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1. Introduction

Lipid mediators (LMs) are signaling molecules derived from fatty acids that are typically 
exported to the extracellular space, where they bind to specific G protein-coupled receptors 
(GPCRs) on the cell surface.1 However, an increasing body of research has indicated that LMs 
from various classes can also function as agonists of peroxisome proliferator-activated receptors 
(PPARs), members of the nuclear receptor (NR) superfamily.2 Within this superfamily, three 
subtypes of PPARs have been identified: PPARα, PPARβ/δ, and PPARγ.3

Since, in the mid-1990s, PPARγ was determined to be a molecular target of the insulin-
sensitizing and antidiabetic agent thiazolidinediones (TZDs), several other physiological functions 
of the receptor, such as its role in immunomodulation and cancer, have been discovered and 
explored.4-9 However, severe adverse effects have been associated with receptor activation by highly 
potent ligands or full agonists such as TZDs.10-11 Therefore, research has focused on studying and 
exploring natural endogenous ligands that often act as partial agonists. Although partial agonists 
have reduced potency or efficacy for receptor activation, leading to a more attenuated physiological 
response, such activation is often associated with fewer undesirable events.12-14

The PPARγ ligand-binding pocket (LBP) is a bulky cavity that is larger than the pockets 
of other NRs and can accommodate many different ligands in different positions.15 Among the 
physiologically relevant ligands of PPARs, more hydrophobic, saturated fatty acids are preferred 
by PPARα and, to a lesser extent, by PPARβ/δ, while PPARγ prefers more hydrophilic lipids, 
as prostaglandins, leukotrienes, phospholipids and polyunsaturated fat acids (PUFAs), including 
essential fat acids from the omega-3 (n-3) and omega-6 (n-6) series.3,16,17 Diets rich in essential 
fatty acids are linked to several health benefits, including inflammatory and autoimmune diseases, 
and the prevention and treatment of cardiovascular diseases.18-21 Additionally, inflammatory 
conditions create a microenvironment that promotes enzymatic and nonenzymatic oxidation 
of PUFAs, to molecules such as hydroxy, oxo, and nitro-fatty acids, resulting in an increase in 
electrophilic fatty acids levels and providing additional intracellular ligands to PPARγ.3,22 Many 
metabolic and inflammatory events are regulated by a population of enzymes and other redox 
potential-dependent proteins that are responsive to electrophilic lipid derivatives.17
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Computational studies involving PPARγ and its different 
natural and synthetic agonists, especially docking and 
molecular dynamics, have revealead specific ligand–
residue interactions and binding affinity between these 
ligands and the receptor.23-29 In this study, Molecular 
Dynamics (MD) calculations were used to analyze 
the molecular interactions between PPARγ and four 
endogenous LMs identified as partial receptor agonists: 
arachidonic acid (AA, n-6), docosahexaenoic acid (DHA, 
n-3), 9-hydroxyoctadecadienoic acid (9HODE, n-6), and 
4-hydroxydocosahexaenoic acid (4HDHA, n-3). 4HDHA 
and 9HODE are hydroxylated (oxidized) metabolites 
derived from DHA and AA, respectively, which are stronger 
activators of PPARγ than their nonoxidized counterparts. 
Moreover, the serum concentrations of 4HDHA and 9HODE 
in mammalian models were higher than those of other AGE 
oxidized metabolites and were consistent with the levels 
required for PPARγ activation.15,30-32 Using these criteria, 
these four fatty acids were selected to compare PPARγ 
interactions with oxidized and nonoxidized LMs, understand 
the agonistic mechanisms of these lipids at the molecular 
and atomic levels, and support the development of agonists 
inspired by the natural resolution of inflammation, while 
minimizing the adverse effects that persist in many current 
therapies targeting PPARγ.

2. Methods

2.1. Protein model and ligands preparation

A model file for the PPARγ ligand-binding domain 
(LBD) was constructed from three crystal structures 
(PDB ID codes: 3DZU, 3DZY, and 3E00) using Modeller 
version 9.20.33,34 The quality assessment involved the 
generation of 50 models and the evaluation of each model 
using Ramachandran plots and ERRAT.35

Ligands were designed using Maestro.36 Their carboxylic 
acid groups remained deprotonated, consistent with the 
pH of 7.2−7.4.

2.2. Molecular docking 

Molecular docking was conducted using the DockThor 
program to generate protein−ligand complexes for MD 
simulations. The grid box was configured to center the lipid 
mediator within the receptor binding site, with coordinates 
of –8.684, 24.634, and 14.025 for the x, y, and z axes, 
respectively. A discretization value of 0.2755 was assigned, 
resulting in 942,400 grid points. Default parameters were 
used for the genetic algorithm in DockThor.37,38

2.3. Molecular dynamics simulations

MD simulations were employed to investigate the 
dynamic behavior, conformational changes, and molecular 

interactions of PPARγ with ligands. Input preparation for all 
the complexes and apo-protein systems was performed using 
the CHARMM-GUI tool.39 The ligands were parameterized 
using CGenFF.40,41 The complexes were constructed based 
on the ligand docking poses with the lowest total energy 
(Table S1, Supplementary Material). The water box 
dimensions were set at 100 Å × 80 Å × 60 Å with a 12 Å 
spacing between the protein and the boundary. K+ and Cl- 
ions were added at a concentration of 0.15 M for system 
neutrality. The CHARMM36 force field was employed to 
model protein−ligand interactions.42

The MD protocol included energy minimization using 
the steepest descent method with 10,000 steps to remove 
local atomic collisions, conducted in two stages, with and 
without restrictions on the protein and ligand atoms. The 
temperature was gradually increased from 50 to 310 K in 
the NVT ensemble over 500 ps of MD simulations with the 
restrained nonhydrogen atoms. Equilibration was achieved 
through 10 ns of NPT ensemble simulations at 310 K and 
1 bar with a 1 fs time step. Production MD simulations 
were conducted in an NPT ensemble using the leapfrog 
algorithm with a 2 fs time step, recording conformations 
every 10 ps. The temperature was maintained at 310 K 
using a Nose-Hoover thermostat with a relaxation time of 
0.1 ps, while the pressure was maintained at 1.0 bar using a 
Parrinello−Rahman barostat with a relaxation time of 10 ps 
and a compressibility of 4.5 × 10-6 (kJ.mol-1nm-3)-1.43,44 The 
Lincs algorithm was used to constrain all-bond stretching 
and bending motions. Short-range electrostatic and van 
der Waals interactions utilized a 1.1 nm cutoff, while long-
range electrostatic contributions were determined using the 
particle mesh Ewald (PME) method.45 GROMACS-2019.6 
was employed for all simulations, with triplicate production 
runs for complex systems and a single 500 ns simulation 
for the apo form of PPARγ.46

To assess which residues were engaged in hydrogen 
bonding, the VMD Timeline Hydrogen Bonds was used 
to calculate the hydrogen bond frequencies during the 
simulations for each replica separately, using a donor−
acceptor distance cut-off of 3.5 Å and a hydrogen-donor−
acceptor angle cut-off of 30°.47 An additional calculation 
employing different distance and angle cut-offs was carried 
out for comparison using AMBER tool.48 Results analysis 
was focused on interactions that occurred with a frequency 
≥ 10% (normalized to 0.1) in at least one of the replicas.

2.4. Molecular mechanics Poisson-Boltzmann surface 
area

To calculate the binding affinity, frames were collected 
at 0.2 ns intervals from 300 and 500 ns trajectories, resulting 
in 1500 and 2500 frames, respectively. Molecular Mechanics 
Poisson−Boltzmann Surface Area (MM/PBSA) binding free 
energy calculations were performed using the g_mmpbsa 
tool.49,50 The protocol closely followed the guidelines of 
the g_mmpbsa tutorials (https://rashmikumari.github.



Silva et al.

293Vol. 17, No. 3, 2025

io/g_mmpbsa/Tutorial.html) with the temperature set to 
310 K. This analysis assessed the relative affinities of PPARγ 
receptor residues for the ligands.

3. Results and Discussion

3.1. Stability of the systems and global structural analysis

The RMSD (Root Mean Square Deviation) (Figure 1) 
and RMSF (Root Mean Square Fluctuation) (Figure 2) 
analysis of the protein backbone and alpha-carbon did not 
reveal significant differences in global structural variations 
among the PPARγ apo-form and PPARγ−ligand complexes. 
Throughout the simulation period, all the systems remained 
stable. Additionally, the analysis of the average gyration 
radius of the alpha carbons of the protein indicated subtle 
variations in PPARγ compactness during the simulations, 
consistent with overall protein stability observed in the 
RMSD results (Figures S1, Table S2; Supplementary 
Material).

Higher local flexibility was observed in less-ordered 
structures such as the Ω-loop (from I262 to E276), 
which is consistent with the more dynamic nature of this 
region.51-53 Other PPARγ secondary structures that showed 
greater relevance in this work were helices H2a (from 
K230 to L237), H2b (M252 to K261), H3 (V277 to K301),  
H4−H5 (from L311 to S332), H6−H7 (from K358 to A376),  
H10−H11 (from L431 to T459), H12 (from P467 to Y473), 
and the β-sheet region (from M334 to T349). Snapshots 
taken at both the initial and final stages of each simulation 

are available in the Supplementary Material, Figure S2. 
The subtle differences among the system simulations may 
be attributed to specific interactions between the ligands 
and protein residues, influencing their ability to restrict or 
allow conformational changes. Therefore, a more detailed 
analysis of the interactions between the ligands and PPARγ 
amino acids was conducted to elucidate potential sites for 
ligand recognition and affinity.

3.2. Hydrogen bonds

The results obtained from VMD and AMBER were 
highly comparable. The major residues engaged in hydrogen 
bonding with one or more specific ligands were K263 
(Ω-loop), R280 (H3), R288 (H3), Y327 (H4-H5), and 
K367 (H6-H7), predominantly through their side chains, 
E343 (β-sheets) through its backbone, and K265 (Ω-loop), 
H266 (Ω-loop) and S342 (β-sheets) through their side 
chains and their backbones. Notably, the residues acted as 
bond donors in all the interactions. The frequency values 
obtained from VMD calculations are shown in Table 1. For 
comparison with values   from AMBER, see Table S3 in the 
Supplementary Material. 

3.3. Radial distribution function 

Radial distribution function (RDF) analysis was 
employed to determine the functional groups of the ligands 
that were most likely to be involved in the observed 
hydrogen bonds. The calculations evaluated the average 
distance between the residues identified in the hydrogen 

Figure 1. Root mean square deviation (RMSD) analysis of apo-PPARγ and PPARγ-ligand complexes. Simulations are 
depicted in different colors: the apo-system (black) and the complexed systems replicas r1 (red), r2 (green) and r3 (blue)
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bonds, the carboxylic carbons (C1 in all four ligands), 
and the carbon atoms to which the hydroxyl radicals were 
attached (C4 and C9 in 4HDHA and 9HODE, respectively).

The results for the AA and DHA ligands indicate that the 
residues exhibiting the highest hydrogen bond frequencies 
were also those with the shortest average distances to the 
carboxylate groups of the ligands throughout the simulation 
period (Figure 3).

For the hydroxylated lipids 4HDHA and 9HODE, the 
distances from their carboxylate and hydroxyl groups to 
the residues were compared (Figure 4). For the 4HDHA 
ligand, R280, H266, S342, and R288 were closer to 
the carboxylate moiety but also showed considerable 
proximity to the hydroxyl group, whereas K265 (r2) 
was nearly equidistant from both groups throughout the 
simulation. For 9HODE, residues R280, K265, and K263 
were closer to the carboxylate group. This trend was also 
evident for S342 during r1; however, a distinct pattern 
emerged for r2, in which S342 showed a notably more 
substantial interaction peak with the hydroxyl radical 
than with the carboxylate group. Although its interaction 
with carboxylate was less prominent, it was slightly 
more frequent at shorter distances than its interaction 
with the hydroxyl groups. In r3, S342 demonstrated 

nearly equivalent distances from both functional groups, 
indicating a balanced interaction profile.

Different positions of the organic groups in the 
hydrocarbon chains of modified fatty acid agonists such 
as 9HODE and 4HDHA may play a role in determining 
the specificity of the ligand that binds to PPARγ. The 
RDF results indicated that K265, H266, R280, R288, 
and S342 were likely to form hydrogen bonds with both 
the carboxylate and hydroxyl groups of the 4HDHA and 
9HODE ligands.

3.4. MM/PBSA and Per Residue Protein-Ligand Interactions 

The interactions between the residues and ligands 
reveal how the chemical structures of the ligands affect 
their binding to PPARγ. RDF analysis identified the key 
residues engaged in hydrogen bonding, whereas MM/PBSA 
calculations elucidated the energetic aspects, highlighting 
the significance of the positively charged residues.

MM/PBSA calculations revealed that positively charged 
residues exhibited the most negative total binding energies 
(Table S4, Supplementary Material), which could be 
attributed to their stronger electrostatic interactions with the 
anionic polar heads of lipids and/or ion-dipole interactions 

Figure 2. Root mean square fluctuation (RMSF) analysis of apo-PPARγ and PPARγ-ligand complexes. Simulations are depicted in different colors: 
the apo-system (black) and the complexed systems replicas r1 (red), r2 (green) and r3 (blue). The residue sequences of major regions in the protein are 

indicated by bars: from left to right, α-helices H2b, H3 and H12 (black bars), Ω-loop (yellow bar), β-sheet region (orange bar)
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with hydroxyl radicals. The residues that displayed the more 
favorable binding energy (≤ -4.5 kcal.mol-1): R288 (H3); 
K263 (Ω-loop) and K265 (Ω-loop); K232 (H2), K261 (H2b) 
and R280 (H3); K275 (Ω-loop) and K457 (H10-H11); and 
K367 (H6-H7).

Although the electrically neutral residues did not 
exhibit energy values as favorable as those of the positive 
residues, many of them participated in extensive networks 
of hydrophobic and polar interactions with various natural 
and synthetic PPARγ agonists, playing crucial roles in 
the affinity of fatty acids, especially those with long 
hydrocarbon tails that might extend deep into the receptor 
pocket.54-58 F264 and H266 from the Ω-loop, I281 and C285 
from H3, Y327 and L330 from H4-H5, I341, and M348 from 
the β-sheets region, and M364 from H6-H7 showed the 
lowest total binding energy values (≤ -1 kcal.mol-1) among 
the noncharged residues in at least one simulation replica 
(Table S5, Supplementary material).

3.5. Comparative analysis of hydrogen bonding, RDF, and 
per residue MM/PBSA

Typical PPARγ full agonists, such as TZDs, stabilize 
a critical protein surface for coregulator recognition, 

activation function 2 (AF-2), interacting with H12 via 
direct or water-mediated contact with the Y473 residue.58-61 
Conversely, many studies have shown that partial agonists 
from different chemical classes do not interact directly with 
H12 but differentially stabilize other regions of the binding 
pocket of PPARγ, as the H3 and the β-sheets.62 Situated 
at the entrance to the binding site, the highly flexible 
Ω-loop also plays a pivotal role in PPARγ activation, by 
allowing ligands, particularly partial agonists, to enter 
without significantly changing the overall structure of  
the LBD.52

In this study, most of the residues presenting stronger 
and more frequent interactions with the ligands belonged 
to these three regions (K263, F264, K265, H266, and 
K275 from the Ω-loop; R280, I281, C285, and R288 from 
H3; and I341, S342, E343, and M348 from the β-sheets). 
From hydrogen bonding and MM/PBSA analysis, together 
with the polar or nonpolar character of these residues, we 
can conclude that the Ω-loop interacted with the ligands 
primarily via electrostatic contacts and hydrogen bonds, 
and the β-sheet region primarily via hydrogen bonds and 

Table 1. Hydrogen bond frequencies in the protein-ligand complexes 
simulations, according to VMD Timeline Hydrogen Bonds calculations

Ligand
Simulation 

Replica
Residues

Hydrogen Bonds 
Frequency

AAa

r1

K265 
R288 
S342 
E343

0.23 
0.15 
0.49 
0.11

r2
R288 
S342

0.48 
0.34

r3
R288 
S342

0.38 
0.77

DHAb

r1
Y327 
K367

0.86 
0.68

r2
Y327 
K367

0.77 
0.73

r3
Y327 
K367

0.58 
0.56

4HDHAc

r1
H266 
R280

0.43 
0.93

r2
K265 
H266 
R280

0.10 
0.48 
0.91

r3
K265 
S342 
E343

0.56 
0.82 
0.11

9HODEd

r1
K265 
R280 
S342

0.32 
0.29 
0.60

r2
K263 
R280

0.21 
0.62

r3
R280 
S342

0.83 
0.14

aArachidonic acid; bdocosahexaenoic acid; c4-hydroxydocosahexaenoic 
acid; d9-hydroxyoctadecadienoic acid. Figure 3. Average distances between carboxylate carbons (C1) in AA 

and DHA ligands and hydrogen-bonded residues were determined using 
RDF calculations. The x-axis represents the ligand’s atom-to-residue 
distance (r), while the y-axis represents the g(r) values, indicating the 

distribution and frequency of interactions during the simulation
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hydrophobic interactions, while H3 showed these three 
interaction types nearly equivalently.

The findings strongly corroborate with previous studies 
demonstrating that PPARγ partial agonists, located between 
H3 and the β-sheets region, usually form a combination of 
hydrogen bonds with the backbone amide of S342 (β-sheet), 
electrostatic interactions with R288 (H3), and extensive 
van der Waals interactions with I341 (β-sheet) and C285 
(H3).16,57 Residues from the H2, H2b, H4-H5, H6-H7, and 
H10-H11 regions, although fewer in number, also played 
crucial roles in interactions with lipids. Figure 5 shows the 
major apolar, polar, and charged residues involved in the 
most favorable contacts with the respective ligands within 
the PPARγ binding site, according to MM/PBSA and 
hydrogen bonding analyses.

The R288 residue stood out prominently, exhibiting 
the lowest total binding energy across all three simulation 
replicates for AA and DHA and two of the three replicates 
for both 4HDHA (r2 and r3) and 9HODE (r1 and r3) 
(Table  S4, Supplementary Material). This finding is 
consistent with that of a previous study that employed 
a similar approach.63 Its location in H3, at the center of 
the ligand-binding site,62 allows the residue to establish 

both electrostatic and extensive hydrophobic interactions 
with the ligands, facilitated by its long and flexible side 
chains.13,56,57,64-66

Since R288 did not engage in any hydrogen bonds with 
4HDHA and 9HODE within the 3.5 Å cut-off, a new RDF 
analysis was employed to further elucidate the relationship 
between the oxygenated groups of 4HDHA and 9HODE 
and R288 (Figure 6). In simulations r1 and r2 with 4HDHA, 
the residue remained closer to the hydroxyl group than 
to the carboxylate group, albeit with subtle interaction 
patterns. In r3, where R288 exhibited the lowest binding 
energy in our study (-8.3 kcal.mol-1), shorter distances were 
observed to the carboxylate, yet prominent contacts were 
also established with the hydroxyl, indicating favorable 
interactions with both groups. For 9HODE, in r2, and 
especially in r3, R288 established significantly greater 
contact with the hydroxyl group than with the carboxylate 
group, whereas, in r1, the residue remained slightly closer 
to the carboxylate group, albeit with prominent peaks in 
both groups.

The side chain mobility of R288 is crucial for the 
adaptation of PPARγ to different ligands.15,52 Furthermore, 
studies involving mutant receptors, where R288 is replaced 
by histidine (R288H), commonly found in colon cancers, 
demonstrated reduced affinity of PPARγ for various fatty 
acid-derived agonists and increased movement of H3, both 
contributing to reduced receptor activity.17,31,67

Other positively charged residues, notably R280 and 
K367, and, to a lesser extent, K265, frequently showed 
highly negative vacuum potential energies, indicating their 

Figure 4. Average distances between the hydrogen bonded residues 
and carboxylate carbons (C1) and hydroxyl-attached carbons (C4 for 

4HDHA and C9 for 9HODE) in the ligands

Figure 5. Ligands and interacting residues in PPARγ binding site:  
MM/PBSA and hydrogen bonding analysis. S342 forms a hydrogen 

bond with AA carboxylate, while R280 interacts with 4HDHA 
carboxylate via a salt bridge (both interactions are represented by  

yellow dashed lines)
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propensity to form hydrogen bonds. However, their total 
binding energies were less favorable than those observed for 
R288 (Table S6, Supplementary Material). This discrepancy 
in behavior among these positive residues can be attributed 
to the higher polar solvation energies typically exhibited by 
R280, K367, and K265.

Previous studies have shown that R280 plays a 
fundamental role in PPARγ binding to many agonists 
via hydrogen bonds and electrostatic and hydrophobic 
interactions.65,68,69 The highly favorable contacts of arginine 
residues with anionic agonists may be better understood 
through quantum mechanical calculations, considering 
the resonance caused by electronic delocalization in the 
positively charged guanidinium moiety and the carboxylate 
groups of the ligands. Lysine residues, namely K263, 
K265, and K367, are also well-documented as pivotal 
participants in polar and electrostatic interactions with 
PPARγ ligands.62,65,69,70 K263 and K265 might contribute 
significantly to the Ω-loop and H2b stabilization.58,64,65,71 In 
our simulations, K367 and Y327 were engaged in persistent 
hydrogen bonding with DHA. Previous structural and 
molecular docking studies have demonstrated the critical 
role of K367 in synergism with Y327 in establishing 
essential hydrogen bonds with hydroxy- and oxo-fatty acids 
derived from DHA and EPA and that the specific positioning 
of these amino acid side chains significantly affects ligand 
specificity to the receptor.16,17,31

C285 stood out as the neutral residue with binding 
energy ≤ -1.3 kcal.mol-1 in all the simulations with the 
four ligands (Table S5, Supplementary material). Several 
structural studies have demonstrated that the covalent 
coupling of C285 with modified lipids such as oxo- and 
nitro-fatty acids is crucial for PPARγ activation.15,17,72 
Noncovalent interactions with these lipids are associated 
with different conformations of the Ω-loop and distinct 
degrees of receptor activity (strong or weak). Moreover, 

the amino acid side chains around C285 rearranged to the 
active conformation after covalent linkage.64,73,74 This residue 
can also form a narrow hydrophobic tunnel for ligand 
binding, along with I326 and L330.75,76 A similar behavior 
might be the case here, since L330 and, to a lesser extent 
I341, also stood out with relatively favorable energies in all 
simulations, and I281 in all DHA, 4HDHA, and 9HODE 
simulations, indicating a likely synergism between C285 
and these hydrophobic residues.

Residues F264, H266, Y327, M348, and M364 often 
exhibit ligand-specific and subtle energetic contributions. 
In the r1 and r2 simulations with DHA, Y327 displayed 
the lowest binding energy values (approx. -1.0 kcal.mol-1), 
which is consistent with the hydrogen bond frequencies in 
these replicas. Interestingly, these were the same replicates, 
in which DHA showed the most favorable interaction energy 
with C285. The side chain of Y327 catalyzes the formation 
of covalent bonds between C285 and oxo-fatty acids.15 In 
addition to the previously discussed role of Y327 with K267, 
our findings may further elucidate the synergistic behavior 
between Y327 and C285, by which persistent hydrogen 
bonds between Y327 and the ligand may partially restrict 
the latter movement, favoring its interaction with C285. 

Although S342 did not exhibit any significant interaction 
energy in the MM/PBSA calculations, it emerged as a 
crucial hydrogen bond donor for AA, 4HDHA, and 9HODE. 
Previous structural studies have underscored the role of the 
hydrogen bonding of S342 with oxidized fatty acids, such 
as 13HODE (a 9HODE regioisomer).13,57,64 Docking and 
MD studies further demonstrated the bonding interactions 
of S342, extending its involvement to nonoxidized fatty 
acids within the ligand-binding pocket and emphasizing 
its significance in stabilizing PPARγ partial agonists.27,77

Molecular Dynamics calculations are applied to the 
models of ML-PPARγ complexes in biological fluids and 
have advanced, allowing for the exploration of properties 

Figure 6. Proximity of the R288 residue to polar groups carboxylate and hydroxyl in 4HDHA and 9HODE 
ligands, according to RDF calculations
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and characteristics that increasingly and closely resemble 
related experimental observations.11,78 However, one of 
the greatest challenges in obtaining structural information 
on the interaction of LMs with PPARγ is the immense 
diversity and conformational freedom of ligands within 
the enormous binding site.16,52 Using a range of analytical 
methods, we detailed the specific interactions between 
PPARγ residues. Our in-depth analysis of these interactions 
provided valuable insights into the molecular mechanisms 
underlying the pivotal connections between PPARγ and 
these lipid mediators.

Collectively, these findings enhance the understanding 
of PPARγ-ligand interactions, paving the way for future 
research endeavors and potential therapeutic developments 
targeting the essential residues for molecular recognition 
and affinity. As the intricate mechanisms governing these 
interactions are elucidated, the therapeutic potential of these 
insights may be harnessed more effectively.

4. Conclusions

 
In this study, molecular dynamics calculations were 

employed to evaluate the interactions of PPARγ protein 
with four of its natural, endogenous partial agonists from 
the n-3 and n-6 fatty acid series: AA, DHA, 4HDHA, and 
9HODE. This comprehensive analysis sheds light on the 
intricate interplay between the receptor and its ligands. 
Specific amino acid residues, primarily from the protein’s 
H3, Ω-loop, and β-sheet regions, and to a lesser extent 
from the H2a, H2b, H4-H5, H6-H7, H10-H11, and H12 
regions, were found to be crucial for ligand interactions. 
The analysis revealed variations in the number, strength, 
and preferences of hydrogen bonding between PPARγ and 
the different ligands. Residues R280, Y327, S342, and 
K367 engage in high-frequency hydrogen bonding with 
particular ligands. The MM/PBSA approach highlighted 
positively charged residues, such as K263, K265, R280, and 
particularly R288, as most energetically favorable for ligand 
binding. Residues with more hydrophobic side chains, such 
as I281, L330, I341, and especially C285, also presented 
favorable energy values and played significant roles in the 
interactions with different ligands. RDF calculations showed 
that carboxylates in the anionic polar heads of lipids are most 
probably involved in more persistent and stronger contacts, 
particularly hydrogen bonds, with the highlighted residues. 
However, some residues, such as K265, and mainly R288 
and S342, demonstrated a more balanced interaction profile 
between the carboxylate and hydroxyl groups during the 
simulations with the oxidized ligands.

The residues exhibiting the lowest binding energy and 
highest hydrogen bond frequencies in each complex were 
pivotal in the interaction between the PPARγ receptor and 
its specific ligands. This underscores the importance of 
statistical analysis of various molecular dynamics studies 
with diverse lipid mediators to elucidate the agonistic 

mechanisms of this protein. The findings presented here 
may contribute to the development of new agonists with 
therapeutic potential for various health conditions, including 
metabolic disorders and inflammatory diseases related to the 
PPARγ receptor. Consequently, targeting the key residues 
identified in this study may lead to the development of more 
specific therapeutic strategies with fewer adverse effects.
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