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Abstract:  Perfluorooctanoic acid (PFOA) 'is a persistent environmental
contaminant that binds strongly to human serum albumin (HSA), influencing its
distribution and toxicokinetics. While crystallographic studies in the presence of
myristic acid have identified a limited number of high-affinity binding sites,
additional sites may remain undetected due to competitive binding. Here, we
combined molecular docking with extensive molecular dynamics (MD)
simulations to comprehensively characterize PFOA—HSA interactions. A tiled
docking approach revealed twelve non-overlapping binding poses, including six
not previously reported. Ligand-residue interaction mapping, RMSD analysis,
and MM/PBSA free energy calculations identified four sites, FA3, FA1, FA4,
and FA6, as the most stable PFOA binding positions in the absence of competing
ligands. Among all examined sites, FA3 displayed the most favorable calculated
binding energy. Furthermore, ligands at both FA1 and FA3 sites exhibited over
23 and 85 kJ/mol more favorable binding energy, respectively as calculated by
MM/PBSA than the ligand at well-characterized FA4 site under other ligand-
free conditions. Persistent salt bridges, hydrogen bonds, and halogen contacts
were identified as key stabilizing interactions. Free-energy landscapes further
confirmed the stability of PFOA binding at these sites. These findings provide a
more complete understanding of the PFOA binding landscape on HSA, offering
insights that may inform the design of biomimetic capture agents and strategies
for environmental remediation.

Keywords: protein—ligand interactions; PFAS; binding free energy calculations.
INTRODUCTION

Proteins are highly dynamic macromolecules involved in a wide range of vital
biological processes both within and between cells. One of their essential functions
is transporting various molecules, ranging from simple ions and small gases to
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more complex compounds such as hormones, fatty acids, neurotransmitters, amino
acids, nucleic acids, and drugs, collectively referred to as ligands.' The interactions
between proteins and ligands have been extensively investigated, as proteins are
not only capable of reversible ligand binding but often exhibit enzymatic activity
that enables ligand transformation.? To understand a protein’s role at the molecular
level, it is crucial to identify its ligand binding site and the specific amino acid
residues involved in the interaction. These residues are central to.determining
binding specificity and are particularly important in enzymatic recognition, where
factors like side chain orientation and physicochemical properties critically affect
affinity and selectivity.? Interestingly, Kuntz et al. observed that binding affinity
generally increases with ligand size, but this trend plateaus when ligands exceed
approximately 15 non-hydrogen atoms. Beyond this threshold, additional atoms
contribute minimally to binding energy, revealing a nonlinear relationship between
ligand size and binding strength.* Consequently, understanding ligand binding
involves more than locating the binding site, it requires evaluating the broader
molecular and energetic environment that governs the interaction.>® Such insights
are indispensable not only. for fundamental biological research but also for
practical applications such as rational drug design, enzyme optimization, and
targeted mutagenesis.’

Human Serum Albumin (HSA) is the most abundant carrier protein in the
human body, playing a vital role in maintaining osmotic pressure and transporting
a wide variety of endogenous and exogenous ligands (fatty acids, amino acids,
hormones, ions such as Ca?", Na" and K, water, drugs...).®® It has been
demonstrated that HSA is the principal transporter of perfluorooctanoic acid
(PFOA) in the bloodstream.'® PFOA (C8) is a widely prevalent perfluorinated
compound structurally similar to fatty acids, whose exceptional chemical stability
and resistance to degradation cause it to persist in the environment and accumulate
in living organisms, resulting in significant human exposure through contaminated
food and water and raising serious health concerns due to its biological half-life of
approximately three years.'!?

Experimental and theoretical studies have identified multiple potential PFOA
binding sites on HSA.'>"'® Docking simulations have revealed several putative
binding locations, suggesting that while docking is a useful tool for predicting
interaction sites, it may not fully capture the complexity of ligand binding due to
inherent biases and its static nature. Moreover, docking often relies on X-ray
crystallographic structures of proteins, which may be incomplete or lack sufficient
resolution, further limiting the reliability of this method in accurately identifying
true binding sites. Limited by incomplete molecular models and scoring function
shortcomings, docking alone cannot reliably predict binding affinity or the precise
binding locations.!” Protein-ligand association can be described as diffusion across
a multidimensional energy landscape, which typically contains an energy
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minimum corresponding to the bound complex. As the ligand approaches the
protein, long-range electrostatic interactions guide the process along a binding
funnel that may contain local minima and multiple competing pathways.'® In the
case of PFOA binding to HSA, such complexity is particularly relevant, asthis
ligand is highly flexible and amphiphilic, capable of transiently interacting with
several regions on the protein surface. These dynamic features often elude static
docking approaches, which oversimplify the energy landscape and may miss
alternative or transient binding modes.

A recent study by Maso et al.'3. identified a single high-affinity binding site
for PFOA on HSA, along with three lower-affinity sites. These four sites were
confirmed through crystallization of HSA with PFOA; however, the experiments
were performed in the presence of myristic acid. Consequently, only binding
positions where PFOA outcompeted myristic -acid were detected, potentially
leaving additional PFOA binding sites unidentified. Comprehensive mapping of
all binding sites is important for fully understanding PFOA-HSA interactions, as
this knowledge would enable the rational design of biomimetics capable of
targeting and binding multiple PFOA molecules under diverse environmental
conditions. Moreover, identifying all sites could support the development of more
robust environmental remediation strategies, producing biomimetics with greater
versatility in recognizing and sequestering PFOA across a range of concentrations.

Despite increasing evidence that PFOA can interact with multiple regions of
HSA, the complete landscape of binding sites, their relative affinities, and the
molecular determinants of binding remain insufficiently characterized. Existing
structural studies have been limited by the presence of competing ligands, while
computational docking alone cannot capture the conformational flexibility and
dynamic nature of ligand—protein interactions. To overcome these limitations, we
combined - exhaustive molecular docking with molecular dynamics (MD)
simulations to evaluate the stability, energetics, and residue-level interactions of
PFOA at all predicted binding positions. This integrated approach enabled the
identification of energetically and kinetically favorable sites under other ligand-
free conditions, providing a more comprehensive understanding of the PFOA-HSA
interaction network. By mapping these sites and characterizing their key stabilizing
interactions, our study offers new insights into the molecular basis of PFOA
binding that can inform the design of selective biomimetic capture agents and
guide the development of effective environmental remediation strategies.

EXPERIMENTAL
Molecular docking

Although numerous crystal structures of human serum albumin (HSA) are available in the
Protein Data Bank, the structure with PDB ID: IN5U? (1.90 A) was selected for this study due
to its high resolution, complete domain coverage, and absence of large conformational
distortions, making it a reliable and structurally representative model. Prior to docking, all co-
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crystallized ligands (e.g., myristic acid) were removed. Protonation states of titratable residues
were assigned using H++ 3.0." AutoDockTools* (v1.5.7) was used for assigning partial
charges to protein atoms. The geometry of anion of perfluorooctanoic acid (PFOA) was
optimized at the DFT/B3LYP/6-311G(d,p) level using Gaussian 09.2! A systematic grid-based
search strategy was employed, generating 1,248 partially overlapping boxes (24 X 24 x 24 A)
shifted by 8 A to ensure complete screening of protein surface and volume. All atoms in the
protein molecule were kept rigid, while free rotation around single bonds. in ligand were
allowed. Docking simulations were performed with AutoDock Vina.?? Final binding poses and
interaction sites were visualized using PyMOL2 and Discovery Studio 2024.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed using the AMBER software. The
protein structure was prepared by assigning appropriate protonation states and parameterizing
it using the ff19SB force field”. The DFT-optimized structure of PFOA was used as input,
while ligand topologies were generated following the standard procedure recommended by the
AMBER developers. For bonds, valence angles, torsion and improper torsion angles and
Lennard-Jones parameters standard generalized AMBER force-field version 2 (gaff2)
parameters were used.”* Partial atomic charges were determined by first calculating Mertz-
Kollman electrostatic potential at MP2/def2-TZVP level of theory and then deriving partial
charges with RESP procedure.”> Molecular dynamic simulations were performed with 12
ligands simultaneously. Initial ligand positions were determined by docking: 12 poses with the
highest docking score were used.

The Optimal Point Charge (OPC) model was used for water and counterions added to
neutralize the system. The OPC model was chosen because it provides improved accuracy in
reproducing key thermodynamic and dynamic properties of liquid water compared to commonly
used three-point and four-peint models, while remaining computationally efficient for large-
scale MD simulations. The system was neutralized with Na* ions and solvated in a Truncated
Octahedron box of water with at least 10 A between box edges and protein residues. Additional
Na' and Cl=ions were added to simulate the 0.15 M salt concentration. Simulations were done
under Periodic Boundary Conditions and Particle Mesh Evald summation method was used for
calculating long range electrostatics. The system was initially minimized for 2,000 steps using
Newton-Raphson algorithm, and then slowly heated from 100 K to 298 K for 1 ns with time-
step of 1 fs, while keeping the volume constant. The initial restraint on protein and ligand atoms
was 418.40 kJ/mol-A2, Next, the system was relaxed for a total of 6 ns with 1 fs time step, in
NPT ensemble, by slowly lifting restraints (to 41.64, 4.18 and 0.42 kJ/mol-A?). Finally, 5 ns of
equilibration in the NPT ensemble with 1 fs time step and no restraints was conducted. For a
1000-ns production run, NPT ensemble was chosen with Langevin thermostat and Berendsen
barostat and 2 fs time step. The SHAKE algorithm was employed to impose constraints on
hydrogen atoms. Simulations were performed in triplicate starting from the same docking poses
but with different randomly assigned initial velocities.

Molecular dynamics trajectory analysis and collective variable calculations were done
with the cpptraj program.’® Gromacs sham utility?” was used for free energy landscape
calculations. PLIP (protein ligand interaction profiler) program was used for calculating protein
ligand interactions from MD trajectory. Images are created in Pymol, VMD and Discovery
studio Visualizer programs.
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RESULTS AND DISCUSSION

To identify all potential PFOA binding sites on HSA, we performed molecular
docking simulations using the DFT-optimized structure of PFOA and the crystal
structure of HSA (PDB ID: IN5U). To provide structural context, Figure S1
illustrates the domain organization of HSA together with its fatty acid binding
sites. To achieve exhaustive spatial coverage of the protein surface and internal
cavities, the HSA structure was divided into over 1,200 partially overlapping grid
boxes. Separate docking calculations were performed for each box using
AutoDock Vina, an approach that enables high-resolution, tiled screening and has
proven effective for mapping ligand binding to large proteins.”® This systematic
search identified 12 non-overlapping binding poses, with predicted binding scores
ranging from —41.00 to —25.94 kJ/mol (Table I, Figure 1). The top 12 docking
poses were selected based on an energy cut-off of 15 kJ/mol relative to the best-
scoring pose.

Table 1. Twelve best-docked PFOA ligands to HSA, labeled as L1-L12, along with their
predicted binding energies obtained from molecular docking and calculated binding energies
using the MM-PBSA method (kJ/mol). Bolded values indicate 4 ligand binding sites selected
after MD simulations.

Binding energies Binding energies
Ligand position estimated by molecular calculated by MM-PBSA
docking (kJ/mol) (kJ/mol)
L1 (FAS) -41.00 -34.81+2.09

L2 -37.66 -33.58+4.31
L3 -36.82 -63.89+4.56
L4 -35.98 -87.11+£5.82
L5 -35.15 -42.38+5.77
L6 -33.47 -9.16+3.64
L7 -32.22 -6.32+2.38
L8 -30.54 -149.08+3.22
L9 -28.45 -24.31£2.26
L10 -27.20 4.35£1.76
L11 -26.78 -1.26+6.86
L12 -25.94 -14.31+1.92

The docking simulations identified the highest-affinity PFOA binding pose (—
41.00 kJ/mol) in fatty acid site 5 (FAS) (Figure S1), stabilized by multiple non-
covalent interactions. Halogen interactions occur between fluorine atoms on the
PFOA tail and the side chains of Lys525 and Ala528. The carboxylate head group
of PFOA forms a hydrogen bond with Ser579, while carbon—hydrogen bonds are
established with the side chains of Met548 and Leu529. Additional stabilization is
provided by a n—lone pair interaction between Phe551 and a fluorine atom, as well
as a m—alkyl interaction between Phe551 and the terminal carbon of PFOA. An
alkyl interaction is also observed between Lys525 and the terminal carbon of
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PFOA (Figure 1-L1). Notably, Met548 has previously been implicated in PFOA
binding by Wu et al. ?°, although no other interacting residues were reported.
Consequently, it remains unclear whether the site described by Wu et al. overlaps
with the FAS site identified in this study. Furthermore, crystallographic analysis
of HSA in the presence of both myristic acid and PFOA showed myristic-acid'?
occupying FAS5, suggesting that competitive binding could influence the detection
and characterization of this site.
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Figure 1. Left: 3D structure of HSA with PFOA bound at the six top-scoring docking
positions. Right: 2D interaction diagrams between HSA residues and PFOA for these
positions

A binding site with a calculated binding score of -37.66 kJ/mol was identified
in domain Ia, near the N-terminus and adjacent to fatty acid binding site 2 (FA2)
(Figure S1). This site is characterized by a hydrogen bond between Val23 and the
carboxylic group of PFOA, supported by additional stabilizing contacts: alkyl
interactions with Leul4, Pro152, Ala254, and Leu284; halogen interactions with
Leu22 and Phel9; and van der Waals contacts with Argl0, Leu66, Tyrl50,
Alal51, Leu251, and Leu283 (Figure 1-L2). Although this binding site has not
been previously described, it is occupied by myristic acid in the crystal structure
reported by Maso et al.'.

The best-characterized PFOA binding site reported in multiple studies
and identified as a high-affinity site by Maso et al.'* corresponds to the third-
highest affinity pose in our docking simulations (-36.82 kJ/mol). This site is
located at Sudlow’s site 11, overlapping with fatty acid site 4 (FA4) (Figure S1). At
this position, the carboxylic group of PFOA forms a salt bridge with Arg410 and

30,13,31
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hydrogen bonds with Tyr411 and Asn391, all of which have been consistently
identified as key interacting residues in previous reports. Additional stabilization
is provided by halogen interactions with Val433, [1e388, Cys437, and Arg445, as
well as alkyl interactions with Cys392, Cys438, and Ala449 (Figure 1-1.3).

The fourth-highest affinity PFOA binding site identified in our docking
simulations -35.98 kJ/mol) is located at fatty acid site 1 (FA1), a site previously
described by Salvalaglio et al.** and found to be occupied by myristic acid in the
crystal structure reported by Maso et al.'* At this location, PFOA binding is
primarily mediated through interactions of its carboxylic head group with Argl186
and Argl17. Additional stabilization arises from halogen contacts with Leull5
and Vall16, n—alkyl interactions with Phel34, Tyr138, Tyr161, and Phel65, and
a carbon—hydrogen bond with Pro118 (Figure 1-L4).

The next binding site (L5), with a predicted binding energy of -35.15 kJ/mol,
aligns with fatty acid site 6 (FA6) and has been previously reported as a lower-
affinity site for PFOA3*!* (Figure 1-L5). Key stabilizing interactions include salt
bridges with Lys351 and Arg209; along with halogen interactions involving
Lys212, Asp324, and Leu327. Additional stabilization is provided by alkyl
interactions with Val216 and Val235.

The final PFOA binding site previously described in the literature by Maso et
al." and Crisali ef al.*® corresponds to the next-highest affinity pose identified in
our docking simulations, with a predicted binding energy of -33.47 kJ/mol. This
site is located near fatty acid site 7 (FA7), where the carboxylic head group of
PFOA forms salt bridges with Arg222 and Lys444. Binding is further stabilized
by halogen-interactions with GIn221, Pro339, Glu450, and Asp451; hydrogen
bonds with Trp214 and Asn295; and an alkyl interaction with Val343 (Figure 1-
L6). This site has also been observed in crystal structures and characterized as a
low-affinity PFOA binding site."

In addition to the previously reported binding sites, our analysis identified six
lower-affinity PFOA binding sites, each with predicted binding energies below -
33.47 kJ/mol. These sites have not been described in earlier studies. As with the
higher-affinity sites, PFOA binding at these locations is stabilized through a
combination of salt bridges involving Arg and Lys residues, hydrogen bonds, alkyl
interactions, and halogen contacts (Figure S2). Among the twelve highest-affinity
sites identified in our docking study, only one previously reported lower-affinity
site, located at a cleft in the crystal structure, was not observed. This absence is
likely attributable to the high conformational mobility at the interface between
domains, which may preclude stable ligand binding at this position.

To further explore the stability and temporal behavior of these interactions
under dynamic conditions, we monitored PFOA—HSA contacts throughout the MD
simulations. During the simulation, no significant conformational changes in the
protein structure were observed, with the RMSD remaining within 3 A throughout
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the entire trajectory (Figure S3 and S4). For this purpose, PLIP (protein ligand
interaction profiler)** program was used for identification of ligand-residue
interactions in each MD frame. These data are further used for generation of
ligand-residue interaction maps (LRIMs) for all 12 binding positions across all
three simulation replicas (Figure 2). These maps show the number of frames in
which each amino acid of HSA interacts with the corresponding ligand. Peak
height reflects the number of frames with interaction, while the vertical spacing
between the lines represents different ligand positions within a single simulation
and is scaled to 30% of the total simulation time. Multiple simultaneous
interactions between a single ligand and the same amino acid are possible and are
captured in the diagrams.
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Figure 2. Ligand-residue interaction maps (LRIMs) for ligands L1-L12 from three MD
simulations. The x-axis shows amino acid positions, the y-axis the number of frames with

contacts. Different colors mark individual ligands; peaks indicate residues frequently involved
in binding.
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Strongly bound ligands were defined using two criteria: (1) the ligand
remained bound to the same site throughout all three simulations, and (2) the ligand
formed interactions with at least three different HSA amino acids for more than
50% of the total simulation time. Applying these criteria yielded four binding sites
corresponding to positions 1.3, L4, L5 and L8 from the docking study (Table I).
Position L3 corresponds to the high-affinity site identified in crystallographic
studies of HSA with PFOA and myristic acid, located at Sudlow’s site 1I (FA4).
Positions L4 and L5 correspond to FAl and FAG6,. respectively; in the
crystallographic study, FA1l was occupied by myristic acid, whereas FA6 was
occupied by PFOA. Position L8 has not been previously reported as a PFOA
binding site but corresponds to the FA3 site and it is also occupied with myristic
acid in the crystal structure. Furthermore, the FA3 site is situated in close proximity
to Sudlow’s site II.

To assess potential changes in ligand binding positions or orientations during
simulations, root mean square deviation (RMSD) values were calculated, and
RMSD plots were generated for all three simulations over the 1,000-ns interval.
RMSD plots show that PFOA at positions L3 (FA4) and L8 (FA3) remain in the
same orientation within the binding site thorough the simulation time with small
RMSD values around 2 A. However, a slight change in the orientation of the ligand
at position L3 (FA4) was detected in one of the three simulations after 350 ns, as
shown in Figure 3. As noted previously, position L3 (FA4) is located at Sudlow’s
site II and lies'in-close proximity to position L8 (FA3). These two sites share a
stabilizing residue, Arg485. The observed change in ligand orientation at position
L3 (FA4), previously characterized as the highest-affinity PFOA binding site, is
corelated to a conformational change of Arg485 side chain, which interacts with
ligands at both positions in our simulations. In contrast, the binding at positions L4
(FAT1) and L5 (FA6) shows higher RMSD values of around 5-8 A, indicating more
disordered binding sites and more conformational freedom for the ligand. Overall,
the RMSD results support the conclusion that all four binding sites identified from
the interaction diagrams are stable PFOA binding sites. RMSD profiles for all other
ligand positions are provided in Figure S5.

To further validate whether the four sites identified in our MD analysis
represent true PFOA binding positions on HSA in the absence of competing
ligands, we calculated binding free energies for all 12 positions using the MM-
PBSA method (Table I). The calculated binding energy for position L3 (FA4),
previously reported as the highest-affinity PFOA site, was below -62.76 kJ/mol,
indicating very strong ligand binding. The binding energy for position L5 (FA6),
described in earlier studies as a low-affinity PFOA site, was approximately 20.92
kJ/mol less favorable than position L3 (FA4), consistent with previous reports
showing PFOA binding to both sites but with higher affinity at position L3 (FA4).
In contrast, binding energies for positions L4 (FA1) and L8 (FA3) were more than
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20.92 and 83.68 kJ/mol lower (i.e., more favorable) than that of position L3 (FA4),
respectively. Although crystallographic data indicate that myristic acid binds more
strongly than PFOA at these sites, our results suggest that, in the absence of
myristic acid, PFOA binding at FA1 (position L4) and FA3 (position L8) is
actually stronger than at FA4 (position L3). MM-PBSA-calculated binding
energies for PFOA at other eight positions are substantially lower; however, there
are still indications that PFOA may bind at two additional positions: EAS (position
L1) and FA2 (position L2). Discrepancies between docking scores and MM-PBSA
results, such as the case of L8 (FA3), highlight the limited predictive power of
docking alone. Docking employs simplified scoring functions and rigid structures,
whereas MD simulations with MM-PBSA incorporate conformational flexibility
and dynamic interactions, offering a more reliable estimate of binding affinities.
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Figure 3. RMSD plots for the four ligands of interest (L3, L4, LS, and L8) during 1,000-ns
MD simulations.

Based on the combined analysis of MD trajectories, protein-ligand interaction
profiles, RMSD values, and MM-PBSA-calculated binding energies, we conclude
that, in the absence of competing ligands, PFOA preferentially binds to the four
proposed binding sites. To further characterize these interactions, free-energy
landscapes were constructed for ligands at each of these positions. The free energy
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landscape for PFOA binding at position L8 (FA3) exhibits a well-defined single
minimum, indicating a stable binding mode. In contrast, the landscape at position
L3 (FA4) reveals two distinct minima, which arise from conformational changes
of Arg485. These observations are in agreement with both the RMSD profiles and
the calculated MM-PBSA binding energies. Conversely, the landscapes
corresponding to positions L4 (FA1) and L5 (FA6) display more diffuse minima,
consistent with their higher RMSD fluctuations and visual inspection of the MD
trajectories (Figure 4).

L3
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O ra . : o 'oaW "4,.‘”‘ 2 - u AW

Figure 4. Free-energy landscapes for best binding ligands (L3, L4, L5, LS).

To further characterize the molecular determinants of PFOA binding at the
four identified sites, we employed the PLIP program®* to track all protein-ligand
interactions over the full MD trajectories. This analysis enables the identification
of critical HSA residues involved in stabilizing PFOA at each site. Using these
data, we constructed interaction diagrams illustrating the residues engaged in
binding and the corresponding interaction types throughout the 1,000-ns
simulations, including only those residues that interact with the ligand for more
than 40% of the simulation time (Figure 5).

Our analysis shows that PFOA binding at the site with the most favorable
MM-PBSA-calculated binding energy (FA3, L8) is primarily stabilized by two salt
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bridges formed with Arg347 and Arg485, both present in every frame of the 1,000-
ns simulations. Additional stabilization is provided by halogen interactions.with
Ser342, Glu450, and Leu481 (Figure 5A). Binding at the FA4 (L3) site is mediated
by a salt bridge with either Arg410 at the start of the simulation or Lys414, located
in close proximity, later in the trajectory. This site also features two hydrogen
bonds with Tyr411 and Ser489 curtail for stabilization of carboxylic group, as well
as halogen interactions with Leu387 and 11e388 (Figure 5B). At L4 position (FA6),
the carboxyl group of PFOA is anchored by a persistent salt bridge with Lys351
and either an alternating hydrogen bond with Ser480 or a salt bridge with Arg209;
when Ser480 forms a hydrogen bond, Arg209 predominantly engages in halogen
interactions (Figure 5C). Finally, the binding at L5 (FA.) is characterized by two
salt bridges formed with Argl17 and Argl85, along with alternating halogen and
hydrogen bond interactions involving Tyr138'and Leul82 (Figure 5D).
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least 40% of the 1,000-ns MD simulations. Orange bars indicate salt bridges, blue bars
indicate halogen interactions, and green bars indicate hydrogen bonds. Right: three-
dimensional representations of PFOA bound at each site, showing the interacting HSA
residues.
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CONCLUSION

In this study, we combined molecular docking with extensive molecular
dynamics (MD) simulations to comprehensively map potential PFOA binding sites
on human serum albumin (HSA). While previous crystallographic analyses in the
presence of myristic acid identified one high-affinity and three low-affinity
binding sites, our approach revealed twelve distinct binding poses, including six
that have not been previously reported. Through ligand-tesidue interaction
mapping, RMSD analysis, and MM-PBSA free energy calculations, we identified
four binding sites (FA3 (L8), FA4 (L3), FA1 (L4), and FA6 (L5)) as the most likely
PFOA binding positions in the absence of competing ligands.

Our simulations show that PFOA binding is stabilized by persistent salt
bridges and hydrogen bonds between the carboxylic head group and protein
residues, as well as halogen contacts between the PFOA tail and protein amino
acids. Among the identified sites, FA3 (L8) exhibited the most favorable calculated
binding energy. Notably, our results suggest that FA1 (L4) and FA3 (L8) may bind
PFOA more strongly than the well<characterized FA4 (L3) site in the absence of
myristic acid. The free-energy landscapes further confirmed the stability of PFOA
at these sites, revealing well-defined minima at FA3 (L8) site, consistent with
strong binding.

By integrating MD simulations with docking predictions, this work advances
the current understanding of PFOA-HSA interactions beyond static structural
models. These findings provide a more complete picture of the binding landscape,
which can inform the rational design of biomimetic capture agents and guide
strategies for environmental remediation. Future experimental validation of these
predicted sites and binding affinities, such as site-directed mutagenesis of
FA1/FA3 residues or by ITC and fluorescence displacement assays in the presence
and absence myristic acid, will be essential to translate these computational
insights into practical applications for PFOA detection and removal.
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H3BOJ

METOJOJIOIIKHU IMTPUCTYTI 3BACHOBAH HA MOJIEKYJICKOOUHAMHWYKHUM
CUMYJIAINJAMA 3A TIOJAIILEE MECTA BE3UBAIBA T1®0A HA XCA

AJIEKCAHJIPA M. BYPREBUR BEJIMALL, TAHU/IO TPAJKOBUR', KAPTIA MUTYMR? U MAJIOLI MUTYHUR!
"Ynugepsuinein y Beoipagy — Xemujcku paxynimein, Ciiygenincku wpi 12—16, 11158Beoipag, Cpouja, u
‘Uncmutmy il 3a xemujy, TexHOLOTUjy U Memanypiujy, Llentap 3a xemujy, Ynueep3uiiew y beoipagy,
Hncmuinyi og nayuonannol suauaja 3a Petiydnuxy Cpoujy, Ebetowesa 12, 11000 beoipag, Cpduja.

[TepdmyopookTaHonyHa kucenuHa (II®0OA) je mocrojany 3arahriBay )KMBOTHE CPEAUHE KOjH
Ce CHa’XHO Be3dyje 3a XyMaHM cepyMckd andymuH (XCA), yruuyhu Ha beHy AUCTpUOyLHjy U
TOKCUKOKHHETHKY. Mako cy KpHcTanorpadcke CTyguje y NMPUCYCTBY MHUDHUCTUHCKE KHCEUHE
ueHTH(UKOBAIe OrpaHUYeH OPOj Be3MBHUX MeCTa BUCOKOT a)UHHTETa, JOJAaTHa MeCcTa MOTY
OCTaTH HEOTKpHUBEHa 300r KOMIIETETHBHOI Be3WBawa. Y OBOM pafy CMO KOMOMHOBaI{
MOJIEKYJICKO I0KOBakbe BUCOKE Pe30Iylidje ca ODMMHUM CUMyJIaliijaMa MOJIeKyJICke THHaMUKe
(MII) xako Oucmo cBeoDyxBaTHO okapakTepucanu HHTepakuuje IT®OA-XCA. Ilpucryn ca
NOJIE/bEHUM MpeXama OTKPHO je JBaHaeCT Henoklanajyhux Be3MBHUX NO3ULMja, yKbyuyjyhu
IIECT NPETXOOHO HEMO3HATHUX. AHa/lM3a MHTEpaKkuMja JUraHfa M amMHuHO-KucenwHa, PMCII
aHa/IM3a U MPOpavuyHu Cj10donHe eHepruje BesuBama Mmetogom MM/ITBCA npeHTUhHUKOBATH CY
yetupu mecta, ®A3, ®A4, A1 u OA6, xao HajctadunHuja BesuBHa MecTa [IOOA y onmcycTy
KOHKYPEHTHHUX JuraHaza. Mehy muma, ®PA3 je nokasano HajllOBO/BHUjY M3padyyHaTy eHeprujy
Be3MBama, fok cy PA1 u PA3 nokasana jaue BesuBame o o0po oxapakTepucanor ®A4 mecra y
yClnoBUMa 0e3 MHUDUCTHUHCKE KHCenuHE. [1ep3UCTEHTHH COHM MOCTOBHM, BOJOHHUYHE BE€3€ M
XaJIOTeHe MHTEpaKUHje UOEeHTU(PUKOBAHHU Cy kao k/byyHe CcTabunusyjyhe uHtepakuuje. AHamusa
€HepreTckUX Iej3axka AOJaTHO je MOTBpAWIa craduiaHocT BesuBawa [IOOA Ha OBUM MeCTHUMa.
OBU pesyiTaTy NpPyKajy MOTIYHUjH YBUL Y Be3uBHU nejsak [IPOA Ha XCA 1 Mory NOCIYKUTH
Kao OCHOBA 3a JU3ajH OHOMHUMETHUKHUX XBaTaya U Pa3Boj CTpaTervja 3a pemMenujalujy KUBOTHE
CpenuHe.

(ITpumiseHo 20. aBrycra; peBUAUPaHO 27. aBrycTa; npuxsaheHo 5. cenrembpa 2025.)
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