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Abstract: Acetaminophen (APAP) is a widely used analgesic and antipyretic, whereas benzo(a)pyrene
(B[a]P) is a carcinogen with significant global health risks due to environmental exposure. While
APAP is generally safe at therapeutic doses, co-exposure to B[a]P can exacerbate its toxicity. This study
aimed to identify potential human target proteins for B[a]P and APAP through inverse molecular
docking and molecular dynamics simulations. We performed inverse docking with B[a]P, APAP, and
three APAP metabolites against 689 human proteins involved in various biological processes. Five
proteins were selected based on high docking affinity and their involvement in multiple pathways.
Molecular dynamics simulations revealed that B[a]P primarily interacted via hydrophobic and π-
stacking interactions with proteins like LXR-β, HSP90α, HSP90β, and AKT1, while AM404 formed
hydrogen bonds and hydrophobic interactions. The simulations confirmed that the complexes had
high conformational stability, except for protein AKT1. These results provide insights into the
potential impacts of B[a]P and AM404 on protein functions and their implications for understanding
the toxic effects of combined exposure.

Keywords: acetaminophen; benzo(a)pyrene; molecular docking; molecular dynamics simulations

1. Introduction

Acetaminophen (APAP) is the most used over-the-counter analgesic and the preferred
first-line option for patients with mild to moderate acute pain worldwide [1]. This drug
is an active ingredient in more than 600 pharmaceuticals [2]. Acetaminophen is available
without a medical prescription because it is considered safe when used in therapeutic
doses [3]. Once in the human body, APAP is primarily metabolized by the liver through
conjugation with sulfate and glucuronide. A small fraction of the drug (5–10%) is oxidized
by several P450 cytochromes to N-acetyl-p-benzoquinone imine (NAPQI), a highly reactive
metabolite responsible for the toxicity of acetaminophen. In the brain and the spinal cord, N-
arachidonoylphenolamine (AM404) is produced through the conjugation of p-aminophenol
with arachidonic acid [4]. Finally, NAPQI is eliminated through its conjugation with
glutathione (GSH) [5,6] (Figure 1).
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The lack of knowledge about therapeutic doses, the inadvertent combination of mul-
tiple APAP-containing preparations, and the influence of endogenous and exogenous fac-
tors on susceptibility to acetaminophen poisoning can lead to glutathione depletion and 
subsequent liver damage [6,7]. Another emerging health concern involves the increasing 
release of polycyclic aromatic hydrocarbons, such as benzo(a)pyrene (B[a]P), into the en-
vironment [8]. This environmental exposure stems from various sources, including ciga-
rette smoke, automobile emissions, and the combustion of domestic fuels, presenting a 
widespread risk to human health [9]. The association between B[a]P, categorized as a 
Group 1 carcinogen [10], and various types of cancers highlights the diverse health impli-
cations associated with its exposure. Additionally, B[a]P exposure is linked to immuno-
suppression, neurotoxicity, teratogenicity, and endocrine disruption, among other risks 
[11–14]. 

The widespread use of acetaminophen [15] and the increased release of B[a]P into the 
environment from different emission sources [9] create a scenario of potential co-exposure 
to both xenobiotics. This co-exposure could result in serious health conditions in humans, 
including liver damage, cancer, alterations in lipid metabolism, and neurotoxicity. Such 
outcomes are possible even when patients use therapeutic doses of acetaminophen. This 
is due to the biochemical processes involved in the toxicity of B[a]P, which lead to dis-
turbances in antioxidant responses, including decreased glutathione levels [16,17]. Gluta-
thione constitutes the primary detoxification mechanism for NAPQI [4], a metabolite pro-
duced during the metabolism of APAP via cytochrome P450 activation [4]. Additionally, 
the molecular mechanisms involved in the toxicity of B[a]P via the ligand-dependent nu-
clear receptor (AHR) have been reported [18]. Upon the binding of B[a]P to AHR, the for-
mation of the AhR/ARNT heterodimer is induced, which then binds to xenobiotic-respon-
sive elements (XREs), leading to the regulation of various genes such as cytochrome P450s 
(CYPs), intercellular cell adhesion molecule 1 (ICAM1), vascular cell adhesion molecule 1 
(VCAM1), prostaglandin endoperoxide synthase 2 (PTGS2), and MYC (MYC Proto-Onco-
gene, BHLH Transcription Factor), among others [18,19]. Therefore, AHR activation may 
lead to the expression of genes responsible for the oxidation of acetaminophen to the re-
active metabolite NAPQI via CYP450s, resulting in increased susceptibility to liver failure 
[20]. 

We recently reported that prior exposure to B[a]P increases susceptibility to APAP-
induced liver injury in mice, even at therapeutic doses of APAP, resulting in changes in 
gene expression related to metabolism, redox balance, and cell proliferation [21]. Thus, 
the objective of this work is to identify possible human target proteins for benzo(a)pyrene 
and acetaminophen (and its metabolites) through inverse molecular docking and molec-
ular dynamics simulations. 

 
Figure 1. APAP and metabolite structures generated in the liver and brain during APAP biotrans-
formation. APAP is mainly metabolized in the liver by the enzymes UGT and SULT to form aceta-
minophen glucuronide and acetaminophen sulfate. A small amount of APAP is metabolized by CYP 

Figure 1. APAP and metabolite structures generated in the liver and brain during APAP biotrans-
formation. APAP is mainly metabolized in the liver by the enzymes UGT and SULT to form ac-
etaminophen glucuronide and acetaminophen sulfate. A small amount of APAP is metabolized by
CYP P450 into the highly reactive metabolite NAPQI. NAPQI is detoxified by conjugating with GSH.
In the brain, p-aminophenol is conjugated to arachidonic acid by FAAH to yield AM404. APAP,
acetaminophen; NAPQI, N-acetyl-p-benzoquinone imine; CYP 450, cytochrome P450; SULT, sulfo-
transferase; UGT, UDP-glucuronosyltransferase; GSH, glutathione; N-DAC, N- deacetylase; FAAH,
fatty acid amide hydrolase.

The lack of knowledge about therapeutic doses, the inadvertent combination of mul-
tiple APAP-containing preparations, and the influence of endogenous and exogenous
factors on susceptibility to acetaminophen poisoning can lead to glutathione depletion
and subsequent liver damage [6,7]. Another emerging health concern involves the in-
creasing release of polycyclic aromatic hydrocarbons, such as benzo(a)pyrene (B[a]P), into
the environment [8]. This environmental exposure stems from various sources, including
cigarette smoke, automobile emissions, and the combustion of domestic fuels, presenting a
widespread risk to human health [9]. The association between B[a]P, categorized as a Group
1 carcinogen [10], and various types of cancers highlights the diverse health implications
associated with its exposure. Additionally, B[a]P exposure is linked to immunosuppression,
neurotoxicity, teratogenicity, and endocrine disruption, among other risks [11–14].

The widespread use of acetaminophen [15] and the increased release of B[a]P into the
environment from different emission sources [9] create a scenario of potential co-exposure
to both xenobiotics. This co-exposure could result in serious health conditions in humans,
including liver damage, cancer, alterations in lipid metabolism, and neurotoxicity. Such
outcomes are possible even when patients use therapeutic doses of acetaminophen. This is
due to the biochemical processes involved in the toxicity of B[a]P, which lead to disturbances
in antioxidant responses, including decreased glutathione levels [16,17]. Glutathione
constitutes the primary detoxification mechanism for NAPQI [4], a metabolite produced
during the metabolism of APAP via cytochrome P450 activation [4]. Additionally, the
molecular mechanisms involved in the toxicity of B[a]P via the ligand-dependent nuclear
receptor (AHR) have been reported [18]. Upon the binding of B[a]P to AHR, the formation
of the AhR/ARNT heterodimer is induced, which then binds to xenobiotic-responsive
elements (XREs), leading to the regulation of various genes such as cytochrome P450s
(CYPs), intercellular cell adhesion molecule 1 (ICAM1), vascular cell adhesion molecule
1 (VCAM1), prostaglandin endoperoxide synthase 2 (PTGS2), and MYC (MYC Proto-
Oncogene, BHLH Transcription Factor), among others [18,19]. Therefore, AHR activation
may lead to the expression of genes responsible for the oxidation of acetaminophen to
the reactive metabolite NAPQI via CYP450s, resulting in increased susceptibility to liver
failure [20].

We recently reported that prior exposure to B[a]P increases susceptibility to APAP-
induced liver injury in mice, even at therapeutic doses of APAP, resulting in changes in
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gene expression related to metabolism, redox balance, and cell proliferation [21]. Thus, the
objective of this work is to identify possible human target proteins for benzo(a)pyrene and
acetaminophen (and its metabolites) through inverse molecular docking and molecular
dynamics simulations.

2. Materials and Methods

The identification of possible human target proteins for benzo(a)pyrene and ac-
etaminophen (and its metabolites) was conducted using inverse molecular docking. Pro-
teins were selected based on their affinity scores when docked with B[a]P and APAP or
at least one of its metabolites and were required to be involved in at least three biological
pathways, as determined through a protein–protein interaction (PPI) network analysis.
After selecting these proteins, the primary interactions between the ligands and the protein
binding sites were examined, followed by molecular validation using experimental data
for the native ligands of the selected proteins.

2.1. Virtual Screening for Selection of Human Proteins

Inverse molecular docking was performed with a set of molecules, including B[a]P,
APAP, and three of its metabolites, against 689 human proteins involved in pathways such
as oxidative stress, apoptosis, inflammation, metabolism, cancer, cell proliferation, insulin
signaling, coagulation, epigenetic changes, and angiogenesis, among others. These proteins
were selected from the Automatic Docking Generation (ADGEN AV/SM) DataBank (An
internally generated database created by the Environmental and Computational Chemistry
Research Group). The protein structures were optimized by removing water molecules
and co-crystallized ligands and then minimized using AMBER/Kollman charges with a
gradient threshold of 0.005 kcal/mol-Å. Docking calculations were performed with the
AutoDock Vina program [22]. Three docking runs were conducted for each ligand, and the
averages of the best affinity scores (kcal/mol) for each protein–ligand pair were recorded.

The 100 proteins with the highest affinity for docking with both benzo(a)pyrene and
acetaminophen (or its metabolites) were compiled and used to construct a protein–protein
interaction network using the STRING tool (version 12.0) (https://string-db.org/, accessed
on 17 April 2023) [23]. A high confidence level of 0.7 was set as a STRING parameter,
and a stringent PPI enrichment p-value (<1.0 × 10−16) was applied, resulting in a total of
37 nodes. Each node represents a protein, with connections based on physical or functional
interactions. Finally, among the proteins identified in the protein–protein interaction
network, five were selected based on their involvement in at least three biological processes.

2.2. Molecular Docking with AutoDock Vina
2.2.1. Compounds’ Structures

The structures of compounds were constructed using the GaussView 5.08 [24] program,
and geometry optimizations were carried out with the PM6 semi-empirical method in the
Gaussian09 program [25]. Following optimization, the output file was converted to .pdb
format using the Open Babel program (Version 2.3) [26] and to .pdbqt format using the the
AutoDock Tools program (Version 4.2.6).

2.2.2. Preparation of Protein Structures

The proteins selected through the initial virtual screening process were downloaded
from the Protein Data Bank (PDB) database (https://www.rcsb.org/, accessed on 18 August
2023) in PDB format and prepared using CHARMM-GUI [27] and the Chimera 1.17.3
program [28]. The 3D structures of the proteins were uploaded to CHARMM-GUI, which
added the missing amino acids using the CHARMM force field at a pH of 7.0.

2.2.3. Docking Calculations

Five proteins were docked against B[a]P, APAP, Am404, NAPQI, and acetaminophen
glucuronide conjugate according to the virtual screening process initially carried out.

https://string-db.org/
https://www.rcsb.org/
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Docking calculations were performed using the AutoDock Vina program [22] on the
selected protein structures (1P8D, 3NMQ, 3O96, 4ACG, and 5J20). A grid box was defined
at the geometric center of the co-crystallized ligand in each protein, with dimensions of
40 × 40 × 40 Å, covering the active site. A grid point spacing of 0.375 Å was employed.
The x, y, and z coordinates of the center of the grid boxes on each protein were as follows:
62.037, 0.233, and 92.221 for 1P8D; 1.857, 10.362, and 27.023 for 3NMQ; 9.657, −7.831, and
10.604 for 3O96; 23.804, 20.383, and 9.494 for 4ACG; and 1.757, 33.414, and 23.389 for 5J20.

Three docking runs were performed for each ligand using the flexible side chains
protocol based on the Iterated Local Search Global Optimizer Algorithm of AutoDock Vina.
The pose with the best affinity (kcal/mol) was selected and saved. The maximum number
of binding modes was set to 20, the energy range to 1.5, and exhaustiveness to 25. Finally,
the average of the best affinity scores (in kcal/mol) was used to rank the complexes.

2.3. Protein–Ligand Interaction Prediction

The nature interactions present in the ligand–protein complex was identified using
the LigandScout 4.5 program [29]. This was achieved through pharmacophore analysis
to detect the types of ligand–residue interactions within the protein active site for each
specific protein–ligand complex [30]. Additionally, the PLIP web server [31] was used to
analyze the interactions in the protein–ligand complexes.

2.4. Validation of Docking Protocol

To validate the docking protocols, the native ligands were re-docked into the binding
sites of the proteins using the AutoDock Vina program [22].

Each native ligand was extracted from the selected human proteins and saved in PDB
file format using the Chimera 1.17.3 program [28].

Subsequently, each native ligand was docked into the active site of the respective
protein using the same parameters described above for docking B[a]P, acetaminophen,
Am404, NAPQI, and acetaminophen glucuronide conjugate on selected proteins. Three
docking runs were performed for each native ligand, and the averages of the best affinity
scores (kcal/mol) of each protein–ligand pair were calculated. The re-docked complexes
were then superimposed onto the reference co-crystallized complexes, and the root mean
square deviation (RMSD) was calculated using Chimera 1.17.3 [28]. The lowest energy
conformation with the lowest RMSD value with respect to the crystallographic structures
for each protein was selected for illustrative purposes.

2.5. Molecular Dynamics Simulations (MDS)

The protein–ligand complexes that showed the best binding energy in the molecular
docking calculations underwent 100 ns molecular dynamics simulations (MDS) using the
Gromacs program version 2020.2 [32]; this was carried out to assess their stability during
the simulation. The force fields used for the protein and the ligand were the CHARMM
force field [33] and the CHARMM General Force Field (CGenFF) [34], respectively. The
complexes were immersed in a cubic periodic box, and each complex was solvated with
TIP3P water under periodic boundary conditions [35]. The systems were neutralized,
and the ionic strength (0.1 mol/L) of the medium was adjusted by adding Na+ and Cl−

ions while keeping the number of particles constant. The systems’ energy was minimized
until convergence was achieved. Subsequently, an equilibrium phase was carried out,
maintaining constant pressure and temperature (NVT and NPT ensemble) at 300 K and
1.0 bar, respectively. The equilibration periods lasted 1.0 ns. The production runs extended
for 100 ns, and trajectories were saved every 0.01 ns. Molecular dynamics results were used
to calculate the root mean square deviation (RMSD) and the root mean square fluctuation
(RMSF), and hydrogen bond (Hbond) to analyze the flexibility and stability of the complex
over time. The conformations obtained from the simulations were used to compute the free
binding energy.



Sci. Pharm. 2024, 92, 55 5 of 24

The MMPBSA.py script [36] in the AMBER 21 suite was used to predict the free
binding energies of these protein–ligand complexes. To apply the MMPBSA.py script, the
topologic file, coordinate file, and production file generated in Gromacs were converted
to their counterparts in AMBER. The interaction energy and solvation free energy for the
complex, receptor, and ligand were used to estimate the binding free energy according to
MM/GBSA approaches [37].

3. Results
3.1. Virtual Screening by Automatic Docking Generation

From the automatic docking performed on a set of proteins from our Automatic Dock-
ing Generation database (ADGEN AV/SM) and the ligands of interest (benzo(a)pyrene, ac-
etaminophen, AM404, NAPQI, and acetaminophen glucuronide conjugate), 256 complexes
with the highest absolute affinities were obtained (Table S1). The PDB codes of 71 proteins
exhibiting the highest absolute affinity values for docking with both benzo(a)pyrene and
acetaminophen (or its metabolites) were compiled and input into the STRING tool. As a
result, a protein–protein interaction (PPI) network comprising 37 nodes connected to each
other was generated, with a PPI value of <1.0 × 10−16 (Figure 2).
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tional analysis using the biological process of gene ontology (GO) is shown in Table 1. 

  

Figure 2. Protein–protein interaction networks of proteins with highest absolute value of affinity
for docking with both benzo(a)pyrene and acetaminophen (or its metabolites). Network nodes and
edges represent proteins and protein–protein associations. Line colors indicate different interactions
as follows: light blue, interactions from curated databases; magenta, relationships experimentally
determined; green, gene neighborhood; red, gene fusions; dark blue, gene co-occurrence; yellow, text
mining; black, co-expression; purple, protein homology.

The protein–protein interaction (PPI) network of proteins with the highest absolute
value of affinity revealed that 5 out of the 37 proteins connected in the network are involved
in at least three biological processes (1P8D, 3NMQ, 3O96, 4ACG, and 5J20). A functional
analysis using the biological process of gene ontology (GO) is shown in Table 1.

The PPI network of selected proteins from the initial screening process reveals that
proteins with a high affinity for both B[a]P and acetaminophen (or its metabolites) are
involved in crucial biological processes. These include the assembly of the telomerase
holoenzyme complex, which is essential for genomic stability [38], the positive regulation of
tau protein kinase activity, which is implicated in neurodegenerative diseases [39], and the
retinoic acid receptor signaling pathway, which plays a critical role in cellular differentiation



Sci. Pharm. 2024, 92, 55 6 of 24

and pancreatic cell development [40]. Additionally, some of the proteins represented in
the interaction network are involved in the positive regulation of glycogen biosynthetic
processes, fatty acid biosynthesis, and cholesterol efflux, which are all vital for cellular
homeostasis [41–43]. These proteins are also associated with cellular signaling pathways
related to cell proliferation, including DNA biosynthesis and the negative regulation of
the extrinsic apoptotic signaling pathway [44,45]. Furthermore, the interaction network
highlights the role of some selected proteins in mechanisms controlling cellular redox
balance, such as oxidative demethylation and the negative regulation of cytochrome c
release from mitochondria [46,47].

Table 1. Functional analysis of selected proteins for molecular docking.

GO-Term Biological Process Count in Network Strength False Discovery Rate

GO:1905323 Telomerase holoenzyme complex assembly 2 of 4 2.43 0.0036

GO:1902949 Positive regulation of tau protein
kinase activity 2 of 7 2.18 0.0073

GO:0048384 Retinoic acid receptor signaling pathway 4 of 18 2.07 2.39 × 10−5

GO:2000074 Regulation of type B pancreatic cell
development 2 of 9 2.07 0.0100

GO:0045725 Positive regulation of glycogen
biosynthetic process 3 of 15 2.03 0.00058

GO:0070989 Oxidative demethylation 3 of 19 1.92 0.00097

GO:0090201 Negative regulation of release of
cytochrome c from mitochondria 2 of 21 1.71 0.0333

GO:0010875 Positive regulation of cholesterol efflux 2 of 26 1.61 0.0444
GO:0006633 Fatty acid biosynthetic process 5 of 119 1.35 0.00043

GO:0032436
Positive regulation of proteasomal

ubiquitin-dependent protein
catabolic process

4 of 96 1.35 0.0029

GO:2001237GO:2001237 Negative regulation of extrinsic apoptotic
signaling pathway 4 of 97 1.34 0.0030

GO:2000573 Positive regulation of DNA
biosynthetic process 3 of 73 1.34 0.0181

GO:0033674 Positive regulation of kinase activity 6 of 494 0.81 0.0150
GO:0010629 Negative regulation of gene expression 10 of 899 0.77 0.00056
GO:0010628 Positive regulation of gene expression 11 of 1146 0.71 0.00065

GO: gene ontology.

3.2. Docking Analysis

The results of molecular docking for B[a]P and APAP metabolites with human proteins
selected through virtual screening are shown in Table 2.

Table 2. Docking scores for selected proteins.

Average Affinity Values (kcal/mol)

PDB ID Description B[a]P APAP AM404 NAPQI APAP-
GLUCURONIDE

1P8D Oxysterol receptor LXR-beta −12.7 ± 0 −6.3 ± 0.1 −9.0 ± 0.2 −6.7 ± 0.1 −9.0 ± 0.1

3NMQ Heat shock protein
HSP 90-beta −11.7 ± 0 −6.4 ± 0.2 −8.3 ± 0.1 −6.6 ± 0.1 −7.4 ± 0.2

3O96 RAC-alpha serine/
threonine protein kinase −12.5 ± 0 −6.4 ± 0 −9.1 ± 0.1 −6.7 ± 0 −8.2 ± 0

4ACG Glycogen synthase
kinase-3 beta −10.6 ± 0.2 −5.6 ± 0 −7.0 ± 0.1 −5.6 ± 0 −6.7 ± 0

5J20 Heat shock protein
HSP 90-alpha −11.0 ± 0 −6.5 ± 0 −8.1 ± 0.6 −6.7 ± 0.1 −7.6 ± 0.3
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All selected proteins demonstrated the best affinity score for B[a]P, followed by Am404
and the APAP-glucuronide conjugate; therefore, the best complex for B[a]P and Am404
was subjected to molecular dynamics simulations to study the dynamic behavior of the
protein–ligand complex, including conformational changes, ligand binding, and protein
folding [48].

The proteins that exhibited the best affinity scores for each ligand were as follows:
the Oxysterol receptor LXR-beta (1P8D) with a binding affinity of −12.17 kcal/mol for
B[a]P and −9.0 kcal/mol for APAP-glucuronide; RAC-alpha serine/threonine protein
kinase (3O96) with an affinity of −8.9 kcal/mol for B[a]P and heat shock protein HSP
90-beta (3NMQ), which showed affinities of −11.7 kcal/mol for B[a]P and −8.3 kcal/mol
for AM404 (Table 2).

According to the protein–protein interaction analysis, all selected proteins play a
significant role in the regulation of gene expression [49–52]. Specifically, proteins with
PDB IDs 3NMQ and 5J20 share biological functions associated with maintaining genetic
stability. They are involved in the assembly of the telomerase holoenzyme complex, the
positive regulation of kinase activity, and the positive regulation of the DNA biosynthetic
process [53].

Proteins with PDB IDs 3O96 and 4ACG are involved in the regulation of cellular
proliferation processes [54,55], such as the regulation of type B pancreatic cell develop-
ment [56,57], the positive regulation of the DNA biosynthetic process [58,59], the positive
regulation of proteasomal ubiquitin-dependent protein catabolic processes [52,60], and the
negative regulation of the extrinsic apoptotic signaling pathway [61,62]. Protein 1P8D, in
addition to its role in gene expression regulation, plays a significant role in the positive
regulation of cholesterol efflux [63] and the retinoic acid receptor signaling pathway [64].

3.3. The Nature of the Interactions of Protein–Ligand Complexes

The interactions between B[a]P and AM404 at the protein binding sites are illustrated
in Figures 3 and 4, respectively.

Figure 3 demonstrates how B[a]P interacts with the protein binding sites primarily
through hydrophobic interactions. In the case of the LXR-beta protein, these interactions
involve residues Phe-243, Phe-271, Leu-274, Thr-316, Ile-327, Phe-329, Met-312, and Phe-340
(Figures 3A and S1; Table S2). Additionally, π-stacking interactions are observed with the
amino acid Phe-329.

For heat shock protein HSP 90-beta, B[a]P forms hydrophobic interactions with amino
acids Ala-111, Tyr-139, Phe-138, Val-150, Trp-162, Leu-103, Met-98, and Leu-107, also
establishing π-stacking interactions with Phe-138 (Figures 3B and S2; Table S3).

In the case of the RAC-alpha serine/threonine protein kinase, B[a]P interacts with
amino acids Trp-80 (which also forms π-stacking interactions), Leu-210, Ile-290, Tyr-272,
Leu-264, and Val-270 (Figures 3C and S3; Table S4).

For glycogen synthase kinase-3 beta, B[a]P exhibits hydrophobic interactions with
amino acids Ile-62, Phe-67, Val-70, Leu-132, Ala-83, Val-110, Leu-188, Tyr-134, and Thr-
138 (Figures 3D and S4; Table S5). Additionally, B[a]P shows hydrophobic interactions
with Leu-107, Tyr-139, Ile-26, Phe-170, Trp-162, and Phe-138 (which also forms π-stacking
interactions), as well as with Val-186, Thr-184, Val-150, and Met-98 in heat shock protein
HSP 90-alpha (Figures 3E and S5; Table S6).

Figure 4 illustrates the predicted interactions in AM404/protein complexes, which
include hydrogen bonds and hydrophobic interactions. For LXR-beta, key interactions
include a hydrogen bond donor interaction with Glu-281 and a hydrogen acceptor with
Thr-316. Additionally, there are hydrophobic interactions with Phe-243, Leu-442, Phe-268,
Ala-343, Phe-271, Leu-345, and Thr-272 (Figures 4A and S6; Table S7).

For heat shock protein HSP 90-beta, AM404 establishes hydrogen bond donor inter-
actions with Ile-104 and Tyr-139, while hydrophobic interactions involve Phe-22, Val-150,
Thr-184, Met-98, Phe-138, Val-186, Ile-26, and Phe-170 (Figures 4B and S7; Table S8).
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Figure 3. Interactions between B[a]P and active site of proteins with lowest binding affinities
(kcal/mol): 1P8D (A), 3NMQ (B), 3O96 (C), 4ACG (D), and 5J20 (E). Protein–ligand complex (A1–E1);
binding site (A2–E2); and ligand–residue interactions (two-dimensional view) (A3–E3).

In the case of the RAC-alpha serine/threonine protein kinase, AM404 shows hydrogen
donor interactions with Ser-56, Ala-58, and Asp-119, while hydrophobic interactions involve
Thr-82 and Met-118 (Figures 4C and S8; Table S9).

For glycogen synthase kinase-3 beta, AM404 exhibits hydrogen bond acceptor in-
teractions with Arg-144 and hydrophobic interactions with Phe-67, Val-70, Tyr-140, and
Thr-138 (Figures 4D and S9; Table S10). Finally, AM404 establishes hydrogen bond donor
interactions with Ile-104 and Gln-23 as well as hydrophobic interactions with Phe-138,
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Tyr-139, Leu-107, Phe-170, and Ile-26 at the binding site of heat shock protein HSP 90-alpha
(Figures 4E and S10; Table S11).
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Figure 4. A three-dimensional view of the five best complexes with AM404: 1P8D (A), 3NMQ
(B), 3O96 (C), 4ACG (D), and 5J20 (E). Protein–ligand complex (A1–E1); binding site (A2–E2); and
ligand–residue interactions (two-dimensional view) (A3–E3).

3.4. Docking Validation

The docking validation demonstrated that the predicted poses for these ligands (co-
crystallized ligands) were optimally reproduced compared to the experimental binding
modes, yielding satisfactory results.

The calculated RMSD values for each native ligand ranged from 1.02 to 2.10 Å (see
Table S12), and the nature of the interactions is detailed in Tables S13–S17. Figure 5 shows
the RMSD values and binding affinities for the re-docked native ligands. The results from
the AutoDock Vina docking protocol were satisfactory, with the RMSD values consistently
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being below 2.2 Å, as depicted in Figure 5. These results confirm the ability of AutoDock
Vina to accurately reproduce the conformation of ligands in its experimental complexes [65].

3.5. Molecular Dynamics Simulations

Considering that interactions in protein–ligand complexes are dynamic, it is crucial
to analyze molecular dynamics simulations (MDS) to gain a deeper understanding of the
chemical microenvironment that ligands encounter at a receptor’s binding site. The com-
plexes formed between each of the five proteins with ligands B[a]P and Am404 underwent
100 ns molecular dynamics simulations (MDS) to assess their flexibility and stability over
time. Additionally, MDS was performed on proteins with their respective co-crystallized
ligands to establish a benchmark for conformational stability under identical conditions.
RMSD, RMSF, and Hb were used for comparison, and free energy calculations were per-
formed via MMGBSA for each complex.

3.5.1. Root Mean Square Deviations (RSMD)

One important factor to evaluate in a protein–ligand complex is the RMSD of the
backbone atoms of the protein, which indicates its overall conformational stability in a
dynamic state throughout the simulation. The system reaches equilibrium and stability
when it shows low RMSD values with steady fluctuations throughout the simulation; on
the contrary, greater fluctuations suggest a lack of stability.

The backbone RMSD calculated for the 1P8D protein bound to the ligands AM404 and
B[a]P and its cocrystallized ligand (CO1) is shown in Figure 6(A1).The RMSD results indi-
cate that the backbone atoms of the 1P8D-CO1, 1P8D-AM404, and 1P8D-B[a]P complexes
exhibited minimal structural fluctuations, with average RMSD values of 0.15 ± 0.015 nm,
0.19 ± 0.016 nm, and 0.18 ± 0.021 nm for the 1P8D-CO1, 1P8D-AM404, and 1P8D-B[a]P
complexes, respectively. This suggests that the protein maintains high conformational sta-
bility with three ligands during the 100 ns of MDS. Figure 6(A2) shows the RMSD graph for
CO1, AM404, and B[a]P. The average RMSD values are 0.061 ± 0.014 nm, 0.26 ± 0.019 nm,
and 0.015 ± 0.004 nm, respectively. These low values of the RMSD suggest that the ligands
that interact with 1PD8 do not undergo abrupt changes in their positions throughout
the simulation.

The backbone RMSD calculated for the 3NMQ protein bound to the ligands AM404 and
B[a]P and its cocrystallized ligand (7PP) is shown in Figure 6(B1). The RMSD results indicate
that the backbone atoms of the 3NMQ-7PP, 3NMQ-AM404, and 3NMQ-B[a]P complexes
exhibited minimal structural fluctuations with average RMSD values of 0.19 ± 0.030 nm,
0.19 ± 0.025 nm, and 0.20 ± 0.050 nm for the 3NMQ-7PP, 3NMQ-AM404, and 3NMQ-B[a]P
complexes, respectively. This suggests that the protein maintains high conformational
stability with three ligands during the 100 ns of MDS, and a very similar pattern was
observed in the three proteins.

Figure 6(B2) shows the RMSD graph for 7PP, AM404, and B[a]P. The average RMSD
values are 0.11 ± 0.009 nm, 0.29 ± 0.03 nm, and 0.21 ± 0.006 nm, respectively. In the RMSD
graph of the ligands, it can be seen that 7PP and B[a]P present an almost constant behavior
throughout the simulation, while Am404 presents fluctuations throughout the simulation.

The backbone RMSD calculated for the 3O96 protein bound to the ligands AM404
and B[a]P and its cocrystallized ligand (6FJ) is shown in Figure 6(C1). The average RMSD
values for the 3O96-6FJ, 3O96-AM404, and 3O96-B[a]P complexes are 0.55 ± 0.075 nm,
0.32 ± 0.024 nm, and 0.77 ± 1.10 nm, respectively. The 3O96-B[a]P complex presents
several fluctuations during the simulation, specifically between 33 ns and 45 ns, and
afterward, 60 ns equilibrium is reached. Figure 6(C2) shows the RMSD graph for 6FJ,
AM404, and B[a]P. The average RMSD values are 0.044 ± 0.009 nm, 0.40 ± 0.04 nm, and
0.014 ± 0.003 nm, respectively.
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Figure 5. The alignment between the docked ligand (magenta) and the ligand present in the crystal
structure (green) of the proteins with the lowest binding affinities (kcal/mol): 1P8D (A), 3NMQ
(B), 3O96 (C), 4ACG (D), and 5J20 (E). Protein–ligand complex (A1–E1); binding site (A2–E2); and
ligand–residue interactions (two-dimensional view) (A3–E3).
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The backbone RMSD calculated for the 4ACG protein bound to the ligands AM404
and B[a]P and its cocrystallized ligand (6LQ) is shown in Figure 6(D1). The RMSD re-
sults indicate that the backbone atoms of the 4ACG-6LQ, 3NMQ-AM404, and 3NMQ-
B[a]P complexes exhibited minimal structural fluctuations with average RMSD values of
0.15 ± 0.019 nm, 0.17 ± 0.019 nm, and 0.16 ± 0.025 nm for the 3NMQ-6LQ, 3NMQ-AM404,
and 3NMQ-B[a]P complexes, respectively. This suggests that the protein maintains high
conformational stability with three ligands during the 100 ns of MDS. Figure 6(D2) shows
the RMSD graph for 6LQ, AM404, and B[a]P. The average RMSD values are 0.32 ± 0.018 nm,
0.19 ± 0.040 nm, and 0.022 ± 0.006 nm, respectively. In the RMSD graph of the ligands,
it can be seen that 6LQ and B[a]P present an almost constant behavior throughout the
simulation, while Am404 presents fluctuations during the first 30 ns of MDS.

The backbone RMSD calculated for the 5J20 protein bound to the ligands AM404 and
B[a]P and its cocrystallized ligand (1QO) is shown in Figure 6(E1). The RMSD results
indicate that the backbone atoms of the 5J20-1QO, 5J20-AM404, and 5J20-B[a]P complexes
exhibited minimal structural fluctuations with average RMSD values of 0.18 ± 0.024 nm,
0.14 ± 0.015 nm, and 0.17 ± 0.03 nm for the 5J20-1QO, 5J20-AM404, and 5J20-B[a]P com-
plexes, respectively. This suggests that the protein maintains high conformational stability
with three ligands during the 100 ns of MDS. Figure 6(E2) shows the RMSD graph for 6LQ,
AM404, and B[a]P. The average RMSD values are 0.16 ± 0.035 nm, 0.27 ± 0.048 nm, and
0.016 ± 0.004 nm, respectively. In the RMSD graph of the ligands, it can be seen that 1QO
and AM404 present fluctuations during the first 50 ns of MDS.

3.5.2. Root Mean Square Fluctuation (RMSF)

The mobility of residues during the molecular dynamics simulations (MDS) was
evaluated using root mean square fluctuation (RMSF). The RMSF profiles for all complexes
are displayed in Figure 7. In general, the complexes display minimal fluctuations over the
100 ns simulations, with the RMSF graphs nearly overlapping and average RMSF values
around 0.1 nm ± 0.05 nm.

However, the RMSF plots for complexes involving 3O96 show greater fluctuations,
with values of approximately 0.21 and 1.27 nm and an average RMSF value of 0.58 ± 0.23 nm
for the 3O96-6FJ complex and variations between 0.31 and 1.46 nm and an average RMSF
value of 0.70 ± 0.25 nm in the case of the 3O96-AM404 complex; the greatest fluctuation
in RMSF values was found for the 3O96-B[a]P complex, where the RMSF values varied
from 0.7 to 3.3 nm with an average RMSF value of 1.8 ± 0.65 nm (see Figure 7C), which
is an indication of the great mobility that it presents when this unit is attached to the
B[a]P ligand.

3.5.3. Hydrogen Bond Analysis

The intermolecular hydrogen bond interactions between the protein and ligand are
crucial for stabilizing the protein–ligand complexes. An increase in the number of hydrogen
bonds indicates greater stability in the protein–ligand complex.

The B[a]P ligand does not form hydrogen bonds with any of the receptors because its
chemical structure allows only for hydrophobic interactions or stacking interactions. In
contrast, the AM404 ligand forms between two and three hydrogen bonds with each of the
proteins studied (see Figure S11). These interactions are maintained for a high percentage of
the simulation time, indicating that the complexes between this ligand and the five proteins
are stable. These results agree with those obtained in the molecular docking calculations
shown in Figure 4. In some cases, AM404 even forms more hydrogen bonds than the
co-crystallized ligand of each protein.
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3.5.4. Molecular Mechanics Energies Combined with Surface Area Continuum
Solvation (MMGBSA)

The total binding free energy of the proteins bound to AM404 and B[a]P and its
cocrystallized ligand could be estimated using MGBSA calculations. Total binding free
energy values that are positive indicate unfavorable binding, whereas values that are
negative indicate favorable binding. The overall binding energy of each protein bound to
AM404 and B[a]P and its co-crystallized ligand is shown in Table 3, along with a breakdown
of the various energy components for each complex under investigation.

Table 3. MMGBSA-based total binding free energies along with standard error of mean (SEM).

Protein Ligand Total Binding Free
Energy (kcal/mol)

van der Waals
Energy (kcal/mol)

Electrostatic
Energy

(kcal/mol)

Polar Solvation
Energy (kcal/mol)

SASA Energy
(kcal/mol) Delta G Gas Delta G Solv

1P8D

CO1 −48.55 ± 0.32 −59.61 ± 0.26 −7.48 ± 0.51 25.4 ± 0.50 −6.85 ± 0.02 −67.09 ± 0.60 18.55 ± 0.50

AM404 −37.95 ± 0.66 −51.93 ± 0.47 −13.9 ± 0.63 35.58 ± 0.59 −7.69 ± 0.04 −65.84 ± 0.82 27.89 ± 0.58

BP −19.79 ± 0.31 −32.45 ± 0.32 −2.09 ± 0.25 18.77 ± 0.37 −4.02 ± 0.03 −34.53 ± 0.42 14.74 ± 0.36

3NMQ

7PP −17.08 ± 0.48 −49.4 ± 0.38 −19.73 ± 1.25 58.22 ± 1.23 −6.16 ± 0.03 −69.14 ± 1.29 52.05 ± 1.21

AM404 −40.52 ± 0.77 −54.12 ± 0.67 −9.423 ± 0.46 30.72 ± 0.40 −7.69 ± 0.07 −63.55 ± 0.86 23.03 ± 0.38

B(a)P −20.41 ± 0.32 −34.14 ± 0.39 −2.81 ± 0.26 20.38 ± 0.30 −3.84 ± 0.03 −36.95 ± 0.44 16.54 ± 0.29

3O96

1QO −37.97 ± 0.39 −73.43 ± 0.33 −26.8 ± 0.82 70.37 ± 0.75 −8.11 ± 0.02 −100.23 ± 0.83 62.3 ± 0.73

AM404 −38.28 ± 0.59 −52.8 ± 0.44 −27.22 ± 0.74 42.72 ± 0.48 −7.99 ± 0.05 −80.02 ± 0.66 41.73 ± 0.48

B(a)P −20.46 ± 0.20 −35.48 ± 0.24 −2.29 ± 0.19 21.24 ± 0.22 −3.93 ± 0.02 −37.77 ± 0.30 17.3 ± 0.22

4ACG

6LQ −41.67 ± 0.88 −53.29 ± 0.51 −31.99 ± 0.95 50.49 ± 0.57 −6.88 ± 0.04 −85.28 ± 0.92 43.61 ± 0.57

AM404 −35.32 ± 0.86 −44.99 ± 0.54 −14.11 ± 1.59 30.44 ± 0.96 −6.65 ± 0.06 −59.1 ± 1.66 23.79 ± 0.95

B(a)P −20.46 ± 0.32 −30.65 ± 0.38 −4.31 ± 0.29 18.27 ± 0.22 −3.77 ± 0.04 −34.97 ± 0.42 14.5 ± 0.20

5J20

6FJ −27.11 ± 0.43 −44.18 ± 0.38 −37.73 ± 0.82 60.48 ± 0.68 −5.68 ± 0.03 −81.91 ± 0.80 54.8 ± 0.66

AM404 −40.66 ± 0.62 −56.72 ± 0.50 −15.3 ± 0.68 39.51 ± 0.51 −8.15 ± 0.04 −72.02 ± 0.87 31.36 ± 0.50

B(a)P −22.89 ± 0.21 −36.09 ± 0.20 −3.49 ± 0.24 20.6 ± 0.26 −3.92 ± 0.017 −39.59 ± 0.27 16.69 ± 0.25

The ligand that presented the best binding energy with all of the proteins was AM404.
Among the studied complexes, 3NMQ-AM404, 3O96-AM404, and 5J20-AM404 exhibited
more favorable binding free energies: −40.52 ± 0.77 kcal/mol, −38.28 ± 0.58 kcal/mol,
and −40.66 ± 0.61 kcal/mol, respectively. These values are even better than those ob-
served by those proteins with their co-crystallized ligands. The binding free energy of the
3O96-B[a]P complex was −20.46 ± 0.20 kcal/mol, which is significantly lower than the
−37.97 ± 0.39 kcal/mol value for the 3O96-1QO complex and −38.28 ± 0.58 kcal/mol for
the 3O96-AM404 complex. This result is consistent with the data reported in the RMSD
and RMSF graphs.

In all of the complexes, the energy component related to van der Waals interactions is
greater than the energy component related to electrostatic interactions. This disparity is
especially noticeable in the complexes involving the B[a]P ligand and the studied proteins
(see Figure S12), where the energy related to electrostatic interactions is notably low com-
pared to other energy components. This is largely attributed to the structural characteristics
of the B[a]P ligand.

4. Discussion

Co-exposure to acetaminophen (APAP) and benzo(a)pyrene (B[a]P), both prevalent
in the environment and human use, poses significant health risks [21]. APAP, commonly
used as a pain reliever, can cause liver damage through its metabolite NAPQI [66], while
B[a]P, a known carcinogen, disrupts antioxidant defenses and enhances the expression of
cytochrome P450 enzymes via aryl hydrocarbon receptor (AHR) activation [17,67,68]. This
interaction may potentiate APAP toxicity, thereby increasing the risk of liver damage and
other adverse effects. Previous studies have demonstrated that prior exposure to B[a]P
makes mice more susceptible to APAP-induced liver injury [21]. Therefore, this study aims



Sci. Pharm. 2024, 92, 55 16 of 24

to investigate the interactions between benzo(a)pyrene (B[a]P), acetaminophen (APAP)
metabolites, and various human proteins using molecular docking.

Our results reveal that B[a]P and AM404 exhibit strong binding affinities with several
human proteins, suggesting that these compounds may modulate protein functions critical
to cellular processes. Specifically, the oxysterol receptor LXR-beta (1P8D) demonstrated
the highest binding affinity for B[a]P with a value of −12.7 kcal/mol, and the heat shock
protein HSP90-beta (3NMQ) also showed high affinity with a value of −11.7 kcal/mol
(Table 2). These findings underscore B[a]P’s significant capacity to interact with these
proteins, potentially influencing their activity.

The analysis of interactions between B[a]P and AM404 predominantly reveals hy-
drophobic interactions. B[a]P, known for its hydrophobic nature, binds to protein binding
sites such as LXR-beta, HSP90, RAC-alpha serine/threonine protein kinase, and glycogen
synthase kinase-3 beta mainly through hydrophobic interactions and π-stacking (Figure 3).
A comparison of the interaction residues reported with co-crystallized ligands for these
proteins suggests that exposure to B[a]P induces a conformational rearrangement in the
protein’s active site, which maximizes the exposure of the nonpolar surface formed by
hydrophobic amino acids. This rearrangement could potentially enhance the binding
affinity compared to that observed with native ligands. However, these interactions are
crucial for stabilizing protein–ligand complexes and may influence the biological activity
of the proteins [69]. In contrast, AM404 exhibited a combination of hydrogen bonding and
hydrophobic interactions (Figure 4). For instance, with LXR-beta, AM404 formed hydrogen
bonds with Glu-281 and hydrophobic interactions with Phe-243, Phe-271, and Leu-442
(Figure 4A). These interactions were also observed with potent endogenous activators
of LXR in the liver (CO1) [70]. Additionally, AM404 can form hydrogen bond acceptor
interactions with Thr-316, similar to the interactions established by 28-homobrassinolide, a
transactivator of LXR genes [65].

LXR-beta plays a critical role in the expression of cholesterol transporters ABCA1 and
ABCG1 [71]. Our findings suggest that, despite its hydrophobic nature and inability to
form hydrogen bonds, B[a]P exhibits a high affinity for LXR-beta. This high binding affinity
contributes to significant stability in the protein, which could potentially lead to competition
with endogenous ligands for the protein’s binding site, thereby affecting its function. This
could lead to the inhibition of ABCA1 and ABCG1 cholesterol transporters, resulting in
the accumulation of cholesterol ester lipid droplets, as observed in EA.hy926 cells [72].
Additionally, LXR has been implicated in the resistance to acetaminophen hepatotoxicity,
which is mediated through the suppression of pro-toxic P450s and the induction of anti-
toxic Phase II enzymes such as glutathione S-transferase (Gst) and sulfotransferase (Sult),
which enhance APAP clearance [73]. Therefore, exposure to B[a]P could disrupt LXR-beta’s
regulatory role in protecting against acetaminophen-induced hepatotoxicity. This may be
one of the molecular mechanisms through which B[a]P exacerbates acetaminophen-induced
liver injury in mice at non-hepatotoxic doses, as previously demonstrated [21].

In addition to affecting LXR-beta, B[a]P and AM404 interact with another crucial
protein, heat shock protein 90 (HSP90). HSP90 consists of three domains: the N-terminal
domain (which contains an ATP binding site and a client protein binding site), the C-
terminal domain (containing a site for protein dimerization and another for calmodulin
binding), and the middle domain (which is essential for ATP hydrolysis to ADP) [74].
Studies on HSP90 inhibition and function indicate that interaction with Asp-93 is critical
for stable nucleotide binding [75]. Mutations at this position can disrupt HSP90 function
and prevent nucleotide binding [76]. Our molecular docking results show that AM404 can
interact with the N-terminal ATP-binding domains of HSP90α and HSP90β [77] through
hydrogen bonds with residues Ile-104 and Gln-23 of HSP90α and Ile-104 and Tyr-139 of
HSP90β (not seen with their respective inhibitors 7PP and 6FJ), as well as hydrophobic
interactions (also established with its respective inhibitors) (Figure 4B,E). In contrast, B[a]P
interacts only through hydrophobic interactions (also seen with its inhibitor 7PP) and
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π-stacking (Figure 3B,E). The interactions between HSP90 and AM404/B[a]P do not involve
hydrogen bonds with Asp-93 unlike several HSP90α and HSP90β inhibitors [78].

HSP90 is a chaperone protein involved in the proper folding, activation, and assem-
bly of many proteins, including key mediators of signal transduction, cell cycle control,
and transcriptional regulation [79–81]. Its overexpression has been linked to tumor devel-
opment [82,83], prompting recent studies to focus on inhibiting HSP90 as a strategy for
anticancer therapy [74,84–86].

It is well established that in the absence of a ligand, heat shock protein 90 (HSP90)
resides in the cytoplasm, forming a complex with co-chaperones and AHR, a transcription
factor activated by xenobiotic binding, including B[a]P [87]. Recent studies suggested that
B[a]P and APAP upregulate the expression of HSP90 [88,89]. Our study indicates that the
interaction of B[a]P and AM404 with HSP90α and HSP90β isoforms may not significantly
affect their function as they do not contact Asp-93, a critical residue for maintaining their
structural conformation. Additionally, by promoting the synthesis of these chaperone
proteins, B[a]P and AM404 could contribute to tumor growth, as previously reported [90].

The docking analysis of AM404 with RAC-alpha serine/threonine protein kinase
(AKT1) shows that AM404, despite forming three hydrogen bonds with residues Ser-56,
Ala-58, and Asp-119, exhibits lower binding affinity compared to the allosteric inhibitor
IQO, which forms only one hydrogen bond but binds more effectively. One of the strongest
hydrogen bonds established by AM404 with AKT1 is with residue Asp-119, featuring an
angle of 155.12◦ (Table S9) and a distance shorter than that with IQO. IQO forms a hydrogen
bond with residue Ser-205, which has an angle of 104◦ (Table S15). Although the hydrogen
bond between AM404 and Asp-119 has a geometry closer to the ideal (180◦) [91] and a
shorter distance, its overall binding affinity remains lower than that of IQO. These results
suggest that factors such as the hydrogen bond number, angle, and distance are not the sole
determinants of binding affinity; rather, hydrophobic interactions and π-stacking might
also play significant roles [92,93].

Conversely, B[a]P shows higher binding affinity with AKT1 compared to the allosteric
inhibitor IQO (Table 2 and Figure 5C). B[a]P interacts exclusively through hydrophobic
forces and π-stacking with residue Trp-80 (Figure 3C). In contrast, although IQO forms a
hydrogen bond with residue Ser-205, it exhibits lower binding affinity. Nevertheless, the
3O96-B[a]P complex showed significant fluctuations during the simulation, which may
indicate low conformational stability in the protein–ligand complex. This instability could
potentially lead to alterations in the pathways regulated by AKT1 depending on various
factors, including the type of cells being treated. These findings are consistent with studies
showing that the exposure of HL-7702 human normal liver cells and trophoblast cell lines
to B[a]P blocks the PI3K/Akt signaling pathway, inducing pyroptotic and autophagic cell
death [94], and downregulates AKT phosphorylation in trophoblast cell lines [95]. This
underscores the role of AKT1 in regulating cell proliferation, survival, and metabolism [96].
Conversely, in tumor cells, B[a]P exposure appears to promote AKT1 phosphorylation,
thereby enhancing cell proliferation through the EGFR signaling pathway [97]. Additionally,
AKT1 plays a significant role in survival mechanisms through the AMPK/Akt/GSK3β
pathway in response to APAP toxicity [98]. Thus, its interaction with compounds that can
alter its regulation may impact the survival of cells experiencing APAP toxicity.

Glycogen synthase kinase-3 beta (GSK3β) is a kinase involved in the aforementioned
cellular survival mechanisms (via AMPK/Akt/GSK3β) and plays a crucial role in neuronal
functions. It has been associated with the abnormal phosphorylation of the tau protein, a
process believed to cause neurofibrillary tangles in Alzheimer’s disease [99]. Our docking
results reveal that B[a]P binds to the same site as several GSK3β inhibitors [100], sharing
hydrophobic interactions with most of the residues reported for its inhibitor, 6LQ (Val-110,
Leu-132, Ala-83, Leu-188, Tyr-134, Ile-62, and Val-70) (Figure 3D) [101]. The high affinity
of B[a]P for GSK3β suggests that its interaction could potentially disrupt GSK3β’s nor-
mal function without requiring hydrogen bond formation. This disruption could alter
the cellular signaling pathways involving GSK3β, including the induction of apoptotic
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cascades through mitochondrial dysfunction [102,103], likely contributing to an environ-
ment conducive to APAP-induced cellular damage by impairing hepatic regeneration
pathways [104].

In general, the RMSD values of the protein backbone exhibit minimal fluctuations
throughout the molecular dynamics simulations, indicating that the system maintains
equilibrium during the simulation time. However, this is not the case for the 3O96 protein
when it is bound to the B[a]P ligand; fluctuations of up to 4 nm can be seen in the RMSD
graph, as shown in Figure 6(C1). Regarding the RMSD calculated for the B[a]P and AM404
ligands, it can be observed that the B[a]P ligand shows low mobility, while the AM404
ligand shows high mobility. This difference in behavior can be attributed to the different
structural characteristics of each ligand. The AM404 ligand presents many rotatable bonds,
which allows for a greater generation of conformations during the simulation; on the
contrary, the B[a]P ligand presents low conformational freedom due to its planarity.

The RMSF results allow us to infer that the backbone of the proteins bound with
the ligands show few fluctuations throughout the 100 ns of simulation, suggesting low
flexibility and intensity of movement of the amino acids throughout the simulation process,
except for protein 3O96 bound with B[a]P, which presents RMSF values that are high
compared to those presented by that same protein bound with the ligands AM404 and 1QO
(see Figure 7C), and values that are much higher compared to the complexes formed by the
other proteins.

The hydrogen bond interactions between the protein and ligand are essential for main-
taining the stability of the protein–ligand complexes. The chemical structure of the AM404
ligand enables it to establish multiple hydrogen bonds with each of the proteins studied.
These interactions persist for a significant portion of the simulation time, suggesting that
the complexes formed with this ligand and the five proteins are stable. These findings
corroborate the results from the molecular docking calculations. Although the B[a]P ligand
cannot form hydrogen bonds with proteins due to its chemical structure, the results of the
docking calculations are very favorable, indicating that intermolecular interactions of the
hydrophobic type govern the stability of the complexes formed by this ligand.

The MMGBSA calculations support the findings from the docking calculations, sug-
gesting that the complexes are thermodynamically stable. Among the complexes under
observation, those formed by the AM404 ligand exhibit the most favorable binding free
energy. The average binding free energy for the complexes formed by AM404 and the
proteins under study is around −40 kcal/mol. In contrast, the average binding free en-
ergy for the complexes formed by B[a]P and the proteins under study is approximately
−20 kcal/mol. In general, van der Waals energy was observed to be the primary contributor
to the interactions of the two ligands, although in AM404, the electrostatic component is
significantly higher than that in B[a]P.

5. Conclusions

Molecular docking revealed that benzo(a)pyrene (B[a]P) and AM404 exhibit high affin-
ity for the proteins LXR-β, HSP90α, HSP90β, and AKT1. Specifically, B[a]P predominantly
interacts with these proteins through hydrophobic and π-stacking interactions, whereas
AM404, a metabolite of acetaminophen, primarily forms hydrogen bonds in addition to hy-
drophobic interactions. The RMSD and RMSF analyses indicated that most protein–ligand
complexes demonstrate minimal mobility, suggesting that the protein residues are rela-
tively stable and exhibit low flexibility during the simulations. However, the 3O96-B[a]P
complex exhibited increased mobility. The AM404 ligand’s chemical structure facilitates the
formation of multiple hydrogen bonds with the studied proteins, enhancing the stability
of these complexes and corroborating the docking results. MMGBSA calculations confirm
the thermodynamic stability of the complexes, as evidenced by negative total binding free
energy values that favor protein–ligand binding. Our findings provide detailed insights
into the molecular interactions between benzo(a)pyrene (B[a]P), AM404, and key proteins,
highlighting potential health implications, particularly regarding the combined exposure
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to these compounds. Both B[a]P and AM404 exhibit significant affinities for crucial human
proteins, including LXR-β, HSP90α, HSP90β, and AKT1, suggesting possible alterations in
their essential biological functions.

In particular, the high affinity of B[a]P for LXR-β could lead to competition with
endogenous ligands, potentially disrupting its role in regulating cholesterol transporters
such as ABCA1 and ABCG1. This disruption may result in cholesterol accumulation and
an increased risk of acetaminophen-induced liver damage.

Furthermore, although B[a]P and AM404 interact with HSP90 through different mech-
anisms, our simulations suggest that these interactions might affect the protein’s stability.
This could have implications for tumor growth and cellular stress responses.

Finally, the high affinity of B[a]P for AKT1 and GSK3β suggests a potential dis-
ruption of cellular signaling pathways related to cell proliferation and the response to
acetaminophen-induced liver damage. These effects could be significant in the context of
combined exposure to these compounds.

Overall, our findings provide valuable insights into how B[a]P and AM404 may influ-
ence essential protein functions, offering significant implications for understanding their
toxic effects and the mechanisms underlying their combined exposure. This study under-
scores the importance of considering the combined effects of B[a]P and acetaminophen
(APAP) in environmental and health risk assessments. Since both compounds interact
with critical proteins and impact key cellular functions, their co-exposure could lead to
compounded toxic effects. Understanding these interactions helps elucidate the potential
mechanisms of increased toxicity and provides a basis for developing strategies to mitigate
risks associated with simultaneous exposure to these substances.
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