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Abstract
This study investigates the structural, electronic, and spin polarization properties of different molecular models of the CYP2C8
enzyme, focusing on the effects of arsenate (AsO4

3-) binding to the heme group. Using density functional theory (DFT)
calculations, we explored the interactions between arsenate and the iron (Fe) center of the heme group across three models
with varying amino acid compositions. Despite structural variations, the charge density and polarization properties remained
consistent across models. In the absence of arsenate, the heme group exhibited a dipolar moment with Fe showing a charge of
approximately -0.12e and cysteine 435 sulfur (S) having a charge of 0.28e. Strong positive polarization was observed in Fe (1.77
µB), while S showed a smaller polarization (~0.19 µB). Upon arsenate introduction, AsO4

3- bonded with the Fe center, especially
in smaller amino acid models, with the As-Fe bond distance optimized to 3.3–3.4 Å. The presence of arsenate reduced the charge
on the sulfur atom to approximately 0.17e, significantly decreasing the Fe-S dipolar moment. Additionally, the Fe polarization
slightly decreased (to 1.65–1.67 µB), and the sulfur polarization became almost negligible (~0.01 µB). The oxygen atoms of the
arsenate showed negative spin polarization (up to -0.43 µB), altering the system’s electronic properties. These results suggest that
arsenate binding induces notable changes in the enzyme's electronic environment, potentially affecting its physiological role.
Keywords: Arsenate ions, heme-iron center, CYP2C8 enzyme, drug metabolism, DFT.

Resumen
Este trabajo investiga las propiedades estructurales, electrónicas y de polarización de espín de diferentes modelos moleculares
de la enzima CYP2C8, centrándose en los efectos de la unión del arsenato (AsO4

3-) al grupo hemo. Utilizando cálculos de
la teoría funcional de la densidad (DFT), exploramos las interacciones entre el arsenato y el centro de hierro (Fe) del grupo
hemo en tres modelos con distintas composiciones de aminoácidos. A pesar de las variaciones estructurales, la densidad de carga
y las propiedades de polarización se mantuvieron constantes en todos los modelos. En ausencia de arsenato, el grupo hemo
exhibió un momento dipolar con Fe mostrando una carga de aproximadamente -0,12e y la cisteína 435 azufre (S) teniendo una
carga de 0.28e. Se observó una fuerte polarización positiva en Fe (1.77 µB), mientras que S mostró una polarización menor
(~0.19 µB). Tras la introducción del arsenato, el AsO4

3- se unió al centro de Fe, especialmente en modelos de aminoácidos
más pequeños, con la distancia de enlace As-Fe optimizada a 3.3–3.4 Å. La presencia de arsenato redujo la carga del átomo
de azufre a aproximadamente 0.17e, disminuyendo significativamente el momento dipolar Fe-S. Además, la polarización del Fe
disminuyó ligeramente (a 1.65–1.67 µB), y la polarización del azufre se volvió casi insignificante (~0.01 µB). Los átomos de
oxígeno del arsenato mostraron una polarización de espín negativa (hasta -0.43 µB), alterando las propiedades electrónicas del
sistema. Estos resultados sugieren que la unión del arsenato induce cambios notables en el entorno electrónico de la enzima, lo
que potencialmente afecta su función fisiológica.
Palabras clave: Iones arseniato, grupo hemo, enzima CYP2C8, metabolismo de fármacos, DFT.
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1 Introduction

Metabolism, a critical pharmacokinetic process in
drug characterization, often underlies bioavailability
issues, drug-drug interactions, and metabolic
idiosyncrasies (Lee et al., 2024). Executing this
process is Cytochrome P450 (CYP), an enzyme
complex superfamily of microsomal hemoproteins
with 57 functional genes in humans, grouped
into 18 families and 44 subfamilies. CYP 450 is
expressed in various tissues, including the small
intestine and liver, primarily in the endoplasmic
reticulum, where genetic regulators bind to chemical
inducers, hormones, growth factors, cytokines, and
nuclear receptors (Zhao et al., 2021). One-third of
CYP isoforms are involved in phase 1 metabolism
of endo- and exogenous chemicals like steroids,
biliary acids, fatty acids, eicosanoids, xenobiotics,
environmental contaminants, and carcinogens. These
enzymes, affected by polymorphisms and non-
genetic factors like gender, age, disease, hormonal
influence, and diurnal variations, play a pivotal role
in pharmacogenetics and environmental toxicology.
They serve as tools to evaluate interactions with drugs,
between drugs and environmental xenobiotics, and
interactions of endogenous metabolism (Gilani &
Cassagnol, 2020).

CYPs, comprising 420-503 heme-protein amino
acids in eukaryotes, utilize a thiol group (-SH)
as a fifth ligand to the iron atom (Fe) in the
heme group, with a highly conserved cysteine as
the sixth ligand. Structural similarity is relatively
low, with the C-terminal more conserved than the
N-terminal (Gilani & Cassagnol, 2020). Anchoring
to the membrane occurs via a hydrophobic helix
near the N-terminal, positioning the majority toward
the membrane's cytosolic face, followed by basic
amino acids interacting with lipid charges (Gilani
& Cassagnol, 2020; Lamb & Waterman, 2013).
The Fe atom in CYP 450 enzymes is in a low-
energy state, coordinating with four atoms of nitrogen
and the cysteine's sulfur atom. Binding confers
absorption at 450 nm when the ferrous form binds to
carbon monoxide, and interactions with xenobiotics,
especially drugs, occur at the Fe atom (Z. Li et al.,
2020).

CYP 450 demonstrates vast functional
versatility, catalyzing oxidation reactions (aromatic
hydroxylation, aliphatic oxidation, desulfurization,
N- and S-oxidations, epoxidations, O-, N-, and
S-dealkylations, deamination, desulfurization,
dehalogenations, and dehydrogenations), reduction,
hydrolysis, and hydration. Key players in drug
metabolism reactions are the liver isoenzymes
CYP 3A4 and CYP 2C8, constituting 52% of the
metabolized drugs (Zhao et al., 2021).

Certain toxic substances, like heavy metals,
interact significantly with CYP. For instance,
Naraharisetti and colleagues in 2008 (Naraharisetti
et al., 2008), using a mouse model, found that 40-ppb
arsenic concentrations in drinking water negatively
regulate various CYP enzymes, including CYP1A1/2,
CYP 2B, CYP 3A4, and CYP 3A23. In 2009, Medina-
Diaz and colleagues (Medina-Díaz et al., 2009)
observed that a 5-mg/kg dose of sodium arsenite
over 28 days reduces P450 cytochrome activity by
inducing heme oxygenase 1. Noreault and coworkers
in 2005 (Noreault et al., 2005; Liu et al., 2024), using
a rat model, determined that 2.5-5 micromolar arsenic
concentrations can bind to nuclear receptors involved
in CYP 3A4 and CYP 2C8 expression, decreasing
their ability to bind ligands and transcription factors.
A mouse model study from Xie et al. (2007) showed
that genes encoding CYP 450 enzymes decrease when
exposed to an 84-ppb arsenic concentration in drinking
water.

Arsenic (As), a widely distributed environmental
metalloid, naturally occurs in the Earth’s crust at
5 mg/kg abundance (Guo et al., 2024). Forming
sulfur-containing mineral compounds, it coexists
with silver (Ag), lead (Pb), copper (Cu), nickel
(Ni), antimony (Sb), iron (Fe), and cobalt (Co)
(Henke, 2009). Resulting from volcanic or mining
activities, underground water may exceed 100
µg/L concentrations (Henke, 2009). In surface
waters, concentrations are typically <10 µg/L, but
anthropogenic sites can surpass 5 µg/L (Mandal et
al., 1996). The permissible limit in drinking water
is 10 µg/L (World Health Organization, 2022), yet
certain regions, including West Bengal, Bangladesh,
Taiwan, Northern China, Hungary, Mexico, Chile,
Argentina, parts of the USA, Thailand, Ghana, Greece,
and Austria, may reach up to 50 µg/L (Henke, 2009).
Techniques such as functionalized polypropylene
membranes and electrocoagulation treatments have
shown promise for arsenic removal from contaminated
water sources, demonstrating the need for accessible
and effective removal solutions to meet regulatory
standards (Molina-Jacinto, 2024; Bastida-Vázquez,
2024; Díaz-González, 2023).

Arsenic exists in oxidation states of +3 and +5,
forming oxyanions of arsenite (H3AsO3 or H2AsO3- at
pH ~9-11) and arsenate (H2AsO4- and HAsO4

2- at pH
~4-10). Biotransformation in the human body involves
converting As+5 to As+3 and successive methylations,
resulting in mono- and dimethylated forms in the liver
at a pH range of 7 to 7.4 (Ahmed Baig et al., 2010;
El-Ghiaty et al., 2024). This process poses health
risks and affects drug and toxin metabolism (Shen et
al., 2013). The complexity of arsenic contamination
across varied geographic locations also highlights
the need for comprehensive water quality assessment
and categorization frameworks that can identify and
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mitigate risks effectively (Díaz-González, 2023; Liu et
al., 2024).

Recently, results in the literature provide examples
of in-silico methods (Ford et al., 2015), which
comprise a constantly evolving field useful for
studying drug metabolism or drug design. Among
several analyses, docking studies are particularly
useful, as they allow for evaluation of protein
interactions with various substrates (Mishra, 2011).
Other computational models are employed to observe
toxicity interactions (C. Lewis & O. Miners, 2013;
Terrones-Gurrola et al., 2023) and protein regulation
(Sgrignani et al., 2014). Additionally, molecular
dynamics simulations have led to novel strategies
for specific drug design (J. Li et al., 2014). Here,
Density Functional Theory (DFT) emerges as a strong
theoretical alternative for studying such systems
due to its ability to model charge fluctuations.
Specifically, DFT modeling has been performed on
CYP3A4, demonstrating the binding ability of arsenic
ions to the heme group of CYP, though questions
remain regarding potential changes in electron density,
magnetic polarization, and structural alterations with
an expanded model that includes additional amino
acids.

In this study, we propose three restricted molecular
models of the CYP2C8 heteroenzyme for DFT
calculations on the Cytochrome P450 (CYP 450)
protein heme group and its surrounding amino acids,
including the Fe nucleus. The aim is to quantify local
effects—both structural and in terms of charge density
and spin polarization—caused by the presence of the
Arsenate ion (AsO4

3-) near the Fe nuclei.

2 Methods

• In-silico Analysis of Interaction of Isoenzyme
CYP 2C8 with As. The sequences of both
enzymes were obtained from the NCBI
nucleotide database (Dmitriev, 2021). CYP
2C8 has 39,726 base pairs in its specific gene
sequence, for the crystallographic structures of
the sequences, we used the PyMOL software
(Molecular Graphics System, Version 1.7
Schrödinger, LLC) installed on an core i5
desktop computer.

• The density functional theory (DFT) analysis of
the isoforms was based on an in-silico study
using a mathematical algorithm on a five-core
computer for fast convergence, determining the
structure with the lowest energy. The DFT
approach was employed to obtain the structural,
electron properties, and spin polarization of
our molecular models concerning a heme
group and the surrounding amino acids. For

the electron-ion interaction, we utilized the
ultra-soft pseudopotential approximation and
a plane wave basis set, implemented in the
PWscf code (Giannozzi et al., 2009). To
optimize computational resources, we selected
parameters based on the size of the molecular
model.

• For the first and second models, an energy
cut-off for plane wave expansion of 512 eV
was chosen, while the third model utilized 608
eV. In the case of a cubic supercell, a 32-Å
side dimension was employed for the first and
second models, and 38-Å for the third model.
Brillouin-zone integration was conducted using
the ? point. The Perdew-Wang (PW91) gradient-
corrected functional (Perdew & Yue, 1986)
was employed, and constrained structural
optimizations were performed using the
Davidson diagonalization method (Davidson,
1975). Convergence in energy was set at 1
meV, and structural optimization continued
until forces on each atom reached values of <1
meV/Å. Löwdin population analysis was used
to obtain electronic occupations for all atoms in
our molecular structure.

3 Results and discussion

3.1 Setting the molecular models

To generate the molecular models, we begin with
the crystallographic data of the highest resolution
available for CYP2C8 in the PDB (1PQ2) (Schoch et
al., 2004). Figure 1a depicts the structure of CYP2C8.
To streamline the system for DFT methodology,
optimizing resources and computing time, we simplify
by sequentially adding amino acids closest to the Fe
nucleus within average radial distances of 4 Å, 5 Å,
and 6 Å. This results in molecular models containing
89, 101, and 163 atoms, respectively.

A crucial component present in all molecular
models is the heme group, and we introduce proposed
changes around its structure. First, Cysteine 435
(C435) is added. The structural optimization yields a
working model referred to as "model 1" (Figure 1b).
In Figure 1c, we present the same as in model 1, along
with Alanine 297 (A297). These two amino acids,
along with the heme group, constitute "model 2."
"Model 3" includes the atoms in model 2, along with
Glycine 298 (G298), Threonine 301 (T301), Alanine
436, Glycine 437, and Phenylalanine 438 (F428) (see
Figure 1d). Hydrogen atoms corresponding to each
model's structure are added for completeness. In all
figures, the bonds of hydrogen atoms are depicted as
thinner for better visualization of the entire structure.

www.rmiq.org 3



Nieto-Delgado / Revista Mexicana de Ingeniería Química Vol. 24, No. 1(2025) Sim24364
 

Manuscrito sometido a la Revista Mexicana de Ingeniería Química                  6 
 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

Figure 1. Schematic illustration of the CYP2C8 isoenzyme, highlighting the localization of the iron enzymatic 214 

center (a), along with the chemical structures of the iron nucleus models developed in this study: b) Model 1, 215 

which includes the heme group, Fe nucleus, and the Cysteine 435 amino acid (C435); c) Model 2, 216 

incorporating all elements of Model 1 with the addition of Alanine 297 (A297); d) Model 3, further expanding 217 

on Model 2 by including Glycine 298 (G298), Threonine 301 (T301), Alanine 436 (A436), Glycine 437 218 
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Figure 1. Schematic illustration of the CYP2C8
isoenzyme, highlighting the localization of the iron
enzymatic center (a), along with the chemical
structures of the iron nucleus models developed in
this study: b) Model 1, which includes the heme
group, Fe nucleus, and the Cysteine 435 amino acid
(C435); c) Model 2, incorporating all elements of
Model 1 with the addition of Alanine 297 (A297); d)
Model 3, further expanding on Model 2 by including
Glycine 298 (G298), Threonine 301 (T301), Alanine
436 (A436), Glycine 437 (G437), and Phenylalanine
438 (F438).
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Figure 2. Optimized 3D chemical structures of the proposed models, showcasing the progressive complexity of 233 

each model: a) Model 1; b) Model 2; c) Model 3. During the optimization process, only the side chains of the 234 

amino acids and the iron atom were permitted to move, illustrating the stability of the core structure in each 235 

model. 236 

3.2.2 Analysis of charge density and spin polarization 237 

Figure 3 displays, through a color scale, the charge density (left side) and the magnetic (spin) 238 
polarization (right side) of the structures optimized in Figure 2; model 1 in 3a), model 2 in 239 
3b), and model 3 in 3c). The charge density is presented on a scale from -1 e to 1 e, with red 240 
indicating negative charges, blue indicating positive charges, and black indicating neutral 241 
charge. In all three models, a greater amount of charge, either positive or negative, is 242 
observed in the regions around the heme group. Additionally, there is an almost neutral 243 
charge density in the core area of Fe and its closer neighbors. Notably, there is a charge of -244 
0.12, -0.12, and -0.14 e for Fe and a charge of 0.28, 0.28, and 0.25 e for the S of C435 in 245 
models 1, 2, and 3, respectively. Both atoms contribute to a dipole moment in the structure 246 
of the heme group. 247 

Furthermore, in model 2, there is a negative charge on the residual chain carbon of A297 (-248 
0.46 e). However, when considering the electrical charge of the three associated hydrogen 249 
atoms and the complete residual chain of Alanine, a charge of 0.13 e is observed for the 250 
carbon of the residual chain of the same residue A297. In the case of model 3, a negative 251 

a) 

c) 

b) 

Figure 2. Optimized 3D chemical structures of
the proposed models, showcasing the progressive
complexity of each model: a) Model 1; b) Model 2;
c) Model 3. During the optimization process, only the
side chains of the amino acids and the iron atom were
permitted to move, illustrating the stability of the core
structure in each model.

3.2 Molecular models analysis

3.2.1 Structural changes

For the structures shown in Figure 1, constrained
optimization was performed, considering the
movement of the residual part in each amino acid
and Fe, while the remaining section of the models
was fixed. Figure 2 displays the initial and optimized
configurations simultaneously for the three proposed

models. In models 1 and 2 (Figures 2a and 2b),
slight movements are observed for Fe (0.2 Å) and
for the sulfur (0.2 Å) associated with Cysteine 435
when comparing the optimized structure with the
initial structures. Additionally, in model 2, there is
a displacement in the residual chain CH3 associated
with A297, where the C and two H atoms change their
position by 0.1 Å, and the more external H moves
by 0.2 Å. On the other hand, in model 3 (Figure
2c), there is only a displacement of 0.1 Å for the
sulfur associated with Cysteine 435. Thus, the main
structural changes occur in some H atoms in the
structure, and no significant structural changes are
observed in atoms belonging to the crystallographic
data. Particularly, model 3 appears to be the more
stable structure, as almost no changes occur when
compared to the crystallographic data. The optimized
structures in Figure 2 will be referred to as the control
structures, upon which later modifications will be
made.

3.2.2 Analysis of charge density and spin
polarization

Figure 3 displays, through a color scale, the charge
density (left side) and the magnetic (spin) polarization
(right side) of the structures optimized in Figure 2;
model 1 in 3a), model 2 in 3b), and model 3 in
3c). The charge density is presented on a scale from
-1 e to 1 e, with red indicating negative charges,
blue indicating positive charges, and black indicating
neutral charge. In all three models, a greater amount of
charge, either positive or negative, is observed in the
regions around the heme group. Additionally, there is
an almost neutral charge density in the core area of Fe
and its closer neighbors. Notably, there is a charge of -
0.12, -0.12, and -0.14 e for Fe and a charge of 0.28,
0.28, and 0.25 e for the S of C435 in models 1, 2,
and 3, respectively. Both atoms contribute to a dipole
moment in the structure of the heme group.

Furthermore, in model 2, there is a negative charge
on the residual chain carbon of A297 (-0.46 e).
However, when considering the electrical charge of
the three associated hydrogen atoms and the complete
residual chain of Alanine, a charge of 0.13 e is
observed for the carbon of the residual chain of the
same residue A297. In the case of model 3, a negative
electrical load of -0.46 e is observed for the carbon,
and the total load for the entire chain is 0.12 e.

In model 3, the moiety T301 has a lateral chain that
can be separated into two main groups: CH3 and OH.
The most negative charges are found in the C of the
CH3 group (-0.49 e) and in the O of the OH group (-
0.54 e). On the other hand, the highest positive charge
is in the H of the OH group (0.39 e), indicating that
this group exhibits a dipolar moment. In summary, for
the CH3 group, there is a charge of 0.12 e, neutralizing
the negative charge of C when considering the charge
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Figure 3. Visualization of effective charge density (left) and magnetic polarization (right) represented with a 292 

color gradient for the proposed models: a) Model 1; b) Model 2; c) Model 3. Charge density was calculated 293 

using Löwdin’s method. The color bar indicates the units: electrons (e) for charge density and Bohr magnetons 294 

(µB) for magnetic polarization, both measured per cell. 295 

3.3. Effects on arsenate on molecular models 296 

3.3.1 Structural changes 297 

The effects of the arsenate ion (AsO43-) on the proposed molecular models were quantified 298 
in the control structures. First, the structure of arsenate was optimized with a total charge of 299 
-3 e for the ionic complex, resulting in a pyramidal molecular arrangement with a triangular 300 
base and arsenic (As) in the center. The distance between As and any of the oxygen atoms 301 
was 1.7 Å. 302 
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Figure 3. Visualization of effective charge density
(left) and magnetic polarization (right) represented
with a color gradient for the proposed models: a)
Model 1; b) Model 2; c) Model 3. Charge density
was calculated using Löwdin’s method. The color bar
indicates the units: electrons (e) for charge density and
Bohr magnetons (µB) for magnetic polarization, both
measured per cell.

of the hydrogens associated with the CH3 group. A
similar situation occurs with the OH group, with a total
charge of -0.14 e. For the entire lateral chain of T301,
the charge is 0.27 e.

In short, for the three models, similar charges
are observed around the heme group and in common
moieties. Although some atoms show significant
charges, the complete chains exhibit a certain
neutralization or shielding effect of the charge.

Regarding polarization, as shown on the right
side of Figure 3, a color scale ranging from -
1.8 µB to 1.8 µB is used, where green represents
negative polarization, pink indicates positive, and
black signifies the absence of polarization. In the three
models, almost identical distributions are observed,
all displaying a strong positive polarization in the Fe
nucleus, with polarizations of 1.76, 1.77, and 1.79 µB
obtained for models 1, 2, and 3, respectively. Figure 3
also illustrates polarization in the four oxygen atoms
of the heme group, averaging 0.4 µB. A relatively
small polarization is noted in the S of C435, with
values of 0.19, 0.19, and 0.16 µB for models 1, 2, and
3 respectively. It should be mentioned that none of the
amino acids added in model 2 or 3, compared to model
1, presented any polarization.

Equivalent to the optimization of each proposed
molecular model (Figure 2), both in charge density
and polarization, the three models exhibit very similar
distributions despite having different numbers of
amino acids. Therefore, it can be considered that
increasing the number of amino acids in our models
will not produce significant changes in the obtained

results. In the next section, we will analyze how the
structure, charge density, and spin polarization will be
affected by the presence of Arsenate.

3.3 Effects on arsenate on molecular
models

3.3.1 Structural changes

The effects of the arsenate ion (AsO4
3-) on the

proposed molecular models were quantified in the
control structures. First, the structure of arsenate
was optimized with a total charge of -3 e for the
ionic complex, resulting in a pyramidal molecular
arrangement with a triangular base and arsenic (As)
in the center. The distance between As and any of the
oxygen atoms was 1.7 Å.

After optimizing the AsO4
3- structure, the ion was

placed over the iron center in all the control structures
to simulate a possible interaction of arsenate with
the enzyme from the extracellular side. For the input
structures, the AsO4

3- was positioned at three different
As-Fe distances: 4 Å, 5 Å, and 6 Å, over the line that
forms the sulfur atom of C435 and the Fe.

In addition to the initial distance variation, three
initial orientations for the AsO4

3- ion were proposed:
1) Random, where the optimized pyramidal AsO4

3-

does not have a preferential orientation toward the Fe
center of the model structures (Figure 4a), 2) Base
position, where one triangular face of the AsO4

3- is
oriented toward the Fe center (Figure 4b), and 3)
Inverted pyramid, where one of the vertices of the
AsO4

3- is oriented toward the Fe center (Figure 4c). In
total, nine initial configurations were constrained and
optimized, allowing structural changes of the amino
acid moieties, and the arsenate ion and the iron center
were allowed to move in every model. In all cases, the
optimization of charge density has no restrictions.

Figure 4d displays the most stable configuration
obtained from the optimized initial configuration with
a pyramidal base orientation and 4 Å of As-Fe
distance. After optimization, the distance between the
As and Fe atoms is 3.3 Å, and the distance between
the O and Fe atoms is 1.8 Å. The AsO4

3- ion structure
undergoes slight changes, with the distance between
the As and the O atom bonded to the Fe center
changing to 1.8 Å, while the other O atoms remain at
1.7 Å from the As center atom. It is noteworthy that,
for every initial configuration with model 1—shown
in Figure 4a, b, and c, similar results are obtained,
with the AsO4

3- bonded to the Fe center. However, the
distance between the As and the Fe center is 3.4 Å for
Figure 4b.

The same initial configurations depicted in Figure
4 (a-c) were optimized with the model 2 structure.
In this case, the most stable configuration (Figure 5a)
resulted from the initial inverted pyramid orientation
and a 5 Å As-Fe distance. Additionally, the Fe is now
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Figure 4. Three-dimensional schematic representation of the initial arsenate positioning scenarios explored for 348 
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Fe center is 1.8 Å, while the other O atoms remained at 1.7 Å from the As center atom. 360 
However, the distance between the As and the Fe center is 3.4 Å for Figure 5b. 361 
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Figure 4. Three-dimensional schematic representation
of the initial arsenate positioning scenarios explored
for Model 1: a) Initial configuration 1; b) Initial
configuration 2; c) Initial configuration 3; and
d) Optimized structure showing the lowest energy
configuration derived from all initial setups. 
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Figure 5. Three-dimensional schematic representation
of Model 2 interacting with arsenate, focusing on the
scenario that produced the lowest energy structure: a)
Initial position of arsenate; b) Optimized configuration
after interaction.

bonded with one of the N atoms of the heme group,
decreasing the distance between the Fe and the N
from 2.1 Å to 2 Å. When an initial pyramidal base
orientation was optimized, in some cases, the cleavage
of atomic bonds in the present amino acid occurred
due to the strong repulsion between the O atoms from
the AsO4

3- and the nearby A297; these structures were
dismissed from the stability analysis.

During the optimization process for initial
configurations with As-Fe distances of 4 and 5
Å, and both pyramidal base and inverted pyramid
orientations, the AsO4

3- spontaneously bonded to the
Fe center. However, in cases with an initial As-Fe
distance of 6 Å, the AsO4

3- remained near its initial
position. All optimized structures for model 1 showed
the AsO4

3- bonded to the Fe center. In contrast, not
all optimizations for model 2 exhibited this bond.
Nonetheless, the most stable structures in model 2
were those with a bond between the AsO4

3- and the
Fe center.

The configuration shown in Figure 5b is similar to
the one in Figure 4d. The distance between the O and
Fe atoms is 1.8 Å, and the distance between the As and
the O atom bonded to the Fe center is 1.8 Å, while the
other O atoms remained at 1.7 Å from the As center
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Figure 6. Three-dimensional schematic representation
of Model 3 interacting with arsenate, highlighting the
scenario that yielded the lowest energy structure: a)
Initial position of arsenate; b) Optimized configuration
following the interaction.

atom. However, the distance between the As and the
Fe center is 3.4 Å for Figure 5b.

The same process of proposing nine initial
configurations has been conducted with the model 3
structure. Figure 6a shows the initial configuration,
which, after optimization, yields the most stable
configuration shown in Figure 6b. The inverted
pyramid orientation and the As-Fe distance of 4 Å
were the initial configurations that gave the most stable
structure. Like Figure 5b, the Fe atom is bonded with
one of the N atoms of the heme group, and the Fe-N
distance is also decreased from 2.1 Å to 2 Å.

In the case of optimized structures for model 3,
the bond between the Fe atom from the heme group
and the AsO4

3- ion was only observed with a 4
Å As-Fe distance, under both random and inverted
pyramid orientations for initial configurations. The
final position of the AsO4

3- is very similar to the one
observed in Figure 5b, except for the distances of As-
Fe; in Figure 6b, they change to 3.4 Å and 1.8 Å,
respectively. The distance between the As and the O
atom bonded to the Fe center changed to 1.9 Å, while
the other O atoms remained at 1.7 Å from the As center
atom.

In brief, the AsO4
3- bonded with the Fe center is

more likely to be observed in structures with fewer
amino acids. When more amino acids are attached to
each of the model structures, the chances of having
the AsO4

3- bonded to the Fe decrease. In all cases,
the most stable structures are the ones that present the
AsO4

3- ion bonded to the Fe center.

3.3.2 Charge density and spin polarization in
presence of arsenate

Charge density and spin polarization were calculated
for each optimized structure to observe the effect of the
AsO4

3- ion on electronic properties. Figure 7 presents
the charge density of the most stable structures for
the three models on the left side, while on the right,
the polarization of the same structures is shown. The
scales and colors are consistent with those in Figure
3. The most stable structure of model 1 is shown in
Figure 7a, while the most stable structures of models 2
and 3 are depicted in Figures 7b and 7c, respectively.
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Figure 7. Effective charge density (left side) and magnetic polarization (right side) depicted with a color gradient 436 
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a) 

Figure 7. Effective charge density (left side) and
magnetic polarization (right side) depicted with a color
gradient for the proposed models including arsenate:
a) Model 1; b) Model 2; c) Model 3. Charge density
was calculated using Löwdin’s method. The color
bar units represent "electrons" for charge density and
"Bohr magnetons" for spin polarization.

Regarding the charge density, the results are
remarkably similar to those seen in the model
structures in the absence of the AsO4

3- ion. A high
charge density is observed in the region surrounding
the heme center, with a neutral charge close to neutral
near the Fe center and its neighboring atoms. For
each structure in Figure 7, charges of -0.11, -0.13,
and -0.14 e are observed for the Fe atom, and 0.17,
0.17, and 0.12 e for the S atom in C435. The charge
density obtained for the Fe in each structure is alike
to the one calculated in the absence of the AsO4

3-.
However, there is a change in the charge density of the
S atom in C435, about 40% less than that calculated
for the model structures, thus altering the Fe-S dipolar
moment.

Similarly, as in Figure 3, Figure 7 shows an
important charge distribution in the amino acids
attached in models 2 and 3, although the values of the
charge density remained almost the same. The A297
moiety in Figure 7b has a charge of 0.14 e, and for the
A297 and T301 moieties in Figure 7c, charge values
of 0.14 and 0.31 e were observed. Hence, for the three
stable structures with the AsO4

3- ion present, as seen
in Figure 7, we observed comparable charge values for
the heme group and the attached amino acids, with the
exception of the S atom in C435.

The charges calculated for the As atom in the three
models are 1.87, 1.86, and 1.84 e, and the calculated
charges of the O atom that is bonded with the Fe center
are -0.43, -0.42, and -0.41 e. The rest of the O atoms
in the arsenate that are not bonded have an average
charge of -0.62, -0.64, and -0.66 e. The total charge of
the AsO4

3- ion in the three cases was -0.42, -0.48, and

-0.54 e. Being a structure with such charge density, as
is the AsO4

3- ion, it is evident why this ion can change
the CYP2C8 immediate environment.

In terms of polarization, as shown in Figure 7,
the three proposed models exhibit almost identical
polarization distributions. Similar to Figure 3, a strong
positive polarization of the Fe can be observed, with
values of 1.67, 1.67, and 1.65 µB for each model.
In all cases, the calculated polarization was less than
that calculated for the model structures. There is also
a noticeable polarization of the oxygen atoms of the
heme group, with a calculated average of 0.41 µB for
those atoms.

The average polarization calculated for the
structures presented in Figure 7 was 0.05, 0.03, and
-0.01 µB for each model. It should be observed
that the polarization of the S atom in C435 is
almost imperceptible, and it can be affirmed that the
polarization of that S atom disappears in comparison
with the polarization calculated for the same atom in
the control model structures.

There is also a change in polarization in the oxygen
atoms of the AsO4

3- once they are bonded with the
Fe center. Those atoms have an average polarization
of 0.47, 0.43, and 0.39 µB for each model, with the
smallest polarization in the O atom bonded to the Fe.
Thus, we have demonstrated that the presence of the
AsO4

3- ion changes the polarization of the CYP2C8.
As in the electrical charge analysis, the results

seem similar among the structures presented in Figure
7. The Fe center's polarization decreases in all three
models, and the S atom in C435 loses almost all
polarization. On the other hand, the main change
in spin polarization in all structures, compared to
control ones, occurs due to the presence of AsO4

3-,
as the associated oxygen atoms present a negative spin
polarization in all of them.

In-silico information from DFT modeling supports
that the charge density for the heme group (Fe++2)
of CYP 2C8 does not allow charge transfer in
the presence of As (AsO4

3-) by virtue of its high
electronegativity, As modifies the charge of the
environment with the consequent displacement of
Fe++2 which modifies the metabolic action of the
isoform (El-Ghiaty et al., 2024). Many authors,
such as Naraharisseti and his group document the
fact that As decreases the expression of proteins
including those of cytochrome P450 (Naraharisetti
et al., 2008). Also, there is evidence that As [>
0.005 ppm As in urine], dimethyl arsenic (DMA) and
monomethyl arsenic (MMA) in cell nucleus receptors
bind and consequently decrease cytochrome P450
isoform expression and metabolic action (Noreault,
2005).

Alterations due to As in protein groups of
metabolic importance in load and functionality of
the heme group (isoforms of cytochrome P450) are
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associated with pathologies such as some types of
cancer, hyperkeratosis, alterations in the metabolism
of drugs and xenobiotics, diabetes mellitus, among
others, therefore, the study of As on proteins is of
utmost importance.

The spin polarization results obtained in this
study align with previous findings on metalloproteins
and transition metal complexes. For instance,
studies on copper complexes mimicking superoxide
dismutase activity demonstrated how metal-ligand
interactions can influence electronic properties,
with spin polarization and charge transfer being
key factors in their biological activity (Silva et
al., 2023). Similarly, investigations on zinc-binding
metalloproteins using DFT calculations have provided
insights into how the spatial arrangement of metal
ions within enzyme active sites affects their electronic
structure, influencing both charge density and
polarization (Barbosa et al., 2021). These studies offer
a solid context for understanding how arsenate binding
affects the Fe and S atoms in CYP2C8.

Furthermore, our observations that arsenate
induces subtle changes in charge density and
polarization are comparable to other metal-protein
interactions. DFT studies on lactoferrin, an iron-
binding glycoprotein, have shown how metal binding
induces charge redistribution in the surrounding
ligating residues, impacting the overall electronic
structure and function of the protein (Honarparvar
et al., 2019). These findings are consistent with
the changes observed in our models, where the
arsenate ion significantly influences the Fe and S atom
polarization, akin to the behavior seen in other metal-
binding proteins.

Finally, the broader implications of our
study resonate with recent advancements in de
novo metalloprotein design, which explore how
ligand geometry and metal coordination affect
protein function. By mimicking natural systems
and incorporating novel metals, researchers have
demonstrated that precise control over metal-binding
properties can be achieved, as seen in our analysis of
arsenate’s interaction with CYP2C8 (Chalkley et al.,
2021).

Conclusions

Despite using different simplified models of CYP2C8
in this study, the results for structural properties,
charge density, and magnetic polarization were
consistent, indicating the reliability of the calculations
even with a truncated CYP2C8 protein model.

In the control models without arsenate, a dipolar
moment was observed in the heme group, primarily
due to the negative charge of the iron (Fe) and the
positive charge of sulfur (S) in C435. Additionally,

a notable positive polarization in Fe and minor
polarization in S was recorded.

In the arsenate-bound models, we demonstrated
the feasibility of arsenate binding to the iron center,
even though this binding did not occur spontaneously
in all initially proposed configurations. The optimal
configuration in each model was achieved with
arsenate (AsO43-) bonded to the Fe center. While this
bonding did not induce drastic changes in the charge
density or polarization of the iron center, the sulfur
in the C435 moiety lost a significant portion of its
positive charge, reducing the dipolar moment of the
original structure. This sulfur atom also lost almost all
its polarization when arsenate was present.

The arsenate-bound structure exhibited substantial
charge density, with a highly positive As atom and
negatively charged O atoms, contributing to the
positive polarization of the system. These changes in
electronic properties suggest that arsenate may alter
the physiological function of CYP2C8.

Moving forward, experimental validation of these
computational findings, such as binding affinity assays
and structural analysis using X-ray crystallography or
NMR spectroscopy, would be crucial to confirm the
predicted arsenate interactions with CYP2C8. Future
research should also explore the thermodynamic
and kinetic properties of these interactions under
physiological conditions, which would provide a
more comprehensive understanding of CYP2C8's role
in arsenic metabolism and its broader biological
implications.
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