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ABSTRACT: Tobacco smoke contains various cancer-causing toxic substances,
including nicotine and nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) and N’-nitrosonornicotine (NNN). The cytochrome 2A13 is involved in
nicotine metabolism and in the activation of the pro-carcinogenic agents NNK and
NNN, by means of a-hydroxylation reactions. Despite the significance of cytochrome
2A13 in the biotransformation of these molecules, its conformational mechanism and
the molecular basis involved in the process are not fully understood. In this study, we
used molecular dynamics and principal component analysis simulations for an in-depth
analysis of the essential protein motions involved in the interaction of cytochrome 2A13
with its substrates. We also evaluated the interaction of these substrates with the amino
acid residues in the binding pocket of cytochrome 2A13. Furthermore, we quantified the
nature of these chemical interactions from free energy calculations using the Molecular
Mechanics/Generalized Born Surface Area method. The ligands remained favorably
oriented toward compound I (cytochrome P450 O=Fe'" state), to undergo a-hydroxylation. The hydrogen bond with
asparagine 297 was essential to maintaining the substrates in a favorable catalytic orientation. The plot of first principal motion
vs second principal motion revealed that the enzyme’s interaction with nicotine and NNK involved different conformational
subgroups, whereas the conformational subgroups in the interaction with NNN are more similar. These results provide new
mechanistic insights into the mode of interaction of the substrates with the active site of cytochrome 2A13, in the presence of
compound I, which is essential for a-hydroxylation.

1. INTRODUCTION

Smoking is a worldwide public health problem, which causes
addiction and involves several chemicals that cause diseases

located in the liver, whereas the 2A13 isoform is mainly found
in the respiratory tract’ and has superior catalytic efficiency
compared to CYP2A6,%” in metabolizing these compounds.
CYP2A13 is also capable of metabolically activating

like chronic bronchitis, pulmonary emphysema, vascular
diseases, and various types of cancer."” The latest data from
the World Health Organization show that the number of
smoking-related deaths reached 7.2 million people per year and
by 2030 may exceed 8 million deaths per year.”

Cigarette smoke contains various substances that are toxic to
human health such as tar, benzene, formaldehyde, nitros-
amines, etc.” Tobacco-specific nitrosamines such as 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and
N'-nitrosonornicotine (NNN) become carcinogenic following
metabolic activation by multiple cytochromes, which are
enzymes capable of biotransforming a large number of
substrates.” In this biotransformation process, nicotine can
give rise to NNK and NNN via nitrosation reactions.”

NNK and NNN undergo chemical reactions in the body,
catalyzed by CYPs P450 2A6 and 2A13. CYP2A6 is mainly
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.. 10,11
nicotine.

CYPs P450 are able to catalyze various types of reactions.'”
Activation of nicotine, NNK, and NNN by CYP2A13 occurs
via a-hydroxylation involving the participation of compound I
(CYP450 O=Fe'" state). Nicotine can undergo a-hydrox-
ylation at the 2’- and 5'-carbon atoms'"'"® while NNK
undergoes a-hydroxylation at the 1’-carbon and N-methyl
carbon. Products of these reactions form reactive metabolites
capable of forming DNA adducts and causing chromosomal
aberrations.' "> NNN undergoes 2'-hydroxylation and §'-
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hydroxylation (Figure S1), and its metabolites were shown to
cause tumors in the respiratory tract and esophagus of rats and
mice. 7"

Recently, a number of theoretical studies using quantum
mechanical methods such as density functional theory (DFT)
and molecular dynamics hybrid simulations (quantum
mechanics/molecular mechanics) have been published, where
the fundamental reaction pathways and their stereoselectivity
have been investigated in order to understand the mechanisms
involved in the biotransformation of nicotine, NNK, and NNN
by cytochrome P450s.'”'972°

However, detailed information regarding essential protein
motions, important for the understanding of the conforma-
tional mechanism of CYP2A13 and its biotransformation
capacity, is not yet available. We also did not find any in-depth
analysis of the molecular interaction between the pro-
carcinogenic agent NNN with CYP2A13. DeVore and Scott
used crystallography to probe the interactions between
CYP2A13 and nicotine as well as NNK.*” However, this
analysis was performed in the presence of the heme group at
the active site. In our study, we replaced heme with compound
I, the catalytically active oxyferryl species essential for a-
hydroxylation, catalyzed by CYP2AI13. In our results, we
refined the analysis of DeVore and Scott through optimization
of receptor—ligand interactions, using molecular dynamics
(MD) simulations. This allowed us to identify interactions not
reported by the aforementioned authors.

Moreover, we utilized MD classic simulation and various
methods of analysis to investigate the mode of interaction
between CYP2A13 and nicotine, NNK, and NNN, for an in-
depth understanding of the essential movements of the 2A13
isoform that are important to justify its biotransformation
capacity. The MD simulations were performed with the Amber
16 packagezg_30 for a total time of 100 ns (ns) for each
complex. We evaluated the convergence of the simulations
using root-mean-square deviation (RMSD). We analyzed, in
detail, the binding site of the enzyme and its interaction with
the ligands. We also evaluated the importance of Asn257 in
orienting the molecules in proper catalytic orientation, in
addition to using principal component analysis (PCA) to
identify the essential protein motions that are important for
understanding the conformational mechanism of CYP2AI13.
Finally, we performed binding energy calculations with the
Molecular Mechanics/Generalized Born Surface Area methods
(MM-GBSA) to quantify the energy component values and the
nature of the chemical interactions that favor the formation of
the receptor—ligand complex.

2. MATERIALS AND METHODS

2.1. Molecular Docking. The molecular structure of NNN
was designed usin§ the GaussView 6 software® and optimized
with Gaussian 16°> using density functional theory, with the
B3LYP/6-31G* basis sets.””** The NNN compound binding
mode was proposed using Molegro Virtual Docker 5.5
software.”>*® The crystal structure of human cytochrome
P450, isoform 2Al13 complexed with nicotine (PDB ID:
4EJG),”” was used as the target for NNN. We used this PDB
ID as the receptor because NNN has a nicotine-like molecular
structure and volume in the crystal. Therefore, the amino acids
of the binding pocket are in a conformation suitable for NNN
binding.

The MolDock Score (GRID) scoring function was used with
a grid resolution of 0.30 A and radius of 10 A, encompassing
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the entire connection cavity with its center at x, 22.56; y,
—11.52; and z, 37.43. The MolDock SE algorithm was used
with 50 runs, 3000 maximum interactions, and a maximum
population size equal to 200. The maximum evaluation of 500
steps with a distance factor equal to 1 and an energy threshold
of 100 was used in our protocol.

2.2. Preparation of Systems for MD Simulations. The
crystal structure of CYP450 2A13 complexed with nicotine and
NNK can be visualized in the PDB IDs 4EJG and 4EJH,
respectively.”” The initial structure for the CYP—NNN system
was obtained from molecular docking methods, as described in
the previous section.

The restrained electrostatic potential (RESP) protocol with
the HF/6-31G* basis sets’*® was applied to obtain the partial
atomic charges of the atoms of each binder. The parameters of
the ligand were constructed with the Antechamber module®”
using General Amber Force Field (GAFF).*

All crystal structures of CYP450 2A13 found in the PDB
were obtained with the heme group in the active site. However,
the heme was replaced by compound I in our analysis, which is
the catalytically active species critical for a-hydroxylation by
CYP2A13. The force field parameters developed by Shahrokh
and co-workers were used for compound L.*'

The amino acid protonation state was characterized in
neutral pH using the PDB 2PQR server.*” The systems were
built with the tLEaP module of the Amber 16 package. The
force field used to describe the protein in all simulations was
ff14SB.* The protein—ligand system was solvated in an
octahedron periodic box containing water molecules in the
TIP3P model.** The partial charges were neutralized by
adding chlorine counterions.

2.3. Setup of MD Simulations. The sander.MPI module
of the Amber 16 package was used to perform energy
minimizations. First, the water molecules and ions were
optimized using 2000 cycles of steepest descent and 3000
cycles of the conjugate gradient. The position of receptor—
ligand hydrogen atoms was then optimized using the 4000
steps of steepest descent algorithm and 3000 steps of the
conjugate gradient. At the third stage, hydrogen atoms, water
molecules, and ions were further optimized using the 2500
steps of steepest descent algorithm and 3500 steps of the
conjugate gradient. Finally, all atoms were minimized using the
3000 steps of steepest descent algorithm and three steps of the
the conjugate gradient.

MD simulations were performed at a constant volume, by
heating the systems up to 298 K. This heating was performed
in five steps for a duration of 800 ps (ps). To restrict the atoms
in the active site of the enzyme, a harmonic force constant of
25 keal mol™" A7 was applied, which was reduced by S kcal
mol™! A% at each subsequent step. When the systems reached
298 K, another simulation was performed without any
harmonic restriction for 250 ps. After all these steps, 100 ns
production runs were performed for each complex established
with CYP2A13.

The Particle Mesh Ewald method® was used for the
calculation of the electrostatic interactions, and the bonds
involving hydrogen atoms were restricted with the SHAKE
algorithm.*® The tem7perature control was performed with a
Langevin thermostat'” within a collision frequency of 2 ps™.

2.4. Principal Component Analysis (PCA). To analyze
the conformational changes in CYP450 2A13 during its
interaction with its ligands (nicotine, NNK, and NNN), we
used the CPPTRAJ module®® and the Amber 16 software to
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Figure 1. Molecular binding mode of NNN. Two residues (Asp297 and Thr305) are shown. Both established hydrogen bonds with NNN. Such
residues are important for the permanency of the ligand in the binding pocket.
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Figure 2. Time series of RMSD values for 100 ns of MD simulations. (A) Complex CYP—nicotine, (B) complex CYP—NNN, and (C) complex

CYP—-NNK.

run the PCA.*’ 7' The porcupine plot of protein motion was
created using the Normal Mode Wizard (NMWiz)>>>*
implemented in Visual Molecular Dynamics v1.9.3 (VMD).>*
Each frame of the trajectory was first adjusted by RMS-fit to a
general mean structure to remove the global translational and
rotational motion. The eigenvalues and eigenvectors were then
obtained from the diagonalization of the covariance matrix of
the Ca atoms of the protein backbone. The amplitude of the
motion is represented by the eigenvalues and the direction
represented by the eigenvectors. The first major component
(PC1) obtained is the one that represents the eigenvector with
the greatest possible variation in the data set. The following
eigenvectors (PC2, PC3, PC4, .., PCn) represent a set of
variations perpendicular to the previous main component. The
movement of each main component was analyzed after
projection of the coordinate of the MD trajectory.

2.5. Free Energy Calculations. To estimate the binding
affinity (AGy;,q) we used the Molecular Mechanics/General-
ized Born Surface Area methods (MM-GBSA).>>™>” The
AGy,q was calculated according to the following equations:
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AGp,g = AGcomplex - AGreceptor - AG]jgand (1)
AGy,, = AH — TAS ~ AE, + AG,, — TAS  (2)
ABypy = AEema + AEge + AE 4y (3)
AGy,, = AGgp + AGyp (4)

The free energy of bonding (AGy;,q) is the summation of the
interaction energy of the gas phase between protein—ligand
(AEp), desolvation free energy (AG,,), and system entropy
(=TAS). AEyy, is the result of the sum of internal energy
(AEyemay sum of the energies of connection, angles, and
dihedral), electrostatic contributions (AE,,), and the van der
Waals term (AE qy). AGy,y, is the sum of the polar (AGgp)
and nonpolar (AGyp) contributions. AGg, was determined
from the solvent accessible surface area (SASA) estimated by
the linear combination of pairwise overlaps (LCPO) algorithm.

3. RESULTS
3.1. Binding Mode of the CYP2A13—NNN Complex. In
order to develop the docking methodology, we first attempted
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Figure 3. Structural configuration of MD simulations (yellow) superimposed on the averaged structure of the last 10 ns of simulation (varied
colors). The figures also exhibit key residues involved in the binding of nicotine, NNK, and NNN with cytochrome P450 2A13. These residues are
shown as sticks. (A) Complex CYP2A13—nicotine, (B) complex CYP2A13—NNK, and (C) complex CYP2A13—NNN.

to demonstrate that bound conformations could be reproduced
in silico. For this purpose, the nicotine from the PDB ID 4EJG
was redocked using the template docking feature implemented
in the Molegro Virtual Docker program. The fitness evaluation
of each redocked pose was evaluated by considering the RMSD
values and docking scores. The results of this simulation are
presented in the Supporting Information (Figure S2) and show
very small deviation from the reference crystal structure (0.51
A). Redocking experiments with known complexes with
inhibitors of similar conformational complexity are usually
done to evaluate the docking protocol, as suggested by Olson’s
group.”® This is to verify that the docking parameters specified
in the input file for the docking method are reasonable and
able to recover a known complex’s structure and interactions.
The favorable conformation for the interaction of NNN with
cytochrome P450 was chosen based on the results of the
Moldock score and experimental observations, which proved
that the compound undergoes metabolic activation after a-
hydroxylation of the 2’- and 5'-carbons.®” The MolDock score
obtained was —79.86 kcal/mol, because it was the most
favorable conformation for the interaction with the enzyme
active site. We also observed that hydrogen bonds (H-bonds)
were formed with Asn297 and Thr305 in this conformation,
which are very important interactions for maintaining a
favorable catalytic orientation. In this binding mode, the
pyrrolidine ring of NNN is oriented toward the O=Fe of
compound I, an essential orientation for the abstraction of the
hydrogen at the 5’-carbon, which is the initial step for the
dominant a-hydroxylation reaction in that molecule (Figure
1). Under these conditions, the molecule is in a favorable
orientation to undergo biotransformation by CYP2A13.
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3.2. Structural Analysis of the Complexes. In order to
better understand the interaction between nicotine, NNK, and
NNN with the cytochrome P450 2A13 binding pocket, we
structurally evaluated the complexes in two stages. In the first
stage, we justified the changes found in the RMSD charts, and
in the second stage, we evaluated the modifications in the
residues of the catalytic pocket cavity and its influences on the
binding mode of the molecules.

3.2.1. Analysis of RMSD Fluctuation Plots. The conforma-
tional stability of the enzyme and the ligands (nicotine, NNK,
and NNN) along with the molecular dynamics trajectories
were evaluated from the RMSD plots. The RMSD values of the
protein backbone were plotted using the Ca atoms, while the
RMSDs of the ligands were used to weigh the heavy atoms.
The time series of RMSD values are shown in Figure 2.

All complexes reached equilibrium at approximately 30 ns of
simulation (RMSD plot with a plateau), as observed from the
small deviations in the plot of the backbone and the ligands.

Nicotine underwent conformational changes at approx-
imately 20 ns, which led to a 0.75 A variation in its RMSD
value. This variation was observed due to a change in the
orientation of the methyl pyrrolidine ring of the compound.
The predominant binding state of the compound in the MD
simulations was slightly different from that observed in the
crystal structure. This change was induced by the presence of
the oxyferryl heme in the complex. However, nicotine
demonstrated conformational stability in its new conformation,
with no further alterations in its binding pose until the end of
MD simulations.

It is important to note that the crystal structure of the
CYP2A13 enzyme bound to nicotine and NNK® was solved
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Asn297

Asn297

Figure 4. Average of the structure in the final 10 ns of simulation where the catalytic conformation of each ligand is displayed. The yellow lines
demonstrate the distance between the O=Fe bond of compound I and the atoms undergoing hydroxylation. O=Fe abstracts the hydrogen from
the carbon in the initial step in the hydroxylation process. The hydrogen atoms have not been shown in the images, for simplicity. (A) Complex
CYP2A13—nicotine, (B) CYP2A13—NNK, and (C) CYP2A13—NNN.

with the heme in the binding pocket, while our MD
simulations were performed in the presence of compound I,
which is indispensable for the study of a-hydroxylation and the
impact of these interactions on the structural architecture of
cytochrome P450 2A13.

NNN underwent no large conformational variations as
observed in its RMSD plot, which shows only small deviations.
NNN retains the same binding mode to the docking structure,
as to its initial structure probably because the molecular
docking was carried out in the presence of compound I in the
active site. Thus, the molecule conforms to the binding site.
The same is not true for the CYP—nicotine complex, because
the crystal structure of the complex was solved with heme at
the site. Nicotine therefore underwent conformational change
throughout the simulation to comfortably position itself to the
binding site in the presence of compound I. NNN also
established a hydrogen bond with a mean distance of 3.3 A
with Thr30S. This interaction was essential in maintaining the
binding conformation observed throughout the MD period.

NNK experienced a variation of approximately 1.25 A in its
RMSD plot at around 3 ns. This was due to a change in the
nitrosamine moiety caused by steric hindrance from the O=
Fe bond of compound I. After this movement, the ligand
remained in equilibrium at the site, with no significant
conformational changes in its binding mode.

3.2.2. Conformational Changes in the Enzyme Active Site.
In order to evaluate the conformational changes in the active
site residues and in the ligands, we compared the structure
corresponding to the last 10 ns of the simulation with the
structure at the beginning of the simulations (crystal
structure). The last 10 ns of the simulation present an MD
trajectory with stable conformations. To obtain the average
structure of the final 10 ns of MD simulations, we used
CPPTRAJ. The representative structures were overlapped with
the initial structures using PyMOL 2.3% (Figure 3).

Nicotine was positioned closer to Asn297, with which it
forms a hydrogen bond, critical for its activity.”” The remaining
residues in the pocket underwent small conformational
modifications. Nicotine may undergo hydroxylation at various
sites of the methyl pyrrolidine ring. However, dominant
hydroxylation occurs at the 5'-carbon.®” The methylpyrrolidine
ring remained directed toward the O=Fe bond of compound
I, in an orientation favorable for hydroxylation. Cytochrome
P450 is also capable of oxidizing the methyl radical of the
pyrrolidine ring,*> which was also observed in the MD
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simulations, where the methyl radical was oriented toward
compound I (Figure 3A).

NNK was positioned into the binding site with the
surrounding residues adjusting to allow NNK to fit into the
binding site properly. The pyrimidine ring of NNK was now
more favorably oriented toward the Asn297 residue to
establish a hydrogen bond interaction. Residues Phe209,
Phe480, and Leu366 were repositioned from their initial
conformations to allow the nitrosamine portion of the
substrate to occupy a new space in the binding pocket. NNK
can undergo a-methyl hydroxylation and a-methylene
hydroxylation (1'-carbon).'* These atoms remained oriented
toward compound I along the MD trajectory, exhibiting a
catalytically favorable conformation (Figure 3B).

NNN underwent small conformational changes in its methyl
pyrrolidine moiety that remained oriented toward compound I,
and its pyridine ring underwent a small rotation, which allowed
it to form a hydrogen bond with Asn297. NNN can undergo
hydroxylation at the 2'- and 5’-carbon atoms to generate
reactive metabolites that are eventually converted to DNA
adducts, capable of inducing cancer in the respiratory tract.'’
In our results, we observed that the nitrosopyrrolidine group
remained in a favorable orientation to undergo hydroxylation
(Figure 3C).

Xu and co-workers'* reported that the Phe cluster (Phe107,
Phelll, and Phe209) constitutes a hydrophobic border for the
interaction of CYP2A13 with NNK. In our MD simulations,
we observed that these residues barring Phe209, also
participated in the interaction with NNN and nicotine. van
der Waals interactions occurred primarily with the side chain
of the phenylalanine residues. Xu and co-workers'* also
calculated the free energy decomposition and showed that the
following residues are important for the interaction of
CYP2A13 with NNK: Phel07, Phelll, Alall7, Phells,
Phe209, Asn297, and Leu370. These residues were also found
to interact with nicotine and NNN, leading to the conclusion
that these amino acids are important for the complex
formation between CYP2A13 and its ligands.

3.3. Interaction within Residue Asn297 and the
Catalytic Conformation. We investigated the hydrogen
bonds (H-bonds) established between Asn297 and the
substrates to verify their influence on the orientation of these
molecules, in promoting a favorable catalytic conformation.
Thus, we evaluated the bond length between the HD22 atom
of Asn297 and the nitrogen of the pyridine ring of the ligands.
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The schematic representation of the H-bonds formed, along
with the mean distances between the hydroxyl-bearing carbons
and O=Fe, are shown in Figure 4. Table 1 shows the mean
distances and the lifetime of the H-bonds.

Table 1. Hydrogen Bonds Determined in the CYP2A13—
Ligand Complex

average distance occupancy

acceptor hydrogen donor” (A) (%)*

nicotine@N1  Asn297@ND2- 3.10 91.26
HD22

NNK@N14  Asn297@ND2- 3.11 85.81
HD22

NNN@N21  Asn297@ND2- 3.12 84.25
HD22

“The hydrogen bonds were determined according to the condition of
donor—acceptor atom distances being <3.5 A and acceptor—donor
hydrogen donor angle being >120°. “Occupancy is defined as the
percentage of time that the hydrogen bond was formed during the
100 ns simulation time.

Schlicht and co-workers®® reported that the N297A
mutation impairs NNK and NNN metabolism, as this
mutation causes the loss of an essential H-bond, which
facilitates engagement of the target with the ligands in the
active site. In order to evaluate the molecular impact of this
mutation, the authors performed docking using CYP2A13
N297A in the presence of the heme group and not compound
I, which participates in the a-hydroxylation reaction of these
substrates. However, in our previous analyses, it was clear that
compound I influenced the binding mode of the substrates, so
it was more appropriate to analyze the H-bond in the presence
of compound I at the binding site, as we have done. In
addition, our H-bond analyses were performed on 100 ns MD
trajectories, which allowed larger conformational samplings not
possible in molecular docking analyses.

H-bonds formed between nicotine, NNK, and NNN had a
time of approximately 91, 85, and 84 ns. The longest lasting H-
bond was therefore recorded for nicotine. This demonstrates
the great importance of this interaction in orienting this
molecule in a favorable conformation for metabolic activation.
Thus, the loss of this H-bond, caused by mutations at N297,
may decrease nicotine metabolism as well as that of NNK and
NNN, which are structurally similar to nicotine.

The results also showed the importance of the H-bond in
the formation between Asn297 and the compounds NNK and
NNN, demonstrating that this interaction in the complexes is
significantly established.

3.4. Collective Motions Obtained by PCA. We used
PCA to identify motion differences of CYP2A13. The
projections of the conformational behaviors during the MD
simulations, along the direction of the eigenvectors 1 and 2,
can be observed in Figure S.

The plots of eigenvectors 1 and 2 represent the essential
movements of the protein that have been assembled into
different conformational subgroups and are color coded along
the MD trajectory.

Graphs A, B, and C show that there is a distinct separation
between the dominant motions of the protein, but in chart C a
greater similarity between the conformational subgroups
assumed by the enzyme is observed.

The PC1 vs PC2 plot for all three complexes showed that
the enzyme was able to explore different conformations when
interacting with nicotine, NNK, and NNN. Thus, it is evident
that CYP2A13 presents different conformational mechanisms
along the trajectories to perform the a-hydroxylation of these
substrates.

It is important to cite the difference between the
conformations assumed by cytochrome P450, when interacting
with nicotine, NNN, and structurally similar molecules, which
have the same binding site and occupy a similar volume. When
interacting with nicotine, the conformational subgroups of the
enzyme are more diverse, whereas the conformations assumed
by cytochrome when interacting with NNN are more similar to
each other. This implies that the structural clusters of the
protein are grouped within a common conformational
subspace. This demonstrates that CYP2A13 exhibits great
structural plasticity when interacting with substrates that are
structurally similar.

3.5. Dominant Motions of the FG and BC Loops. In the
CYP450 complex, the active site is buried in the enzyme, so
that the substrate, products, gaseous molecules, and water can
access the site, to form channels. The products are led out of
the enzyme after the reaction, through different routes. The
movements of the FG and BC loops are related to the
formation of channels 2a, 2ac, 2¢, and 2e, as per the
nomenclature used by Cojocaru and co-workers.”> Thus, we
investigated the dynamics of the FG and BC loops to evaluate
their influence on the channels formed within the enzyme.

Projection on eigenvector 2 (41.80%)
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Figure S. Projection of the first and second major components along the MD simulation trajectories for the complexes established by CYP2A13

with (A) nicotine, (B) NNK, and (C) NNN.
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Figure 6. Representation of the dominant motions of the FG and BC loops obtained from PC1 and PC2 for the complexes established with (A)

nicotine, (B) NNK, and (C) NNN.

To qualitatively represent and analyze the differences in the
dominant motions in the FG and BC loops, we generated
porcupine plots for the first and second eigenvectors of the
MD trajectories (Figure 6).

The backbones have different directions and lengths, which
indicate the tendency and amplitude of the movements. The
analysis of PC1 and PC2 of nicotine shows that the FG and BC
loop have synchronous opening and closing movements in
similar proportions, since the lengths of the backbone observed
in these projections are equivalent. Such coordinated move-
ment may influence the opening and closing of the channels 2a
and 2ac, which are situated at the top of the protein structure.

In the complex established with NNK, the FG and BC loops
in PC1 showed almost no movement. In PC2, the FG loop
presented a slight tendency of movement toward the binding
site. The small amplitudes of movements in this system may be
related to the greater number of residues with which the NKK
is able to interact, thus restricting the possibility of greater
movement of this loop. The low dynamics of movements in
these loops suggest that the formation of the canals does not
involve major conformational changes.*®

The BC loop in the CYP—NNN system presented a great
change of movement in relation to the other complexes,
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because in PC1 this loop demonstrated a strangulation
movement with the backbone pointing to its own interior.
This bottleneck points to the closure of output tunnel 2e.
However, in PC2 the loop has acquired a range of motions for
opening the connection cavity.

The greater amplitudes of movements of the FG and BC
loops were observed in cytochrome P450 interacting with
nicotine and NNN. Smaller amplitudes were observed in the
NNK complex, so we can infer that the substrates of larger size
and volume occupying the binding pocket are able to decrease
the range of motion of the FG and BC loops.

3.6. Binding Free Energy and Its Components. The
MM-GBSA approach was used to calculate the free energy
binding of the three complexes. Considering that sufficiently
large MD simulations generate many conformational config-
urations,”® we selected the interval of the MD trajectory with
stable conformations of the enzyme structure (regions of the
RMSD plot with a plateau) to perform the binding free energy
calculations. For these calculations, 500 frames of the last 5 ns
of MD simulation were selected. The values obtained are
shown in Figure 7.

According to our results, the interaction of nicotine, NNK,
and NNN compounds with CYP2A13 is favorable with AGy; 4
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being —34.06 kcal/mol, —30.16 kcal/mol, and —31.88 kcal/
mol, respectively.

Together, the contributions of van der Waals interactions
(AE,qw), electrostatic energy (AE,.), and nonpolar solvation
energy (AGyp) were favorable for the formation of the binding
complex. From these values, van der Waals interactions appear
to be mainly responsible for the formation of the CYP—
nicotine, CYP—NNK, and CYP—NNN complexes, with the
respective values being —29.58 kcal/mol, —34.86 kcal/mol,
and —31.51 kcal/mol. Nonpolar contributions (AGyp),
calculated from the solvent accessible surface area (SASA),
were also favorable for the formation of the complexes,
although their contribution was minimal.

As expected, our results are in accordance with experimental
evidence that shows the Phe cluster (Phel07, Phelll, and
Phe209) creating hydrophobic interactions with NNK.'' The
contribution of AE,, for NNK is about —35 kcal/mol,
followed by NNN (—32 kcal/mol) and nicotine (—30 kcal/
mol). In our MD simulations, we observed important
interactions of CYP2A13 with NNK, NNN, and nicotine,
particularly, by the residues Phe107, Phelll, Alal17, Phells,
Phe209, Asn297, and Leu370. Binding energy analysis (Figure
7) shows that the effect of polar solvation is less destabilizing
in nicotine binding than those observed in NNN and NNK.
This observation may contribute to the design of attractive
ligands with the potential of CYP2A13 binding. Furthermore,
we evaluated the influence of CYP2A13 on the electrostatic
potential surfaces of the inhibitors along the simulation and
determined the molecular electrostatic potential (MEP)
surfaces of the ligands (Figure S3). The MEP surfaces were
obtained from the M06-2X/6-31G (d,p) level using single-
point structures obtained from the MD simulations. These
surfaces correspond to an isodensity value of 0.002 au. The
most nucleophilic regions (negative electrostatic potential) are
shown in red, whereas the most electrophilic regions (positive
electrostatic potential) are shown in blue. Our results show
that the electrostatic charges on nicotine may be responsible
for the polar solvation energy and provide important
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contributions to the design of attractive ligands with the
potential of CYP2A13 binding.

B CONCLUSIONS

The presence of compound I in the CYP2A13 binding site
promoted changes in the binding mode of nicotine and NNK,
compared to X-ray crystal structures. The crystal structures
were solved in the presence of the heme group in the active
site. However, the heme needed to be replaced by compound
I, which hydroxylates the substrates, to investigate the
conformational mechanism of the enzyme. The conformational
changes were observed in the nicotine methyl pyrrolidine and
the N’-methyl nitrosamine group of NNK. Significant
conformational modifications were not visualized in the
CYP2A13—NNN system because this molecule was docked
in the binding pocket of the enzyme in the presence of
compound I. The H-bond established between nicotine and
Asn297 was essential to keeping the molecule oriented in the
direction of compound I, which promotes hydroxylation at 5'-
and 2'-carbons. This H-bond was formed during 91 ns of a
total of 100 ns MD simulation. The PC1 vs PC2 plot revealed
that cytochrome P450 interacting with nicotine, NNK, and
NNN, for activation, exhibits different conformational states
during the MD trajectories. When interacting with nicotine
and NNK, the protein assumed more diverse conformations,
whereas the conformations assumed by the NNN-bound
receptor were less varied. In general, the mode of movement of
the FG and BC loops was different for the three complexes.
Our analyses provide relevant information for understanding
the binding mode of nicotine with the cytochrome P450 2A13
isoform, the former being a highly addictive and damaging
drug. We are also able to understand with more clarity, the
interaction of the pro-carcinogenic agents NNK and NNN
with the active cytochrome site.
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