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ABSTRACT

Introduction: Bile pigments; bilirubin and biliverdin neutralize free radicals to restore oxidative balance in
the body. The 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is naturally occurred procarcinogens
in tobacco products. Metabolism of NNK mediated by cytochrome P450 CYP2A6 and CYP2A13 enzymes
produces free radicals that contribute to the development of lung cancer. Previous studies postulated the
potential of bile pigments to inhibit NNK metabolism mediated by CYP2A6. However, such studies have
not yet being reported for CYP2A13. Therefore, the objective of this study is to demonstrate the interaction
of bile pigments with amino acids in the active and predicted allosteric sites of CYP2A13. Methods: The
bile pigments and NNK were computationally docked to the active and allosteric sites of the CYP2A13
enzyme using the molecular docking software AutoDock. Next, post-docking analysis was performed by
PyMOL to visualize the binding interactions between ligands and the amino acid residues of CYP2AT3.
DoGSiteScorer was used to predict the CYP2A13 allosteric sites. Results: The binding energies of bilirubin
and biliverdin to the active site of CYP2A13 enzyme is higher (-4.46 and -5.30 kcal/mol respectively)
compared to NNK (-7.16 kcal/mol). Bile pigments did not interact with important amino acid N297 of
CYP2A13 active site, but the potential for bile pigments to bind to CYP2A13 enzyme’s allosteric sites was
suggested by the lower binding energies of bilirubin and biliverdin to allosteric sites, which ranged between
-4.20 and -5.30 kcal/mol. Conclusion: The finding provide insight into the interaction of bile pigments
with CYP2A13 and instigate further research to investigate the potential role of bile pigments in inhibiting
the NNK- metabolism mediated by CYP2A13.
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Apparently, NNK is a procarcinogen, which require
metabolic activation by cytochrome P450 enzymes.
Such activation is responsible for the formation
of free radicals derived from NNK that induce DNA
damage and affect DNA repair (4). A study showed
both cytochrome P450; CYP2A6 and CYP2A13
metabolize NNK, but CYP2A13 play a more important

INTRODUCTION

Cigarette smoke generates environmental hazard and
health problems for smokers and passive smokers
owing to its complex chemical composition (1).
The carcinogenic effect of several tobacco-specific
nitrosamines (TSNA) from tobacco products and
smoke including the 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) has been recognized,
and studies showed the involvement of nitrosamines
signalling with metabolic reprogramming that plays
role in cancer initiation (2). Thus, monitoring NNK
level in the body has been carried out to evaluate
the exposure to this harmful chemical over time (3).

role than CYP2A6 in metabolic activation of NNK
(5). Thus, it is likely that high exposure to NNK
from smoking or environmental tobacco exposure
increase CYP2A13 activity in the body which in
turn increase the production of NNK-derived free
radicals.

Endogenous antioxidants neutralize free radicals
in the body to restore the oxidative balance. Bile
pigments: bilirubin and biliverdin are endogenous
antioxidant (6). A mildly elevated bilirubin levels was
protective against diseases associated with increased

Mal ) Med Health Sci 19(SUPP11): 17-25, Oct 2023 17



Malaysian Journal of Medicine and Health Sciences (eISSN 2636-9346)

oxidative stress (7), indeed bilirubin level has been
associated with risk of cancer development and
death (8). As an endogenous antioxidant, bilirubin
could directly scavenge free radicals or disrupting the
activity that mediate the production of free radical.
The latter is supported by a study where bilirubin
induced mouse hepatic CYP2A5 expression at the
mRNA and protein levels by increasing CYP2A5
transcription, via a mechanism involving Nrf2
activation to regulate the expression of cytoprotective
genes in response to oxidative stress and xenobiotic
challenges (9).

Bilirubin also interacts with CYP2A6 which is the
human orthologue of CYP2A5 as a substrate and
being oxidized efficiently by CYP2A6 to a lesser
toxic product; biliverdin and dipyrroles (10). Based
on identical deduced amino acid sequence between
CYP2A6 and 2A13 and the role of both enzymes in
NNK metabolism (11), it can be postulated that
bile pigment may interact with CYP2A13. If this is
possible, it may disrupt the interaction of CYP2A13
with  NNK, therefore potentially limiting the
production of NNK-derived free radicals.

To date, there are many free docking software that
allow in silico screening. This is beneficial to explore
whether bile pigments able to interact with amino
acids not only in the active but also in the predicted
allosteric sites of CYP2A13. Molecular docking is the
computer simulation that provides binding affinity
of ligands with receptor of interest (12). The software
offers illustration on the hydrogen bond or pi-pi bond
between the amino acids and ligands, so essentially
the molecular docking approach has been important
to model the interaction between a ligand and a protein
(13). Therefore, the aim of this study is to illustrate
the interaction of bile pigments and NNK with amino
acid residue in CYP2A13 active sites. In addition to
the active site binding, the binding of bile pigments to
other potential binding pockets on the structure of
CYP2A13 enzyme was also explored.

MATERIALS AND METHODS

Retrieval of Structure of Ligands

Canonical SMILES codes for bilirubin, biliverdin,
NNK and pilocarpine were retrieved from the Protein
Data Bank (PDB) website (14). The codes were
converted to 3D structures in pdb format using the
online simplified molecular input line entry system
(SMILES) translator and structure file generator in
https://cactus.nci.nih.gov/translate/.

Molecular Docking for Active Site and Allosteric site
of CYP2A13

AutoDock Tools (ADT) version 1.5.6 was used to
prepare all the ligands; bilirubin,biliverdin, NNK
and pilocarpine. The waters were removed, polar

hydrogen atoms were added (14). Non-polar hydrogens
were combined, gasteiger charges were added, and
rotatable bonds were defined using ADT. The protein
crystal structure of CYP2A13 (PDB ID: 4EJl) was
chosen for docking study. 4EJI has a good resolution
of 2.1 A and was co-crystallized with two molecules
of NNK (15). The grid box sizes of 183 A were
generated by AutoGrid and assigned at the center of
the active site of receptor binding site for CYP2A13

crystal structure using x:56.889, y:-27.778 and
7:22.806 coordinates.
The allosteric sites of CYP2A13 (PBD ID; 4EJI)

was predicted using DoGSiteScorer. Based on the
coordinates of x, y, and z, the grid box of size 18 cube
was generated and assigned to the center of the
predicted allosteric sites of the receptor. Several
binding pockets were predicted by the DoGSiteScorer
web server using a Difference of Gaussian filter. The
possible binding pockets were selected based on
the druggability scores and the residues that do not
overlap with the residues at the active site of
the CYP2A13 enzyme. DoGSiteScorer analyses the
geometric and physico-chemical characteristics of
these pockets by utilizing a support vector machine
(SVM) to determine druggability. Each (sub) pocket
receives a simple druggability score (0-1); the higher
the number, the more druggable the pocket is (16).
The exhaustiveness for active and allosteric sites
of CYP2A13 was set to 8, and the simulations of
molecular docking were carried out using Autodock
Vina (ADV) (17). The co-crystallized ligand was
redocked to the receptor to validate the docking
process. The NNK was redocked to 4EJl and the
RMSD was 1.893 A. Calculations were made to
determine the average binding energies (3 replicates)
and associated standard deviation for this receptor.
The best receptor-ligand interaction is those with
the lowest binding affinity (kcal/mol) (17).

Visualization of interaction

Post-docking analysis was performed by PyMOL.
to visualize the best docking poses for the ligands,
where the polar contacts between the ligands and
the residues of the active site of 4EJI were determined
and analyzed. Additionally, the two-dimensional
schematic representation of protein-ligand interactions
was generated using PoseView which is one of
the online tools served freely by ProteinPlus web
service (18).

RESULTS

Binding Energy of the Ligands to the CYP2A13 Active
Site

Binding energy has been one of primary parameters
that indicates the strength and affinity between protein
and ligand, the negative free energy binding value
implies an energetically advantageous connection
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between substrates and active sites of enzymes, and
this is helpful in suggesting the favourable
confirmation for substrate binding (19).

According to Table I, NNK showed the lowest binding
energy to CYP2A13 active site. Pilocarpine is an
inhibitor for CYP2A13, the differences of binding
energy between NNK and pilocarpine is 3.6 %.
Frequently, the molecular weight of ligand has
significant effect to the binding energy. NNK and
pilocarpine have almost similar molecular weights of
207.23 Da, and 208.26 Da, respectively compared
to bile pigments.

Bilirubin with 582.65 Da molecular weight exhibited
37% differences of binding energy with NNK,
whereas there is 25% difference of binding energy
between biliverdin (molecular weight: 584.66 Da)
and NNK. Regardless, the potential of bilirubin and
biliverdin to inhibit NNK binding to CYP2A13 can’t
be neglected. Thus, visualization of the binding
interactions between these ligands and the amino
acid residues of 4EJ| active sites was carried out.

Visualization of the Ligand interaction with Active
Site of CYP2A13

The interactions between the top docked poses of
ligands produced by ADV was visualized by PyMOL
and PoseView software (Figure 1). Each software
shows polar contacts and hydrogen bonding between
ligands and protein structures. CYP2A13 active site is
tightly packed and highly hydrophobic, with a cluster
of phenylalanine residues composing the active site
roof. This active site roof consists of phenylalanine
residues: F107, F111, F118, F209, F300, and F480.
PyMOL illustrated the interaction of NNK with T305
and A301 in CYP2A13 active site (Figure 1(C1)).
NNK forms hydrogen bond with T305, where T305
becomes a hydrogen bond donor (HBD) by donating
hydrogen to the oxygen atom of the nitroso group
of NNK. The oxygen atom of the nitroso group of
NNK forms a covalent bond with oxygen atom of
A301 (Figure 1(C1)). PoseView showed hydrophobic
contacts of NNK with F300 and L366 (Figure. 1(C2)).
As mentioned previously, the roof of the active site
area for CYP2A13 is composed of a phenylalanine
cluster. Additionally, NNK forms pi-pi interaction with
F300 (Figure 1(C2)).

NNK forms a hydrogen bond with the heme iron
of the active site of 4EJI. This interaction was captured
in the PoseView. (Figure 1(C2)). Interestingly, the
binding of pilocarpine in the active site of 4E|l
appeared to be driven primarily by hydrogen bonding
with one of the key residues of CYP2A enzymes,
which is N297. In this interaction, an oxygen atom
of N297 formed a covalent bond with the oxygen atom
of the furan ring of pilocarpine (Figure 1(D1)).
However, no interaction was able to be generated

between pilocarpine and residues of 4EJl in PoseView.
Like NNK, bile pigments also form hydrogen bond
with T305, whereas biliverdin interact with A301 and
F300. Additionally, bilirubin form hydrogen bond
with heme of CYP2A13. Bile pigments also form
in the active site

bonds with other amino acids
(Table I, Figure 1).
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Figure 1 : The docked poses of the ligands with
CYP2A13 active site.

Determination of Allosteric Sites of CYP2A13

In addition to the observation in the active sites,
the study was extended to analyse the binding of
ligands to the predicted allosteric pockets of CYP2A13
using DoGSiteScorer. There are 18 predicted allosteric
binding pockets in the CYP2A13 crystal structure (4E)I)
generated by DoGSiteScorer. However, only three
pockets were selected for further investigation based
on their druggability scores of 0.58, 0.56, and 0.50,
respectively (Table Il). The positions of the active
site and three predicted allosteric pockets of 4EJl is
illustrated in Figure 2. Pockets 1 and 2 are located near
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Table I : Average Binding Energies and Interactions of the Ligands to Active Site of 4EJI

Ligand Average binding energies (kcal/mol) + Interaction and Residues Distance (A)
Standard deviation

Hydrogen Bond
E221 3.0
T212 2.7
T305 3.2

Bilirubin -4.46 = 0.05 G369 2.7
Heme 2.5
Hydrophobic Interaction

L366
L370

Hydrogen Bond
A371 3.3
G369 3.0,2.6

Biliverdin -5.30 £ 0.51 A1 2

T305 2.7

Pi-pi interaction
F300
F107

Hydrogen Bond
T305 2.9
N297 3.3
Heme 3.3

NNK -7.16 £ 0.05 Hydrophobic Interaction

F300
L366

Pi-pi interaction
F300

Hydrogen Bond 3.4

Pilocarpine -6.90 + 0.00

N297

the left and right sides of 4EJI active site, respectively
(Figure 2). Meanwhile, Pocket 3 is situated away
from the active site area (Figure 2). The volume size
of 4EJI’'s Pockets 1, 2, and 3 is 307.9, 237.31, and
189.95, respectively. Additionally, Pockets 1 and 3 have
depths of 13.37 A and 13.39 A, respectively.

Binding Energy of Ligands with the Predicted Allosteric
Pockets of CYP2A13

Binding energy of ligands with the predicted allosteric
pockets of CYP2A13 is presented in Table Il. Among
all the ligands tested, bilirubin showed higher binding
affinity to Pocket 1, as it used less energy to occupy

and interact with the residues in this pocket. The
average binding energies of bilirubin and biliverdin
in Pocket 2 implied that bilirubin and biliverdin are
more competent and ideal to bind to this pocket. Like
in Pocket 1 and Pocket 2, bilirubin also showed a
good binding affinity for Pocket 3 compared to NNK
and pilocarpine.

The positions of the predicted allosteric sites, which
are located slightly farther and closer to the surface
of the CYP2A13 enzyme compared to the active site,
which is located in the middle and deeper (Figure 2).
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Figure 2 : CYP2A13 predicted allosteric sites.

Visualization of Binding Interactions of the Ligands in
the Predicted Allosteric Sites of CYP2A13

All these predicted pockets could be targeted by all
the ligands as they showed interactions with the
residues in all pockets (Figure 3). Compared to the
active site, bilirubin formed fewer interactions with the
number of residues in Pocket 1, Pocket 2 and Pocket 3.
Meanwhile, biliverdin interacted with the same
number of residues in the active site and Pocket 2,
but fewer in Pockets 1 and 3. Besides, NNK formed
interactions with a greater number of residues in the
active site than all three predicted pockets. As for
pilocarpine, this ligand formed an interaction with
the same number of residues at the active site and
Pocket 2. However, it is less than Pocket 1 and Pocket 3.
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DISCUSSION

Interaction of TSNA with CYP2A13 has been of interest
as part of understanding the mechanism that resulted
in formation of TSNA-derived free radicals. For instance,
N’-Nitrosoanabasine (NAB) and N’-Nitrosoanatabine
(NAT) are TSNA present in tobacco smoke. Molecular
docking results demonstrated the major interactions
that occurred between NAB and NAT molecules
with the enzyme and the heme group of CYP2A13
were hydrophobic in nature (20),whereas our study
illustrated the hydrogen bonds and hydrophobic
contacts between the NNK-CYP2A13  docked
complexes.

The CYP2A13 active site cavity is small and highly
hydrophobic with a cluster of Phe residues composing
the active site roof, six of the amino acids lining the
active site are phenylalanine residues: F107, F111,
F118, F209, F300 and F480 (21). Previous studies
highlighted Asn297 as an important residue in the
binding of NNK to CYP2A13. N297 in the CYP2A13
enzyme’s active site, is a single polar residue that
influences  substrate  binding, orientation, and
metabolism by guiding the orientation of NNK in
the active sites, while the hydrophobic interactions
stabilize the substrate binding in CYP2A13 (11).
A hydrogen bond between NNK and N297 affect
substrate  orientation, furthermore N297 is so
important  for NNK metabolism where N297A
mutation effects (N297 with A297 site-mutation)

(D1)

Pilocarpine /¥

R311

(D2)

Figure 3 : Docked poses of ligands with predicted allosteric sites of
CYP2A13. Row 1 = Pocket 1, Row 2 = Pocket 2, Row 3 = Pocket 3.
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Table 11 : Average Binding Energies and Interactions of the Ligands to Predicted Allosteric Pockets of 4E]l

Allosteric Predicted Ligand Average binding energies Interaction and Distance (A)
Pockets (kcal/mol) + Standard Residues
deviation
Hydrogen Bond
S R203 3.6,3.4,3.0
Bilirubin -5.20 £ 0.05
K476 3.2
Q210 3.0,3.3,2.2
Hydrogen Bond
D169 3.0
o T171 3.3
Biliverdin -4.90 + 0.00
R203 3.0,3.0
Covalent Bond
Pocket 1 E240 3.2
Hydrogen Bond
T171 2.8,3.0
NNK -4.80 = 0.05 K476 3.1
R311 3.1
N486 3.6
Hydrogen Bond
. . T171 3.1
Pilocarpine -4.40 +0.05
R311 2.8,3.4
N486 2.8
Hydrogen Bond
P321 1.9
e K463 3.2
Bilirubin -5.30 £ 0.05
S464 2.4,3.0
Covalent Bond
E322 3.3
Hydrogen Bond
K463 3.3
S464 3.0
466 2.2
Biliverdin -5.30 £ 0.05 Q
M318 3.0
Pocket 2
Covalent Bond
S464 3.4
R461 29
Hydrogen Bond
S464 3.1
R461 3.2
NNK -3.80 = 0.05
F462 3.4
Covalent Bond
F462 3.3
. . Covalent Bond
Pilocarpine -3.90 + 0.05
E89 3.4

22
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Hydrogen Bond

Q340 2.5,2.6,3.0,3.2
e R161 2.9, 3.0
Bilirubin -5.30 £ 0.00
Covalent Bond
N338 3.3
Q458 3.4
Hydrogen Bond
Q340 2.9
Biliverdin -4.20 = 0.07 Covalent Bond
Pocket 3
Q340 3.1
E151 3.4
Hydrogen Bond
NNK -4.30 = 0.00
R161 3.3
Hydrogen Bond
D158 3.4
Pilocarpine -4.80 = 0.05 N459 3.0
Covalent Bond
Q458 3.2

decrease NNK metabolism (22). This is in line with a
study on lung cancer risk factors in non-smoking
women in North Sumatera, Indonesia, which found a
strong association between CYP213 polymorphism
and lung cancer incidence (23).

NNK and pilocarpine are substrates and inhibitor of
CYP2A13 (24), respectively. From the results, both
structures form hydrogen bond with A297. In this
study, bilirubin and biliverdin showed high binding
energy to CYP2A13 active site, which may not
support the possibility of bile pigments as CYP2A13
inhibitor. However further illustration by PyMOL
and PoseView showed bile pigments interact with
amino acids of active site but not with A117, S208,
H372, and Pro465 that are important amino acid
residues for the high activity of CYP2A13 in NNK
a-hydroxylation (25). Although bile pigments are
not found interacting with A297, bilirubin form
hydrophobic interaction with L366, which previous
docking study reported residues L366 contributed
to NNK metabolism (21).

Depending on the mode of interaction between CYP
enzymes and inhibitors, reversible CYP inhibition may
be further described as competitive, non- competitive,
uncompetitive, and mixed. The inhibitor constant
Ki is an indication of how potent an inhibitor is in
the evaluation of reversible and irreversible CYP
inhibition. This study also explores the interaction
of bile pigments with predicted allosteric pockets
because allosteric activation has been suggesting
affecting the determination of Ki experiments (25).
From the results, it is worthwhile to further investigate
the binding to allosteric pocket as possible mechanism

of bilirubin affecting the NNK-metabolism mediated
by CYP2A13.

The nitrosamines derived from tobacco smoke has
been identified as the likely cause of lung cancer (26).
Exposure to environmental tobacco smoke in children
appeared to lead to an increase in levels of oxidative
stress and three times lower ability to detoxify NNK
than adults (27). This could be due to efficient
endogenous antioxidant defence system in adults
including bilirubin that able to restore oxidative
balance. Our findings indicate the potential of
endogenous antioxidants; bilirubin and biliverdin as
to interact with CYP2A13. CYP2A13 is an enzyme
responsible for metabolizing various toxic compounds
present in tobacco smoke, generating reactive oxygen
species (ROS) as by-products. By inhibiting CYP2A13
activity, bilirubin reduces the production of ROS,
thereby alleviating oxidative stress. This mechanism
helps protect cells and tissues from the damaging
effects of elevated oxidative stress associated with
tobacco smoke exposure.

The limitation of this study is AutoDock employs a
scoring function based on force fields to estimate
ligand-protein binding energies, although AutoDock
can provide valuable insights into ligand binding, the
full flexibility and conformational changes that occur
in the actual biological system are not available. The
finding of this study instigates future research such as
binding affinity measurements, and biological assays
to elucidate the CYP2A13 interaction with bilirubin
in combatting the elevated oxidative stress due to
tobacco smoke.
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CONCLUSION
The illustrated intermolecular interaction and the
interaction energy between protein and ligand

indicate binding affinities. Bilirubin form hydrophobic
interaction with important amino acid residue such
as L366, but not prominent residue for NNK
metabolism such as N297. Interaction with allosteric
pockets could be a possible mechanism of bile
pigments affecting the NNK-metabolism mediated by
CYP2A13.
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