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Abstract

Background Cytochrome P450 4F2 (CYP4F2) enzyme is a member of the CYP4 family responsible for the metabolism
of fatty acids, therapeutic drugs, and signaling molecules such as arachidonic acid, tocopherols, and vitamin K.

Several reports have demonstrated that the missense variant CYP4F2*3 (V433M) causes decreased activity of CYP4F2
and inter-individual variations in warfarin dose in different ethnic groups. However, the molecular pathogenicity
mechanism of missense V433M in CYP4F2 at the atomic level has not yet been completely elucidated.

Methods and results In the current study, we evaluated the effect of the V433M substitution on CYP4F2 using 14
different bioinformatics tools. Further molecular dynamics (MD) simulations were performed to assess the impact

of the V433M mutation on the CYP4F2 protein structure, stability, and dynamics. In addition, molecular docking was
used to illustrate the effect of V433M on its interaction with vitamin K1. Based on our results, the CYP4F2*3 variant was
a damaging amino acid substitution with a destabilizing nature. The simulation results showed that missense V433M
affects the dynamics and stability of CYP4F2 by reducing its compactness and stability, which means that it tends to
change the overall structural conformation and flexibility of CYP4F2. The docking results showed that the CYP4F2*3
variant decreased the binding affinity between vitamin K1 and CYP4F2, which reduced the activity of CYP4F2*3
compared to native CYP4F2.

Conclusions This study determined the molecular pathogenicity mechanism of the CYP4F2*3 variant on the human
CYP4F2 protein and provided new information for understanding the structure-function relationship of CYP4F2 and
other CYP4 enzymes. These findings will aid in the development of effective drugs and treatment options.

Keywords Damaging variant, CYP4F2*3,V433M variation, Warfarin, Vitamin K1, In silico, Molecular modeling,
Molecular dynamics simulations
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Introduction

Since its clinical approval, warfarin remains the main-
stay of an oral vitamin K antagonist agent with verified
efficacy for preventing and treating patients with throm-
boembolic diseases [1]. The clinical utility of warfarin is
growing worldwide because of the increased frequency
of cardiovascular disorders and the accelerated aging of
the population. However, the considerable interindivid-
ual variation and narrow therapeutic index of warfarin
dosing make warfarin treatment more difficult [2]. The
variability in response to warfarin dose is associated with
environmental, demographic, clinical, and mainly genetic
factors [3, 4].

Currently, genetic factors, especially single nucleo-
tide polymorphisms (SNPs) in cytochrome P450 2C9
(CYP2(C9) and vitamin K epoxide reductase complex 1
(VKORC1) genes are related to the both pharmacoki-
netics and pharmacodynamics of warfarin which could
account for 15% and 25% of warfarin dose variation,
respectively [5-7]. Furthermore, the cytochrome P450
4F2 (CYP4F2) functional missense variant, CYP4F2*3
(c.1297G>A, p. V433M, rs2108622) was found to mod-
erately contribute to the variability in warfarin doses in
various ethnic groups [8]. Individuals carrying the homo-
zygote (TT) and heterozygote (CT) forms of CYP4F2*3
alleles require a higher dose of warfarin to get the same
targeted anticoagulant effect as individuals with the wild-
type genotype (CC) [9, 10].

The gene of CYP4F2 located on chromosome 19 p13.12
encodes the CYP4F2 enzyme. This enzyme is expressed
in the kidneys, liver, and human enteric microsomes [11,
12] and is involved in - hydroxylation of long-chain fatty
acids, leukotriene-B4, arachidonic acid, tocopherols, and
vitamin K [13-16]. In addition, CYP4F2 metabolizes the
ester prodrug gemcitabine and the antiparasitic pafu-
ramidine [17, 18]. Moreover, CYP4F2 has an essential
biological function in activating signaling compounds
and regulating inflammation. In addition, the increased
levels of CYP4F2 protein are associated with differ-
ent types of carcinomas [19]. This enzyme catalyzes the
hydroxylation of vitamin K1 (VK1) to its hydroxylated
form via vitamin K oxidase activity. This process, charac-
terized as the “siphoning” pathway, occurs when vitamin
K1 is in excess [14]. The amount of active VK1 is essen-
tial not only for the stimulation of clotting factors and
maintenance of warfarin dosing but also for many physi-
ological processes affected by the CYP4F2 genotype [20].
Several experimental studies have attempted to predict
the molecular mechanism of the CYP4F2*3 variant that
influence the metabolic activity of the CYP4F2 enzyme
[14, 15, 21, 22]. McDonald et al.(2009) reported that the
CYP4F2*3 variant induces a reduction in enzyme activ-
ity by affecting either an increased rate of protein deg-
radation or a decreased rate of CYP4F2 translation [14].
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Zhang et al.(2017) discovered a significant relationship
between the CYP4F2*3 variant and an increase in mRNA
expression of CYP4F2, describing more than 12% of the
variance in CYP4F2 mRNA expression [22]. However, the
details of molecular mechanisms of the CYP4F2*3 vari-
ant that may affect protein structure and function are still
unknown.

Compared with laboratory-based experiments for
evaluating the effects of SNPs, computational approaches
provide an appropriate platform for assessing genetic
mutations for their pathogenic effects and determin-
ing their underlying molecular mechanisms [23-25]. In
addition, understanding the three-dimensional structure
of a protein is important to understand the mechanism
by which a protein performs its function. Over the past
few years, the molecular dynamics (MD) simulations
method has become a valuable tool for comprehending
the impact of mutations on the operation and conforma-
tion of various proteins at an atomistic level [26, 27].

Therefore, in the current study, we aimed to identify the
effect of the CYP4F2*3 variant on the function, stability,
and structure of CYP4F2 at the atomic level using bioin-
formatics prediction tools, MD simulations, and molecu-
lar docking calculations. Overall, the current research
provides crucial information on atomic-level alterations,
which are otherwise difficult to evaluate using experi-
mental approaches, and these results might function as
a bridge to connect the in silico and clinician’s resources
in designing effective drugs and individual treatment
options.

Materials and methods

Data collection

The FASTA sequence of the human CYP4F2 protein
was obtained from UniProt (ID: P78329) [28]. The clini-
cal information of variant CYP4F2*3 and its relation to
warfarin dose was retrieved from the PharmGKB (ID:
PA166169424) [29] and PubMed databases [8—10].

Structural modeling and verification

Because the three-dimensional structure of human
CYP4F2 does not exist, homology modeling was per-
formed using the I-TASSER web server for both native
and mutant form [30]. Then, the quality of the modeled
structure was evaluated using Procheck, ERRAT, and
Verify3D in the SAVES web server (https://saves.mbi.
ucla.edu/). The Procheck platform checks the stereo-
chemical quality of the model using a Ramachandran
plot [31]. A protein structure with more than 80% amino
acids in the core and allowed regions indicated high qual-
ity. The ERRAT webserver statistically analyzed the non-
bonded interactions between different atom types in the
protein structure [32]. Verify3D webserver has character-
ized the compatibility of an atomic model (3D) with its
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amino acid sequence (1D) by analyzing a structural class
according to its location and environment (alpha, beta,
loop, polar, nonpolar, etc.) [33]. A protein structure with
a Verify3D value greater than 80% is defined as having
good compatibility with 1D and 3D protein structures
and good quality. ProsA is a web server program that is
frequently used to check 3D models of protein structures
for possible errors. The overall quality score computed by
ProSA for a particular protein structure is represented
in a plot that indicates the scores (Z-score) of all experi-
mentally characterized protein chains recently available
in the Protein Data Bank (PDB) [34]. The protein struc-
ture Z-score, which is located in the experimentally char-
acterized protein structure range, indicates a high-quality
protein structure.

Protein stability prediction

Five different prediction tools, [-mutant2, MUpro, DUET,
SDM, and mCSM were utilized to identify the structural
impact of the CYP4F2*3 (V433M) variant on the CYP4F2
protein. The server of I-Mutant 2.0 (http://folding.bio-
fold.org/i-mutant/i-mutant2.0.html) estimates the impact
of amino acid substitution on protein stability via a sup-
port vector machine-based method. This program was
trained on ProTherm, the most comprehensive dataset of
experimental information on protein mutations [35]. The
MUpro tool (https://mupro.proteomics.ics.uci.edu/) uses
neural networks and support vector machine methods to
assess any alteration in the stability of the protein with
approximately 84% accuracy [36]. Three structure-based
algorithms, DUET, SDM, and mCSM (http://biosig.
unimelb.edu.au/duet/) are closely intertwined algorithms
and their input can be supplied together in the form of a
native protein structure, while separately bringing up the
position of relevant SNP [37].

Protein property and evolutionary conservation analysis

GETAREA is a structure-based tool (https://curie.utmb.
edu/getarea.html) used to determine the effect of the
V433M variant on the solvent accessibility surface area
(SASA) of the CYP4F2 protein. The percentage of side-
chain surface area to random coil value per residue (%
SASA) estimates whether the residue is buried in the sol-
vent or exposed [38]. The server of Project HOPE (http://
www.cmbi.ru.nl/hope/input/) by utilizing the integrating
information from the UniProt database and Distributed
Annotation System (DAS) servers, predicts the effect of
amino acid substitution on the protein structure [39]. To
visualize the impact of the V433M variant at the struc-
tural level, Chimera 1.13 software was used. This software
is an extended system for the interactive visualization
and evaluation of molecular structures and related data
[40]. The ConSurf web server (http://consurf.tau.ac.il)
was used to define the conservation sites in the protein
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compared to its homologs during evolution through con-
servation scores ranging from 1 to 9, which are classified
as variable, intermediate, and conserved [41].

Functional impact prediction

To determine the functional consequences of the V433M
variant on the CYP4F2 protein, five different tools
including PolyPhen-2, FATHMM-MKI], PANTHER-
PSEP, CADD, and PhD-SNP® were employed. The server
of PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/)
determines the possible effect of amino acid substitution
on protein properties, based on position-specific inde-
pendent count (PSIC) scores [42]. The difference between
the scores categorizes the variants as probably damaging,
possibly damaging, or benign. FATHMM-MKL (https://
fathmm.biocompute.org.uk/) is a web-based tool in
which a prediction score (p-value) above 0.5 identifies the
variant that has a harmful effect on protein function [43].
Based on the substitution position-specific evolution-
ary conservation (subPSEC) score, PANTHER (http://
pantherdb.org/) predicts the probability of a variant gen-
erating a harmful effect on the protein. If the score of
subPSEC is >0.5, the variant is deemed deleterious [44].
CADD (http://cadd.gs.washington.edu/) as a linear ker-
nel support vector machine-based, predicts functionally
important variants using a Phred-scale C score. CADD
considers amino acid substitutions as the most delete-
rious when they have a C-score of 20 or greater (=C20)
[45]. PhD-SNP# (http://snps.biofold.org/phd-snpg./) is a
machine learning-based server that identifies the impact
of variants in both non-coding and coding regions using
evolutionary data [46].

Molecular dynamic (MD) simulation analysis

Gromacs 2019 was applied to run an MD simulation with
an optimized potential for liquid simulations (OPLS)
force field. Simple point charge (SPC) water was added
to the simulation box cubic with a 10 A° [47, 48]. The
simulation systems’ charges were neutralized using Na*
and CI” ions. To minimize the simulation system, a steep-
est descent minimization integrator with a maximum
force of less than 100 KJ.mol™'. nm™! and 5000 minimi-
zation steps were used. The simulation system was then
equilibrated by a constant number of particles, volume,
and temperature (NVT) and a constant number of par-
ticles, pressure, and temperature (NPT) ensemble. For
NVT equilibration through 100 picoseconds, the leap-
frog integrator and linear constraint solver (LINCS) algo-
rithm were used [49]. The PME (particle mesh Ewald)
algorithm with a grid spacing of 0.16 nm and a radius
cutoff of 1.0 nm was considered for calculating electro-
static interaction. The equilibrated system was put into
an MD simulation with a time step of 2 femtoseconds
(fs) for 200 nanoseconds (ns) of simulation. The output
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Fig. 1 A)Tertiary structure of modeled CYP4F2 protein by I-TASSER web server in cartoon view. B) ProSA plot of quality assessment of CYP4F2 structure
compared to proteins characterized experimentally. Data showed that CYP4F2 (shown in a black dot in the plot) is located in the region of the protein
structure identified in the lab. C)Tertiary structure alignment of V433M (blue) and native (gray) form. A red surface color characterizes the position of the
V433M variant. D) Close up view of structural alignment of native and mutant form. Data shows that methionine (red stick) has larger more buried side

chain than valine (yellow stick)

Table 1 Physicochemical quality assessment of CYP4F2 protein structure

Model Procheck Verify3D ERRAT ProsA
Core Allowed Generally allowed Disallowed Z-score
CYPAF2 76.9% 18.1% 2.6% 24% 87.12% 91.01 -8.66

trajectories were analyzed using root-mean-square devi-
ation (RMSD), radius of gyration (Rg), solvent access
surface area (SASA), total number of intramolecular
hydrogen bonds, root-mean-square fluctuation (RMSF),
secondary structure by DSSP, principal component anal-
ysis (PCA) and free energy landscapes (FELs) to deter-
mine the stability and protein structure changes during
simulation.

Molecular docking analysis

As VK1 is a substrate for the CYP4F2 protein and its
effective interaction is essential for the proper function of
CYP4F2, molecular docking calculations were performed
using the HADDOCK web server to determine the effect
of the CYP4F2*3 variant on the native protein structure
[50]. This web server uses a flexible docking approach to
define the best protein-ligand interaction mode. In addi-
tion, the PRODIGY web server was applied to compute

the binding affinity of the protein-small molecule [51]
and the bond-type analyses were done by Discovery Stu-
dio 4.5 [52].

Results

Structural modeling validation and quality estimation
Owing to the lack of tertiary structure of CYP4F2, homol-
ogy modeling was applied using the I-TASSER webserver
(Fig. 1A). The quality of the predicted structure was ana-
lyzed using different web servers (Table 1). Checking
the quality of a model by Ramachandran plot with Pro-
check web server illustrated that more than 80% of the
protein structures were located in the core and allowed
regions, indicating the high physicochemical quality of
the protein structure. A Verify3D value of more than 80%
showed high compatibility between the primary and ter-
tiary structures of CYP4F2. The ERRAT rate of 91.01 is
interpreted good overall quality of protein structure. The
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Table 2 Stability prediction of V433M variant on CYP4F2 protein by using five prediction tools
dbSNP ID Amino acid change I-mutant2 MUpro DUET mCSM SDM
AAG (kcal/mol) AAG (kcal/mol) AAG (kcal/mol) AAG AAG (kcal/mol)
(kcal/mol)
CYP4F2*3 (152108622) V433M -2.18 -1.129 -0.605 -0.391 1.1

Z-score of -8.66 was located in regions of proteins that
were identified experimentally, indicating the high qual-
ity of the predicted model of CYP4F2 (Fig. 1B). The posi-
tion of wild-type residue (V433) and mutant-type residue
(M433) of V433M variant in CYP4F2 protein was shown
in Fig. 1C and D.

Protein stability prediction

I-mutant2, MUpro, DUET, SDM and mCSM tools pre-
dict protein stability changes in the CYP4F2*3 (V433M)
variant based on the AAG value (change in Gibbs free
energy). The AAG value is a metric used to calculate the
impact of a single nucleotide variant on protein stabil-
ity. A AAG score less than zero indicated lower stabil-
ity. From the results illustrated in Table 2, the CYP4F2*3
(V433M) variant exhibited reduced protein stability.
Destabilization of a protein structure can change its bio-
logical function and disrupt the signaling cascades and
normal pathways of the protein [53].

Protein property and evolutionary conservation analysis
GETAREA calculates the SASA of individual resi-
dues. The threshold is described as %SASA>50 and
%SASA <20, indicating exposed and buried residues
to the solvent, respectively [38]. Based on the results
obtained from the GETAREA online for the V433M
variant, both wild-type (V433) and mutant-type (M433)
amino acids were buried or located in the interior of
the CYP4F2 protein. However, the mutated residue had
a lower % SASA value (% 5.9) than the wild-type V433
(% 9). This result was compatible with the deep view of
the locations of the wild-type (V433) and mutant-type
(M433) amino acids (Fig. 1D), which showed that M433
residue had more buried side chain than V433 residue.

The Project HOPE server investigated the effect of the
V433M variant on the physiochemical characteristics,
intermolecular interactions, and functional and struc-
tural properties. It was predicted that the wild-type resi-
due (V433) would be replaced by a mutant-type residue
(M433), which has a larger side chain than the V433
moiety and may not fit into the new position. For physi-
cal and structural reasons, if a substituted amino acid
does not fit into a protein, it leads to structural changes
that are harmful [54]. Furthermore, the Project HOPE
server predicted that the V433 residue is located near a
highly conserved region and in contact with residues in a
domain that is important for protein activity.

Structural analysis of neighboring amino acids around
the V433 residue in less than 5-angstrom regions using
the Chimera software revealed that amino acids includ-
ing H103, P104, T427, N430, P431, A432, W434, P435,
R453, S454 and A457 were located close to the V433
residue. For the V-to-M conversion at position 433, the
mutated residue with a larger side chain than the wild-
type residue caused a clash score with neighboring resi-
dues, especially with the P104 residue when compared to
wild-type (Fig. 2A and B).

The ConSurf web server determined that V433 residue
is positioned in the variable site (conservation score of 2)
in the protein, while it is located close to residues that are
highly conserved in protein when compared to homolo-
gous proteins of CYP4F2 during evolution (Fig. 2C).

Functional impact prediction

Five tools have been utilized to identify the functional
effect of the CYP4F2*3 (V433M) variant on the CYP4F2
protein (Table 3). PolyPhen-2, FATHMM-MKI, PAN-
THER-PSEP, CADD, and PhD-SNP# tools have identified
the CYP4F2*3 (V433M) as a deleterious variant.

MD simulation findings

200 ns MD simulations were conducted to analyze the
deviation between native and CYP4F2*3 (V433M) variant
proteins in physiological environments (Fig. 3). RMSD
deviations produced during MD simulations were used
to estimate the stability of the protein [55]. As presented
in the RMSD plot (Fig. 3A), the native protein attains a
relatively stable conformation after 20 ns. In compari-
son, the V433M variant was stable after approximately
70 ns of simulations suggesting that the V433M variant
experienced more significant structural rearrangement
before reaching a stable structure. In addition, the RMSD
average values verified that the mutant structure had
a slightly higher RMSD value (0.49+0.05 nm) than the
native structure (0.46%0.04 nm), which means that the
mutant form caused instability in the protein structure of
CYP4F2.

Rg is an essential parameter for evaluating the dynamic
adaptability of proteins and other biopolymers [56]. The
Rg plot showed that the V433M mutant fluctuated more
than that of the native form (Fig. 3B). In addition, the
average Rg value analysis showed that the V433M muta-
tion had a higher average Rg value (2.45+0.02 nm) than
the native protein (2.51£0.01 nm) during the simulation
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Fig. 2 Structural and conservation analysis of CYP4F2 in native and mutant form. A) Structure analysis of native form of CYP4F2 with its neighboring resi-
dues. B) Structure analysis of CYP4F2*3 (V433M) variant with its neighboring residues. C) The conservation analysis of CYP4F2 illustrates that V433 residue
(characterized by blue arrow) is located near conserve region of CYP4F2 protein which shows with red rectangular

Table 3 Pathogenicity evaluation of V433M variant on CYP4F2 protein by using bioinformatics tools

dbSNP ID Amino  PolyPhen-2 FATHMM-MKI PANTHER-PSEP CADD PhD-SNP?
acid
change
Prediction  Score  Prediction Score Prediction Score Prediction Score  Prediction Score
CYP4F2*3 V433M Possibly 1.0 AEFBHCI 0.754 Probably 0.74 Deleterious 223 Pathogenic  0.865
(rs2108622) damaging damaging

time. This result indicates that the V433M mutation is
less compact and more flexible than native CYP4F2.

SASA denotes the portion of the macromolecule’s sur-
face accessible to the water solvent [57]. As shown in
Fig. 3C, SASA analysis revealed that the V433M mutation
had a higher average SASA value (250.7416.13 nm) than
native CYP4F2 (245.17+5.48 nm), suggesting that struc-
tural rearrangements in the V433M mutation resulted in
increased protein expansion.

The total number of intramolecular hydrogen bonds
was estimated during the 200 ns MD simulation as shown
in Fig. 3D. From the analysis, it can be observed that
native CYP4F2 forms a greater number of H-bonds, with
an average of 371+12.67, while the V433M variant exhib-
its fewer H-bonds, with an average of 350+12.74. The
lowest number of hydrogen bonds indicated an increase
in the overall flexibility of CYP4F2 upon V433M variant.

RMSEF based on residue displacement explains the ther-
mal stability, local flexibility, and heterogeneity of mac-
romolecules over MD simulation time [58]. The RMSF
plot indicated that residues in the N terminal region
had a major difference in fluctuation between the native
CYP4F2 structure and the V433M variant after 200 ns

MD simulation. In addition, the V433M variant exhib-
ited a higher fluctuation region in the residues 244—249
of the G~ helix and residues 251-260 of the G helix,
followed by increased flexibility in the residues 400—470
when compared to the native CYP4F2 structure (Fig. 3E).
It was also noticed that the average of RMSF was
increased from 0.08+0.03 in native CYP4F2 to 0.11+£0.07
in V433M variant, suggested that the V433M mutation
altered structural flexibility. These data are compat-
ible with the structural alignment of native and mutant
forms after molecular dynamics simulation, indicating
that mutant form had a more open structure than the
native form especially in region 400-470 which near to
site of mutation V433M and showed significant structure
changes (Fig. 4).

Changes in the secondary structure provide insight
into the folding mechanism and conformational behav-
ior of a protein. The DSSP plot (Fig. 5) showed that the
native protein (Fig. 5A), and V433M variant (Fig. 5B)
exhibited almost the same secondary structural arrange-
ment. The data illustrated that native CYP4F2 contains
an overall 60% secondary structure, including 3-bridges,
B-sheets, a-helices, and turns (Table 4). However, the
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Fig. 3 Result of structural dynamics of native CYP4F2 (black color) and variant V433M (red color) as a function of time obtained by 200 ns of the MD simu-

lations. A) RMSD values, B) Rg values,

C) SASA calculations, D) total number of H-bond count and E) Residual fluctuations of the Ca atoms as a function

of residue number. The native form of CYP4F2 is shown in black and the V433M variant is in red. The gray and blue blocks show a-helices (indicate with

letters) and 3-strands (identify with numbers), respectively

V433M variant showed a slight decrease in the second-
ary structure profile compared that with of the native
protein. Significant changes in the secondary structure
content of the V433M variant can be seen due to bend
and turn formation and loss of the A-Helix and 3-Helix
without any change in -sheets and coils.

PCA uses covariance matrices of Ca atoms to calcu-
late the significant motions of atom pairs associated with
vital biological functions. The first two principal compo-
nents (PC1 and PC2) of the native and V433M variant
proteins were generated by projecting the trajectories
onto the respective eigenvectors. As seen in Fig. 5C,
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Fig. 4 Superimposed structures of native CYP4F2 (black color) and CYP4F2*3 (V433M) variant (red color), the position of wild-type residue (V433) and
mutant-type residue (M433) was characterized. The close-up view of V433 location illustrates that mutation to M433 caused changes from helix structure
to turn which resulted in more flexibility in 445-460 region in mutant form compared to native. V433 shows in green stick and M433 shows in blue stick
form. The 445-470 region is colored in yellow and cyan in mutant and native form, respectively

the V433M variant covered the slightly higher subspace
spanned along the two eigenvectors (PC1: -3.56 nm to
+14.12 nm and PC2: -11.27 nm to +8.76 nm) compared
to the native (PC1: -2.31 nm to +15.65 nm, and PC2: -5.2
to +15.12 nm). It was also noticed that the trace of the
diagonalized covariance matrix of the native form and
V433M variant was calculated to be 64.13 and 69.99 nm,
respectively. The rmsf eigenvector plot (Fig. 5D), based
on atom number analysis, illustrated a higher V433M
motion than the native form. In addition, the Gibbs free
energy landscapes (FELs) of the first and second PCA
showed that the V433M variant (Fig. 5E) had wider global
energy minima (18.5 KJ/mol) than the native form (17.9
KJ/mol) (Fig. 5F), which indicates more conformational
changes of the protein in the defined space. These results
confirmed an increase in the overall flexibility of the
V433M variant, which is in agreement with the RMSD,
Rg, H-bonds, and RMSF values, as well as the SASA and
DSSP analyses.

Molecular docking

The enzymatic activity of the CYP4F2 depends on its
interaction with VKI. For this reason, molecular dock-
ing using the HADDOCK web server was performed to
figure out the effect of the V433M variant on the interac-
tion of the CYP4F2 protein with VK1 (Fig. 6). The bind-
ing site of VK1 on CYP4F2 protein was characterized
according to a previous work of Li et al. (2018), that pre-
dicted binding site of VK1 in this protein. Based on this
research, the amino acids including Trp59, Trp61, Met92
Phel24, His236, Phe327, Glu328, Val397, and Leu504
are responsible for interacting with VK1 [59]. The dock-
ing result (Table 5) showed that although the mutated

form could still interact with VK1, it had a lower bind-
ing affinity (-8.5£0.31 kcal/mol) than the native form
(-10.010.07 kcal/mol), which caused less activity of the
mutated state compared to the native form. Bond-type
analyses illustrated that in native form, VK1 formed
strong forces such as hydrogen bonding, Pi-Pi stack-
ing, and Pi-sulfur interactions with Val397, Met92 and
Phel24 amino acids, whereas, in the mutant form, only
Phe60 residue formed a Pi-Pi stacking with VK1. This
caused VK1 to have more strong interaction with the
native form than the mutant (Fig. 6).

Discussion

Several in vitro experiments have revealed that the
CYP4F2*3 (V433M) variant is associated with decreased
CYP4F2 activity and VK1 metabolism [14, 15, 21, 22].
McDonald et al.(2009) assessed that carriers of the
CYP4F2*3 (V433M) variant allele have a reduced capac-
ity for w-hydroxylation VK1 [14]. Edson et al. (2013)
also reported that the catabolism of menaquinone (vita-
min K2) is reduced by the V433M mutation in CYP4F2
[15]. Furthermore, Stec DE et al. (2007) exploited the
CYP4F2*3 (V433M) variant allele, which is linked to
decreased biosynthesis of 20-hydroxyeicosatetraenoic
acid (20-HETE) and increased hypertension risk [21]. A
study by Zhang et al.(2017) suggested that the CYP4F2*3
(V433M) variant also affects mRNA expression levels of
CYP4F2 [22].

The results of this computational study agree with pre-
vious experimental findings. According to these results,
the CYP4F2*3 (V433M) variant had a significant damag-
ing effect on the CYP4F2 protein structure.
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Fig. 5 Secondary structure content in native CYP4F2 (A) and V433M variant (B) over 200 ns of the simulation period. PCA analysis plot of CYP4F2 in na-
tive (black) and V433M variant form (red) (C). The rmsf plot of eigenvector reveals V433M had higher fluctuation compared to native form (D). The Gibbs
energy landscape plot during 200ns of simulation of native (E) and V433M variant form (F)

Table 4 Secondary structure percentage of native CYP4F2 and V433M variant. * Structure = 3-sheet + 3-bridge + Turn + A-helix

Structure Structure* Coil B-Sheet B-Bridge Bend Turn A-Helix 5-Helix 3-Helix
Native 60% 17% 8% 0% 16% 15% 37% 0% 7%
V433M 59% 17% 8% 0% 18% 16% 35% 0% 6%

In this study, five different stability prediction tools
(I-mutant2, MUpro, DUET, SDM and mCSM) revealed a
significant destabilizing structural effect of the CYP4F2*3
(V433M) variant on the CYP4F2 protein.

In the case of the V433M variant, the buried structural
methionine residue was larger than the valine residue,
which could disturb the interaction with other residues
in the protein, as predicted by the Project HOPE. This

finding is compatible with the structural analysis of the
CYP4F2*3 (V433M) variant compared to the wild type
using Chimera software, which showed that a larger side
chain of methionine caused a clash score with neighbor-
ing residues, especially with the P104 residue. These data
agree with the study of Cai et al. (2016) regarding the
pathogenicity impact of the V139M variant on the PSEN2
protein, who discovered that both valine and methionine
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form (D) using Discovery studio

Table 5 the docking result of CYP4F2 in both native and mutant
form by HADDOCK webserver. Amino acids in bold are amino
acids of CYP4F2 which are identified as important in interaction
with VKT.

Complex structure Amino acids in interaction AAG
with Vitamin K (Kcal/mol)
Native Val397, Phe327, Glu328, -
Leu128, Leu504, Ser399, 10.00£0.07
Tyr125, His236, Phe127,
Phe124, 1le398
V433M His236, Val397, Pro396, -85+0.31

Ser323, Met66, Leu504,
Pro502, Phe60, His327, Val67,
Trp59

are nonpolar and hydrophobic residues, whereas methio-
nine is larger in size. They suggested that the difference in
the size of methionine and valine alters the interactions
with neighboring amino acids and could result in extra
stress inside the protein [60]. In addition, the results of

the Project HOPE server determined that the V433 resi-
due is positioned close to a highly conserved region and
in contact with residues in a domain that is important for
the activity of the protein. These data are in accordance
with the ConSurf web server results, which illustrated
that V433 is located near the conserved residues.

Based on the functional analysis of five different web
servers, the CYP4F2*3 (V433M) variant was predicted
to be a damaging amino acid variant compatible with
the data of Naushad et al. (2021) using three tools (SIFT,
PROVEAN, and PSEP), demonstrating the harmful
impact of the CYP4F2*3 variant [61].

To further investigate the harmful effects of the
CYP4F2*3 (V433M) variant, MD simulations and molec-
ular docking analyses were performed. The apparent loss
of stability and gain of flexibility were mainly observed in
the RMSD and Rg plots, which were accompanied by a
significant increase in SASA and a decrease in the num-
ber of hydrogen bonds for the V433M variant compared
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to native CYP4F2. We also found a relative increase in
flexibility of residues 244-249 of the G~ helix, residues
251-260 of the G helix and residues 400—470 that was
accompanied by the rise in bend and turn formation and
decrease of A-Helix and 3-Helix conformation in the
DSSP results of the V433M variant. PCA and FELs analy-
ses also confirmed that the V433M variant showed a sig-
nificant difference in overall flexibility compared to the
native form, affecting protein folding, thereby decreasing
the stability of the protein. As the proper structure of the
protein is required for its activity, altering its conforma-
tional geometry could cause a loss of catalytic activity
[62—-64]. This result agrees with the molecular docking
finding that the V433M variant showed lower binding
affinity than the native form, which could influence the
activity of the protein and impact the response to the
warfarin dose.

Conclusion

CYP4F2 is one of the critical CYP4 enzymes responsible
for the metabolism of fatty acids, therapeutic drugs, and
signaling molecules such as arachidonic acid, tocoph-
erols, and vitamin K. Numerous studies have revealed
that the missense variant CYP4F2*3 (V433M) causes
decreased activity of CYP4F2 and inter-individual varia-
tions in warfarin dose in various ethnic groups. In the
current study, we used various bioinformatics and com-
putational tools to analyze the impact of the CYP4F2*3
(V433M) variant on the structure and function of the
CYP4F2. Based on our findings, the CYP4F2*3 (V433M)
variant is a damaging amino acid substitution with a
destabilizing protein effect. Molecular dynamics simu-
lation results showed that the V433M variant affected
the dynamics and stability of CYP4F2 by decreasing the
compactness and stability of the protein structure, which
resulted in overall structural conformational changes
and increased flexibility. The docking results showed
that the CYP4F2*3 variant had a lower binding affinity
between VK1 and CYP4F2, which caused lower activ-
ity of CYP4F2*3 compared to native CYP4F2. This study
determined the molecular pathogenicity mechanism of
the CYP4F2*3 variant on the human CYP4F2 protein and
provided new information for understanding the struc-
ture-function relationship of CYP4F2 and other CYP4
enzymes. These findings will facilitate the development
of effective drugs and individual treatment options.

List of abbreviations

CYP2C9  Cytochrome P450 2C9

CYP4F2 Cytochrome P450 4F2
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fs Femtoseconds

MD Molecular dynamic
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NVT Constant number of particles, volume, and temperature
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OPLS Optimized potential for liquid simulations
PDB Protein Data Bank

PCA Principal component analysis

RMSD Root means square deviation

RMSF Root mean square fluctuation

Rg Radius of gyration

SASA Solvent accessible surface area

SPC Simple point charge

VIF Variance inflation factor

VKORC1  Vitamin K epoxide reductase complex 1

Acknowledgements
Not applicable.

Authors’ contributions

Conceptualization, Investigation, Methodology, Writing - Original Draft and
Writing - review & editing: M.FD, S, and LM. Review & Editing: BR and L.M.
The authors read and approved the final manuscript.

Funding
Not applicable.

Data Availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Declarations

Competing interests
The authors state that they have no interest conflict.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Received: 11 October 2022 / Accepted: 2 May 2023
Published online: 09 May 2023

References

1. FentaTG, Assefa T, Alemayehu B. Quality of anticoagulation management
with warfarin among outpatients in a tertiary hospital in Addis Ababa, Ethio-
pia: a retrospective cross-sectional study. BMC Health Serv Res. 2017,17:1-7.

2. LiB, LiuR Wang C Ren C, Zhang S, Zhang F, et al. Impact of genetic and clini-
cal factors on warfarin therapy in patients early after heart valve replacement
surgery. Eur J Clin Pharmacol. 2019;75:1685-93.

3. Hirsh J, Dalen JE, Anderson DR, Poller L, Bussey H, Ansell J, et al. Oral anticoag-
ulants: mechanism of action, clinical effectiveness, and optimal therapeutic
range. Chest. 2001;119:85-21S.

4. Takahashi H, Echizen H. Pharmacogenetics of warfarin elimination and its
clinical implications. Clin Pharmacokinet. 2001,40:587-603.

5. D’Andrea G, D'Ambrosio RL, Di Perna P, Chetta M, Santacroce R, Brancac-
cioV, et al. A polymorphism in the VKORC1 gene is associated with an
interindividual variability in the dose-anticoagulant effect of warfarin. Blood.
2005;105:645-9.

6. Rieder MJ, Reiner AP, Gage BF, Nickerson DA, Eby CS, MclLeod HL, et al. Effect
of VKORC1 haplotypes on transcriptional regulation and warfarin dose. N
Engl J Med. 2005;352:2285-93.

7. Joffe HV, Xu R, Johnson FB, Longtine J, Kucher N, Goldhaber SZ. Warfarin
dosing and cytochrome P450 2C9 polymorphisms. Thromb Haemost.
2004;,91:1123-8.

8. Liang R, Wang C, Zhao H, Huang J, Hu D, Sun Y. Influence of CYP4F2 genotype
on warfarin dose requirement-a systematic review and meta-analysis.
Thromb Res. 2012;130:38-44.



Farajzadeh-Dehkordi et al. BMC Molecular and Cell Biology

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.
32.
33.

34.

Singh O, Sandanaraj E, Subramanian K, Lee LH, Chowbay B. Influence of
CYP4F2 152108622 (V433M) on warfarin dose requirement in asian patients.
Drug Metab Pharmacokinet. 2011;26:130-6.

Borgiani P, Ciccacci C, Forte V, Sirianni E, Novelli L, Bramanti P, et al. CYP4F2
genetic variant (rs2108622) significantly contributes to warfarin dosing vari-
ability in the italian population. Pharmacogenomics. 2009;10:261-6.

Kikuta Y, Kusunose E, Kusunose M. Characterization of Human Liver Leukotri-
ene B4 w-Hydroxylase P 450 (CYP 4 F2). J Biochem. 2000;127:1047-52.
HiraniV, Yarovoy A, Kozeska A, Magnusson RP, Lasker JM. Expression of
CYP4F2 in human liver and kidney: assessment using targeted peptide
antibodies. Arch Biochem Biophys. 2008;478:59-68.

Sontag TJ, Parker RS. Cytochrome P450 w-hydroxylase pathway of tocopherol
catabolism: novel mechanism of regulation of vitamin E status. J Biol Chem.
2002;277:25290-6.

McDonald MG, Rieder MJ, Nakano M, Hsia CK, Rettie AE. CYP4F2 is a vitamin
K1 oxidase: an explanation for altered warfarin dose in carriers of the V433M
variant. Mol Pharmacol. 2009;75:1337-46.

Edson KZ, Prasad B, Unadkat JD, Suhara Y, Okano T, Guengerich FP, et al. Cyto-
chrome P450-dependent catabolism of vitamin K: w-hydroxylation catalyzed
by human CYP4F2 and CYP4F11. Biochemistry. 2013;52:8276-85.

Zhang X, Hardwick JP. Regulation of CYP4F2 leukotriene B4 w-hydroxylase
by retinoic acids in HepG2 cells. Biochem Biophys Res Commun.
2000;279:864-71.

Wang MZ, Wu JQ, Bridges AS, Zeldin DC, Kornbluth S, Tidwell RR, et al. Human
enteric microsomal CYP4F enzymes O-demethylate the antiparasitic prodrug
pafuramidine. Drug Metab Dispos. 2007;35:2067-75.

WangV, LiY, Lu J, Qi H, Cheng |, Zhang H. Involvement of CYP4F2 in the
metabolism of a novel monophosphate Ester Prodrug of gemcitabine and its
interaction potential in vitro. Molecules. 2018;23:1195.

Johnson AL, Edson KZ, Totah RA, Rettie AE. Cytochrome P450 w-hydroxylases
in inflammation and cancer. Adv Pharmacol. 2015;74:223-62.

Alvarellos ML, Sangkuhl K, Daneshjou R, Whirl-Carrillo M, Altman RB, Klein TE.
PharmGKB summary: very important pharmacogene information for CYP4F2.
Pharmacogenet Genomics. 2015;25:41.

Stec DE, Roman RJ, Flasch A, Rieder MJ. Functional polymorphism in human
CYP4F2 decreases 20-HETE production. Physiol Genomics. 2007.

Zhang JE, Klein K, Jorgensen AL, Francis B, Alfirevic A, Bourgeois S, et al. Effect
of genetic variability in the CYP4F2, CYP4F11, and CYP4F12 genes on liver
mMRNA levels and warfarin response. Front Pharmacol. 2017,8:323.

Zhang M, Huang C, Wang Z, Lv H, Li X. In silico analysis of non-synonymous
single nucleotide polymorphisms (nsSNPs) in the human GJA3 gene associ-
ated with congenital cataract. BMC Mol cell Biol. 2020,21:1-13.

Robin S, Hassine K, Ben, Muthukumaran J, Jurkovic Mlakar S, Krajinovic M,
NavaT, et al. A potential implication of UDP-glucuronosyltransferase 2810 in
the detoxification of drugs used in pediatric hematopoietic stem cell trans-
plantation setting: an in silico investigation. BMC Mol cell Biol. 2022;23:1-29.
Nelson-Sathi S, Umasankar PK, Sreekumar E, Nair RR, Joseph |, Nori SRC, et

al. Mutational landscape and in silico structure models of SARS-CoV-2 spike
receptor binding domain reveal key molecular determinants for virus-host
interaction. BMC Mol Cell Biol. 2022;23:1-12.

Mirzadeh A, Kobakhidze G, Vuillemot R, Jonic S, Rouiller I. In silico prediction,
Characterization, Docking studies and Molecular dynamics simulation of
human p97 in complex with p37 cofactor. 2022.

Surendran A, Forbes Dewey C, Low BC, Tucker-Kellogg L. A computational
model of mutual antagonism in the mechano-signaling network of RhoA
and nitric oxide. BMC Mol cell Biol. 2021;22:1-12.

UniProt. The universal protein knowledgebase in 2021. Nucleic Acids Res.
2021;49:D480-9.

Barbarino JM, Whirl-Carrillo M, Altman RB, Klein TE. PharmGKB: a worldwide
resource for pharmacogenomic information. Wiley Interdiscip Rev Syst Biol
Med. 2018;10:e1417.

Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER suite: protein
structure and function prediction. Nat Methods. 2015;12:7-8.

Laskowski RA, MacArthur MW, Thornton JM. PROCHECK: validation of protein-
structure coordinates. 2006.

Colovos C, Yeates TO. Verification of protein structures: patterns of non-
bonded atomic interactions. Protein Sci. 1993;2:1511-9.

Luthy R, Bowie JU, Eisenberg D. Assessment of protein models with three-
dimensional profiles. Nature. 1992;356:83-5.

Wiederstein M, Sippl MJ. ProSA-web: interactive web service for the recogni-
tion of errors in three-dimensional structures of proteins. Nucleic Acids Res.
2007,35 suppl2:W407-10.

(2023) 24:17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

Page 12 of 13

Capriotti E, Fariselli P, Casadio R, I-Mu[1] E, Capriotti P, Fariselli R, Casadio.
I-Mutant2. 0: predicting stability changes upon mutation from the protein
sequence or structure, Nucleic Acids Res. 33 (2005) W306-W310.tant2. 0:
predicting stability changes upon mutation from the protein s. Nucleic Acids
Res. 2005;33 suppl_2:W306-10.

Cheng J, Randall A, Baldi P. Prediction of protein stability changes for
single-site mutations using support vector machines. Proteins Struct Funct
Bioinforma. 2006:62:1125-32.

Pires DEV, Ascher DB, Blundell TL. DUET: a server for predicting effects of
mutations on protein stability using an integrated computational approach.
Nucleic Acids Res. 2014,42:W314-9.

Fraczkiewicz R, Braun W. Exact and efficient analytical calculation of the
accessible surface areas and their gradients for macromolecules. J Comput
Chem. 1998;19:319-33.

Venselaar H, Te Beek TAH, Kuipers RKP, Hekkelman ML, Vriend G. Protein
structure analysis of mutations causing inheritable diseases. An e-Science
approach with life scientist friendly interfaces. BMC Bioinformatics.
2010;11:1-10.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC,

et al. UCSF Chimera—a visualization system for exploratory research and
analysis. J Comput Chem. 2004;25:1605-12.

Yariv B, Yariv E, Kessel A, Masrati G, Chorin A, Ben, Martz E et al. Using evolu-
tionary data to make sense of macromolecules with a ‘face-lifted'ConSurf.
Protein Sci. 2023;:e4582.

Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, et

al. A method and server for predicting damaging missense mutations. Nat
Methods. 2010;7:248-9.

Shihab HA, Gough J, Cooper DN, Stenson PD, Barker GLA, Edwards KJ, et al.
Predicting the functional, molecular, and phenotypic consequences of amino
acid substitutions using hidden Markov models. Hum Mutat. 2013;34:57-65.
Mi H, Muruganujan A, Thomas PD. PANTHER in 2013: modeling the evolution
of gene function, and other gene attributes, in the context of phylogenetic
trees. Nucleic Acids Res. 2012;41:D377-86.

Rentzsch P, Witten D, Cooper GM, Shendure J, Kircher M. CADD: predicting
the deleteriousness of variants throughout the human genome. Nucleic
Acids Res. 2019;47:D886-94.

Capriotti E, Fariselli P. PhD-SNPg: a webserver and lightweight tool for scoring
single nucleotide variants. Nucleic Acids Res. 2017;45:W247-52.

Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, et al. GROMACS:
high performance molecular simulations through multi-level parallelism
from laptops to supercomputers. SoftwareX. 2015;1:19-25.

Jorgensen WL, Maxwell DS, Tirado-Rives J. Development and testing of the
OPLS all-atom force field on conformational energetics and properties of
organic liquids. J Am Chem Soc. 1996;118:11225-36.

Mafakher L, Rismani E, Rahimi H, Enayatkhani M, Azadmanesh K, Teimoori-
Toolabi L. Computational design of antagonist peptides based on the
structure of secreted frizzled-related protein-1 (SFRP1) aiming to inhibit wnt
signaling pathway. J Biomol Struct Dyn. 2022,40:2169-88.

Van Zundert GCP, Rodrigues J, Trellet M, Schmitz C, Kastritis PL, Karaca E, et al.
The HADDOCK2. 2 web server: user-friendly integrative modeling of biomo-
lecular complexes. J Mol Biol. 2016;428:720-5.

Kurkcuoglu Z, Koukos PI, Citro N, Trellet ME, Rodrigues J, Moreira IS, et al.
Performance of HADDOCK and a simple contact-based protein-ligand bind-
ing affinity predictor in the D3R Grand Challenge 2. J Comput Aided Mol Des.
2018;32:175-85.

Studio D. Dassault systemes BIOVIA, Discovery studio modelling environ-
ment, Release 4.5. Accelrys Softw Inc. 2015;98-104.

Ahsan T, Shoily SS, Fatema K, Sajib AA. Impacts of 119 missense variants at
functionally important sites of drug-metabolizing human cytosolic sulfo-
transferase SULTTA1: an in silico study. Inf Med Unlocked. 2022;28:100836.
Rafaee A, Kashani-Amin E, Meybodi AM, Ebrahim-Habibi A, Sabbaghian

M. Structural modeling of human AKAP3 protein and in silico analysis of
single nucleotide polymorphisms associated with sperm motility. Sci Rep.
2022;12:3656.

Hashemi-Shahraki F, Shareghi B, Farhadian S. The interaction of Naphthol Yel-
low S (NYS) with pepsin: insights from spectroscopic to molecular dynamics
studies. Int J Biol Macromol. 2020;165:1842-51.

Farajzadeh-Dehkordi M, Darzi S, Rahmani B, Farhadian S. A novel insight into
the cytotoxic effects of Tephrosin with calf thymus DNA: experimental and in
silico approaches. J Mol Lig. 2021,324:114728.

Dehkordi MF, Farhadian S, Hashemi-Shahraki F, Rahmani B, Darzi S,

Dehghan G. The interaction mechanism of candidone with calf thymus



Farajzadeh-Dehkordi et al. BMC Molecular and Cell Biology

58.

59.

60.

62.

DNA: A multi-spectroscopic and MD simulation study. Int J Biol Macromol.
2023;:123713.

Dehkordi MF, Farhadian S, Abdolvand M, Soureshjani EH, Rahmani B, Darzi S.
Deciphering the DNA-binding affinity, cytotoxicity and apoptosis induce as
the anticancer mechanism of Bavachinin: an experimental and computa-
tional investigation. J Mol Lig. 2021;341:117373.

LiJ,Zhang H, Liu G, Tang Y, Tu Y, Li W. Computational insight into vitamin K1
w-Hydroxylation by cytochrome P450 4F2. Front Pharmacol. 2018;9:1065.
CaiY, Bagyinszky E, An SSA, Kim SY. In silico modeling of pathogenic or pos-
sibly pathogenic point mutations in PSEN2. Mol Cell Toxicol. 2016;12:453-64.
Naushad SM, Kutala VK, Hussain T, Alrokayan SA. Pharmacogenetic determi-

nants of warfarin in the indian population. Pharmacol Rep. 2021;73:1396-404.

Agrahari AK, Doss GPC, Siva R, Magesh R, Zayed H. Molecular insights of
the G2019S substitution in LRRK2 kinase domain associated with Parkin-
son’s disease: a molecular dynamics simulation approach. J Theor Biol.
2019;469:163-71.

(2023) 24:17

63.

64.

Page 13 of 13

Mohammad T, Amir M, Prasad K, Batra S, Kumar V, Hussain A, et al. Impact

of amino acid substitution in the kinase domain of Bruton tyrosine kinase
and its association with X-linked agammaglobulinemia. Int J Biol Macromol.
2020;164:2399-408.

Navapour L, Mogharrab N. In silico screening and analysis of nonsynonymous
SNPs in human CYPTA2 to assess possible associations with pathogenicity
and cancer susceptibility. Sci Rep. 2021;11:1-15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Computational analysis of missense variant CYP4F2*3 (V433M) in association with human CYP4F2 dysfunction: a functional and structural impact
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Data collection
	﻿Structural modeling and verification
	﻿Protein stability prediction
	﻿Protein property and evolutionary conservation analysis
	﻿Functional impact prediction
	﻿Molecular dynamic (MD) simulation analysis
	﻿Molecular docking analysis

	﻿Results
	﻿Structural modeling validation and quality estimation
	﻿MD simulation findings
	﻿Molecular docking

	﻿Discussion
	﻿Conclusion
	﻿References


