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CYP3A4 is a major cytochrome P450 liable for almost half of CYP450 mediated Phase 1 drug metabolism. Because
of its broad substrate specificity and high level of expression in the liver this enzyme plays a dominant role in drug
metabolism. This study aimed to investigate the influence of single amino acid substitution on protein structural
stability and ligand binding affinity through docking studies. Single site mutations are created in the CYP3A4
sequence and checked all the sites for the favorable and stable mutations using CUPSAT and SDM tools. Based on
the results of CUPSAT and SDM tools, three mutations (H65R, D154E, and K422N) were found to be more favorable
and stable, hence modeled using DS modeler. Docking studies were carried out for wild and mutant modeled
structures with the compounds Imipramine, Midazolam, Nifedipine, and Quinidine using DS libdock. The docking
results suggested that the H65R, D154E, and K422N having a docking scores of 121.907, 121.658, and 134.605,
respectively, are more significant in comparison to wild CYP3A4 (87.126). Among the three mutated models, K422N
mutant has been identified as more stable as supported by stability and docking assessment and may be taken into
consideration for further in vitro studies.

1. INTRODUCTION

Cytochrome P450 (CYPs) are heme-containing monooxygenases
that contribute to vital life processes with their compelling role in
biotransformation or metabolism of various compounds of both
xenobiotic and endogenous origin, apart from their involvement in the
biosynthesis of fatty acids, sterols, vitamins, eicosanoids, etc. [1,2]. In
humans, these hemoproteins are present primarily at high concentrations
in the liver along with their differential expressions in various tissues
such as skin, lung, kidney, heart, gastrointestinal tract, nasal mucosa, and
brain. The CYP enzyme subcellular localization is typically membrane
of endoplasmatic reticulum and mitochondria [3]. These enzymes
execute a significant act in Phase I drug metabolism, oxidizing 70-80%
of pharmaceutical drug metabolism reactions in humans [3,4].

Among the 57 CYP isoforms, CYP3A4 is a considerable drug-
metabolizing CYP, associated with the biotransformation of 30%
drugs consumed orally, succeeded by the other isoforms CYP1A2,
CYP2D6, and CYP2C9 [5,6]. CYP3A4 is the most abundant liver
and intestinal CYP which has very broad substrate specificity and
can metabolize molecules widely differing in size and chemical
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structure through alkyl carbon and aromatic ring hydroxylation,
O- and N-dealkylation, and epoxidation [7]. In addition, CYP3A4
can concurrently adapt numerous molecules at the active site which
might impel to coordinated binding and also atypical (non-Michaelis—
Menten) kinetic attitude [7]. Its disparate specificity and collective
binding of substrates are currently undergoing undesirable drug-drug
intercommunications, along with lethal side effects. In the case of
new prospective medications, monitoring drug-drug interactions is
critical [8].

Drug responsiveness, effectiveness, and adverse-effect rates are
influenced by interindividual heterogeneity in CYP3A4 activity
and expression. CYP3A4 genetic variations alter drug responses, in
addition to the other factors that contribute to this variability, such as
CYP3A4 inducers and inhibitors, as well as food drug and drug-drug
interactions [9,10]. Deletions, insertions, copy number variants, and
single nucleotide polymorphisms (SNPs) in the coding and non-coding
sections of the genes are examples of variant alleles that can affect
CYP450 expression levels and protein function [11]. For CYP3A4
isoforms, over 100 non-synonymous single amino acid changes
have been documented [12]. Enzymatic activity may be abolished,
reduced, altered, or augmented as a result of mutations in the CYP3A4
gene. Exonic mutations have been shown to change enzyme activity
in a few clinical investigations with specific substrates, and altered
activity due to CYP3A4 mutations has already been described in the
literature [13-16]. The use of probe medicines to assess CYP3A4
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activity is critical for determining the influence of genetic variation on
inter-individual variability in CYP3A4 activity. Hence, in this study,
Imipramine, Midazolam, Nifedipine, and Quinidine compounds were
chosen to analyze the impact of mutations in the CYP3A4 activity
and ligand binding. In this study, CYP3A4 mutants were created and
analyzed in silico for their increased stability and efficiency so that
they can have a profound response on binding to the ligand molecules.
Hence, multiple sequence-based alignments to know the single amino
acid substitutions and subsequently, mutational assessment using
various tools to verify the stability and favorability of the identified
mutations were carried out. Molecular modeling and docking
approaches were implemented with chosen ligands to know their
interactions with the wild and mutant protein models.

2. MATERIALS AND METHODS

2.1. Data Retrieval of the Target Protein

The three-dimensional (3D) structure and sequence of target protein
human CYPs 3A4 were retrieved from the protein data bank (PDB)
and Uniprot database, respectively. The structural data of human
microsomal P450 3A4 were taken from PDB with corresponding
PDB ID 1TQN and solved by X-ray diffraction at 2.05 A [17]. The
crystal structure of human microsomal P450 3A4 is shown in Figure 1.
The protein reference sequence was retrieved in FASTA format from
Uniprot (ID: P08684). For the identification of similar sequences, the
homology search of query protein was performed using the BLASTP
algorithm against UniProtKB/Swiss-Prot, with the default parameters.
Four sequences have been selected based on their similarity and
retrieved their sequences in Fasta format.

2.2. Multiple Sequence Alignment (MSA)

From the results of BLAST against the Swiss-prot database, four
sequences have been selected with varying sequence percent identity
in the range of 100-85% with the sequence of human CYP3A4.
Multiply aligning the sequences gives insight into conserved and non-
conserved amino acid sites. The Clustal Omega program [18] was
used for MSA with default settings between the selected sequences.
The retrieved sequences are submitted to Clustal Omega which
determines the better match for the preferred sequences and calculates
the similarities identities, and differences can be observed. Based
on these results, single-site mutations were created in the conserved
regions of the target protein. Multiple sequence analysis identified

Figure 1: 3D structures of the protein structure (1TQN). The cofactor heme is
depicted in sticks.

the consensus and conserved regions between the selected sequences.
All the sequences including target protein human CYP3A4 showed
conserved ‘*’ (asterisk) and non-conserved ‘:’ (colon) amino acids
positions Among the substitutions, only ‘:” positions which resulted
by substitution with similar physiochemical properties of amino acids
were considered for further study and °.” (period) that represents
change with weakly similar amino acid residues that were left out.
Based on the results of MSA in Figure 2, residues that shown different
substitutions in the target sequence and also occurring with different
substitutions in other sequences taken for the present study. From the
screening results, 40 single-site mutations were taken for analysis.
H54R, H65Y, L1291, M2561, E262K, H28R, S29T, F46L, YS53F,
K55Q, F57Y, V71M, V81M, M9, E122Q, E124D, Q151K, D154E,
V1701, L172M, V1751, D214N, L2291, V2531, R255Q, D263E,
Q265H, S286T, V296M, L331Q, E333Q, M353L, L366I, K422N,
K424N, S437T, M450N, L4561, 1457V, and 1479F.

2.3. Stability Prediction

Mutations can ensure alterations in the stability of the protein structure.
Protein stability is the necessary aspect that affects the activity,
function, and regulation of biological molecules. A key indicator of
protein stability is the unfolding free energy of the protein. Analyzing
the free energy change on mutation, the impact of the mutation on
protein stability could be precisely estimated. For calculating protein
stability changes using thermodynamic cycle (AGF wt to mt),
subtracting the mutant protein free energy change from wild protein
free energy change expressed in Kcal/mol (DDG or AAG) = AG
mutant — AG wild type). For a given protein mutation, the DDG value
of above zero predicts high stability and a score below zero predicts
low stability. To check the stability of mutations in terms of energy,
two stability prediction tools Site-Directed Mutation (SDM) [19] and
Cologne University protein Stability Analysis Tool (CUPSAT) [20]
have been used in the present study. Further, the SDM stabilizing
mutations are analyzed with CUPSAT, which predicts the stabilized
and favorable mutations.

SDM examines the assortment of amino acid substitutions happening
at fundamental circumstances that are tolerated within the family of
known 3D structures of homologous proteins and displays them as
unconstructive substitution tables. As a quantifiable measure, these
tables have been used to predict the protein structure on an alteration
in amino acid. This server depends on the examination of AAG (in
kecal/mol) which gives its values of stabilizing mutations (AAG > 2.5
kecal/mol) and destabilizing changes (AAG < —2.5 kcal/mol). SDM
discriminate the competency of amino acid residues among the wild
and mutant proteins.

CUPSAT determines the stability based on torsional angle potential,
solvent accessibility, and difference in wild and mutant proteins free
energy on unfolding. It requires a PDB structure and the position of
the substituted residue for finding favorable and stabilizing mutations.
The output encompasses data about mutation sites, their structural
features, and includes information about the change in the stability of
each residue with the rest of 19 amino acids.

In the present study, the impact of the 40 single site mutations on CYPs
3A4 (ITQN) protein stability changes was examined, to evaluate their
effect on protein folding. The unfolding DDG was calculated. The
protein sequence and/or protein structure of CYPs 3A4 (1TQN) with
mutational position and amino acid residues to be mutated were used
to test the predictive value of stability prediction programs using SDM
and CUPSAT online tools.
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sp|P24462.3 MOLIPNLAVETHLLLAVSLILLYLYGTRTHGLFKKLGIPGPTPLPFLGNALSFRKGYWTF 60
sp|018993.1 MOF IPNLAVE THLLLAVSLVLLYLYGTHSHGLFKKLGIPGPTPLPFLGTVLYYRQGFUKF 60
[ HSHGLFKKLGIPGPTPLPFLGNILSYHKGFCMF 33
sp|P33268.1 MOLIPDLAVETHLLLAVTLVLLYLYGTHSHGLFKKLGIPGPTPLPLLGNILSYRKGFUTF 6@
sp|P24462.3 DMECYKKYRKVHGIYDCQQPMLAI TOPOMIKTVLVKECYSVF TNRRPFGPVGFMKNAIST 120
sp|018993.1 DMECYKKYGKMAIGIYDGRQPVLAITOPNI IKTVLVKECYSVFTNRRPFGPVGFMKSAIST 120
SP|Pessss DMECHKKYGKVHIGF YDGQQPVLAI TDPDMIKTVLVKECYSVF TNRRPFGPVGFMKSAIST 93
sp|P33268.1 DMECYKKYGKVIGF YOGRQPVLAITOPNMIKTVLVKECYSVFTNRRPFGPVGFMKNAISTI 120
sp|P24462.3 AEDEEWKRIRSLLSPTFTSGKLKEMVPIIAQYGDVLVRNLRREAETGKPVTLKHVFGAYS 180
sp|018993.1 AQODEWKRIRSLLSPTFTSGKLKEMVPITAQYGEVLVRNLRREAEKGKPINVKDIFGAYS 180
SP|Pessss AEDEEWKRLRSLLSPTFTSGKLKEMVPIIAQYGDVLVRNLRREAETGKPVTLKDVFGAYS 153
sp|P33268.1 AEDEEWKRIRSLLSPTFTSGKLKEMVPITAKYGOVLVRNLRREAETGKPVTLKDVFGAYS 180
sp|P24462.3 MOVITSTSFGVSIDSLNNPQOPFVENTKKLLRFNPLOPFVLSIKVFPFLTPILEALNITY 240
sp|018993.1 MOVITGTSFGVNIDSLNNPQOPFVESTKKLLRFOFLOPFFLSITIFPFLTPILEALNISM 240
SP|Pes6ss MOVITSTSFGVNIOSLNNPQOPFVENTKKLLRFOFLOPFFLSITVFPFLIPILEVLNICY 213
sp|P33268.1 MOVITSTSFGVNIDSLNNPQOPFVENTKKLLRFOFLDOPFFLSITIFPFIIPILEVLNISI 240
sp|P24462.3 FPRKVISFLTKSVKQIKEGRLKETQKHRVOF LQLMIDSQNSKDSETHKALSOLELMAQST 300
sp|018993.1 FPRDSTSFLRKSIKRIKESRLKDTHKHRVOF LQLMIDSQNSKETESDKALSOLELVAQSI 300
sP|Pessss FPREVTNFLRKSVKRMKESRLEDTQKHRVOF LQLMIDSQNS - - - -SHKALSDLELVAQSI 269
sp|P33268.1 FPREVTSFLRKSVKRIKESRLKDTQKHRVOF LQLMIDSQNSKETESHKALSOLELVAQSI 300
sp|P24462.3 IFIFAGYETTSSVLSFIIYELATHPDVQQKVQKEIDTVLPNKAPPTYDTVLQLEYLOMW 360
sp|018993.1 IFIFAGYETTSSTLSFIMYELATHPDVQQKLQEEIDAVLPNKAPATYDTVLQUEYLDMVWY 360
SP|Po8684 IFIFAGYETTSSVLSFIMYELATHPDVQQKLQEEIDAVLPNKAPPTYDTVLQUEYLDMW 329
sp|P33268.1 IFIFAGYETTSSVLSFIIYELATHPDVQQKLQEEIDTVLPNKAPPTYDTVLQUEYLOMWY 360
sp|P24462.3 NETLRLFPVAMRLERVCKKDVE INGMF IPKGVWVMIPSYVLHHDPKYWTEPEKFLPERFS 420
sp|018993.1 NETLRLFPLAMRLERVCKKOVEINGVF IPKGWVMIPSYALHYDPKYWTEPEKFLPERFS 420
SP|Pe8684 NETLRLFPIAMRLERVCKKDVE INGMF IPKGVWVMIPSYALHRDPKYWTEPEKFLPERFS 389
sp|P33268.1 NETLRIFPIAMRLERVCKKOVEINGIF IPKGWVMIPSYALHHOPKYWPEPEKFLPERFS 420
sp|P24462.3 KKNKONIDPYIYTPFGSGPRNCIGMRFALVNYKLALVRVLQNFSFKPCKETQIPLKLRFG 480
sp|018993.1 KNNKONIDPYIYTPFGTGPRNCIGMRFALMNYKLALIRVLQNFSFKPCKETQIPLKLRLG 480
SP|PR8684 KKNKONIDPYIYTPFGSGPRNCIGMRFALMNMKLALIRVLQNFSFKPCKETQIPLKLSLG 449
sp|P33268.1 KKNNONIDPYIYTPFGSGPRNCIGMRFALMNMKLATIRVLQNFSFKPCKETQIPLKLRLG 480
sp|P24462.3 GLLLTEXPIVLKAESRDETVSGA 503

sp|018993.1 GLLQTEKPIVLKVEPRDGTVSGA 503

SP|Pe8684 GLLQPEKPVVLKVESRDGT - - -~ 468

sp|P33268.1 GLLQTEKPIVLKIESRDGTVSGA 503

Figure 2: Multiple sequence alignment of the taken sequences and CYP3A4 (P08684).
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For the final predictive results of the two tools, a restricted criterion
was set. When the results of the above tools were integrated, the
mutation that was predicted to be “stabilizing” by the two in silico
tools would be considered and was selected for further analysis.

2.4. Analyzing Protein Evolutionary Conservation

To establish the amino acids evolutionary conservation in the
CYP3A4 protein sequence, the ConSurf tool [21] was implemented
that accomplishes its function by examining the phylogenetic
relationships among similar sequences. Initially, it distinguishes
the conserved positions with the aid of MSA, then using empirical
Bayesian inference, the evolutionary conservation rate was calculated
and presents the profiles of evolutionary conservation of sequence
or the structure of the protein. According to the Bayesian approach,

three different categories of conservation scores are applied, 7-9 score
indicates conservedness, 5-6 score indicates intermediate, and 1-4
score implies variable. Inclusive of conservation profile, the regions
of proteins such as buried and exposed are also predicted. Along with
these results, the tool also provides the functional/structural impact of
the amino acid across the protein.

2.5. Modeling and of Mutant Structures

The protein 3D structure is important to analyze the functionality,
particularly when trying to interpret the effect of mutations on its
overall structure and function. To make the mutated models of the
human CYP3A4 for correspondent amino acid replacements, the
“Build Mutant” protocol integrated with the DS modeling settings was
implemented to substitute the wild type amino acid with a new amino
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acid. The modeling of the mutated structures of human CYP3A4 was
built using the wild type available 3D structure (1TQN) as a reference.
The protocol “Built Mutant” adopts the modeler program to mutate
residues to particularized residues and ameliorates the mutated and
neighboring residues conformation. Further to improve the quality of
the predicted models, energy minimization studies were carried out.

2.6. Wild and Mutant Proteins Preparation and Validation

The wild and mutant proteins are imported into Accelrys Discovery
Studio 2.1 and using the protocol’s clean protein, the structures are
prepared individually. Before processing for preparation, removal of
the heteroatoms, water molecules, and inbuilt ligands is done. Addition
of hydrogen atoms to the protein structures interrelated to pH = 7.4.
Then the protocol accomplishes protein structure processing that
refines their bond orders, standardizing names of the atoms, inserting
missing atoms in incomplete residues, modeling missing loop regions,
deleting alternate conformations, and protonating titratable residues.
Finally, all atom restrained protein structure energy minimization is
performed applying CHARMm force field with different algorithms
such as steepest descent preceded by conjugant gradient with maximum
steps of 1000 for each algorithm, respectively, until the convergence
gradient is satisfied with a root to mean square deviation (RMSD)
tolerance of 0.01 A.

The quality of energy-minimized protein structures was determined
with the use of validation tools such as Procheck, ProSA, and RMSD
of the mutant models concerning the wild CYP3A4 was calculated
using SPDBV.

2.7. Active Site Identification

After energy minimization, with the use of the DS, Define and Edit
Binding Site tool, the active site of the protein was selected on the base
of the inbuilt active site pocket conformation and with a radius of 10
A, respectively, an active site sphere was described.

2.8. Ligand Preparation

The compounds chosen in the present study were Imipramine,
Midazolam, Nifedipine, and Quinidine. The chemical structures of the
compounds are sketched using ACD/ChemSketch (12.0) Software and
saved in mol2 format. The saved compounds are later imported into DS
and their 2D structures were converted to 3D representation by using
the catalyst algorithm of DS. Prepare ligands module of DS was used
for ligand preparation which corrects for hydrogen bonds (HB) addition,
bond lengths, bond angles, isomer, and tautomer generation and filters
the ligands by removing the duplicate structures. Further followed
by minimization and optimization in CHARMm force field with the
smart minimizer algorithm which follows by the conjugant gradient
algorithm, till it was satisfied with the convergence gradient of 0.001
kcal/mol for attaining the low energy conformational structures. The
three-dimensional structures of the compounds are depicted in Figure 3.

2.9. Molecular Docking

A molecular docking approach is implemented to depict the binding
affinities along with their interaction modes of chosen ligands with
the CYP3A4 wild and mutant model proteins with the aid of the DS
LibDock module. To know the catalytic activeness of a ligand, the
ligand-protein binding patterns and interactions are very important.

The minimized wild and mutant protein models, as well as ligands
along with the binding site coordinates or the X, Y, and Z points of

the binding site residues within 10 A, are submitted individually to the
LibDock setup. All the other parameters of docking and consequence
scoring functions applied were accomplished at their default
environment. The active site features are indicated as “HotSpots”
and that is persistent in a grid settled innermost the active site. This
algorithm aligned the ligand configuration to hotspots (polar and a
polar) of receptor interaction sites and retains the best protein-ligand
complex pose at the end of the docking process.

All the retained complex poses of the protein and compounds are
ranked according to the LibDock scoring function for binding affinity
calculations that are studied to determine the potentiality of the
molecules docked. Libdock score is used for estimating the binding
affinity of each pose and binding pose with the topmost LibDock score
and lowest binding energy are adopted as the best pose for each ligand
and their binding interactions are analyzed. The interaction poses of
the best complex pose are studied in terms of intermolecular HBs and
close contacts.

3. RESULTS AND DISCUSSION

To know the sequence and structure-based stability of mutation, the
structure, and its reference sequences were retrieved from the PDB
(1TQN) and UniProt (UniProt ID: P08684) database respectively.
Although RCSB reported that, 1ITQN (the crystal structure of human
microsomal CYP3A4) consists of the amino acid residues 28-499 and
the PO8684 (CYP3A4 sequence) consists of 503 amino acid residues.

3.1. Stability Prediction

Site-Directed Mutator (SDM server) computes the comprised study
of wild-type and mutated secondary structure evaluation, solvent
accessibility, depth (A) of the protein, and AAG value which predicts
the stability or disability of protein. SDM predicts AAG scores which
revealed that 17 out of 40 mutants have shown increased stability of
protein and all the remaining mutated residues have shown decreased
stability of protein as shown in Table 1. The resulting outcome mostly
residues have a negative value which predicted that may be a mutation
on these residues of a point caused protein malfunction.

Quinidine

Figure 3: 3D structures of the chosen ligands.
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Table 1: The predicted structure stability AAG and topological properties in between wild type and mutant (secondary structure, solvent accessibility and depth)

using SDM server.

Mutation Wild type Mutant type Predicted AAG Outcome
Secondary Relative solvent Residue Secondary Relative solvent Residue
structure accessibility depth (A) structure accessibility depth (&)

H54R H 80.5 34 H 86.7 33 0.15 Increased stability
H65Y H 18.7 43 H 24.8 44 0.91 Increased stability
L1291 H 0.0 7.3 H 0.0 7.6 —-0.51 Reduced stability
M2561 H 3.8 6.6 H 4.5 6.2 -0.29 Reduced stability
E262K a 62.5 3.6 H 81.4 33 —0.82 Reduced stability
H28R b 65.3 33 g 18.0 4.9 0.0 Increased stability
S29T a 63.1 3.6 a 41.7 3.8 0.05 Increased stability
F46L g 90.0 34 g 80.8 34 0.38 Increased stability
YS3F H 43 7.0 H 33 7.0 -0.07 Reduced stability
K55Q H 57.1 3.6 H 44.8 39 0.44 Increased stability
F57Y H 12.0 6.0 H 12.9 6.2 0.12 Increased stability
V71IM E 6.7 4.5 E 8.5 4.8 -2.25 Reduced stability
V8IM E 0.0 8.8 E 0.0 8.4 -1.75 Reduced stability
M3891 H 4.0 5.7 H 0.8 6.0 —0.36 Reduced stability
E122Q b 48.4 3.6 b 60.0 3.8 0.11 Increased stability
E124D H 88.4 3.2 H 95.9 32 —1.64 Reduced stability
Q151K H 58.4 3.4 H 72.1 33 —0.44 Reduced stability
DI54E H 459 3.9 H 51.1 3.8 1.25 Increased stability
V1701 E 1.5 6.8 E 1.4 7.5 -0.57 Reduced stability
L172M H 0.3 9.6 H 0.2 9.6 —0.76 Reduced stability
V1751 H 33 7.2 H 1.9 7.3 —-0.15 Reduced stability
D214N b 359 4.0 b 48.1 3.6 0.17 Increased stability
L2291 a 39.5 3.7 a 35.1 3.8 -0.5 Reduced stability
V2531 H 10.8 7.6 H 9.1 7.8 —0.2 Reduced stability
R255Q H 69.1 34 H 85.8 3.4 0.15 Increased stability
D263E a 76.3 3.5 a 89.0 33 0.06 Increased stability
Q265H g 91.6 33 g 95.3 32 0.18 Increased stability
S286T g 99.6 32 b 87.9 3.6 0.0 Increased stability
V296M H 6.6 5.4 H 6.4 5.5 -0.7 Reduced stability
L331Q H 0.0 8.7 H 0.2 8.2 -1.92 Reduced stability
E333Q H 66.9 33 H 71.3 33 —0.39 Reduced stability
M353L b 0.3 6.8 p 0.3 6.5 0.23 Increased stability
L3661 H 39 5.8 H 4.0 6.0 —-0.51 Reduced stability
K422N t 83.2 32 t 106.0 33 0.54 Increased stability
K424N H 58.1 35 H 65.2 3.6 —-0.86 Reduced stability
S437T b 21.6 3.8 b 23.0 4.1 0.23 Increased stability
M450N H 2.8 6.9 H 5.0 7.3 —2.42 Reduced stability
L4561 H 0.2 13.1 H 1.7 12.8 —0.51 Reduced stability
1457v H 0.0 10.1 H 0.0 10.2 —2.48 Reduced stability
1479F a 67.2 34 a 74.9 34 —-0.09 Reduced stability

For the further assessment of mutations, we have used the CUPSAT
server which gives a result that a mutation is stabilizing or destabilizing
and favorable or unfavorable. CUPSAT server predicted all the
selected stabilized mutations from the SDM server shows that the
effect of mutation is unfavorable even though having stability and few

mutations are destabilizing and unfavorable but only three residues
HO65R, D154E, and K422N have shown stabilizing and favorable
effect. Table 2 shows the most destabilizing/stabilizing and favorable/
unfavorable mutations along with the change in folding free (AAG in
kcal/mol).
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3.2. Conservation Analysis

Using the Bayesian approach, the ConSurf server characterizes the
evolutionary conservation of amino acids and their putative functional
and structural profile of CYP3A4 as shown in Figure 4. A mutation in a
well-conserved location may influence the function of the protein. The
conservation level of amino acids at positions H65, D154, and K422
was estimated using the ConSurf tool. The ConSurf analysis predicted
that mutant Histidine at position 65 was located in the variable
region and found to be buried in the wild type residue, whereas D
at position 154 and Lysine at position 422 are located in the vicinity
of the variable region and found in the exposed region of wild type.
Therefore, mutations at positions H65, D154, and K422 might have no
functional impact on protein.

3.3. Mutants Model Construction and Validation

The mutant protein structure prediction is vital to interpret how
the substitution of an amino acid can alter the protein structural
characteristics. The CYP3A4 protein mutant models with
substitutions at H65R, D154E, and K422N accomplished with the
“Build Mutant” protocol using DS modeler and energy minimized by

Table 2: CUPSAT predicted scores.

Mutation SDM CUPSAT CUPSAT
Outcome Predicted AAG Outcome
H54R Increased 0.03 Stabilizing,
stability Unfavorable
H65Y Increased 0.56 Stabilizing,
stability Favorable
H28R Increased 0.19 Destabilizing,
stability Unfavorable
S29T Increased —0.06 Destabilizing
stability Favorable
F46L Increased 1.34 Stabilizing;
stability Unfavorable
K55Q Increased -1.14 Destabilizing;
stability Unfavorable
F57Y Increased -1.6 Destabilizing
stability Favorable
E122Q Increased —1.43 Destabilizing;
stability Unfavorable;
DI154E Increased 0.74 Stabilizing
stability Favorable
D214N Increased -0.42 Destabilizing;
stability Favorable;
R255Q Increased —0.46 Destabilizing;
stability Favorable
D263E Increased 0.26 Stabilizing;
stability Unfavorable;
Q265H Increased —-0.17 Destabilizing;
stability Unfavorable;
S286T Increased —0.84 Destabilizing;
stability Unfavorable;
M353L Increased -1.52 Destabilizing;
stability Favorable;
K422N Increased 0.01 Stabilizing
stability Favorable
S437T Increased —0.54 Destabilizing;
stability Unfavorable

applying CHARMm force fields in DS. To determine the quality of
our model, the final refined modeled structure of CYP3A4 mutants
(H65R, D154E, and K422N) is investigated by the PROCHECK,
PROSA, and RMSD prediction. Using Procheck, the overall stereo
chemical quality of the modeled protein is evaluated by analyzing the
overall residue by residue geometry and psi and phi torsion angles
of Ramachandran Plot. Ramachandran’s map of the wild protein and
mutant models and are shown in Figure 5 and the plot statistics are
shown in Table 3.

Further validation is done by ProSA which gives the Z-score value
for the comparison of compatibility. Quality assessment of the model
via ProSA revealed that the mutant modeled structures matched with
the NMR region of the plot with Z scores which are reliable to the
Z-score of the wild type (—9.00). It signifies the quality of our model.
The ProSA Z-scores of the mutant models of CYP3A4 are —9.04
(Mutant H65R), —9.54 (Mutant D154E), and —9.47 (Mutant K422N)
[Figure 5 and Table 3].

To estimate the RMSD in mutated models of CYP3A4,
superimposition of the C-alpha traces and main chain atoms with
the wild protein (1TQN) was done using SPDBV as shown in
Table 3. RMSD value is a measurable metric of structural closeness
between two atomic coordinates when overlapped on each other.
The C-alpha traces or main chain demonstrate the RMSD values
at intervals of 0 and <2.0 A. The greater the RMSD value of two
query structures implies their dissimilarity and zero means they are
similar in structure. The RMSD values at C-alpha traces and main
chain atoms calculated are found to be 0.15 A° (Mutant H65R),
0.16 A° (Mutant D154E), and 0.09 (Mutant K422N), respectively,
indicates close homology with the wild type CYP3A4. This
analysis highlights the profound structural influences determined
by replaced amino acid residues in the wild CYP3A4 protein
molecule structure.

3.4. Docking Analysis

Molecular docking studies were accomplished using DS LibDock
to explore the binding affinity of wild and mutants with the
taken ligands. The compounds and the protein structures were at
first energy minimized with the addition of the CHARMm force
field in DS. With this energy minimized compounds, molecular
docking with both wild and mutant forms of CYP3A4 was carried
out to assess their comparative inhibitory properties. To evaluate
the ligand-binding affinity, the LibDock score is considered. In
addition, the other input docking parameters are further investigated
for assessing the docking efficaciousness of the ligand with the wild
and mutant proteins in our study. The best-docked conformations
with a high dock score and lowest binding energy were selected
for further analysis. From the results as shown in Table 4, it was
revealed that quinidine showed the high dock score among all the
docked compounds against both wild and mutant proteins. The
stability assessment of the docked poses of quinidine with the best
score was estimated by concluding the HB between the wild and
mutant proteins with the ligand.

The quinidine was determined to release the binding energy (AG)
of —31.19 kcal/Mol with a docking score of 87.126 forming only
one HB with the ARG375 residue of CYP3A4 wild type [Table 5].
The docking score of quinidine with mutated CYP3A4 (H65RR)
is 121.907 with a binding energy of 85 kcal/Mol and forms 2 HBs
with ARG375 and ILE443 residues. D154E mutant form of CYP3A4
interacts with quinidine by forming only one HB with ILE443
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Figure 4: ConSurf color-coded sequence of CYP3A4 protein. e - An exposed residue according to the neural-network algorithm. b - A buried residue according to

the neural-network algorithm. f - A predicted functional residue (highly conserved and exposed). s - A predicted structural residue (highly conserved and buried).

X - Insufficient data - the calculation for this site was performed on <10% of the sequences.

Table 3: The structure validation results of wild protein and mutant models of CYP3A4.

Structure Favored Additionally Allowed Generously allowed Disallowed Prosa RMSD with wild
Wild protein (1TQN) 84.7 12.6 2.0 0.7 -9.46 All atoms c-alpha
H65R mutant model 83.0 13.8 2.0 1.2 —9.04 0.15 0.11
D154E mutant model 84.5 12.8 2.0 0.7 —9.54 0.16 0.18
K422N mutant model 84.5 12.6 2.0 1.0 —9.47 0.09 0.08
Table 4: Docking results of wild and mutated CYP3A4.
Name of the Wild 1TQN H65Y D154E K422N
compound LibDock Binding LibDock Binding LibDock Binding LibDock Binding
Score energy Score energy Score energy Score energy
Quinidine 87.126 —31.19657 121.907 85.35163 121.658 101.32864 134.605 —50.14959
Nifedipine 76.157 —35.92159 115.883 191.76695 95.519 356.302 92.584 417.32038
Midazolam 79.095 —25.38611 101.281 28.53686 93.729 7.66022 116.119 214.11604
imipramine 80.777 —13.74076 96.692 224.98774 95.519 356.302 121.565 149.37450

amino acid with a docking score and binding energy of 121.658
and 101.32864 kcal/Mol. Whereas, with K422L mutant form of
CYP3A4, quinidine forms two HBs with ARG440 and ARG105
amino acid with a docking score and binding energy of 134.605
and -50.14959 kcal/Mol. Hence, all the mutated forms of CYP3A4
have shown a better binding affinity with quinidine among all other
compounds with high docking scores than wild CYP3A4 protein.
These results show that the mutated forms of CYP3A4 show better
activity than the wild type. Of all the mutated forms, K422N mutated
CYP3A4 shown a higher binding affinity with quinidine with high

dock score compared to (87.126), H65Y (121.907), and DI154E
(121.658). However, from the analysis, it was found that a single
HB interaction was found with wild type CYP3A4, whereas two HB
interactions are formed with mutants H65Yand K422N and a single
HB interaction was found with D154E. The HB interactions ensure
that a ligand molecule binding to the protein structure remains in
a stable conformation, which impacts the ligand’s activity. Hence,
the mutant K422N having stable conformation than wild and other
mutant’s forms of CYP3A4. However, it was found that the mutant
K422N was having a HB distances of 2.497000 A and 2.483000 A
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Figure 5: The stereochemical quality analysis of wild type and mutant protein models by Procheck (Ramachandran plot — favored region is red in color; allowed
region is yellow in color; disallowed region is white in color) and ProSa [overall model quality (black dots indicate the match between experimentally solved
protein structures distinguished by dark blue (X-ray) and light blue (NMR).

with two amino acids ARG440 and ARG105, respectively. In each of
the amino acid interactions with the ligand, the same oxygen atom
(O,) acts as an electron acceptor and the hydrogen atoms of each of
ARG440 and ARG105 acts as an electron donor. Furthermore, the HB
distance between the two atoms was should be shorter, the shorter the
distance, the stronger the formed HB interactions. The HB distances
of K422N mutant (ARG440 - 2.497000 A and ARG105 -2.483000
A) were reliable, as no longer distances were found.

The mutant K422N and quinidine complex showed lower binding
energy (—50.14959 kcal/mol) than the wild type and other mutants of

CYP3A4. Thus, the mutation K422N corroborated to a to a stronger
enzyme-substrate complex. Whereas, the docked complexes of
quinidine with the CYP3A4 wild (—31.19657) indicates a stronger
bond and with H65Y (85.35163) and D154E (101.32864) corresponds
to a weaker bonding.

The overall alterations in HB at the amino acid substitution site could
be the reason behind the changes in the binding affinity. Hence,
considering the overall analysis mutant K422N was found to the most
favorable in all terms of docking score, HB interactions and their
distances with least binding energy.
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Table 5: The visualization of molecular docking analysis of wild type and mutant forms of CYP3A4 molecule against quinidine and their interactions and

H-bond distances.

Structure Quinidine
Wild 1ITQN
H65R
\\\ ~
DI154E N\ 5
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s |
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o17308

MET452
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Naraios

ol
~eeadBY

~

Interacting atoms H-bonddistance

A: ARG375:HH12 - Quinidine: O2 2.024000
A: ARG375:HH12 - Quinidine: C24 2.006000
A: ARG375:HHI12 - Quinidine: H48 1.431000
A: ARG105:HH22 - Quinidine: H27 1.809000
A: ARG440:0 - Quinidine: H35 2.014000
A: ARG375:HH22 - Quinidine: O2 2.447000
A: ILE443:HN - Quinidine: O1 2.363000
A:ILE443:HN - Quinidine: O1 2.283000
Quinidine: H25 - A: ILE443:CG2 2.147000
Quinidine: H27 - A: ALA305:CB 1.680000
Quinidine: H31 - A: SER119:CB 2.015000
A: ARG440:HE - Quinidine: O2 2.497000
A: ARG105:HH22 - Quinidine: O2 2.483000
Quinidine: H48 - A: TRP126:NE1 1.629000
Quinidine: H42 - A: ARG105:NH2 1.687000

4. CONCLUSION

In this study, analysis of stability and binding efficacy of CYP3A4
mutants were carried out through various in silico methods. The
analysis predicted the substituted K422N to be more favorable in terms
of stability and have shown higher binding affinity with the taken
compound compared to wild CYP3A4. Our results demonstrate that
these mutational studies give an insight for guidelines for performing
the functional assays of the mutant proteins and might be used as an
important tool for benefiting further in vitro studies.
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