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Abstract: Background: There is a large inter-individual variation in cytochrome P450 2C19 
(CYP2C19) activity. The variability can be caused by the genetic polymorphism of CYP2C19 gene. 
This study aimed to investigate the molecular and kinetics basis for activity changes in three alleles 
including CYP2C19*23, CYP2C19*24 and CYP2C19*25found in the Chinese population. 

Methods: The three variants expressed by bacteria were investigated using substrate (omeprazole and 3-
cyano-7-ethoxycoumarin[CEC]) and inhibitor (ketoconazole, fluoxetine, sertraline and loratadine) 
probes in enzyme assays along with molecular docking.  

Results: All alleles exhibited very low enzyme activity and affinity towards omeprazole and CEC 
(6.1% or less in intrinsic clearance). The inhibition studies with the four inhibitors, however, suggested 
that mutations in different variants have a tendency to cause enhanced binding (reduced IC50 values). 
The enhanced binding could partially be explained by the lower polar solvent accessible surface area of 
the inhibitors relative to the substrates. Molecular docking indicated that G91R, R335Q and F448L, the 
unique mutations in the alleles, have caused slight alteration in the substrate access channel morphology 
and a more compact active site cavity hence affecting ligand access and binding. It is likely that these 
structural alterations in CYP2C19 proteins have caused ligand-specific alteration in catalytic and inhibi-
tory specificities as observed in the in vitro assays. 

Conclusion: This study indicates that CYP2C19 variant selectivity for ligands was not solely governed 
by mutation-induced modifications in the active site architecture, but the intrinsic properties of the 
probe compounds also played a vital role. 

Keywords: Cytochrome P450 2C19, genetic polymorphism, Chinese, site-directed mutagenesis, enzyme assays, molecular 
docking. 

1. INTRODUCTION 

 Inter-individual variability in drug metabolism is well 
known and regularly reported in the literature. Plasma levels 
of a drug can vary more than 1000-fold between individuals 
after administration of the same dose [1]. These variations 
may alter the activity of metabolizing enzymes due to inhibi-
tion, induction and genetic polymorphism, or modulation by 
physiological, pathological or environmental factors [2]. In 
fact, genetic factors are considered to account for 20-40% of  
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the reported variability in patients’ response to drugs and 
xenobiotics [3]. The consequences of such differences in 
drug metabolism can include lack of efficacies or unwanted 
toxic side effects, leading to compromise in pharmacother-
apy and drug development. 

 Cytochrome P450s (CYPs) are responsible for the me-
tabolism of a large number of xenobiotics and endogenous 
compounds of wide clinical, physiological and toxicological 
importance [4]. Family members from CYP1, CYP2 and 
CYP3 are responsible for the bulk of all phase I metabolism 
of clinically used drugs [5]. While the majority of biotrans-
formations lead to inactivation and increase the clearance of 
drugs, some biotransformations may lead to bioactivation of 
pre-carcinogens and drugs, causing carcinogenic or other 
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toxic effects. A substantial portion of CYP-mediated xenobi-
otic metabolism is carried out by polymorphic enzymes. 
Human CYP polymorphisms may involve mutations in non-
coding regions (promoter, intron) as well as protein-coding 
sequences. Mutations in noncoding regions may lead to 
change in expression levels, while those in protein-coding 
sequences may change the catalytic activity and structure of 
the enzyme [6]. Examination of CYP polymorphisms is 
therefore fundamental to a better understanding of inter-
individual variability in chemical exposure, adverse drug 
effect and toxicity in general. 

 One of the genetically highly polymorphic CYP isoforms 
is CYP2C19. The antiplatelet drug clopidogrel [7], the proton 
pump inhibitor omeprazole [8], antidepressants such as 
clomipramine [9] and amitriptyline [10], the antimalarial 
drug proguanil [11], and the sedative-hypnotic drug diaze-
pam [12] are included among the major CYP2C19 substrates 
[7]. Three main CYP2C19 metabolizer status of CYP2C19 
have been identified based on genotypes including extensive 
metabolizers (two wild-type functional alleles), intermediate 
metabolizers (one null allele and a functional allele or two 
reduced functional alleles), and poor metabolizers (two non-
functional alleles). In addition, ultra-rapid metabolizer has 
been designated to individuals homozygous for allele 
CYP2C19*17 (i.e. genotype CYP2C19*17/*17) [13, 14]. 
This allele (-808C>T) was demonstrated to cause increased 
transcriptional activity of CYP2C19, resulting in a high rate 
of metabolism for the substrates [15]. 

 To date (as of September 2019), 47 CYP2C19 alleles 
(CYP2C19*1 to CYP2C19*35 and their variants) have been 
published on the Human Cytochrome P450 Allele Nomen-
clature Committee home page (https://www.pharmvar. 
org/genes) with single nucleotide polymorphisms (SNPs) 
reported in both the non-coding and coding regions. Besides 
studies that investigated gene mutations in the non-coding 
region, numerous reports described non-synonymous protein 
polymorphisms. For the most part, these are concerned with 
the identification of genetic polymorphisms and their fre-
quencies, but not their effects on protein level and activities. 
This is particularly true for recently identified allelic variants 
including three novel alleles, CYP2C19*23, CYP2C19*24 
and CYP2C19*25, found in the Chinese population [16]. 
Each of these alleles, exhibiting a frequency of 0.5%, was 
found to carry nucleotide substitutions resulting in a com-
mon mutation I331V, which is detected in many other 
CYP2C19 alleles, together with a unique residue exchange in 
each (G91R, R335Q and F448L, respectively). The func-
tional impacts of the three SNPs have been investigated 
scarcely but interestingly they have been predicted to be 
deleterious to protein functionality. Gly91 is located at the 
C-terminal end of B helix, a region associated with surface 
channel access to the heme [17,18] whereas Arg335 is lo-
cated in J helix in which the helix J-loop-helix J’ motif is 
believed to play an important role in maintaining protein 
stability. Phe448, on the other hand, resides in helix L, an 
important domain that forms part of heme-binding region 
sandwiching heme group with another helix, helix I [19]. 
Recently, we reported an investigation of CYP2C19*23 and 
CYP2C19*24 catalytic activities towards S-mephenytoin and 
omeprazole as the substrates in the Escherichia coli (E. coli)-
based expression system [20]. Our data demonstrated a sig-

nificant deterioration of omeprazole 5’-hydroxylase activity 
in CYP2C19*23, and significantly reduced activity of 
CYP2C19*24 towards both S-mephenytoin and omeprazole. 
In the present study, we have expanded the study to include 
variant CYP2C19*25, as well as the use of an additional 
substrate, 3-cyano-7-ethoxycoumarin (CEC), together with 
four inhibitor probes (ketoconazole, fluoxetine, sertraline 
and loratadine). In addition to kinetics characterization, 
computational docking was also performed to explain the 
interaction of the abovementioned compounds with the 
CYP2C19 variant models. The three variant models were 
constructed using the published CYP2C19 crystal structure 
(Protein Data Bank [PDB] code: 4GQS), where virtual sub-
stitutions of residues were performed. Docking of the probe 
compounds was subsequently carried out with the wild-type 
and allelic models, and the binding poses and energy values 
were determined. These in silico data were analyzed together 
with the enzyme kinetics and inhibition data from the in vitro 
assays with omeprazole and CEC as the substrate probes.  

2. MATERIALS AND METHODS 

2.1. Reagents and Chemicals 

 QuickChange® Site-Directed Mutagenesis system was 
obtained from Stratagene (CA, USA). Bovine serum albumin 
was acquired from Promega (WI, USA). β-Nicotinamide ade-
nine dinucleotide phosphate reduced tetrasodium salt 
(NADPH), omeprazole hydrochloride, 5-hydroxyomeprazole, 
ketoconazole, fluoxetine hydrochloride, CEC, 3-
cyanoumbelliferone (CHC), magnesium chloride (MgCl2), 
potassium phosphate monobasic, potassium phosphate dibasic, 
Terrific broth, sodium dithionite, δ-aminolevulinic acid, iso-
propyl β-D-1-thiogalactopyranoside, phenylmethanesulfonyl 
fluoride, protease inhibitor, sucrose, potassium phosphate 
monobasic and dibasic, dimethyl sulfoxide (DMSO), and eth-
ylenediaminetetraacetic acid were obtained from Sigma (MO, 
USA). Sertraline hydrochloride and loratadine hydrochloride 
were acquired from Toronto Research Chemicals Inc., Can-
ada. All HPLC solvents were obtained from Fisher Scientific 
(USA). Supelco Ascentis C18 column was purchased from 
Sigma-Aldrich (MO, USA); and 96-well plates were obtained 
from Perkin Elmer (USA). CYP2C19 cDNA was successfully 
cloned via reverse transcription-polymerase chain reaction 
(RT-PCR) which was reported in our previous work [21]. The 
cDNA was inserted into pCWori+, a commonly used bacterial 
plasmid for CYP expression.  

2.2. Site-Directed Mutagenesis of CYP2C19 cDNA and 
Protein Expression in Escherichia coli 

 CYP2C19 cDNA was subject to site-directed mutagene-
sis using Stratagene’s QuickChange® site-directed mutage-
nesis system following the manufacturer’s protocol. The 
mutated clones were subsequently subject to complete se-
quencing of the coding region at full length to confirm the 
successful introduction of the desired mutations and to rule 
out the insertion of any unintended mutations. The generated 
CYP2C19 plasmid constructs harbouring the desired muta-
tions were individually co-transformed with pACYC-OxR, a 
plasmid containing cDNA of NADPH cytochrome P450 
oxidoreductase (OxR), into E. coli DH5α cells according to 
a published procedure [22]. For CYP spectral content deter-



Functional Characterization of CYP2C19 Gene Variants Current Molecular Pharmacology, 2020, Vol. 13, No. 3    235 

mination, the protein preparations were subject to reduced 
CO difference spectroscopic measurement following the 
method of Omura and Sato [23]. 

2.3. Establishment of Omeprazole 5-Hydroxylase Assay 

 A published method was used to guide the development 
of the HPLC-based assay for CYP2C19, omeprazole 5-
hydroxylase assay [24]. Each mixture consisted of 4.5 mM 
MgCl2, 400 μM NADPH, 50 mM potassium phosphate 
buffer (pH 7.5), and 2-5,000 μM omeprazole dissolved in 
DMSO mixed to a final volume of 200 μL with distilled wa-
ter in 1.5 mL Eppendorf tube. After a brief pre-incubation, 
all reactions were initiated by adding 100 μg CYP2C19 pro-
tein at 37 °C in a metabolic shaker for 30 min. Acetonitrile, 
in 50 μL volume, was added to reaction mixtures to termi-
nate the reactions followed by centrifugation at 13,200 rpm 
for 15 min. The supernatant was collected in vials and in-
jected immediately into the HPLC system. The HPLC was 
performed using Supelco Ascentis C18 HPLC column (4.6 x 
150 mm, 5 μm), on the Agilent 1260 series system consisting 
of auto sampler, vacuum degasser, quaternary pump, ther-
mostatted column compartment and UV/Vis detector (Ag-
ilent Technologies, Germany) that was set at a wavelength of 
302 nm. The mobile phase used in the assay was comprised 
of 0.1% formic acid and 20% acetonitrile and was eluted at a 
flow rate of 0.8 mL/min. This mobile phase was filtered 
through a 0.45 μm x 47 mm nylon membrane. The instru-
ment control software for data collection and analysis was 
the Agilent Chemstation for liquid chromatography Chem32 
(Agilent Technologies, Germany). Activities of CYP2C19 
wild type and each allele were examined by incubating 2-
5,000 μM omeprazole with 0.5 mg/mL CYP2C19 membrane 
protein in the reaction mixtures at 37 °C for 30 min. The 
saturation plots, constructed based on the incubation data, 
were used to determine Vmax and the Km values using Graph-
Pad Prism version 5.0 (GraphPad Software Inc, USA). For 
the inhibition study, IC50 values which measure the concen-
tration of inhibitor required to cause a 50% reduction in en-
zyme activity, were determined using ketoconazole, fluoxet-
ine, sertraline and loratadine. Different omeprazole concen-
trations, corresponded approximately to the Km values de-
termined from the preliminary studies, were used in this 
study - 20 μM (CYP2C19 wild type) and 2,000 μM 
(CYP2C19*23). However, no further studies were carried 
out for CYP2C19*24 and CYP2C19*25 due to their ex-
tremely low level of enzyme activity. The concentrations of 
inhibitors used were ketoconazole (200-10,000 nM), fluoxet-
ine (150-3,000 nM), sertraline (50-50,000 nM) and loratidine 
(20-2,000 nM). 

2.4. Establishment of 3-Cyano-7-Ethoxycoumarin Fluo-
rescence Assay 

 A published protocol was adopted to develop the CEC 
deethylase assay in this study [25]. Reactions were carried out 
in 96-well microplates (flat bottom, black) with volume capac-
ity of 200 μL in each well. Each well was loaded with 100 μg 
expressed CYP2C19, 500 µM NADPH, and 5-1,000 μM CEC 
in 100 mM phosphate buffer (pH 7.4). The solvent used to 
dissolve CEC was acetonitrile and its final concentration did 
not exceed 1% (v/v) in each incubation mixture. Reactions 
were started with the addition of 100 μg CYP2C19 protein and 

incubations continued for 30 min at 37 °C in a metabolic 
shaker. A volume of 75 μL of 100 mM Tris Base (pH 7.4) was 
added to each mixture to end the incubation, which was sub-
ject to fluorescence reading measurement with a microplate 
reader (Perkin Elmer, USA). The excitation wavelength 408 
nm and emission wavelength 455 nm were set for fluores-
cence measurement. A standard curve was constructed at con-
centrations ranging from 0.002-10 μM for the fluorescent me-
tabolite CHC. Activities of each CYP2C19 wild type and al-
leles were studied by incubating 2-1,000 μM CEC. The incu-
bation data was used to establish a saturation plot using 
GraphPad Prism version 5.0 (GraphPad Software Inc, USA) 
where Vmax and Km were determined. In the inhibition study, 
the concentrations of CEC used were 20 μM (CYP2C19 wild 
type), 40 μM (CYPC19*23 and CYPC19*24), and 500 μM 
(CYP2C19*25), which were close to the Km values deter-
mined from the preliminary kinetic studies. The enzyme inhi-
bition was studied at various concentrations of ketoconazole 
(50-10,000 nM), fluoxetine (50-5,000 nM), sertraline (50-
10,000 nM), and loratadine (50-10,000 nM). 

2.5. Molecular Docking Study 

 The Discovery Studio (DS) 4.5 package (Accelrys, USA) 
was employed to build computer models of CYP2C19, both 
the wild type and the alleles, based on the crystallographic 
data from Protein Data Bank (http://www.rcsb.org/pdb/). For 
wild type CYP2C19, the crystal structure with PDB ID of 
4GQS was used. The wild type model was then used as a 
template to create variant models. Structural refinement and 
energy optimization were performed to get RMS gradient of 
0.01. ChemDraw 12 was used to construct the molecular 
structures of the probe compounds used in the enzyme as-
says. The molecules were then energy minimized and docked 
into different CYP2C19 models using CDOCKER where 
ligand-protein interactions were investigated. The output 
from the modelling allowed binding poses, affinity, and total 
energy to be determined as well as visualization of the inter-
molecular interactions between the protein and compound 
molecules. To validate the docking protocol, X-ray bound 
ligand was first removed from the crystal structure followed 
by docking of the energy minimized ligand and the root 
mean square deviation (RMSD) value was calculated.  

2.6. Statistical Analysis 

 All data were displayed as mean ± standard deviation 
(SD). Kinetic parameters including Michaelis-Menten con-
stant (Km) and maximum velocity (Vmax) for the enzyme as-
says were determined from the Michaelis-Menten plots using 
Prism v4.0 software (GraphPad Prism Software, San Diego, 
CA, USA). The Student’s t test was used for comparison of 
kinetic data between the wild type with that of the alleles. 
The p values < 0.05 were considered statistically significant. 
All the analyses were performed with SPSS software (SPSS, 
Chicago, IL, USA). 

3. RESULT 

3.1. Kinetic Analyses of CYP2C19 Wild Type and Vari-
ant Proteins 

 Table 1 lists the kinetic and inhibition data of CYP2C19 
wild type and alleles for both the omeprazole 5-
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hydroxylation and CEC deethylation assays. The enzyme 
kinetics were determined from the substrate concentration-
velocity plots that defined the Km and Vmax for the reactions 
examined (Fig. 1 for representative plots). For the omepra-
zole assay, the catalytic activity of the wild-type CYP2C19 
protein was measured at a substrate concentration of 5 - 100 
μM and CYP2C19*23 protein was measured at a substrate 
concentration of 50 - 2,000 μM to obtain substrate concen-
tration-velocity plots. However, no detectable enzyme activ-
ity (i.e. below the detection limit of the assay which was 0.02 
µM) was noted for CYP2C19*24 and CYP2C19*25. Hence, 
these Km and Vmax values could not be determined. With 
GraphPad software, the Km for CYP2C19 wild-type and 
CYP2C19*23 was estimated to be 18.37 ± 1.64 and 1911.00 

± 244.73μM, respectively. While the Vmax for CYP2C19 
wild type and CYP2C19*23 was estimated to be 1.14 ± 0.02 
and 0.94 ± 0.18pmol/min/pmol CYP, respectively. When 
intrinsic clearance (Vmax/Km) for each protein was consid-
ered, CYP2C19*23 only recorded 0.8% of the value of the 
wild-type. 

 For CEC assay, the catalytic activity of wild-type 
CYP2C19 protein was measured at a substrate concentra-
tions of 1 - 500 μM, the catalytic activity of CYP2C19*23 
was measured at a substrate concentration of 5 - 500 μM, the 
catalytic activity of CYP2C19*24 was measured at a sub-
strate concentration of 10 - 500 μM and the catalytic activity 
of CYP2C19*25 was measured at a substrate concentration 

Table 1. Tabulated data of Km, Vmax, IC50, and molecular docking interaction energy for CYP2C19 wild type and alleles. Signifi-
cant difference between the marked data and data for CYP2C19*1 with ** p< 0.01 and *p< 0.05.  

- CYP2C19*1 CYP2C19*23 CYP2C19*24 CYP2C19*25 

Omeprazole assay 

Vmax (pmol/min/pmol CYP) 1.14 ± 0.02 0.94 ± 0.18 ND ND 

Km (μμM) 18.37± 1.64 1911.00± 244.73** ND ND 

Vmax/Km (x10-3μL/min/pmol CYP) 62.46 (1.000) 0.49 (0.008) ND ND 

CEC assay 

Vmax ( pmol/min/pmol CYP) 1.42 ± 0.08 1.91 ± 0.31 1.56 ± 0.35 2.74 ± 0.42** 

Km (μM) 13.94 ± 1.27 363.90 ± 67.63** 369.50 ± 45.90** 440.20 ± 66.86** 

Vmax/Km (x10-3μL/min/pmol CYP) 10.20 (1.000) 0.52 (0.051) 0.42 (0.041) 0.62 (0.061) 

Omeprazole assay IC50 (nM) 

Ketoconazole 3264.00 ± 81.32 (1.00) 2974.00 ± 63.64 (0.90) ND ND 

Fluoxetine 1016.00 ± 9.19 (1.00) 752.30± 5.30**(0.74) ND ND 

Sertraline 16686.00 ± 840.04 (1.00) 868.60 ± 43.42**(0.05) ND ND 

Loratadine 610.30 ± 80.04 (1.00) 68.70± 4.45**(0.11) ND ND 

CEC assay IC50 (nM) 

Ketoconazole 3990.00 ± 13.44 (1.00) 1302.00± 84.15**(0.33) 2596.00 ± 187.38**(0.65) 2206.00± 45.96**(0.55) 

Fluoxetine 1924.00 ± 139.30 (1.00) 1952.00 ± 220.62(1.01) 1822.00 ± 218.50(0.95) 1294.00 ± 139.30*(0.67) 

Sertraline 2544.00 ± 135.06 (1.00) 764.40 ± 95.60**(0.30) 1104.00 ± 12.02**(0.43) 738.20 ± 63.00**(0.29) 

Loratadine 1944.00 ± 27.58 (1.00) 742.50 ± 52.75**(0.38) 863.80 ± 43.49**(0.44) 1566.00 ± 12.02**(0.81) 

Docking binding energy (-Kcal/mol) 

Omeprazole 40.87 38.76 17.55 22.93 

CEC 26.18 21.65 22.51 21.43 

Ketoconazole 10.97 Failed Failed Failed 

Fluoxetine 22.56 24.19 23.66 34.05 

Sertraline 24.44 33.55 27.70 37.63 

Loratadine 30.97 40.50 37.73 31.34 

Numbers in brackets represent the fold difference between the variant activity and the wild-type activity. All data are listed as mean ± SD (n = 3) except for docking interaction 
energies that are listed as single point values as these were derived from the best poses of the in silico models. ND - not determined. 
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of 20 - 1,000μM. The Km values for CYP2C19 wild-type, 
CYP2C19*23, CYP2C19*24 and CYP2C19*25 were esti-
mated to be 13.94 ± 1.27, 363.9 ± 67.63, 369.5 ± 45.90 and 
440.2 ± 66.86 μM respectively; while the Vmax values were 
estimated to be 1.42 ± 0.08, 1.91 ± 0.31, 1.56 ± 0.35 and 
2.74 ± 0.42 pmol/min/pmol CYP, respectively. Comparison 
of intrinsic clearance values of all proteins showed that all 
CYP2C19 variants demonstrated substantially lower value 
compared to the wild-type, at 5.1%, 4.1%, and 6.1% for 
CYP2C19*23, CYP2C19*24 and CYP2C19*25, respec-
tively. 

3.2. Inhibition Studies of CYP2C19 Wild Type and Vari-
ant Proteins  

 Data from inhibition studies showed that there was non-
uniformity in inhibitory effects towards the expressed pro-
teins with the four inhibitor probes. Representative IC50 plots 
are illustrated in Fig. (2). Using omeprazole 5-hydroxylase 
assay, CYP2C19*23 was more susceptible to inhibition than 
CYP2C19*1 by sertraline, loratadine and fluoxetine, show-
ing IC50 values that were 5%, 11% and 74% of the respective 
wild-type values. No significant difference was however 

 

Fig. (1). Velocity against 3-cyano-7-ethoxycoumarin (CEC) concentration for CEC deethylation in CYP2C19*1, CYP2C19*23, 
CYP2C19*24 and CYP2C19*25. Data are presented as mean ± SD of three different experiments. 

 

 

Fig. (2). Effect of ketoconazole (KTZ) on 3-cyano-7-ethoxycoumarin deethylation catalysed by (A) CYP2C19*1; (B) CYP2C19*23; (C) 
CYP2C19*24; and (D) CYP2C19*25. Data are presented as mean ± SD of three different experiments. 
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noted in ketoconazole IC50 values for both proteins. When 
CEC assay was examined, differences were noted in the sus-
ceptibility of allelic variants towards inhibition. Ketocona-
zole inhibited the three variants at higher extent, including 
CYP2C19*23 that demonstrated one-third of the wild-type 
IC50 value, in contrast to no difference that was noted when 
omeprazole was used as the probe. This indicates that sub-
strate-dependent intrinsic enzymatic differences exist among 
the examined CYP2C19 variant proteins. Sertraline inhibited 
CYP2C19 variants to a greater extent which exhibited IC50 
values that were 30%, 43% and 29% of the wild-type value 
for CYP2C19*23, CYP2C19*24 and CYP2C19*25, respec-
tively. Similar to the case for omeprazole, loratidine showed 
a higher degree of inhibition towards the three variants when 
using CEC as the probe. Fluoxetine, on the other hand, inhib-
ited CYP2C19 variants to a lesser extent compared to wild 
type protein with no difference in IC50 values for 
CYP2C19*23 and CYP2C19*24 and only 81% of the wild-
type value in CYP2C19*25, consistent with relatively weak 
inhibition observed for omeprazole assay.  

3.3. Molecular Docking of CYP2C19 Models  

 The protein template used in the present study was the 
crystal structure of human CYP2C19 bound with (2-methyl-
1-benzofuran-3-yl)-(4-hydroxy-3,5-dimethylphenyl) metha-
none (0XV) (PDB: 4GQS). To validate the docking protocol, 
0XV was first docked in the active site using CDOCKER. 
The RMSD value of 1.825 Å was observed between docked 
and bound 0XV (less than the cut-off point of 2 Å), thus the 
validity of the generated model was confirmed [26]. Fig. (3) 
illustrates the overall three-dimensional CYP2C19 model 
structures with the locations of the investigated amino acids 
highlighted. Fig. (4) shows the amino acid sequences of 
CYP2C19 with the substrate recognition sites (SRSs) [27] 
shaded and emboldened together with locations of the sec-
ondary structures indicated. 

 To accomplish the virtual mutation of CYP2C19, the 
Protein Modeling Module of the DS was utilized to introduce 
the exchange of amino acid  residues  in  each  allele  using  

 

Fig. (3). A three dimensional view of CYP2C19 (PDB: 4GQS) 
showing locations of amino acid variants. The helices and β-sheets 
are labelled accordingly and the heme is shown as a stick figure. 
The figure was produced using Discovery Studio 4.5 (Accelrys, 
USA). 

4GQS as the template. Table 2 lists the important features of 
CYP2C19 models that were constructed after validation. As 
shown in the table, mutations introduced into CYP2C19, in 
general, have caused alteration in the active site of the pro-
tein. The volume of the active site was 1016.63 Å3 in the 
wild type which gradually decreased from CYP2C19*23, 
followed by CYP2C19*25 and lastly CYP2C19*24. Volume 
reduction in the active site was particularly obvious in 
CYP2C19*24 (reduction of 23% in volume when compared 
to wild type). CYP2C19*23 and CYP2C19*25, on the other 
hand, only exhibited 8% and 13% shrinkage, respectively. In 
addition, the effect of mutations on the substrate access 
channel morphology was also investigated. In CYP2C19,  
the channel is made up of F-G loop, β1 and β2 sheets and 

 

Fig. (4). The sequence of the CYP2C19 with the substrate recognition site (SRS) regions highlighted (shaded and bold). The amino acid 
exchange in CYP2C19*23, CYP2C19*24 and CYP2C19*25 are underlined. Helices and strands are labelled and indicated by tube models 
and open arrows, respectively.
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surrounding loops, B’ and F’ helices as well as the adjacent 
B-C loop (Fig. 5). The distances between the nearest neigh-
bouring residues in the entrance opening and the middle por-
tion of the channel were measured and listed in Table 2 and 
illustrated in Fig. (6). As can be seen from Table 2, 
CYP2C19*23 showed increased diameters for both the en-
trance and middle portion of the channel (increase of 15% 
and 1%, respectively), indicating generally larger channel 
size as a result of the mutation. In the case of CYP2C19*24 
and CYP2C19*25, there was a negligible change in the di-
ameter of the entrance opening (compared to the wild type) 
but the middle portion of the channels was narrowed by 5% 
and 9%, respectively. In addition to examining the active site 
changes, molecular docking of all substrates and inhibitors 
was also carried out. The interaction energy values for each 
substrate and inhibitor with all the alleles were determined 
and listed in Table 1 (note: the higher/more positive the in-
teraction energy values, the better the binding affinity). 

 

Fig. (5). The ribbon structure of CYP2C19 with structural elements 
that form the substrate access channel highlighted in brown. Arrow 
indicates the open substrate access channel to the buried active site. 

 
 For omeprazole, the rank order of binding affinity based 
on the interaction energy was CYP2C19*1 > CYP2C19*23 
> CYP2C19*25 > CYP2C19*24. This sequence was rather 
consistent with the sequence order of substrate binding based 
on the determined Km values. Although the Km values for 
CYP2C19*24 and CYP2C19*25 were not determined due to 
low enzyme activity, nevertheless, based on the interaction 
energy obtained, the results were coherent with the relatively 
low enzyme activity as compared to CYP2C19*1.The rank 
order of CEC binding affinity based on the interaction en-
ergy was CYP2C19*1 > CYP2C19*24 > CYP2C19*23 > 
CYP2C19*25. Overall, this sequence was generally consis-
tent with the sequence order of substrate binding based on 
the determined Km values. As seen from the Km values, 

CYP2C19*1 has the lowest Km value indicating the most 
active enzyme followed by the other three variants. This is 
consistent with the highest interaction energy attained from 
the molecular docking of CYP2C19*1 followed by the re-
maining three proteins. Although interaction energy for both 
CYP2C19*23 and CYP2C19*24 swapped places, the lowest 
interaction energy for CYP2C19*25 agreed with its highest 
Km value in CEC deethylation. 

 Docking results with ketoconazole showed that the in-
hibitor was only able to dock with CYP2C19*1. Therefore, 
no comparison could be done for ketoconazole. Neverthe-
less, the successfully docked ligand was oriented close to the 
haem moiety. Failure to dock in the three allelic variants 
indicates that mutations in CYP2C19*23, CYP2C19*24 and 
CYP2C19*25 have induced conformational changes in the 
protein tertiary structures that did not favour entry and bind-
ing of ketoconazole into the active site cavities. This is in 
contrast to inhibition data which showed generally better 
inhibitory potency towards all three variants (lower IC50 val-
ues). For fluoxetine interaction with CYPC19 alleles, how-
ever, as seen in Table 1, there was relatively good consis-
tency of the docking data with the IC50 values. All success-
fully docked proteins had the ligand oriented close to the 
haem moiety and the rank order of binding affinity based on 
interaction energy was CYP2C19*25 > CYP2C19*23 > 
CYP2C19*24 > CYP2C19*1. Although there was a slight 
inconsistency between the interaction energy and the IC50 
values for CYP2C19*1, CYP2C19*23 and CYP2C19*24, 
the highest interaction energy calculated for CYP2C19*25 
was consistent with its lowest IC50 value among all examined 
proteins. For sertraline, the rank order of binding affinity 
based on the interaction energy was CYP2C19*25 > 
CYP2C19*23 > CYP2C19*24 > CYP2C19*, which gener-
ally agreed with the sequence order of inhibitor binding 
based on the determined IC50 values. Docking results for 
loratadine were also in agreement with the result obtained 
from inhibition study, with both showing the same rank or-
der in binding affinity of CYP2C19*23 > CYP2C19*24 > 
CYP2C19*25 > CYP2C19*1. 

4. DISCUSSION 

 In the present study, the molecular and kinetics basis for 
activity changes in three alleles found in the Chinese popula-
tion, CYP2C19*23, CYP2C19*24 and CYP2C19*25, has 
been investigated. The locations of the amino acid mutations 
reported in these variants are indicated in the tertiary struc-
ture and primary sequence of CYP2C19 (Fig. 3 and Fig. 4, 
respectively) [28, 29]. Although only G91R (C-terminal end 
of B-helix, in B-B’ loop) is located close to SRS 1, the three 
mutations, I331V and R335Q (J-helix or J-J’ loop) and 
F448L (L-helix), have been predicted to play a crucial role in 
protein stability and serve as an important domain in the 
formation of haem-binding region sandwiching heme group 
and I-helix [16]. It is noteworthy that Gly91, Ile331, Arg335 
and Phe448 were all highly conserved in positional align-
ment comparisons of twenty CYP2C peptide sequences [30], 
suggesting their pivotal role in CYP2C activity across the 
species. 

 As shown in Table 1, all CYP2C19 variants exhibited 
lower intrinsic clearance than CYP2C19 wild-type (6.1% or 
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less of the wild-type) in both omeprazole 5-hydroxylase and 
CEC deethylase assays (no apparent omeprazole 5-
hydroxylase activity in the case of CYP2C19*24 and 
CYP2C19*25). This indicates that mutations of CYP2C19 
variants induced conformational changes within the 
CYP2C19 active site and decreased the affinity towards 
omeprazole and CEC binding. A recent in vitro study by 
Takahashi et al. reported the negligible or reduced catalytic 
activities of the three variants expressed with COS-7 cells 
using clopidogrel as the substrate [31], which is in agreement 
with findings from this study. In addition, Xu et al. demon-
strated substantially reduced voriconazole N-oxidase activity 
in CYP2C19*23 expressed in insect cell Sf21 [32]. Another 
study which examined G91R sole substitution in Sf21-

expressed CYP2C19 showed reduced catalytic activity to-
wards the substrate methadone [33]. The studies conducted 
by Wang et al and Blaisdell et al on CYP2C19*1B, a wild 
type variant allele consisting of only I331V substitution, 
showed that this variant exhibited normal enzyme activity in 
S-mephenytoin hydroxylation and omeprazole 5-
hydroxylation [24, 34]. These evidence indicated that I331V 
substitution minimally affected the function of CYP2C19 
enzyme. Therefore, any alteration in the activity of 
CYP2C19*23, CYP2C19*24 andCYP2C19*25 would be 
accounted for mainly by their respective unique mutations 
(namely G91R, R335Q and F448L). 

 In CYP2C19*23 allele, G91R substitution involved ex-
change of a large charged amino acid; therefore, altering 

 

Fig. (6). The ribbon structures of (A) CYP2C19*1, (B) CYP2C19*23, (C) CYP2C19*24, and (D) CYP2C19*25, with amino acid side chains 
forming part of the substrate access channel indicated. Distance a refers to distance of neighbouring residues which form the entrance open-
ing while that of b reflects those forming the middle portion of the channel.



Functional Characterization of CYP2C19 Gene Variants Current Molecular Pharmacology, 2020, Vol. 13, No. 3    241 

residue hydrophobicity. This is because glycine, located in a 
hydrophobic environment with much smaller side chain, was 
replaced with arginine with polar basic functional group in a 
larger side chain [16]. It has been mentioned earlier that 
Gly91 is located within B-B’ helix loop at the C-terminal 
end of B-helix and plays an important role in surface channel 
access to heme. As illustrated in Fig. (7), G91R exchange 
occurred close to the ‘bottom end’ of the substrate access 
channel just proximal to the B-B’ and B-C loops which 
formed part of the access channel. Arginine substitution is 
thus likely to have a profound effect on the morphology of 
the channel as evidenced by the enlargement of the channel 
in the CYP2C19*23 model of this study (Table 2 and Fig. 6). 
It is possible that Arg91 might have caused alteration in the 
local intermolecular interaction with the surrounding resi-
dues and has resulted in subtle movement of secondary struc-
tural motifs nearby and alteration in local spatial organiza-
tion of the motifs which eventually led to the increased di-
ameter of the channel. The secondary structure motifs that 
may be affected by this spatial shifting include B-C loop, B’-
helix as well as the adjacent β1 sheets (see Fig. 7). In addi-
tion to the changes in access channel, G91R was also pre-
dicted by other investigators to induce a significant confor-

mation change at the substrate recognition site, known as 
“overpacking at the buried site” [17,18]. This implied that 
the mutation would result in spatial re-organization of sec-
ondary structure elements surrounding the active site pocket 
(the buried site) that lead to more compact cavity in the pro-
tein interior. The CYP2C19*23 model in this study also pro-
vides support to this notion as there was reduction in the 
active site volume (Table 2) as well as reduced docking 
binding energy values. It is therefore clear that G91R caused 
both local and ‘long range’ effects which have modified the 
morphology of both substrate access channel and active site 
cavity, hence resulting in altered substrate catalysis as seen 
with omeprazole and CEC. 

 As for CYP2C19*24, Arg335 which was substituted with 
Gln is a part of an eight-residue loop between J and J’ helices. 
According to Zhou et al, Arg335 formed a pair of hydrogen-
binding ions with Asp341 positioned in the centre of the J’ 
helix and Asp341 formed another pair with Cys338, construct-
ing a perfect tripod structure which maintained the stability of 
motif in CYP2C19. Thus, the replacement Arg335 with Gln 
caused the hydrogen bonding to disappear, leading to more 
structural instability and hence affecting protein secondary 

 

Fig. (7). The ribbon structures of CYP2C19 showing amino acid at position 91, glycine (left) and arginine (right). The location of the residue 
in relation to the access channel and heme moiety is shown.

 
Table 2. Structural features of the generated CYP2D6 in silico models. Only single data are presented as these were derived from 

the energy minimized and the best poses of each CYP2D6 model. 

Diameter of Substrate Access Channel (Å) (Residues Involved) 
CYP Active Site Volume (Å3) 

Entrance Opening Middle Portion 

CYP2C19*1 1016.63 
2.157 

(Leu71-Asn218) 

5.894 

(Met74-His99) 

CYP2C19*23 932.38 
2.481 

(Glu72-Asn218) 

5.961 

(Met74-Gly98) 

CYP2C19*24 779.50 
2.206 

(Phe69-Asn218) 

5.590 

(Met74-His99) 

CYP2C19*25 877.25 
2.124 

(Gly70-Phe219) 

5.358 

(Met74-His99) 
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structure [16, 29]. Disruption of this intermolecular interaction 
of residues is thus believed to destabilize the protein secon-
dary structure and alter the affinity for substrate binding and 
protein activity [16]. This is evidenced from the in vitro ki-
netic and docking data from this study which showed reduced 
omeprazole and CEC catalysis and reduced binding energy 
values. This is also supported by CYP2C19*24 in silico model 
which exhibited narrowing of the substrate access channel (the 
middle portion) and smaller active site volume. Phe448 in 
CYP2C19*25 is located in the L-helix, an important part of 
the heme-binding region sandwiching heme group proximal to 
the surface of the protein [16,19]. According to Zhou et al, 
Phe448, Ala149, Leu152, Val153, Phe451 and Ile452 consti-
tute a hydrophobic cavity close to the haem-binding domain 
within the protein interior. Therefore, substitution of Phe448 
with nonpolar leucine will alter the hydrophobicity or the in-
tegrity of the L-helix, impacting ligand binding and substrate 
oxidation [16]. This is in agreement with the results from this 
study which demonstrated compromised omeprazole and CEC 
oxidations, lower binding energy values as well as shrinkage 
in the size of access channel (middle portion only) and active 
site pocket in the docking studies. Furthermore, Phe448 is also 
close to another residue, Arg442, which was substituted with a 
cysteine (R442C) in CYP2C19*16. This exchange has been 
demonstrated to be detrimental to CYP2C19 catalytic activi-
ties towards S-mephenytoin and omeprazole [24]. Collec-
tively, the data above indicate that some residues in L-helix 
play critical role in enzyme activity for CYP2C19. 

 Despite the variants showing low intrinsic clearance, all 
three allelic variants were more susceptible to inhibition than 
the wild-type protein across two assays with all the four in-
hibitor probes studied, namely ketoconazole, fluoxetine, ser-
traline and loratadine. Enhanced inhibition of the variants by 
ketoconazole was however not supported by the docking 
data. Ketoconazole was docked successfully only to 
CYP2C19*1, and docking into the other three variants were 
unsuccessful. Hence, no comparisons of interaction energy 
with the IC50 can be made. Nonetheless, based solely on the 
IC50 values determined from both omeprazole and CEC as-
says, similar patterns of ketoconazole inhibition for the wild-
type and variants were displayed. On the other hand, the  
in vitro inhibition patterns of fluoxetine, sertraline and 
loratadine were generally supported by the docking data. 
Correlation can be found between IC50 values and the inter-

action energy values which shows that the variants showing 
the lower IC50 values show higher interaction energy values 
(Table 1).  

 Taken together, the inhibition data were not expected and 
were in contrast to data obtained from substrate kinetics 
which showed reduced omeprazole and CEC deethylase ac-
tivities. The exact reason for this discrepancy is unknown. 
Interestingly, when all the substrate and inhibitor probes are 
compared in relation to their common physiochemical prop-
erties (Table 3), it is apparent that all four inhibitor com-
pounds have lower polar solvent accessible surface area rela-
tive to the substrates omeprazole and CEC (surface area 
ranging from 13.35 to 84.15 Å2 compared to 125.73 Å2 and 
133.62 Å2 for omeprazole and CEC, respectively). Reduced 
polar surface area indicates that the compounds would be 
able to permeate cell membrane and enter protein interior in 
a better way due to relatively increased hydrophobicity on 
compound surface. This partly explains the enhanced bind-
ing within CYP2C19 proteins especially in the three variant 
proteins which already have more compact active site pocket 
(smaller cavity volume), hence providing better steric com-
plementarity for binding by the inhibitors. It is thus likely 
that structural alteration in CYP2C19 proteins in both active 
site and substrate access channel has resulted in ligand-
specific alteration in catalytic and inhibitory specificities.  

CONCLUSION 

 As a general conclusion, the kinetics of omeprazole hy-
droxylation and CEC deethylation was successfully deter-
mined for CYP2C19 wild type and variants. All CYP2C19 
alleles exhibited very low enzyme activity and affinity to-
wards omeprazole and CEC (6.1% or less in intrinsic clear-
ance). The inhibition studies with the four inhibitors, how-
ever, suggested that mutations in different variants have a 
tendency to cause enhanced binding (reduced IC50 values for 
ketoconazole, fluoxetine, sertraline and loratadine). Collec-
tively, data from this study indicate that mutations in 
CYP2C19*23, CYP2C19*24 and CYP2C19*25 contribute 
to the functional differences between the allelic variants and 
the wild type by altering the topology of intermolecular in-
teractions of the protein residues and ligands as well as the 
relative sizes of their substrate access channels and active 
site cavities, and these effects were both allele and ligand 

Table 3. Physicochemical data for the substrate and inhibtor probes used for CYP2D6. MW, molecular weight; clog P, calculated 
log P; pKa, acid dissociation constant; Volume, molecular volume (Å3); SA, polar solvent accessible surface area (Å2); 

a/d2, molecular area-to-depth-squared ratio. 

Compound MW clog P pKa Volume SA a/d2 

Omeprazole 345.42 2.90 1.40, 8.69 269.94 125.73 6.32 

CEC 215.21 2.07 - 164.29 133.62 12.67 

Ketoconazole 531.43 3.61 2.90, 6.26 406.79 84.15 6.38 

Fluoxetine 310.33 2.80 9.61 240.09 37.80 6.67 

Sertraline 306.23 5.00 9.39 234.95 13.35 4.83 

Loratadine 382.88 5.00 4.58 297.38 46.05 6.20 
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specific. These findings have generally extended the under-
standing of CYP2C19 genetic polymorphisms in humans as 
well as the structure-function relationship of CYP2C19 pro-
tein. 
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