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ABSTRACT
The humanCYP2C9plays a crucial role in themetabolic clearance
of awide range of clinical therapeutics. The *2 allele is a prevalent
genetic variation in CYP2C9 that is found in various populations.
A marked reduction of catalytic activity toward many important
drug substrates has been demonstrated by CYP2C9*2, which
represents an amino acid variation at position 144 from arginine
to cysteine. The crystal structure of CYP2C9*2 in complex with
an antihypertensive drug losartan was solved using X-ray
crystallography at 3.1-Å resolution. The Arg144Cys variation
in the *2 complex disrupts the hydrogen-bonding interactions
that were observed between the side chain of arginine and
neighboring residues in the losartan complex of CYP2C9 and
the wild-type (WT) ligand-free structure. The conformation of
several secondary structural elements is affected, thereby
altering the binding and orientation of drug and important
amino acid side chains in the distal active site cavity. The new
structure revealed distinct interactions of losartan in the compact
active site of CYP2C9*2 and differed in occupancy at the other
binding sites previously identified in the WT-losartan complex.

Furthermore, the binding studies in solution using losartan
illustrated lower activity of the CYP2C9*2 compared with the
WT. Together, the findings yield valuable insights into the
decreased hydroxylation activity of losartan in patients
carrying CYP2C9*2 allele and provide a useful framework
to investigate the effect of a single-nucleotide polymor-
phism that leads to altered metabolism of diverse drug
substrates.

SIGNIFICANCE STATEMENT
The *2 allele of the human drug-metabolizing enzyme CYP2C9 is
found in different populations and results in significantly reduced
activity toward various drug substrates. How the CYP2C9*2
variant induces altered drug metabolism is poorly understood
given that the Arg144Cys variation is located far away from the
active site. This work yield insight into the effect of distal variation
using multitude of techniques that include X-ray crystallography,
isothermal titration calorimetry, enzymatic characterization, and
computational studies.

Introduction
Cytochrome P450 (P450)–dependent monooxygenases are

a superfamily of heme-thiolate proteins involved in the metab-
olism of xenobiotics (Ortiz de Montellano, 2015). Of the 57
human P450 enzymes identified so far, about 17 enzymes are
predominantly involved in the metabolism of clinical drugs
(Guengerich et al., 2016). These include CYP3A4, CYP2D6, and
CYP2C9, which are among the enzymes responsible for the
clearance of majority of pharmaceuticals in phase I drug
metabolism. Furthermore, the occurrence and frequency of
genetic variations in P450 among different populations have
a significant impact on enzyme function and variability in
drug response (Sim and Ingelman-Sundberg, 2013). CYP2C9
metabolizes approximately 15%–20% of drugs, including the
antihypertensive losartan, the anticoagulant warfarin, the
analgesic ibuprofen, and the antidiabetic drugs tolbutamide
and glimepiride (Rettie et al., 1992; Miners and Birkett,
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1998; Yasar et al., 2001; Van Booven et al., 2010). The highly
polymorphic nature of CYP2C9 has led to altered hydroxyl-
ation profiles of many substrates, resulting in a reduced
ability to eliminate drugs in genetically affected individuals
(Goldstein, 2001; Daly et al., 2017). CYP2C9*2 and CYP2C9*3
are two prevalent genetic variants that demonstrate signifi-
cant reduction of catalytic activity compared with the wild-
type (WT) enzyme, leading to therapeutic failure and adverse
drug reactions (Rettie and Jones, 2005; Daly et al., 2017).
These genetic variants have been studied functionally; how-
ever, the resulting amino acid change that occurs because of
such variations and the distal location from the active site
have made it difficult to infer their effect on enzyme activity.
The *2 allele, which is found in approximately 15%ofCaucasians
andabout 2%–4%of those ofAfrican orAsiandescent, represents
an amino acid change from arginine to cysteine at position 144
(Arg144Cys) (Crespi and Miller, 1997), whereas the CYP2C9*3
allele is found in up to 15%–20% of different populations and
represents an amino acid change from isoleucine to leucine at
position 359, or Ile359Leu (Sullivan-Klose et al., 1996).
The Protein Data Bank (PDB) lists more than 800 entries

of the P450 structures from different species, with structures
of over 100 human P450 isoforms in the presence or absence of
ligands of various sizes and shapes (Berman et al., 2000).
Despite significant progress in structural biology of P450
enzymes, details of the effect of genetic variations on the
tertiary structure of the protein and the active site have
remained limited. Our recent structural studies of CYP2C9
WT, CYP2C9*3, and CYP2C9*30 complexed with losartan
illustrated the influence of single-nucleotide polymorphisms
on the orientation of amino acid side chains in the active site
(Maekawa et al., 2017). The effect of subtle differences in the
amino acid substitution at a distal location can be transduced
to the active site, thus directly affecting interactions with
ligands in the binding pocket. Furthermore, considering the
diverse substrate specificity of P450, such variations may lead
to indirect effects on protein function in a substrate-dependent
manner that are more difficult to predict. Overall, polymor-
phic variations can have local effects on interactions with
neighboring residues and secondary structural elements as
well as long-range conformational changes that alter the
architecture of the active site and the access channel region
important for ligand binding.
To further our understanding of how genetic variations

in CYP2C9 affect drug binding and oxidation, we solved the
X-ray crystal structure of CYP2C9*2 in complex with the
antihypertensive drug losartan and probed the binding of
the drug using functional, biophysical, and computational
approaches. The prodrug losartan is an angiotensin II receptor
antagonist that is predominantlymetabolized by CYP2C9 and
CYP3A4 (Lo et al., 1995; Sica et al., 2005; Joy et al., 2009). The
CYP2C9*2 structure in a conformationally distinct state was
compared with the recently solved structures of CYP2C9 and
provides insights into the implications of genetic polymor-
phisms on drug metabolism that would be useful in the de-
velopment of drug candidates potentially effective to populations
possessing such allele.

Materials and Methods
Materials. Tryptone enzymatic digest, yeast extract, glycerol, potas-

sium phosphate dibasic, potassium phosphate monobasic, L-histidine

monohydrochloride, ampicillin sodium salt, phenylmethylsulfonyl
fluoride (PMSF), sodium chloride, EDTA, chloramphenicol, losartan
potassium, Terrific broth, deoxyribonuclease I, and ribonuclease A
were purchased from Sigma-Aldrich (St Louis, MO); Difco Luria-
Bertani Broth Lennox was purchased from Becton Dickinson (Frank-
lin Lakes, NJ); isopropyl b-d-1-thiogalactopyranoside Dioxane-Free
and 5-aminolevulinic acid hydrochloride were obtained from BOC
Sciences (Upton, NY); 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic acid (CHAPS) and Tris(2-carboxyethyl)phosphine
hydrochlorate (TCEP) were obtained from Soltec Venture (Beverly,
MA); HisPur Ni-NTA (nitrilotriacetic acid) resin was obtained from
ThermoFisher Scientific; and CM Macroprep was obtained from
Bio-Rad (Hercules, CA). 5-Cyclohexyl-1-hexylpentyl-b-D-maltoside
(CYMAL-5)was obtained fromAnatrace (Maumee,OH). The 3a-hydroxyl-
7a,12a-di-(((2-(trimethylamino)ethyl)phosphoryl)ethyloxy)-cholane is a fa-
cial amphiphile used as described previously (Lee et al., 2013). PEGRx
screens were obtained from Hampton Research. Human cytochrome
P450 reductase was obtained from OriGene (Rockville, MD).

Protein Expression and Purification. The CYP2C9WT cDNA
was a gift from Dr. Keiko Maekawa. As described previously, the
amino acid residues 1–23 (N-terminal transmembrane anchor
domain) were replaced with amino acid residues MAKKT, and
C-terminal residue was substituted from V to I, which was followed
by four histidine residues. The variant, CYP2C9*2 (Arg144Cys),
was generated by site-directed mutagenesis using QuikChange II
Site-Directed Mutagenesis Kit from Agilent and confirmed by
sequencing. The plasmid was transformed into Escherichia coli
Rosetta2 cells. Protein expression and purification were carried out
as described previously (Maekawa et al., 2017). A Luria-Bertani
broth containing ampicillin (100 mg/ml) and chloramphenicol (25
mg/ml) was inoculated with the CYP2C9*2 plasmid glycerol stock
and grown overnight at 37°C in an incubator shaker at 225 rpm.
The Terrific broth was prepared, and 15 ml of the overnight culture
was inoculated into the medium supplemented with the Terrific
broth salt, ampicillin, and chloramphenicol. The culture was
further grown at 37°C with shaking at 230 rpm until the optical
density of a sample measured at a wavelength of 600 nm reached
0.7–0.8 nm. The protein expression was induced by adding iso-
propyl b-d-1-thiogalactopyranoside (1 mM) and 5-aminolevulinic
acid hydrochloride (0.5 mM) and continued for 65 hours in the
shaking incubator at 30°C and 190 rpm. Cells were harvested by
centrifugation (4000 g) for 10 minutes.

The pellet was resuspended in 10% original culture volume in buffer
(400 ml buffer for 4 liter culture) with 20 mM potassium phosphate,
20% (v/v) glycerol, 1.25 mM TCEP, and 1 mM PMSF. The lysozyme
(0.3 mg/ml) was added to the resuspended cells and stirred for
30 minutes prior to centrifugation at 5640 g for 30 minutes. The
spheroplasts were resuspended in 5% original culture volume in
500 mM potassium phosphate, 20% (v/v) glycerol, 1.25 mM TCEP,
0.5 mM PMSF, deoxyribonucelase (10 mg/ml), and ribonuclease A
(10 mg/ml) and sonicated 40 pulses per minute for 1 minute for a total
of 3minutes. The detergent CHAPSwas added to a final concentration
of 0.8%, and the lysate was stirred at 4°C for 90 minutes followed by
centrifugation at 33,000 g for 1 hour.

The nickel resin was equilibrated using the buffer containing
50 mM potassium phosphate and 20% (v/v) glycerol (pH 7.4 at 4°C).
The protein supernatant was added to resin and was allowed to stir
overnight at 4°C to facilitate protein binding. The mixture was
centrifuged at 1840 g for 3 minutes to collect the resin with bound
protein, which was then added to a Bio-Rad Econo-Column. Using the
Bio-Rad NGC Quest chromatography system, the resin was washed
with 10-column volume of the buffer containing 100 mM potassium
phosphate, 20% glycerol, 100 mM NaCl, 2 mM TCEP, 0.5 mM PMSF,
0.5%CHAPS, and 5mMhistidine. The proteinwas elutedwith 10mM
potassium phosphate, 20% glycerol, 100 mM NaCl, 2 mM TCEP,
0.5 mM PMSF, 0.5% CHAPS, and 50 mM histidine at a rate of 1 ml/
min. The absorbance at 415 and 280 nm was measured using UV
spectrophotometer for each of the collected fraction, and the fractions
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with 415/280 nm greater than 1 were pooled before measuring the
concentration. The pooled fractions were diluted five times by volume
with the buffer containing 5 mM potassium phosphate, 20% glycerol,
1mMEDTA, 2mMTCEP, 0.5mMPMSF, and 0.5%CHAPS. Theweak
cation exchange resin, CM Macroprep (Bio-Rad), was equilibrated
with 10 mM potassium phosphate and 20% glycerol (1 ml resin/100
nmol protein), and the diluted protein was incubated overnight with
the CM resin. The resin was collected by centrifugation at 2880 g and
packed in a Bio-Rad Econo-Column before it was washed (10 times
column volume) with the buffer containing 5 mM potassium phos-
phate, 20% glycerol, 1 mMEDTA, 2 mMTCEP, and 50 mMNaCl. The
buffer containing 50 mM potassium phosphate, 20% glycerol, 2 mM
TCEP, 1mMEDTA, and 500mMNaClwas used to elute the protein at
a rate of 1ml/min in 1-ml fractions. The absorbance at 415 and 280 nm
wasmeasured, and the fractions with 415/280 nm greater than 2 were
pooled in a falcon tube on ice prior to measuring the concentration
(Maekawa et al., 2017). The peak at 450 nmwas visible in the presence
of carbon monoxide and absent at 415-420 nm. The CYP2C9 WT was
expressed and purified in a similar manner.

Crystallization. The CM elution buffer was prepared by substitut-
ing 20% glycerol with 0.5 M sucrose. The pooled protein sample was
diluted to 18 mM using the sucrose elution buffer (50 mM potassium
phosphate, 500mMNaCl, 0.5M sucrose, 1mMEDTA, 2mMTCEP). A
stock solution of the drug losartan dissolved in water was prepared at
40-mM concentration, and losartan was added to a final concentration
of 180 mM. The sample was incubated on ice overnight. Next day, the
protein solution with the ligand was placed in the Amicon ultra
concentrator (10 kDa mol. wt. cut-off) and concentrated via centrifu-
gation to one-tenth volume followed by dilution to 18 mMand addition
of losartan to 180 mM. This process was repeated two times, and the
protein-ligand complex was concentrated to a final concentration of
500mM.The detergent CYMAL-5was added to a final concentration of
4.8 mM followed by the addition of 0.077% (w/v) 234-chol facial
amphiphile. The sample was further supplemented by the addition
of losartan (1 mM final concentration) and filtered using the Amicon
filtration tubes prior to crystallization. Crystal screening was carried
out using sitting drop vapor diffusion by mixing screen solution
(PEGRx 2 from Hampton Research) and CYP2C9*2-losartan complex
in a 0.9:1 ratio. Plates were incubated at 18°C with a well reservoir
volume of 50 ml. Crystals of CYP2C9*2 grew over the course of 1 to
2 weeks in drops containing 0.1 M lithium sulfate monohydrate, 0.1 M
sodium citrate tribasic dehydrate (pH 5.5), and 20% w/v polyethylene
glycol 1000. Crystals for theCYP2C9*2-losartan complex were collected
in crystallization buffer with 20% sucrose as cryo-protectant and flash-
frozen in liquid nitrogen. The crystals were shipped to Stanford
SynchrotronRadiation Light source, and the crystallographic datawere
collected remotely using beam line 12-2 (Cohen et al., 2002; McPhillips
et al., 2002; Soltis et al., 2008). Data were collected using 1° oscillations
(360 frames) and 5-second exposure at 100K, and imageswere integrated
using iMosflm and scaled using Scala (Leslie, 1999; Potterton et al., 2003;
Evans, 2006; Winn et al., 2011).

Structure Determination and Refinement. The structure of
CYP2C9*2 complex was solved at 3.1-Å resolution. Briefly, the scaled
data were used for molecular replacement using the automated
program Balbes that used PDB 1OG2 as the template (Long et al.,
2008). The solution was found in the space group P31 with eight
molecules (chains A to H) in an asymmetric unit (Supplemental Fig.
1A). The Refmac5 was used for iterative refinement, and Coot was
used for model building using the 2Fo-Fc and Fo-Fc electron density
maps contoured to 1-s and 3-s, respectively (Emsley and Cowtan,
2004; Murshudov et al., 2011). The R-factor of 0.15 and R-free of 0.22
were achieved in the final refinement cycle. The losartan wasmodeled
into the observed unbiased electron density near the active site heme
prior to final steps of refinement (Supplemental Fig. 1B). Further-
more, an unidentified electron density was observed near the residues
from 225 to 229 in each of the eight chains that was not modeled with
any ligand in the final coordinates. The weak electron density near
such ambiguous density was identified as the detergent CYMAL-5 as

modeled. A total of six CYMAL-5 molecules were modeled in the
structure individually located at the symmetry near the G-G’ helix
region and near residues 226–229 between the chains A-H as shown in
Supplemental Fig. 1A. Furthermore, all the protein chains were
identical [root-mean-square deviation (RMSD) ∼0.27 Å] to each other,
and the chain A was used to generate the figures illustrated in this
work. There were a total of 143 water molecules and three sulfate
ions located in the structure. In addition, the following amino acid
residue side chains, mostly lysine and glutamate, demonstrated
disordered electron density in one or the other chains from A to H in
the asymmetric unit: Lys28, Lys48, Lys52, Lys72, Glu81, Lys84,
Glu92, Glu104, Lys118, Lys121, Arg132, Phe134, 135, Met136, 137,
Lys138, Arg139, Asp143, Glu147, Arg150, Glu154, Lys160, Lys185,
Lys190, Gln192, Glu199, Lys206, Lys235, Lys241, Glu246, Lys249,
Glu253, Met257, Asn258, Gln261, Glu272, Lys273, Lys275, His276,
Asn277, Gln278, Tyr283, Glu328, Arg333, Asn334, Gln340, Glu352,
Lys375, Leu380, Lys383, Lys399, Met406, Asp414, Glu415, Lys421,
Lys423, Lys459, Lys465, and Lys485. The final refinement statistics
are presented in Supplemental Table 1. The coordinates and structure
factors with a MolProbity score of ∼90th percentile (clash score for all
atoms was 96th percentile) were submitted to the Protein Data Bank
(PDB 6VLT) (Chen et al., 2010). All figures representing protein
structureswere created using PyMOL,ThePyMOLMolecularGraphics
System, Version 2.0, Schrodinger, LLC.

Active Site Volume Calculation and Ligand Docking. The
volume of the active site of CYP2C9*2 was calculated using the
computational software Voidoo using a probe occupied volume with
a probe radius of 1.4 Å (Kleywegt and Jones, 1994). All the solvent
molecules, losartan, and CYMAL-5 were deleted from the coordinates
of CYP2C9*2. The cavity search was performed using the coordinates
in the region above the heme iron. AutoDock Vina was used to dock
losartan into the current CYP2C9*2 complex (Trott and Olson, 2010).
The losartan, CYMAL-5, waters and any other ligand or non-protein
molecules except chain A were removed from the coordinate file, and
docking was run using a rigid receptor molecule. The docking
experiment included 20 events with a grid size of 50 Å � 50 Å �
50 Å centered on the heme iron.

Isothermal Titration Calorimetry. The ITC experiments were
carried out by titrating CYP2C9 WT or CYP2C9*2 with losartan at
25°C using a MicroCal ITC200 (GE Healthcare). The volume of the
calorimetric cell was 202 ml, and the volume of the syringe was 40 ml.
The purified CYP2C9 WT was dialyzed for 48 hours into buffer
containing 50mMpotassiumphosphate (pH 7.4), 500mMNaCl, 1mM
EDTA, and 1mMTCEP. Losartan (soluble in water) was diluted to its
final concentration of 900 mM using the dialysis buffer. Calorimetric
titration experiments were performed by titrating losartan in the
syringe at a concentration of 900 mM into 30 mM CYP2C9 or 100 mM
CYP2C9*2 protein in the ITC sample cell over 28 injections. The first
injection of 0.5 ml was followed by 27 injections at 1.4 ml each, which
were spaced apart by time intervals of 150 seconds after an initial
delay of 180 seconds. The titration cell was continuously stirred at
750 rpm. The preliminary injection was excluded from integration
and calculation of the KD values. The ITC binding isotherms were
integrated using a Marquandt nonlinear least-squares analysis
according to a one-set-of-sites binding model assuming a single set
of identical binding sites with the Origin 7.0 program (OriginLab
Corporation). First, the raw datawere corrected for nonspecific heats
of dilution determined by themagnitude of the peaks appearing after
the system reaches complete saturation. The active fraction of the
CYP2C9 enzyme in the calorimetric cell was calculated based on the
3:1 stoichiometric binding ratio of the WT and 1:1 ratio for the *2
enzyme in complex with losartan observed in the crystal structure.
The raw data were then integrated, normalized for concentration, and
analyzed according to a one-set-of-sites binding model to calculate
the binding affinity, the stoichiometry (N), and the thermodynamic
values. These experiments were repeated three times, and the overall
method is consistent with the experiments performed previously with
CYP2B6 (Wilderman et al., 2013).
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NADPH Consumption Assay. Reconstituted CYP2C9 assays
were carried out in a final volume of 100 ml containing 50 mM
potassium phosphate buffer (pH 7.4) with 50 pmol CYP2C9 (WT or *2)
incubated with 50 pmol human cytochrome P450 reductase on ice for
5 minutes (Bart and Scott, 2017). Twenty micromolars losartan was
added, and the reaction was further incubated for 5 minutes at 37°C.
The reaction was initiated by the addition of 0.5 mM NADPH. The
reaction was immediately diluted to 1 ml (in phosphate buffer), and
absorbance was measured every 0.25 minutes for 10 minutes using
ThermoScientific Biomate 160 UV-vis spectrophotometer. The
rate of NADPH was calculated using an extinction coefficient of
6.22 mM21cm21 and expressed as nanomole NADPH consumed per
minute per nanomole of CYP2C9.

Hydrogen-Peroxide Assay. The rate of hydrogen-peroxide for-
mation was determined using the xylenol orange ion (III) colorimetric
assay (Pierce, ThermoFisher Scientific) (Nourooz-Zadeh et al., 1994;
Wei et al., 2007). Reactions were carried out in a final volume of 100 ml
with 50 mM potassium phosphate buffer (pH 7.4), 50 pmol CYP2C9
(WT or *2), and 50 pmol human cytochrome P450 reductase incubated
on ice for 5 minutes. Losartan was added to a final concentration of
20 mM, and the mixture was incubated at 37°C for 5 minutes. The
reaction was initiated by the addition of 0.5 mM NADPH and further
incubated for 1, 2, 5, 10, and 30 minutes. Reactions were quenched by
the addition of 30 ml acetonitrile. Control samples were prepared without
losartan, and blank was prepared without NADPH. Hydrogen-peroxide
formation was detected by reading samples at 560 nm, as outlined in the
Pierce Quantitative Peroxide Assay Kit.

Results
Structure of CYP2C9*2 in Complex with Losartan

(PDB 6VLT). The structure of CYP2C9*2 genetic variant
complexed with losartan unraveled significant differences
between the previously solved structure of the CYP2C9 WT
in the presence of losartan (PDB 5XXI) and in the absence of
any ligand (PDB 1OG2). In the crystal structure of the
CYP2C9*2-losartan complex, the asymmetric unit is com-
prised of eight chains identical to each other, with an average
RMSD of ∼0.27 Å. Electron density corresponding to losartan
was consistent between all the chains, and one molecule of
losartan was bound in the active site of each chain. Figure 1
shows location of the amino acid cysteine at position 144 on the
D-helix, representing the genetic variation in CYP2C9*2 that
is more than 15 Å away from the active site where the losartan
is bound. The losartan is oriented with a biphenyl ring closer
to the heme iron, with the closest carbon atom of the ring at
a distance of about 3.5 Å. The tetrazole ring is packed between
the side chains of Glu300, Ile205, Phe476, and Thr301, as
illustrated in Supplemental Fig. 2A. The imidazole ring of the
losartan is facing the “roof” of the active site chamber, with the
hydroxyl groupmaking a polar contact with the nitrogen atom
of asparagine side chain (Asn204). Furthermore, the guani-
dino group of arginine side chain at position 108 (Arg108),
previously shown to be crucial for substrate coordination,
interacts with the imidazole nitrogen of the drug molecule in
the active site. The side chain of residue Phe476 protrudes into
the losartan access channel binding region found in the
previously solved WT complex.
Importantly, a strong electron density consistent with

binding of a ligand at the peripheral site was observed at the
region near residues at positions 228 and 229 shown as Fo-Fc

map contoured at 3 s in Supplemental Fig. 2B. This is similar
to the site where the losartan molecule was bound on the
surface at amino acid residues Phe226 to Thr229 in our

recently published structural complexes of CYP2C9 WT,
CYP2C9*3, and CYP2C9*30 (Maekawa et al., 2017). How-
ever, the position and conformation of the density in the
current structure, which is consistent among all the eight
chains and also observed between symmetry-related mole-
cules, is different from that in the previous complexes with
losartan. Such differences in ligand binding could be
attributed to the conformational changes transduced to this
region from the distal genetic variation Arg144Cys in the *2
structure. In addition to the residues Gly228 and Thr229,
this peripheral density also suggests continuous interaction
with the side chain of Trp212. The weaker electron density
in the new structure at relatively low resolution made it
difficult to experimentally identify and model the losartan
or ligand at this site consistent with the previous struc-
tures. Interestingly, adjacent to this less-clear electron
density is the density that corresponds to CYMAL-5 as
modeled in the structure, which indicates the role of
detergent in crystal packing. Based on the R and Rfree

values for structure refinement and the improvement of
electron density, losartan was a good possibility but not
good enough to unambiguously model the drug. Notably, in
the higher-resolution structural complexes with losartan
that we published, the peripheral density was clear and
unambiguous, thereby helping us experimentally model
losartan. In addition to considering the components in
the crystallization buffer, modeling facial amphiphile [3a-
hydroxyl-7a,12a-di-(((2-(trimethylamino)ethyl)phosphoryl)
ethyloxy)-cholane] used during crystallization was also
attempted without any success.
Comparison with CYP2C9 WT–Losartan (PDB 5XXI).

The structural differences between the current CYP2C9*2-
losartan complex and the recently published structure of

Fig. 1. Crystal structure of CYP2C9*2 in complex with the angiotensin II
receptor antagonist drug losartan (shown in pink sticks) bound in the
active site. The amino acid variation from arginine (R) in theWT to cysteine
(C) found in the current *2 structure is illustrated as sticks in cyan color. The
CYMAL-5 detergent molecule (yellow sticks) is shown bound near the
electrondensity (Fo-Fcmap in greenmesh contoured to3s) of an unidentified
ligand in the vicinity of the G-G’ loop. Heme is shown as red sticks.
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CYP2C9 WT in complex with losartan are noteworthy and
pronounced. The structural overlay of the CYP2C9 WT–
losartan complex and the new CYP2C9*2-losartan complex
revealed the RMSD of ∼0.75 Å with a large difference between
the F-G cassette in the *2 structure, suggesting a possible role
for the distal amino acid (arginine to cysteine or Arg144Cys) as
shown in Fig. 2. The marked shift across several residues
along with the distinct orientations of side chains was
observed in the F, F’, G’, and G helices, which also affects
the active site. The residue side chains located within 5 Å of
losartan in both of the complexes are shown in Supplemental
Fig. 3. Furthermore, the CYP2C9 WT in complex with
losartan bound in the active site reveals that the access
channel is remarkably more open than in the structure of *2
in complex with losartan. Importantly, the guanidino group of
the side chain of Arg144 on the D-helix makes polar contact
with the main chain oxygen atom of Gln261 on the G-H loop in
the WT-losartan complex (Fig. 3). The variation Arg144Cys in
*2 disrupts such hydrogen-bonding interactions between
these secondary structural elements that were “bridged”
together in the WT,and may lead to long-range rearrange-
ments in the F-G cassette making the *2 structure more
compact, with only one losartan bound compared with two
losartans in the WT complex. This is further reflected in the
differences in orientation of losartan in the active site between
the two structures. As illustrated in Fig. 4A, the losartan
reorients in the *2 structure and is pushed further into the
active site, with the closest atom of the biphenyl ring from
the heme iron at ∼3.7 Å compared with ∼4.7 Å in the WT. The
tetrazole of losartan is also rotated by almost 90° in the
compact active site, with the imidazole group reorienting to fit
in a horizontal fashion compared with its vertical orientation
in the WT complex. The alkyl chain that extends toward the F

helix in the WT complex is now located in the alternate
direction near the B’ helix region. Similar structural pertur-
bations were observed upon comparing the current CYP2C9*2
with the previously solved CYP2C9*3-losartan complex be-
cause the *3 and WT-losartan complexes were superimpos-
able. However, the orientation of losartan in the active site
and the total number of losartans bound differed in the *2 and
*3 structures.
Compared with the WT-losartan complex, the residue

side chains from Trp212 to Lys235 on the F-G cassette
demonstrated altered conformation in the *2 complex that
could have a potential impact on ligand binding and in-
teraction (Supplemental Fig. 4). This also includes the region
of losartan binding at the surface or peripheral site from
residues Phe226 to Thr229, as observed in the WT as well as
*3- and *30-losartan complexes and the disordered or ambig-
uous electron density seen in *2 bound with losartan. Such
changes in conformation of amino acid side chains could be
influenced by structural rearrangements due to the long-
range effect of the distal amino acid variation. The absence of
an additional molecule of losartan located in the access
channel of the WT complex with easy access to the solvent is
likely due to the movement of the F-G cassette that shifts
closer to the A’ helix leading to the closure of the entrance near
the surface in the *2 complex. This also leads to the rotation of
amino acid side chains, particularly Phe69, which reorients
more than 90° to avoid clashes with the F’-G’ helices (Fig. 4B).
The guanidino side chain of Arg108 that illustrated hydrogen-
bonding interactions with the tetrazole ring and the hydroxyl
of the imidazole ring in the WT complex now reorients and
interacts with the imidazole nitrogen of losartan in this
conformation (Fig. 4B). The Phe476 side chain on the b4 loop
protrudes into the access channel in a similar fashion, as
observed in the *3-losartan complex near the binding site of
third losartan molecule that was only observed in the WT and
*30 complexes (Maekawa et al., 2017). The difference in the
presence or absence of such a channel near the binding site of
third losartan molecule was confirmed by MoleOnline soft-
ware (unpublished data), which clearly illustrated the access

Fig. 2. CYP2C9*2 (brown) bound to losartan (pink sticks) is superimposed
to previously solved CYP2C9WT–losartan complex (violet). The structural
overlay clearly illustrates the differences between the two structures
bound to the same drug across several secondary structural elements.
Additional important difference includes binding of three losartan mole-
cules with theWT vs. one with the *2 complex and the unmodeled electron
density (green mesh) of a ligand located near the peripheral losartan
binding site. The CYMAL-5 in the *2 complex near this density is shown in
yellow sticks. The heme is shown in red stick representation.

Fig. 3. The overlay of CYP2C9*2 (brown) in complex with losartan with
the CYP2C9WT–losartan complex (violet) in an orthogonal representation
focusing on distal variation. The side chain of arginine (R144 or Arg144) in
the WT complex, the side chain of cysteine (C144) in the *2 complex, and
the side chain of glutamine at 261 (Q261) are shown in stick representa-
tion. The differences in the G-H loop region are observed that extends to
the F-G cassette. Heme is shown in red sticks, and the active site losartan
is shown in thin lines.
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from the surface in the WT but not the *2 complex (Pravda
et al., 2018).
Structural Comparison with CYP2C9WT Ligand-Free

(PDB 1OG2). Comparing the CYP2C9*2 losartan bound
structure with the previously solved WT ligand-free structure
revealed notable difference in the F-G cassette consistent with
that observed with the CYP2C9 WT–losartan complex
(Fig. 5A) (Williams et al., 2003). The Arg144Cys variation on
the D-helix illustrated local effects in amino acid interactions,
suggesting that such changes propagate to the active site
through the long-range conformational changes in the F-G
region. As shown in Fig. 5B, the side chain of Arg144 makes
a polar contact with themain chain oxygen atoms of His184 on
the E helix and Gln261 on the G-H loop in the WT ligand-free
structure. The cysteine variation at 144 likely affected such
“conserved” interactions with the G-H loop, indicating the
importance of such interactions in structure and function. The
loss of polar contacts with Arg144 may have contributed to
displacement of the amino acids His184 (E helix region) and
Gln261 (G-H loop region), which are now located further away
in the CYP2C9*2 complex compared with the ligand-free
structure. Despite the modest effect on the overall conforma-
tion of E and H helices, the G-H loop and the adjoining F-G
cassette showed much larger and significant differences in
conformation of F, F’, G’, and G helices and the associated loop
regions between the two structures. Such conformational
perturbations may have consequently resulted in the more
compact active site observed in the *2 complex than in theWT
ligand-free structure. Notably, several amino acids on the C-D
loop (∼135–140) near the Arg144 region are not consistently
observed in many P450 structures because of disorder in
electron density. Thus, this loop region is often not modeled
with amino acids in many P450 crystal structures because of
disordered or missing electron density resulting from the
crystallographic data (Shah et al., 2011, 2016). This was
consistent in the current CYP2C9*2 complex in which the
residues from 135 to 138 were not modeled because of disorder
in several chains. Furthermore, this C-D loop region in the
P450 enzymes has been previously shown to be the binding
site with the NADPH-dependent cytochrome P450 reductase
crucial for electron transfer to the heme iron for substrate
hydroxylation (Bumpus and Hollenberg, 2010).
Additionally, the F’ and G’ helices located at the access

channel region and F and G helices that border the active site

include several amino acids known to interact with the
substrates. The engineering of multiple amino acids in the F’
and G’ helices (seven residues between 206 and 224) near the
tip of the access channel in theWT ligand-free structure made
it difficult to clearly interpret the difference in the orientation
of amino acid side chains in that region (Williams et al., 2003).
The other secondary structural elements that exhibit consid-
erable differences include the I-helix and the b4 loop. The
I-helix that forms the “wall” of the active site, with residues
located in close proximity to losartan, illustrated movement
likely due to the packing of the tetrazole moiety in the region.
The b4 loop that extends near the access channel in the *2
complex displayed considerable differences in the structural
overlay, with the side chain of Phe476 rotating by 90° and
protruding into the active site compared with the WT
(Fig. 5C). Moreover, in the WT ligand-free structure, the side
chain of Arg108 is rotated out of the active site and toward the
surface rather than interacting with losartan in the current
structure. Supplemental Figure 5 shows an overlay comparing
the position of active site residues located within 5 Å of the
losartan in the two structures.
Active Site Cavity Volume and Computational Dock-

ing of Losartan. The active site cavity volume (∼1000 A3) of
the CYP2C9*2-losartan complex (PDB 6VLT) was elucidated
using Voidoo and compared with the previously solved
structure of the CYP2C9 WT–losartan complex (PDB 5XXI)
(Kleywegt and Jones, 1994). The structural overlay clearly
illustrates the reduced active site volume leading to the
compact binding pocket of the *2 complex (Fig. 6A). The
movement of the F-G cassette and the binding and orientation
of losartan in the binding pocket contributed to the differences
observed in the architecture and volume of the active site
compared with the WT complex. In addition to the movement
of several secondary structural elements, including a major
change in the rotation of the Phe476 side chain, which
protrudes in the access channel region at the periphery of
the active site significantly limiting the volume of the cavity.
The overall structural changes observed in the *2 complex
along with such reorientation of amino acid side chains
contributed to a closed binding pocket with just one molecule
of losartan bound compared with the much more open and
accessible pocket found in the WT complex. The open confor-
mation of the CYP2C9 WT–losartan complex with an addi-
tional ligand-binding site in the access channel demonstrated

Fig. 4. Structural overlay of the CYP2C9*2-losartan complex (brown) and the CYP2C9WT–losartan complex (violet). (A) The overlay demonstrates the
altered orientation of losartan (pink sticks) in the *2 complex in the compact active site and the multiple molecules of losartan (violet sticks) bound to the
WT. The panel (B) shows the changes in orientation as well as interaction of crucial Arg108 side chain, which interacts with the imidazole nitrogen in
the *2 complex compared with the interaction with the tetrazole in the WT complex. Moreover, the Phe476 side chain in the *2 complex is shown
protruding near the access channel binding site of losartan in theWT complex. Another crucial difference includes the rotation of Phe69 side chain on the
A helix likely due to the movement of the F’ and G’ helices in the *2 complex.
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a significant “leaking effect,” in which the active site cavity
extends to the solvent region or surface of the protein (Cuff and
Martin, 2004). Thus, despite several attempts it was not
possible to accurately calculate the active site cavity volume
of the WT-losartan complex in PDB 5XXI.
Computational ligand docking was performed using

AutoDock Vina to explore the utility of the newly available
CYP2C9*2 structure in predicting substrate interactions and
investigate the binding orientation of losartan in the active
site (Trott and Olson, 2010). Since the *2 crystal structure
demonstrated an unproductive orientation of losartan in the
active site, computational docking helped to illustrate that
losartan could adopt the preferred or productive mode that is
consistent with the previously illustrated metabolism in the
active site. The docked losartan was able to adopt multiple
poses in the active site of CYP2C9*2, and the highest affinity
pose placed losartan with the imidazole ring with hydroxyl
oriented toward the heme iron in the active site (Fig. 6B). Such
an orientation would be consistent with the demonstrated site
of metabolism in losartan by CYP2C9. The following two
highest affinity poses in the active site included either the
alkyl chain closest to the heme iron or the phenyl ring near the

heme iron similar to that observed in the crystal structure.
Docking utilizing the previously solved CYP2C9 WT (PDB
5XXI or losartan after removing ligands from the coordinates)
as a receptor produced a variety of poses of losartan. The one
with highest affinity had the phenyl ring oriented toward the
heme iron in the active site, which is consistent with that
observed in the actual CYP2C9WT–losartan structure. Those
with the imidazole ring or the alkyl chain near the heme iron
were also among the high affinity poses observedwith theWT-
losartan structure, further suggesting that losartan could
adopt multiple conformations or productive mode in the
active site.
Functional Characterization of Losartan Binding to

CYP2C9*2. Isothermal titration calorimetry was employed
to probe the binding affinity of losartan in solution by titrating
with the CYP2C9WT and CYP2C9*2 variant. The CYP2C9*2
and losartan interaction illustrated marked reduction in
binding compared with the WT. The average KD value for
losartan binding to CYP2C9*2 was 9 6 0.5 mM, which is
weaker than the KD value of 6.86 0.7 mM yielded by the WT
enzyme (Fig. 7). The activity of the enzyme was measured
in the reconstituted system containing the redox partner

Fig. 5. Structural overlay of CYP2C9*2-
losartan (brown) and CYP2C9 WT (ma-
genta) ligand-free. Heme (red), losartan
(pink), and amino acid side chains are
shown in stick representation. (A) The
location of Arg144Cys change is repre-
sented with amino acid side chains as
marked near the E and the G-H loop in
the overlay. (B) The hydrogen-bonding
interaction between the side chain of
Arg144 and the main chain atoms of
His184 and Gln261 on the neighboring E
and G-H loop, respectively, observed in
the ligand-free structure of CYP2C9 WT
is absent in the *2 or 144Cys variant
complex. (C) The differences of the amino
acids Arg108 in the active site and Phe476
near the access channel are shown, with
the side chains reorienting or protruding
the active site in the *2 complex.

Fig. 6. (A) The cavity volume of theCYP2C9*2-losartan complex (brown) as elucidated byVoidoo is represented by pinkmesh in a structural overlaywith
theWT-losartan complex (green). The Phe476 side-chain rotation into the active site and other structural changes in the *2 complex significantly restricts
the cavity, which is larger and extends to the surface in the WT-losartan complex. (B) The least-energy pose of losartan (brown sticks) in the active site
obtained via computational docking (AutoDock Vina) in the CYP2C9*2 structure showing the hydroxyl group oriented closer to the heme iron. Such
orientation would be favored or consistent to the demonstrated metabolism of losartan.
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cytochrome P450 reductase and substrate losartan by the
consumption of NADPH. The rate of NADPH used by
cytochrome P450 reductase was determined by the change
in absorbance at 340 nm as a function of time. The recombi-
nant CYP2C9 WT incubations resulted in an NADPH de-
pletion rate that was markedly higher than the same noted
for theCYP2C9*2, indicating the reduced ability of the variant
enzyme to turn over substrate losartan (Fig. 8A). Further-
more, the hydrogen-peroxide formation was monitored in
the presence of substrate losartan in an assay system using
xylenol orange reagent. The hydrogen-peroxide formation
dropped with CYP2C9*2 compared with the WT enzyme as
shown in Fig. 8B. The reduced binding affinity and activity
of the CYP2C9*2 enzyme compared with those of the WT
toward losartan are consistent with the structural studies
that illustrate the long-range effects of the genetic variation
occurring far away from the active site. Both functional
assays were repeated in triplicate, and S.D. was expressed
as error bars.

Discussion
The Arg144 residue is located in close proximity to the

region demonstrated to be involved in the interaction between
P450 and its electron donor NADPH-dependent cytochrome
P450 reductase, suggesting that the Arg144Cys variationmay
primarily affect the interaction with its redox partner (Crespi
and Miller, 1997; Bumpus and Hollenberg, 2010). This is
consistent with the significantly decreased Vmax for CYP2C9*2
variant, indicating reduced efficiency for substrate turnover,
which may be attributed to the altered interaction with the
D-helix where residue 144 resides (Ho et al., 2003; Niinuma
et al., 2014). However, this does not discount the remarkable
changes seen in the active site configuration of CYP2C9*2
compared with the WT structure since another study noted

a connection between coupling and uncoupling of products in
reduced catalytic activity (Wei et al., 2007). The CYP2C9 WT
complex illustrated three molecules of losartan bound: one in
the active site, another in the access channel, and third on the
surface near F’-G’ helices. However, the *2 complex was clearly
devoid of the second molecule in the access channel and
demonstrated disordered electron density for a ligand not
modeled near the F’-G’ helices on the surface. The genetic
variation Arg144Cys at the C-D loop region appears to alter the
F-G cassette at several important amino acids that may have
contributed to the difference in binding and orientation of
losartan in the active site as well as the absence of losartan in
the access channel. The absence of losartan binding in the
access channel is similar to that observed with the previously
solved CYP2C9*3-losartan structure. Additionally, the move-
ment of the b4 loop and the reorientation of the crucial Phe476
side chain protruding in the access channel in the *2 and *3
complex clearly affect the losartan binding in the access channel
of these structures comparedwith theWT. On the contrary, the
losartan was bound in both the access channel and the active
site, the CYP2C9*30 complex (PDB 5X23), which showed
significantly reduced activity toward losartan and other sub-
strates in multiple studies (Maekawa et al., 2009; Niinuma
et al., 2014). ThePhe476 side-chain orientation in this structure
is consistent with what is observed in the WT complex.
Supplemental Figure 6 clearly shows the differences in the
positioning of the Phe476 side chain observed in these three
important genetic variants compared with the WT structure in
complex with the clinical drug substrate losartan. As shown
previously, the Gln214 side chain in the WT complex interacts
with the imidazole ring of the access channel losartan near the
hydroxyl moiety, which is the potential activation site of
losartan. The rotation of Gln214 side chain in *30, and its
hydrogen bonding with the hydrophilic threonine substitution
in the Ala477Thr amino acid variation may have played a role

Fig. 7. The ITC binding isotherms for
CYP2C9 WT (A) and CYP2C9*2 (B) with
losartan. The ligand-binding titration
assays were performed in triplicate, and
the binding affinities with S.D. are reported.
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in the loss of activity. Thus, in addition to the clear
influence of genetic variation on the larger structural
elements in the *2 and *3 complexes, the subtle changes
in the structure seen in the *30 complex may contribute to
severely impaired activity toward various substrates of
CYP2C9. Further studies are warranted to understand the
role of side-chain reorientation and ligand interactions in
the rare variant *30 as well as in the more prevalent *2 and
*3 variants. Overall, the observed structural studies may
help explain and corroborate the functional evidence of the
significantly altered substrate hydroxylation profile char-
acteristic of these CYP2C9 variants often referred to as
“poor metabolizers.”
It is notable that a water molecule was found near the heme

iron within ∼3–4 Å distance in several structures, including
the CYP2C9 ligand-free (PDB 1OG2) and the losartan bound
complexes of CYP2C9 WT (PDB 5XXI), CYP2C9*3 (PDB
5X24), and CYP2C9*30 (PDB 5X23), but not in the *2
complex. The orientation of losartan near the heme iron in
the CYP2C9*2 crystal structure is unproductive, consistent
with that observed with the previously solvedWT, CYP2C9*3,
and CYP2C9*30 complexes. It is likely that the losartan
reorients within the active site during catalysis to a more
preferred or productive mode with imidazole ring closer to the
heme iron consistent with the metabolic profile (Lo et al.,
1995). However, the obtained pose in the crystal structuremay
suggest that such orientation ismore favorable or amenable to
crystallization, which is done in the absence of the redox
partner cytochrome P450 reductase, and losartan could adopt
multiple conformations in the large active site chamber. The
computational docking studies clearly show the highest
affinity pose of losartan as the one with the imidazole ring
with hydroxyl closer or oriented toward the heme iron in the
CYP2C9*2 active site. This pose was also observed in the
CYP2C9WT structure, indicating that the structures obtained
using X-ray crystallography can accommodate multiple orien-
tations of losartan in the active site.Whether binding ofNADPH-
dependent cytochrome P450 reductase affects the orientation
of ligand or plays an important role in reorienting the ligand in
the active site to the metabolically favorable pose remains to
be elucidated. From the structural studies, one of the impor-
tant differences between the wild type and the *2 and *3
variants included the simultaneous binding of an additional
losartan in the access channel, which may yield insights into
the role of cooperativity or allosteric regulation. Nonetheless,
the interaction and orientation of amino acid side chains could
be as important as the binding of ligands or drugs with these
enzymes. Overall, the distal substitution of an amino acid

may result in rotation or changes of the neighboring amino
acid side-chain conformations in nearby helices and affect the
binding of the ligand in the access channel and the active site as
seen in the *2 and *3 complexes, or it may alter the interactions
with the bound ligand in the access channel as seen with the *30
complex.
To probe the effect of crystallization and crystal packing

on the protein conformation, orientation, and occupancy of
losartan, we retrospectively reviewed crystal growth condi-
tions of other CYP2C9-losartan complexes and several crystal
structures of the human CYP2C enzymes. The WT-losartan
complex was crystallized in the absence of the facial amphi-
phile and differed considerably in the buffer components
from the *30-losartan complex, which was crystallized in the
presence of the facial amphiphile (Maekawa et al., 2017). Yet,
the two crystal structures were superimposable and con-
tained three molecules of losartan in identical orientation. In
contrast, the crystals of *3 and *30-losartan complexes grew
in the presence of the facial amphiphile and with the same
precipitant but slightly different buffer components. The *3
complex illustrated differences in the b4 loop transducing
from the Iso359Leu amino acid variation as well as the
orientation and occupancy of losartan compared with the *30
and the WT complex. Despite these similarities and differ-
ences, the effect of ligand and buffer components, concentra-
tion, crystallization conditions, detergent molecules that
include CYMAL-5 and/or facial amphiphiles, and the observed
crystal packing cannot be ignored in the given crystallography
work. Interestingly, the Arg144 residue is a highly conserved
amino acid across all the human CYP2C enzymes along with
many other CYP2C subfamily enzymes from different species
that we analyzed using sequence alignment. As described in
Supplemental Fig. 7A, the side chain of Arg144 in the CYP2C8
and the illustrated 2C9 structures (except the CYP2C9*2
complex with Arg144Cys variation) demonstrated hydrogen-
bonding interactions with the main chain atom of 261. In
addition, the only available CYP2C19 structure (PDB 4GQS)
also illustrated similar but weak interactions between the side
chain of Arg144 and main chain atom of 261. The residue at
position 261 is glutamine in CYP2C9 and arginine in CYP2C8
and CYP2C19. Superimposing all the CYP2C8 and CYP2C19
structures with the CYP2C9 WT ligand-free, CYP2C9 WT,
CYP2C9*3, and CYP2C9*2-losartan complexes clearly revealed
the alignment of the F-G cassette and the G-H loop in all the
structures except the current *2 complex (Supplemental Fig. 7B).
Many of these structures of the CYP2C enzymes were solved in
various crystallization conditions and showed varied crystal
packing, yet they superimposed well across the G-H loop and

Fig. 8. (A) The amount of NADPH con-
sumed (nanomole per minute per nano-
mole CYP2C9 WT or *2 variant) in the
presence of losartan at fixed concentration
of 20 mM. (B) The hydrogen peroxide
(H2O2) produced after 2 and 10 minutes
as determined using xylenol orange color-
imetric assay is shown in gray for CYP2C9
WT and black for CYP2C9*2.
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the F-G cassette, indicating the CYP2C9*2-losartan complex as
an outlier in this region. Such analysis further suggests the role
of distal variation while taking into consideration the impact of
other variables.
To conclude, the structural information obtained yields

insights into the loss of activity of losartan in patients with
CYP2C9 variant alleles and further aids in understanding
how protein structure influences protein function in biologic
systems. The challenges remain because it is likely to observe
a wide range of functional consequences among different sub-
strates of CYP2C9, indicating that a substrate-dependent effect
should be considered when assessing the outcome of genetic
variations. In light of the above results that clearly demonstrate
the differences in the active site between the variants and the
WT, it is interesting to note the protective effect of *2 and *3
variants of CYP2C9 in limiting nonsmall cell lung cancer
growth (Sausville et al., 2018). The patients possessing these
CYP2C9 alleles demonstrated improved survival because of
reduced epoxyeicosatrienoic acid synthesis and cell prolifera-
tion compared with those with theWT allele. More studies are
needed to interpret the role of *2 and *3 as well as many rare
variants of this important drug-metabolizing CYP2C9 enzyme
in altering the response to drugs or exerting a protective role
in disease progression. Investigations into the structure-
function relationships of genetic variants of P450 enzymes
promise to revealmolecular determinants of drug binding that
contribute to differences in dose response, which could lead to
development of safer medications.
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