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ABSTRACT
CYP2C9 is a major form of human liver cytochrome P450 that is
responsible for the oxidative metabolism of several widely used
low–therapeutic index drugs, including (S)-warfarin and
phenytoin. In a cohort of Alaska Native people, ultrarare or
novel CYP2C9 protein variants, M1L (rs114071557), N218I
(rs780801862), and P279T (rs182132442, CYP2C9*29), are
expressed with higher frequencies than the well characterized
CYP2C9*2 andCYP2C9*3 alleles. We report here on their relative
expression in lentivirus-infected HepG2 cells and the functional
characterization of purified reconstituted enzyme variants
expressed in Escherichia coli toward (S)-warfarin, phenytoin,
flurbiprofen, and (S)-naproxen. In the infected HepG2 cells,
robust mRNA and protein expression were obtained for wild-
type, N218I, and P279T variants, but as expected, the M1L
variant protein was not translated in this liver-derived cell line.
His-tagged wild-type protein and the N218I and P279T variants,
but not M1L, expressed well in E. coli and were highly purified
after affinity chromatography. Upon reconstitution with cyto-
chrome P450 oxidoreductase and cytochrome b5, the N218I
and P279T protein variants metabolized (S)-warfarin, phenytoin,
flurbiprofen, and (S)-naproxen to the expected monohydroxylated

or O-demethylated metabolites. Steady-state kinetic analyses
revealed that the relative catalytic efficiency ratios of (S)-warfarin
metabolism by the P279T andN218I variants were 87%and 24%,
respectively, of wild-type CYP2C9 protein. A similar rank
ordering was observed for metabolism of phenytoin, flurbipro-
fen, and (S)-naproxen. We conclude that carriers of the variant
N218I and, especially, the M1L alleles would be at risk of
exacerbated therapeutic effects from drugs that rely on
CYP2C9 for their metabolic clearance.

SIGNIFICANCE STATEMENT
Novel gene variants of CYP2C9—M1L, and N218I, along with
P279T (CYP2C9*29)—are expressed in Alaska Native people
at relatively high frequencies. In vitro characterization of their
functional effects revealed that each variant confers reduced
catalytic efficiency toward several substrates, including the
low–therapeutic index drugs (S)-warfarin and phenytoin. These
data provide the first functional information for new, common
CYP2C9 variants in this understudied population. The data may
help guide dose adjustments in allele carriers, thus mitigating
potential healthcare disparities.

Introduction
CYP2C9 is a major form of hepatic cytochrome P450 in

terms of both liver content (Zhang et al., 2016) and the
proportion of therapeutic agents metabolized by this isoform
(Isvoran et al., 2017). CYP2C9 is also a contributor to first-
pass metabolism in the gut (Paine et al., 2006). As such,

genetic variability in CYP2C9 has important ramifications for
patients treated with drugs that are cleared by this enzyme.
Although gene duplications/deletion for CYP2C9 have not
been reported, an array of single nucleotide–coding poly-
morphisms that confer substantial functional deficits to the
enzyme that alter drug elimination and response are known
(Daly et al., 2017). The most widely studied of these are
CYP2C9*2 and *3, which are present at high allele frequencies
in people of European ancestry but are much less prevalent in
other ethnic populations (Zhou et al., 2017). CYP2C9*2 is
essentially absent in East Asians, and functionally defective
CYP2C9*5, *6, *8, and *11 alleles are the predominant
reduced or loss-of-function alleles in people of African ances-
try. The clinical impact of the latter alleles is often overlooked.
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ABBREVIATIONS: AN, Alaska Native; bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; CPR, cytochrome P450
oxidoreductase; DLPC, 1,2-dilauroyl-sn-glycero-3-phosphocholine; EGFP enhanced green fluorescent protein; LC-MS liquid chromatography
with mass spectrometric detection; ESI+, positive electrospray ionization; MAF, minor allele frequency; MS/MS tandem mass spectrometry; m/z
mass to charge ratio; p-HPPH, 5-(p-hydroxyphenyl)-5-phenylhydantoin; UPLC, Ultra Performance Liquid Chromatography; WT, wild-type.
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For example, they were not included in the analysis for the
recent United States–wide Clarification of Optimal Antico-
agulation through Genetics (COAG) randomized clinical trial
(Kimmel et al., 2013), which was intended to test whether
pharmacogenetic information could improve clinical outcomes
for patients receiving warfarin anticoagulation therapy. A
later study that did account for these alleles demonstrated
improved outcomes for African Americans being treated with
warfarin (Drozda et al., 2015). These findings demonstrate the
need to consider population-selective alleles in pharmacogenetic
studies to avoid healthcare disparities in under-represented
populations (Henderson et al., 2018).
We recently described the presence of novel and rare

CYP2C9 variants in Alaska Native (AN) people at allele
frequencies in excess of 1% (Fohner et al., 2015). The altered
initiation start site allele, Met1Leu (M1L, rs114071557), was
identified in multiple AN cultural groups (e.g., Inupiaq,
Yup’ik, Athabascan, and Aleut), with the highest minor allele
frequency (MAF) of 6.3% in Yup’ik people of the Yukon-
Kuskokwim delta. In the same AN subpopulation, Asn218Ile
(N218I, rs780801862) and Pro279Thr (P279T, rs182132442)
alleles were present with frequencies of 3.8% and 2.1%,
respectively, and Asn218Ile was found at an MAF of 5.4% in
Athabascan people from the interior of Alaska receiving
healthcare at Southcentral Foundation in Anchorage (Fohner
et al., 2015). The Pro279Thr allele (CYP2C9*29) was first
detected in Japanese subjects with a very low MAF of
0.2% (Maekawa et al., 2006). When expressed in COS or insect
cells, CYP2C9.29 exhibited catalytic efficiencies for (S)-war-
farin, flurbiprofen, and phenytoin metabolism that were
maintained within a factor of two relative to wild-type
CYP2C9 (Niinuma et al., 2014; Wang et al., 2014, 2015; Chen
et al., 2016). However, to our knowledge, no functional data
exist for the Asn218Ile and Met1Leu protein variants.
This manuscript reports on the heterologous expression of

CYP2C9.29 and the Asn218Ile and Met1Leu protein variants
in lentivirus-infected HepG2 cells and Escherichia coli for
functional characterization. The infected HepG2 cells were
used to assess RNA and protein expression in mammalian
cells, whereas E. coli was used for high-level expression
suitable for purification and detailed catalytic studies with
several CYP2C9 substrates after reconstitution with required
coenzymes and lipids.

Materials and Methods
General Reagents. Racemic 7-hydroxywarfarin-d5 (Bush and

Trager, 1983), unlabeled phenytoin, and 5-(p-hydroxyphenyl)-5-phe-
nylhydantoin (p-HPPH) were obtained as described previously
(Mosher et al., 2009). 5-(p-Hydroxyphenyl)-5-phenylhydantoin-d5
(p-HPPH-d5), unlabeled flurbiprofen, 49-OH-flurbiprofen, (S)-nap-
roxen, and racemic 6-O-desmethyl naproxen-d3 were purchased from
Toronto Research Chemicals (Ontario, Canada). 1,2-Dilauroyl-sn-
glycero-3-phosphocholine (DLPC) was procured from Avanti Polar
Lipids, Inc. (Alabaster, AL), and unilamellar vesicles (i.e., liposomes)
were freshly prepared immediately prior to their use in incubations
with purified CYP2C9 protein by repeatedly passing a 1 mM DLPC
solution (in 100 mM potassium phosphate buffer, pH 7.4) through
a 0.1-mm nucleopore membrane using a miniextruder apparatus
according to the manufacturer’s protocol (Avanti). Recombinant
CYP2C9 Supersomes, coexpressed in insect cells with cytochrome
P450 oxidoreductase (CPR) and cytochrome b5, were purchased from
CorningLife Sciences, Inc. (Corning, NY). TheCPRand cytochrome b5

used in purified CYP2C9 variant protein incubations were expressed
and purified according to established protocols (Chen et al., 1998).
Organic solvents and buffer salts (potassium phosphates, NaCl, etc.)
were obtained from Fisher Scientific (Fair Lawn, NJ), and all other
chemicals (warfarin, phenytoin, 6-O-desmethyl-(S)-naproxen, NADPH,
etc.) were purchased from Sigma-Aldrich (St. Louis, MO).

HepG2 Cells Stably Expressing CYP2C9 Variants. HepG2
cells were transduced with lentiviral constructs for CYP2C9wild-type
(WT), M1L, N218I, P279T, I359L, and EGFP, a mock-transduced
negative control. The CYP2C9 WT open reading frame was PCR-
amplified from our original WT pFB2C9 vector (Haining et al., 1996)
and cloned into the lentiviral transfer vector puc2CL12wo. The
mutated CYP2C9 variants were generated by overlap extension
PCR using the mutagenesis primers listed below. Constructs were
verified by Sanger sequencing. Lentivirus production and cell trans-
duction were performed as previously described (Wiek et al., 2015;
Roellecke et al., 2016).

M1L forward: 59-GCGTCGACGCCACCttgGATTCTCTTG
M1L reverse: 59-CAAGAGAATCcaaGGTGGCGTCGACGC
N218I forward: 59-CCCCTGGATCCAGATCTGCAATattTTTTC

TCCTATCAT
N218I reverse: 59-ATGATAGGAGAAAAaatATTGCAGATCTGG

ATCCAGGGG
P279T forward: 59-GGAGAAGGAAAAGCACAACCAAacaTCTGA

ATTTACTATTG
P279T reverse: 59-CAATAGTAAATTCAGAtgtTTGGTTGTGCT

TTTCCTTCTCC
I359L forward: 59-GGTCCAGAGATACcttGACCTTCTCCCC
I359L reverse: 59-GGGGAGAAGGTCaagGTATCTCTGGACC
RNA and Protein Quantitation in HepG2 Cells. HepG2 cell

lysates were prepared for each cell line, RNA was isolated, and gene
expression was determined by reverse-transcription PCR. Each
sample was normalized to its own 18S ribosomal RNA expression,
and relative fold change was determined by comparing expression levels
to WT. Thirty-microgram protein aliquots of HepG2 cell lysates were
separated on a 4%–12% 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)
propane-1,3-diol (bis-Tris) SDS polyacrylamide gel (Invitrogen) and
transferred electrophoretically to nitrocellulose. After blocking for 2.5
hours with 5%w/v bovine serum albumin/5%w/v nonfat dry milk in PBS
in 0.1% Triton X-100, the nitrocellulose was reacted overnight with
a 1:1000 dilution of a rabbit anti-human CYP2C9 primary antibody
generated previously in our laboratory (Koukouritaki et al., 2004),
followed by incubation with a secondary anti-rabbit IgG and horseradish
peroxidase–linked antibody (Cell Signaling Technology). The nitrocellu-
lose was then stripped and reprobed with an actin antibody for
visualization of the positive loading control.

E. coli Expression Vector Construction. CYP2C9 and the
M1L, N218I, and P279T gene variants were cloned into pCWori+ for
expression and purification from E. coli. TheM1L andN218I variants
were constructed using in vitro site-directed mutagenesis according to
the manufacturer’s protocol (Stratagene, San Diego, CA) and the
primers listed below. The P279T gene variant was constructed using
overlap extension PCR (Simionatto et al., 2009). The C-terminal
flanking primer introduced a His tag and SalI restriction site. The
N-terminal primer possessed a Barnes modification and Nde1
restriction site.

M1L_forward: 59-TCCATCGATGCTTAGGAGGTCATttgGCTC
TGTTAT

N219I_forward: 59-CCCCTGGATCCAGATCTGCAATattTTTTC
TCC

P279T_forward: 59-GGAGAAGGAAAAGCACAACCAAacgTCTGA
ATTTACTATTG

N-terminal flanking primer: 59-CCAGCCCATATGGCTCTGTTA
TTAGCAG

M1L_reverse: 59-ATAACAGAGCcaaATGACCTCCTAAGCATCGA
TGGA

N219I_reverse: 59-GGAGAAAAaatATTGCAGATCTGGATCCAG
GGG
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P279T_reverse: 59-CAATAGTAAATTCAGAcgtTTGGTTGTGCT
TTTCCTTCTCC

C-terminal flanking primer: 59-ACACCAGGTCGACACAGGAAT
GAAGCACAGC

PCR products were cloned and transformed into DH5a cells as
described previously (Mosher et al., 2008, 2009). All base changeswere
verified by DNA sequencing.

Bacterial Expression and Purification of CYP2C9 Variants.
The expression and purification of WT, N218I, and P279T protein
variants on nickel-nitrilotriacetic acid Superflow resin (Qiagen,
Valencia, CA) were performed as described previously (Cheesman
et al., 2003). Purified proteins were dialyzed (3 � 1 l) with a buffer
containing 20% glycerol and 1 mM EDTA in 100 mM potassium
phosphate (pH 7.4) and were then concentrated in a centrifugal concen-
trator (Amicon Ultra 30K NMWL; Millipore Sigma, Burlington, MA).

Quantitative CO Binding Assay. Carbon monoxide binding
spectra by reduced CYP2C9 protein variants were recorded on an
Olis modernized Aminco DW-2 spectrophotometer (Olis, Bogart, GA).
Purified protein was diluted 10-fold in 100 mM potassium phosphate
buffer, pH 7.4. Sodium dithionite (excess, powder) was added, and the
reduced protein mix was then split between sample and reference
quartz cuvettes before taking a baseline scan from 400 to 500 nm at
25°C. Carbon monoxide gas was bubbled to saturation through the
sample cuvette, and difference scans were taken of the CO-bound
enzyme. Holo-CYP2C9 variant concentrations were calculated accord-
ing to Beer’s law, taking the absorbance difference between the peak
maximum (at ∼450 nm) and the baseline (at 490 nm) and using an
extinction coefficient of 91 mM21cm21.

Tryptic Digest Analysis of Recombinant Protein. Purified
CYP2C9 proteins (500 pmol) were diluted to a 1.25 mM final
concentration in Tris buffer (50 mM Tris-HCl, pH 7.6, with 1 mM
CaCl2). Sequencing-grade modified trypsin (Promega, Madison, WI)
was added (2.3 mg for an approximate protein:trypsin ratio of 5:1), and
the samples were incubated at 37°C/60 rpm for 3 hours in a water
bath. Reactions were then quenched with the addition of trichloro-
acetic acid (to 10% of final volume), and precipitate was removed by
centrifugation. Supernatants were analyzed by high-resolution
LC-MS.

LC-MS analysis was carried out on a Thermo Linear Trap
Quadrupole Orbitrap (LTQ-OT) Xcalibur 2.0 DS mass spectrometer
(Thermo Electron Corp, San Jose, CA) coupled to an ACQUITY Ultra
Performance Liquid Chromatography (UPLC) System with integral
autoinjector (Waters, Milford, MA). The MS was run in scan mode,
utilizing positive electrospray ionization with a resolution power of at
least 30,000. Peptides from the tryptic enzyme digests were separated
on an ACQUITY BEH C18, 1.7 mm, 2.1 � 50 mm UPLC column
(Waters, Corp) using a solvent gradient of 0.1% aqueous formic acid
(solvent A) and acetonitrile (solvent B). Solvent was maintained
at 3% B for 1 minute and was then increased linearly to 95% B over
5 minutes. Data analysis was performed on Excalibur 2.0 SR1
software.

Enzyme Reconstitution and Assay Incubation Conditions.
Master protein mixes were prepared from concentrated stock solu-
tions of purified CYP2C9 variant enzyme (onemolar equivalent), CPR
(two molar equivalents), and DLPC (160 molar equivalents—added
from a freshly extruded 1 mM aqueous stock solution). Mixtures were
incubated on ice for 30 minutes and then diluted with reaction buffer
(100 mM potassium phosphate, pH 7.4). One molar equivalent of
cytochrome b5 was added, and the mixtures were incubated on ice for
an additional 5 minutes. The master mixes were then aliquoted for
individual incubation reactions, and substrate was added. A standard
incubation reaction contained 10 pmol of CYP2C9 variant, 20 pmol
CPR, 10 pmol cytochrome b5, 1 mM NADPH, and substrate at
a variable concentration (added from 100� concentrated stock
solutions made up in 1:1 methanol:water) in a 250-ml final incubation
volume. For kinetic experiments, a substrate concentration range of
100 nM to 100 mMwas used for (S)-warfarin, 1–250 mM for phenytoin,
1–300 mM for flurbiprofen, and 5–1800 mM for (S)-naproxen. Enzyme

and substrate were preincubated at 37°C/70 rpm in a shaking water
bath for 3 minutes prior to initiation of the reaction with addition of
NADPH (1 mM final concentration). Twenty minutes later, warfarin
and phenytoin incubationswere quenchedwith addition of 10ml of ice-
cold 70% HClO4, and internal standards were added (10 pmol of
racemic 7-hydroxywarfarin-d5 was added for warfarin metabolic
experiments, whereas 10 pmol of p-HPPH-d5 was added to
incubations in which phenytoin was used as the substrate).
Flurbiprofen and (S)-naproxen incubations were quenched with
the addition of 1 ml of ice-cold methanol containing 2% formic acid
after 20 minutes of incubation, and then internal standards were
added [200 ng of 6-O-desmethyl-(S)-naproxen was added for
flurbiprofen metabolic experiments, whereas 200 ng of racemic
6-O-desmethyl naproxen-d3 was added to incubations in which (S)-
naproxen was used as substrate]. The reaction mixtures were
centrifuged to remove protein, and supernatants were analyzed
either by liquid chromatography-tandem mass spectrometry for
(S)-warfarin and phenytoin or by LC-MS for flurbiprofen and (S)-
naproxen metabolic reactions.

Reactions with CYP2C9 Supersomes contained 10 pmol P450
enzyme, substrate (at variable concentration), and 1 mM NADPH in
250 ml of 100 mM potassium phosphate buffer, pH 7.4. Incubation and
workup conditions were identical to those described above for the
purified CYP2C9 variants.

Calibration curves for the quantitation of (S)-warfarin and phenyt-
oin metabolites were prepared by spiking variable amounts of either
unlabeled racemic 7-hydroxywarfarin or unlabeled p-HPPH, respec-
tively, into 250-ml volumes of potassium phosphate buffer to generate
standardmixtureswith finalmetabolite concentrations between 1 and
1000 nM. Calibration curves for flurbiprofen and (S)-naproxen
metabolites were prepared by spiking variable amounts of, respec-
tively, either the unlabeled 4-hydroxy flurbiprofen or the unlabeled 6-
O-desmethyl-(S)-naproxen into 250-ml volumes of potassium phos-
phate buffer to generate standard mixtures with final concentrations
between 0.1 and 30 mM. These standard solutions, prepared in
duplicate for each metabolite concentration, were immediately
worked up and analyzed in an identical fashion to that described
for the enzyme incubation samples above.

Analysis of (S)-Warfarin, Phenytoin, (S)-Naproxen, and
Flurbiprofen Metabolites by LC-MS. Liquid chromatography-
tandem mass spectrometry analyses were conducted on a Waters
Xevo TQ-S Tandem Quadrupole Mass Spectrometer (Waters Co.)
coupled to an ACQUITY UPLC System with integral autoinjector
(Waters). The Xevo was operated in ESI+-MS/MS (selected reaction
monitoring) mode at a source temperature of 150°C and a desolvation
temperature of 350°C. The following mass transitions were monitored
in separate ion channels for the warfarin metabolite/standard: m/z
325 . 179 (7-hydroxywarfarin-d0) and m/z 330 . 179 (7-hydroxy-
warfarin-d5); and phenytoin metabolite/standard: m/z 269 . 198
(p-HPPH-d0) and m/z 274 . 203 (p-HPPH-d5). Optimized cone
voltages and collision energies were set to 25 V and 15 eV for 7-
hydroxywarfarin (both d0- and d5-labeled) and 35 V and 15 eV for
p-HPPH (d0- and d5-labeled), respectively. Metabolic products from
the (S)-warfarin incubations were separated on an Acquity BEH
Phenyl, 1.7 mm, 2.1 � 150 mm UPLC column (Waters, Corp) using an
isocratic gradient of 45% solvent A (0.1% aqueous formic acid) and
55% solvent B (methanol), with a constant flow rate of 0.35 ml/min.
Phenytoin metabolites were separated using this same BEH Phenyl
UPLC column with a solvent gradient of water (solvent A) and
acetonitrile (solvent B), both of which contained 0.1% formic acid,
running at a flow rate of 0.3ml/min. Initially, solvent Bwas set to 28%,
where it was maintained for 4.5 minutes, and then increased linearly
to 95% over 0.5 minutes, where it was left for an additional 1.5
minutes. Metabolites were quantified through comparison of their
peak area ratios (relative to either the racemic 7-hydroxywarfarin-d5
or p-HPPH-d5 internal standard peak area) to calibration curves using
linear regression analysis. The limit of detection for both metabolites
was below 5 fmol injected on column.
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Flurbiprofen and (S)-naproxen metabolite concentrations were
assessed by LC-MS on an Agilent 1956B single quadrupole mass
spectrometer coupled with an Agilent 1200 series (Santa Clara, CA)
liquid chromatography system. Chromatographic separation was
achieved on a Luna C18 (2 mm � 50 mm � 5 mm) column (Torrence,
CA) with a mobile phase flow rate of 0.3 ml/min. The mobile phase
consisted of 10 mM ammonium formate (solvent A, pH 3.5) and
methanol (solvent B), and linear gradients were applied with %B
increasing from 40% to 80% between 3 and 8minutes, then decreasing
to 40% at 9 minutes. Column temperature was maintained at 35°C.
The electrospray ionization source of the mass spectrometer was
operated in positive ion mode. Quantitation was achieved by selected
ion monitoring of the following ion channels: m/z = 278.1 for 4-hydroxy
flurbiprofen,m/z=234.1 for 6-O-desmethyl-(S)-naproxen, andm/z=237.1
for racemic 6-O-desmethyl-(S)-naproxen-d3. Data acquisition and analyses
were performed using the Agilent MassHunter software. Calibration
curves were constructed by plotting the peak area ratio of each compound
to the respective internal standard against a range of concentrations.

Data Analysis. Kinetic experiments for the assessment of
CYP2C9 probe substrate metabolism were performed in triplicate,
with duplicate data points for each substrate concentration. Graph-
Pad Prism v.6 was used to estimate Km and Vmax parameters. Data
presented are means 6 S.D. of the three separate determinations
unless otherwise stated.

Results
Transcript Level and Protein Expression of CYP2C9

Variants in HepG2 Cells. Robust mRNA expression of
CYP2C9 wild-type and the M1L, N218I, P279T, and I359L
gene variants in lentivirus-infected HepG2 cells was obtained
(Fig. 1), generally with corresponding protein levels, as
assessed by Western blot (Fig. 2). However, as expected
because of disruption of the CYP2C9 start codon, the M1L
variant protein was undetectable. Comparison of transcript
levels with Western blot intensities relative to an actin loading
control revealed that the WT and N218I variants were
expressed at similar levels. The P279T variant was expressed
at a lower transcript level, but with a correspondingly lower
protein level. Only the I359L variant showed any evidence of
low protein expression relative to its transcript level.

Expression and Purification of Wild-type CYP2C9
and Variants from E. coli. Wild-type CYP2C9 and the
N218I and P279T variants were each readily expressed in
E. coli. After affinity purification, CYP2C9 variant concen-
trations were determined by UV-visible spectroscopy using
a quantitative CO binding assay. Upon binding carbon
monoxide, all three enzymes showed an identical lmax at 449
nm. The final protein preparations were highly pure as
assessed by SDS-PAGE (Fig. 3).
Tryptic Digest Analysis of Purified Proteins. As

a quality control step, the purified CYP2C9 proteins were
subjected to digestion with trypsin, and the peptide products
from these reactions were analyzed by high-resolution ESI+

LC-MS (Fig. 4). Substitution of a proline for a threonine at
residue 279 will result in an increase of 4 Da in the tryptic
peptide fragment containing amino acid residues 276–307. By
ESI+ MS, it is apparent that the most abundant configuration
of the 276–307 peptide fragment carries a charge of z = +3
(i.e., M + 3H); thus, the experimental increase in this peptide’s
mass-to-charge ratio for the P279T variant (monoisotopicm/z
= 1157.5568) in comparison with wild type (m/z = 1156.2251)
matches the expected increase of 1.33 Da for this mutation.
Similarly, replacing an asparagine with an isoleucine at
residue 218 will result in a decrease of just under 1 Da in
the mass of the tryptic peptide fragment containing amino
acid residues 207–232. Thus, for the M + 3H configuration of
the peptide (z = +3), the observed change in mass-to-charge
ratio for the N218I variant (monoisotopicm/z = 1001.8541) in
comparison with wild type (m/z = 1002.1725) again matches
the expected decrease of 0.32 Da for this mutation.
Comparison of Probe Substrate Metabolism by

CYP2C9 Variant Enzymes. Substrate saturation kinetic
experiments were performed in triplicate for the three enzyme
variants using a reconstituted system that consisted of purified
CYP2C9 protein, CPR, cytochrome b5, and DLPC lipid (Fig. 5).
Km and Vmax values were determined for each variant using
a selection of CYP2C9-specific probe substrates with both high
[(S)-naproxen, flurbiprofen] and low [(S)-warfarin, phenytoin]

Fig. 1. Transcript analysis of CYP2C9 variants expressed in HepG2 cells.
Gene expression was determined by reverse-transcription polymerase
chain reaction. Each sample was normalized to its own 18S ribosomal
RNA expression, and relative fold change was determined by comparing
expression levels to WT, which was set to 1.0. Values are the means of two
independent experiments.

Fig. 2. Western blot of CYP2C9 variants expressed in HepG2 cells.
Thirty micrograms of each variant preparation was boiled in SDS/
b-mercaptoethanol, loaded into 4% acrylamide, and run on a 10% resolving
gel. EGFP and I359L preparations were included as negative and positive
controls, respectively. After transfer to nitrocellulose, CYP2C9 and b-actin
were visualized using a polyclonal and monoclonal antibody, respectively.
CYP2C9 protein expression level was calculated by measuring the
intensities of the CYP2C9 protein bands at ∼55 kDa and dividing by the
intensities of the actin bands at ∼42 kDa (used as a loading control).
Densitometry measurements were performed using ImageJ. The CYP2C9
WT sample was set to 1.00. Relative expression levels were 0 (EGFP),
0 (M1L), 1.15 (N218I), 0.28 (P279T), and 0.38 (I359L). The experiment was
repeated once, with similar results.
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turnover rates (Table 1). The same ordering of specific activities
for the three enzymes was maintained across all four probe
substrates, with the P279T variant showing a low to moderate
decrease in catalytic efficiency (59%–87% of WT activity,
depending on the substrate), and the N218I variant showing
a much more significant decrease (14%–38% of WT activity).
Interestingly, although the differences in overall catalytic
efficiencies for the variants were similar across all four
substrate probes, the individual components of Km and Vmax

varied. P279T metabolized (S)-warfarin to 7-hydroxy-(S)-
warfarin, with a Km value that was essentially identical to
the WT protein, but showed both an increase in Km for
phenytoin and flurbiprofen hydroxylation and a decrease in
Km for (S)-naproxenO-desmethylation in comparison with the
WT protein. Likewise, although the Vmax values for (S)-
warfarin, phenytoin, and flurbiprofen metabolism by P279T
were all very close, although slightly lower than the WT rate,
the turnover rate for (S)-naproxen dealkylation by P279T was
approximately half that of WT enzyme. In contrast, the N218I
variant showed a similar apparent binding effect across all
four substrates, with Km increasing by 1.6- to 2.3-fold
compared with WT. However, although the Vmax values for
(S)-warfarin, phenytoin, and (S)-naproxen metabolism by
N218I were all similarly low (i.e., less than 50%), there was
only a 15% reduction in the flurbiprofen 49-hydroxylation rate
compared with 2C9 WT.

Discussion
Coding-region variants of CYP2C9 can exhibit metabolic

activities that significantly alter the pharmacokinetics and
pharmacodynamic response of CYP2C9 narrow therapeutic
substrates, necessitating dose changes to avoid adverse drug
responses when drug clearance is reduced. We recently com-
pleted the resequencing of CYP2C9 (and several other vitamin
K cycle–associated genes) as part of amulti-investigator project
designed to identify variation in pharmacogenes relevant to

Fig. 3. SDS-PAGE of purified CYP2C9 variants. CYP2C9 variants
expressed in E. coli and purified by nickel affinity chromatography. Ten
picomoles of each variant was boiled in SDS/b-mercaptoethanol, loaded
into 4% acrylamide, and run on a 10% resolving gel. CYP2C9 monomer
migrates around 50 kDa. The high–molecular mass band around 100 kDa
is likely a dimer.

Fig. 4. High-resolution electrospray mass spectrometric analysis of variant CYP2C9 tryptic peptides. High-resolution ESI+ mass isotope distribution
envelopes for peptides (with sequences identified at the top of the figures) derived from the tryptic digest of purified CYP2C9 WT (A and B), N218I (C),
and P279T (D) protein variants. Variant amino acids within the peptides are identified in bold text, with the amino acid mutations shown in
parentheses. Each of the four figures (A–D) shows the mass envelope for the triply charged version of the respective peptide (i.e., M + 3H, z = +3), and the
calculated monoisotopic mass-to-charge ratio for each peptide is shown in brackets directly above the experimental m/z value.
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warfarin treatment (Fohner et al., 2015). Single-nucleotide
polymorphism discovery efforts were conducted with a diverse
cohort of the AN people to establish minor allele frequencies
(MAFs) for different cultural subgroups, such as the Yup’ik
andAthabascan people. InCYP2C9, we discovered three novel
coding variants,M1L,N218I, and P279T, that were present at
an MAF of 0%–7%, depending on the allele and AN subgroup.
The most prevalent of these novel single-nucleotide variants
(SNVs), M1L (1A.T), occurs at the translation start site and
was predicted to disrupt translation and confer aCYP2C9 poor
metabolizer phenotype. TheN218I variantwas also predicted to
decreaseCYP2C9 enzymeactivity (Fohner et al., 2015), with the
neighboring variant,Q214L (CYP2C9*28), displaying a 90% de-
cline in (S)-warfarin 7-hydroxylation activity in CYP2C9.28-
expressing COS-7 cells compared with WT (Niinuma et al.,
2014). The P279T allele, originally identified in a Japanese
population (Maekawa et al., 2006), is now described as

CYP2C9*29 in the star nomenclature. The CYP2C9.29 vari-
ant protein was predicted to have reduced enzyme activity
based on several in vitro studies that have investigated the
catalytic capabilities of the variant protein toward diverse
substrates [reviewed in Hiratsuka (2016)]. The P279T enzyme
expressed well in COS-7 cells and exhibited 54% of the
catalytic efficiency of the wild-type enzyme for formation of
7-hydroxy-(S)-warfarin due entirely to a decrease in Vmax

(Niinuma et al., 2014). The same investigators reported that
CYP2C9.29 exhibited 72% of the activity of wild-type enzyme
toward tolbutamide when reactions were conducted at the
high substrate concentration of 1 mM.
To our knowledge, functional characterization of the M1L

(1A.T) and N218I variants has never been reported. Expres-
sion of M1L in lentivirus-infected HepG2 cells confirmed
the predicted lack of translation of mRNA that was abun-
dantly present. Consequently, M1L should be categorized as

Fig. 5. Kinetic analysis of (S)-warfarin (A), phenytoin (B), flurbiprofen (C), and (S)-naproxen (D) metabolism by CYP2C9 WT, N218I, and P279T.
Reaction velocities for metabolite formation were plotted against substrate concentration and the kinetic parameters Vmax and Km extracted using
GraphPad Prism. The values are presented in Table 1. For (B), p-HPPH is 5-(p-hydroxyphenyl)-5-phenylhydantoin.

TABLE 1
Kinetics of probe substrate metabolism by purified CYP2C9 variant enzymes.
Cytochrome P450 enzymes reconstituted with cytochrome P450 reductase, cytochrome b5, and lipid were incubated with multiple concentrations of (S)-warfarin, phenytoin,
flurbiprofen, and (S)-naproxen. The resulting CYP2C9-dependent metabolites were analyzed by LC-MS as described in Materials and Methods to obtain measures of relative
catalytic efficiency (Vmax/Km).

Metabolite CYP2C9 Variant Km (mM) Vmax (pmol/min per picomole) Cat. Eff. (ml/min per nanomole) Cat. Eff. (%)

WT 10.7 6 0.4 0.153 6 0.021 14.3 6 1.8 100
7-OH-Warf P279T 10.7 6 1.2 0.133 6 0.015 12.4 6 0.2 87

N218I 17.1 6 0.9 0.060 6 0.002 3.5 6 0.3 24
WT 27.4 6 4.7 0.204 6 0.008 7.6 6 1.2 100

p-HPPH P279T 34.4 6 1.5 0.171 6 0.013 5.0 6 0.5 66
N218I 47.9 6 3.2 0.050 6 0.006 1.1 6 0.2 14
WT 26.0 6 0.40 17.7 6 0.53 680 6 10 100

49-OH-Flurb P279T 39.0 6 2.4 16.8 6 2.4 430 6 39 63
N218I 59.8 6 0.25 15.3 6 0.28 260 6 3.7 38
WT 419 6 59 15.3 6 0.72 37 6 3.5 100

DM-Nap P279T 310 6 80 6.3 6 0.25 22 6 4.2 59
N218I 725 6 106 6.6 6 1.1 9.1 6 0.2 25

DM-Nap, 6-O-desmethyl-(S)-naproxen; 49-OH-Flurb, 49-hydroxyflurbiprofen; 7-OH-Warf, 7-hydroxy-(S)-warfarin; Csa.
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a no-function allele, similar to the previously reported base
frameshift and premature stop codon variants: CYP2C9*6,
CYP2C9*15, and CYP2C9*25 (https://www.pharmvar.org/
gene/CYP2C9). The absence of mRNA translation from a dif-
ferent altered start codon allele, CYP2C9 M1V (CYP2C9*36,
rs114071557), is reported in the ExAc database with a low
MAF of 0.0004% across all studied populations (Lek et al.,
2016). Notably, PharmVar describes the start site allele
CYP2C9*36 as a variant of unknown function, and although
no experimental data have been provided as yet, the foregoing
considerations suggest that CYP2C9*36 is also null. Interest-
ingly, CYP2C19*4, (ATG→TTG, M1L), a mutation analogous
to what we discovered for CYP2C9, was one of the first null
variants to be discovered that conferred poor metabolizer
status for metabolism of CYP2C19 substrates because of loss
of the translation start site (Ferguson et al., 1998).
In contrast to theM1L variant, His-taggedwild-type protein

and the N218I and P279T variant proteins expressed well in
E. coli and were highly purified after affinity chromatography.
Upon reconstitution with cytochrome P450 reductase and
cytochrome b5, the N218I and P279T variants metabolized
(S)-warfarin, phenytoin, flurbiprofen, and (S)-naproxen to the
expected monohydroxylated or O-desmethylated metabolites.
Kinetic analysis revealed that the relative catalytic efficiency
toward probe substrate metabolism was lower compared with
WT enzyme for N218I (14%–38%) than for P279T (59%–87%).
Since the discovery of theP279T allele in a Japanese subject in
2006 (Maekawa et al., 2006), several in vitro studies have been
conducted with the P279T variant expressed in COS cells or
insect cells. Membrane preparations from P279T-expressing
cell lines metabolized (S)-warfarin, phenytoin, and flurbipro-
fen at 54%–140% of the catalytic efficiency of the WT enzyme
(Niinuma et al., 2014; Wang et al., 2015; Chen et al., 2016).
The broader range than what was found in the present study
may be attributed, in part, to the use bymultiple investigators
of different expression systems and analytical procedures. The
study reported here benefits from a uniformity of experimen-
tal procedures and robust quantitation of the purified cyto-
chrome P450 variants used in the kinetic experiments. It
should be noted, however, that we observed significantly lower
mRNA expression for P279T in comparison with the WT or
N218I variants, which led to correspondingly low levels of
protein production. Should similarly lowmRNA expression be
seen in vivo, it could result in an additional decrement in
activity for the P279T variant, especially in homozygous
subjects, although it is possible that this effect was merely
variability inherent in the lentiviral expression systemused in
these studies.
The functional deficits we observed for theN218I andP279T

variants were the result of a combination of changes in Vmax

and Km, indicating alterations in both substrate binding and
kcat, depending on the substrate. The latter change could be
the result of altered function of the CYP2C9 catalytic heme
intermediate or in electron transfer from P450 reductase or
cytochrome b5 to CYP2C9. The N218I variant position is
located between the F and G helices, which encapsulate the
active site (Williams et al., 2003), and, thus, a decrease in the
kcat and an increase in the Km due to amino acid substitution
in a region of the enzyme known to be important for catalytic
activity (Wester et al., 2004) was expected. Moreover, the
reduction in catalytic activity of the N218I protein was of
similar magnitude as the CYP2C9*3 (I359L) enzyme and,

therefore, is also expected to alter the metabolic clearance of
(S)-warfarin and other CYP2C9 substrates in vivo. Interest-
ingly, although the N218I variant showed a similarly low
binding affinity toward each of the four substrates tested,
increasing Km by roughly 2-fold compared with WT, the
change in kcat effected by the mutation showed evidence of
substrate dependence, as the decrease in the turnover rate for
flurbiprofen, in comparison with WT, was significantly less
than what was observed with the other substrates. P279T is
located between theH and I helices of the enzyme and resulted
in a decrease in catalytic efficiency to approximately 60% of
that of theWT protein for (S)-naproxenO-demethylation. This
decrease in catalytic efficiency was mainly attributed to
a decrease in Vmax by 2.4-fold compared with WT enzyme.
Helix I borders part of the CYP2C9 active site cavity, and
perturbances in helix I due to amino acid substitutions have
been hypothesized to disturb the active site topography and
reduce enzyme activity (Maekawa et al., 2017). This may offer
an explanation for the reduction in O-demethylation of (S)-
naproxen observed with the P279T variant, although it should
be noted that the decrease in Vmax for phenytoin, (S)-warfarin,
and flurbiprofen metabolism by the variant enzyme is much
less severe. These observed substrate-dependent effects on
CYP2C9 activity, resulting from both the N218I and P279T
mutations, are perhaps not surprising when considered in
context with the numerous other examples of substrate-
dependent polymorphism available in the CYP2C9 literature
(Tracy et al., 2002; Hummel et al., 2005; Niinuma et al., 2014).
Collectively, these studies define, for the first time, the

effect of the novel N218I variant that is expressed at relatively
high MAF in AN people on the metabolism of four widely used
CYP2C9 substrates. New variants require detailed catalytic
characterization because variants with altered function can
have substantial clinical repercussions. For example, consid-
ered collectively, ∼15% of Yup’ik people living in the Yukon-
Kuskokwim delta of Alaska are carriers of the M1L, N218I,
P279T, and I359L alleles. With the emergence of precision
medicine and preemptive pharmacogenetic testing, clinical
implications for the AN people include phenotypic misclassi-
fication from currently available tests that typically screen
only for the common CYP2C9*2 and *3 variants.
The detailed in vitro catalytic data provided here for the

P279T, N2I8I, and M1L protein variants enable prediction of
dose adjustments that could be made during treatment with
low–therapeutic index substrates of CYP2C9 to avoid adverse
drug responses. The potential of CYP2C9 M1L, N218I, and
P279T alleles to alter the pharmacokinetics of drugs metab-
olized by CYP2C9 may put carriers at risk of exacerbated
therapeutic effects from drugs that rely predominately on
CYP2C9 for their metabolic clearance. Indeed, we found
recently that heterozygotes for the N218I variant required
1.1 mg warfarin/day less than reference individuals to achieve
a comparable therapeutic international normalized ration
(INR) response (Henderson et al., 2019). Despite evidence for
substrate-dependent polymorphism, the in vitro rank order
metabolic capacity of the heterozygous genotypes is clearly
P279T/*1 . N218I/*1 . M1L/*1, with M1L/M1L homozy-
gotes tentatively assigned as having no CYP2C9 activity.
Studies to further characterize the impact of these new
variant alleles on drug disposition and response in AN people
in vivo are needed to test these predictions and preclude
potential healthcare disparities.
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