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ABSTRACT

Metabolic phenotype can be affected by multiple factors, including
allelic variation and interactions with inhibitors. Human CYP2D6 is
responsible for approximately 20% of cytochrome P450–mediated
drug metabolism but consists of more than 100 known variants;
several variants are commonly found in the population, whereas
others are quite rare. Four CYP2D6 allelic variants—three with a
series of mutations distal to the active site (*34, *17-2, *17-3) and one
ultra-metabolizerwithmutations near the active site (*53), alongwith
reference *1 and an active site mutant of *1 (Thr309Ala)—were
expressed, purified, and studied for interactions with the typical
substrates dextromethorphan and bufuralol and the inactivator SCH

66712. We found that *34, *17-2, and *17-3 displayed reduced
enzyme activity and NADPH coupling while producing the same
metabolites as *1, suggesting a possible role for Arg296 in
NADPH coupling. A higher-activity variant, *53, displayed similar
NADPH coupling to *1 but was less susceptible to inactivation by
SCH 66712. The Thr309Ala mutant showed similar activity to that
of *1 but with greatly reduced NADPH coupling. Overall, these
results suggest that kinetic and metabolic analysis of individ-
ual CYP2D6 variants is required to understand their possible
contributions to variable drug response and the complexity of
personalized medicine.

Introduction

CYP2D6 is responsible for approximately 20% of cytochrome P450
(P450)-mediated drug metabolism, although it constitutes only about
2%–5% of the total P450 content in the human liver (Guengerich, 2015;
Rendic and Guengerich, 2015). Examples of CYP2D6 substrates
include tamoxifen, codeine, bufuralol, debrisoquine, and dextromethor-
phan, among many others (Ingelman-Sundberg, 2005).
The more than 100 different allelic variants of CYP2D6 with

metabolic profiles ranged from poor to ultrarapid (Zanger and Schwab,
2013). Each allelic variant is described by star allele nomenclature in
which variants are numbered in the order of their discovery (Robarge

et al., 2007). Using this naming system, 2D6*1 is the reference form to
which all other sequences are compared. Identified mutations and
possible metabolic effects associated with each variant can be found on
the Pharmacogene Variation Consortium at www.PharmVar.org.
Previously, our group investigated structural fluctuations by using

molecular dynamics of four allelic variants: *34, *17-2, *17-3, and *53,
in comparison with the reference *1 (de Waal et al., 2014). Variant *34
was chosen because it has an Arg296Cys alteration that is commonly
found in allelic variants of CYP2D6 (Table 1). Variant *17 was chosen
for its clinical relevance since it is found in 9%–34% of Africans and
African Americans (Ingelman-Sundberg, 2005; Zhou, 2009). In addi-
tion, *17-2 and *17-3 provide a series of sequential amino acid changes
that include the Arg296Cys change in *34 (Table 1). All three of these
allelic variants are associated with reduced activity (Oscarson et al.,
1997; Zhou, 2009; Sridar et al., 2011). *53 was included in our study
because it may cause an ultra-metabolizer phenotype without a gene-
duplication event (Sakuyama et al., 2008; Muroi et al., 2014).
Allelic variants of CYP2D6 can lead to altered drug responses since

CYP2D6 variants affect the pharmacokinetics of ;50% of 2D6-
metabolized drugs (Ingelman-Sundberg, 2005). Personalized medicine
is a way to combat differences in drug responses through adjusting doses
according to genotype and phenotype (Kirchheiner and Rodriguez-
Antona, 2009) or prescribing different medications (Chicago, 2016). As
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the demand grows for personalized medicine, understanding the effects
of allelic variants will be needed, especially on major drug metabolizing
enzymes like CYP2D6 (Yamazaki, 2017).
Inhibitors can also affect CYP2D6 phenotype. Inhibition can be

reversible or irreversible. When inhibition is irreversible and is caused
by a substrate that is metabolized into a reactive intermediate that
covalently modifies the enzyme, it is classified as a mechanism-based
inactivator (MBI). MBIs can alter extensive and intermediate metabo-
lizer phenotypes to become poor or null metabolizer phenotypes. MBI
can occur through three mechanisms: covalent modification of an amino
acid in the enzyme, coordination to the heme, or causing the heme to
become covalently bound to the enzyme (Correia and Hollenberg,
2015). Inactivation is NADPH-, time-, and concentration-dependent and
creates a loss of enzyme activity for an extended period since the enzyme
is rendered completely inactive and must be synthesized anew.
The most potent MBI of CYP2D6 is SCH 66712 (Palamanda et al.,

2001; Nagy et al., 2011; Livezey et al., 2012). SCH 66712 was a lead
compound as a human dopamine receptor antagonist but was dropped
after it was identified as a CYP2D6 inactivator (Palamanda et al., 2001).
Our group previously determined that SCH 66712 inactivates 2D6
through protein adduction, although the site of adduction has yet to be
identified (Nagy et al., 2011). Molecular docking experiments suggested
that Thr309, a nucleophile in the active site, might be the possible target
(Nagy et al., 2011). Thus, in the current study, we have also included a
CYP2D6 active-site mutant, Thr309Ala. Thr309 is thought to be
involved in the oxidation mechanism, regioselectivity, and determining
heme spin equilibrium (Keizers et al., 2005a; Bonifacio et al., 2006).
Thr309 may also serve as a nucleophile for reactive inactivating
electrophiles as the corresponding threonine has been the site of
inactivation for MBIs with other P450s (Gay et al., 2011; Lin et al.,
2011; Nagy et al., 2011; Zhang et al., 2011).
Allelic variants and MBIs can cause adverse drug-drug interactions

and lead to serious side effects and increase the cost of health care
(Classen et al., 1997). Gaining a better understanding of mechanism-
based inactivators and allelic variants is one step that can be taken to
reduce this toxicity (Yamazaki, 2017).
The current study aims to characterize the activity of a few CYP2D6

variants. The results presented with the allelic variants allow for a better
understanding of enzyme structure and function of CYP2D6 and the
effects of amino acid changes on substrate catalysis and inactivation.

Materials and Methods

Chemicals.Weobtained SCH 66712 from Schering-PloughResearch Institute
(now Merck & Co., Inc., Kenilworth, NJ) and reconstituted in water for use in
assays described to follow. Ultrapure solvents (water, acetonitrile, and methanol)
for mass spectrometry (MS) were purchased from EMD Chemicals, Inc.
(Gibbstown, NJ). All other solvents were high-performance liquid chromatogra-
phy (HPLC)-grade and purchased from Sigma-Aldrich (St. Louis,MO). Bufuralol
(a mixture of enantiomers) and hydroxyl-bufuralol were from Toronto Research
Chemical (Toronto, ON, Canada). Nickel-NTA agarose was from Qiagen
(Germantown, MD). NuPAGE Novex 10% Bis-Tris Mini Gels, SimplyBlue,

NuPAGE MES SDS Running Buffer, and NuPAGE LDS Sample Buffer were
from Invitrogen (now Thermo Fischer Scientific, Waltham, MA). Cumene
hydroperoxide (CuOOH) was purchased from TCI America (Portland, OR) and
used after washing and extraction (vide infra). Potassium phosphate, NADPH,
1,2-didodecanoyl-sn-glycero-3-phosphocholine phospholipids, acetonitrile, cata-
lase, super oxide dismutase, dextromethorphan, dextrorphan, chymotrypsin,
trypsin, wide-range SigmaMarker molecular weight markers, and all other
reagents were purchased from Sigma-Aldrich.

Preparation of CuOOH. Caution! Strong oxidant and can be explosive.
CuOOH used inmetabolite experiments was prepared by diluting 5ml of CuOOH
containing ;20% aromatic hydrocarbons (as purchased) with 20 ml of CH2Cl2.
The dilutedCuOOHwas twice washed with 25ml of 2MNaOH, followed by two
washes with water. The organic layer containing the CuOOH was collected and
dried with Na2SO4. After filtering of Na2SO4, the CH2Cl2 layer was removed by
roto-evaporation, leaving purified CuOOH that was stored neat at 4�C. Aqueous
dilutions of CuOOH (5 mM) were prepared for use in metabolite studies.

Enzymes. The starting human *1 plasmid (the DB11 construct containing an
N-terminal truncation toMARQVHSSWNLPP (as previously reported by Gillam
et al., 1995)) with a four-His tag on the C-terminal end (as previously described by
Hanna et al. (2001)) and a rat NADPH-reductase plasmid (Gillam et al., 1993)
were gifts from Professor F. Guengerich (Vanderbilt University) (Gillam et al.,
1993, 1995; Hanna et al., 2001). Allelic variants *34, *17-2, *17-3, and *53, as
well as the CYP2D6_Thr309Ala mutant, were prepared by site-directed
mutagenesis of the *1 plasmid by Genewiz (Southfield, NJ), and the resulting
mutations were confirmed by plasmid sequencing. Recombinant human *1,
CYP2D6_Thr309Ala, and allelic variants *34, *17-2, *17-3, and *53 were
expressed in Escherichia coli along with the pGro7 plasmid for expression of the
chaperone proteins GroEL and GroES (Takara Bio Inc., Shiga, Japan) as
previously described (Gillam et al., 1995;Wang et al., 2012). Briefly, purification
involved preparation of spheroplasts, followed by nickel-NTA agarose column
chromatography and desalting using Pierce Zeba spin columns owing to the
tendency of CYP2D6 to aggregate upon dialysis. No stabilizing CYP2D6 ligands
were included in the expression or purification steps. P450-reduced CO difference
spectra were measured using the methods of Omura and Sato to calculate active
P450 concentration (Omura and Sato, 1964). Levels of P420were also determined
using the method of Omura and Sato as summarized by Guengerich (2014), but
only P450 values were used in the calculations of enzyme concentrations for
assays described below. Purified CYP2D6 enzymes were also examined for the
extent of purification by SDS-PAGE on 10% acrylamide gels. Recombinant P450
NADPH-reductase (reductase) was purified from E. coli as previously described
and analyzed for purity and mass by whole protein MS (Shen et al., 1989;
Holmans et al., 1994).

Determination of Km and vmax with CYP2D6 Enzymes. Purified CYP2D6
enzymes (0.2 mM) were individually reconstituted with reductase (0.4 mM) and
freshly sonicated 1,2-didodecanoyl-sn-glycero-3-phosphocholine phospholipids
(30 mM) for 10 minutes at room temperature. Bufuralol (0600 mM) or
dextromethorphan (0–1000 mM) and potassium phosphate (pH 7.4, 100 mM,
final) were added to achieve a final reaction volume of 100 ml. The reaction
mixturewas incubated in a 30�C shaking bath for 3minutes and then initiatedwith
NADPH-generating system (5 mM glucose 6-phosphate, 0.5 mM NADP+, and
0.5 U/ml glucose-6-phosphate dehydrogenase). An incubation temperature of
30�C rather than 37�C was selected to ensure more reproducible activity of all the
variants. Reactions were quenched with 20 ml of acetonitrile and placed on ice
after a time previously determined to be in the linear product formation range.
Samples were then centrifuged (16,100g) for 5 minutes, and the supernatant was
injected onto a Kinetex 100ÅC18 column (2.6mM, 4.6� 100mm; Phenomenex,

TABLE 1

CYP2D6 enzymes used in this study

Designation Amino Acid Changes Relative to *1 Location of Amino Acid Change

*1 — —

*34 Arg296Cys Helix I (distal to the active site)
*17-2 Arg296Cys, Thr107Ile Helix I, helix B’ (both distal to active site)
*17-3 Arg296Cys, Thr107Ile, Ser486Thr Helix I, helix B’, b4 sheet (all distal to active site)
*53 Phe120Ile, Ala122Ser B-C loop (near active site; at start of channel 2)
Thr309Ala Thr309Ala Helix I (in active site)
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Torrance, CA) with a guard column attached to a Waters e2965 HPLC (Milford,
MA) paired with aWaters 474 fluorescence detector. Isocraticmobile phases were
used in both bufuralol and dextromethorphan analysis (30% acetonitrile, 70%
water, 1 mM perchloric acid for bufuralol and 20% acetonitrile, 0.8% acetic acid,
0.05% triethylamine for dextromethorphan). The excitation and emission
wavelengths for bufuralol assays were 252 and 302 nm, respectively, and
280 and 310 nm for dextromethorphan. The velocity of product formed perminute
per picomole of 2D6 was calculated based on the concentration of dextrorphan or
19-hydroxybufuralol product by comparison with a standard curve.

Substrate Depletion Analysis. Assays were completed by the method of
Obach and Reed-Hagen (2002). Briefly, reactions contained dextromethorphan
(0.5–1000 mM) and *1, *53, or the Thr309Ala mutant (0.6 mM) reconstituted
with reductase (1.2 mM) and lipids (90 mM) in 100 mM potassium phosphate
buffer. Reactions were initiated with NADPH (1mM) and at 0, 1, 2, 5, 10, 20, and
30minutes, aliquots (20ml) were removed and quenchedwith acetonitrile (20ml).
Samples (10 ml) were analyzed by HPLC as described except, instead of
dextrorphan, the dextromethorphan peak was quantitated. The depletion rate
constant was then determined by plotting the log percentage of dextromethorphan
remaining versus the time fitted to a first-order decay function. The depletion rates
for each concentration were then plotted against a log scale of dextromethorphan
concentration, and the Km was determined with the following equation described
by Obach and Reed-Hagen (2002): kdep = kdep([S] = 0) � [1 2 ([S]/[S] + Km)],
where kdep is the depletion rate constant, kdep([S] = 0) is the theoretical maximum
consumption rate at an infinitesimally low substrate concentration, [S] is the
substrate concentration, andKm is theMichaelis constant. TheKmwas determined
by the inflection point for the resulting curve.

NADPH Coupling to Metabolite Formation. P450 2D6 variants (final
concentration 0.1 mM) were reconstituted with lipids (30 mM) and reductase (0.2
mM) on ice for 20 minutes before potassium phosphate buffer (pH 7.4, 100 mM)
and bufuralol (100 mM) or dextromethorphan (100 or 600 mM) were added.
Before initiation of the reaction, each sample was heated in a 30�Cwater bath with
shaking for 3 minutes. The reaction was then initiated with NADPH (0.3 mM),
transferred to a quartz microcuvette, and monitored at 340 nm for 10 minutes at
30�C in a spectrophotometer (Varian Cary-300, now Agilent) (Santa Clara, CA).
Final reaction volume was 333 ml. The reactions were quenched with acetonitrile
once removed from the spectrophotometer. The steady-state rate of NADPH
consumption (nanomoles of NADPH per minute per nanomoles CYP2D6) was
found using the slope of the linear portion of the resulting spectra for the entire
10minutes. The products were analyzed byHPLC as described already, and peaks
were quantitated by comparison with the appropriate standard curves to calculate
picomoles product formed per minute per picomoles CYP2D6. Product formation
for each reaction was quantified after quenching of the NADPH consumption
reactions. The rate of product formation divided by the rate of NADPH
consumption was used to determine the extent of coupling.

Metabolites. Metabolites formed in separate assays with dextromethorphan
and bufuralol with each variant, as well as the Thr309Ala mutant, were analyzed
using LC-electrospray ionization (ESI)-MS detection and MSn. P450 2D6
variants (final concentration 1 mM) were reconstituted with lipids (30 mM) and
reductase (2 mM) on ice for 20 minutes before potassium phosphate buffer (pH
7.4, 100 mM), substrate (30 mM for dextromethorphan and bufuralol) and water
were added. Samples were placed in a water bath at 30�C with shaking for
3 minutes and then initiated with either an NADPH-generating system (final
reaction volume was 100ml) or with CuOOH (500mM). The NADPH-generating
system consisted of glucose 6-phosphate (5mM), NADP+ (0.5mM), and glucose-
6-phosphate dehydrogenase (0.5 U/ml). The reactions proceeded for 30 minutes
before each sample was quenched with acetonitrile, centrifuged, and analyzed
using a Waters Alliance 2690 HPLC system in conjunction with a Thermo-Fisher
Scientific LXQ MS. Separation was achieved with a Kinetex C18 column (2.5
mm, 100 Å, 100 � 2.10 mm; Phenomenex) and a flow rate of 0.1 ml/min. The
mobile phase for isocratic separation of the dextromethorphan samples was as
described: 20% acetonitrile, 0.8% acetic acid, and 0.05% triethylamine in
MS-grade water. For bufuralol samples, the HPLC conditions were modified to
a gradient separation as follows: solvent A, 10% acetonitrile, 1 mM perchloric
acid in MS grade water; solvent B: 30% acetonitrile, 1 mM perchloric acid in
MS-gradewater; t = 0minute, 100%A; t = 5minutes, 100%A; t = 25minutes, 0%
A; t = 35 minutes, 0% A; t = 40 minutes, 100% A; t = 55 minutes, 100% A. The
column effluent was directed into an LXQmass analyzer operated in the positive
ion mode using the Xcalibur software package. The ESI conditions were as

follows: sheath gas, 19 arbitrary units; auxiliary gas, 10 arbitrary units; spray
voltage, 5.5 kV; capillary temperature, 275�C; capillary voltage, 10 V; and tube
lens offset, 15 V.

Spectral Binding Titrations. Spectral binding titration studies were carried
out with recombinant purified CYP2D6 enzymes (1 mM) in potassium phosphate
buffer (100 mM, pH 7.4). The solution was evenly divided between two cuvettes,
and the experiments were performed at room temperature using a Cary 300 dual-
beam spectrophotometer (Varian, Inc., Walnut Creek, CA). A baseline correction
was recorded (350–500 nm). Substrate, typically 1–300mM,was then titrated into
the sample cuvette, and the equivalent volume of water was added to the reference
cuvette; the spectra were recorded (350–500 nm) after each addition. The
difference between the absorbance maximum and minimum was plotted against
substrate concentration, and the data were analyzed by a nonlinear regression
using KaleidaGraph (Synergy Software, Reading, PA). The dissociation constant,
Ks, was determined using the following quadratic velocity equation: [CYP2D6 •
substrate] = 0.5 (Ks + Et + St) 2 [0.25 (Ks + Et + St)

2 2 EtSt]
1/2, where St

represents substrate concentration, Et is the total enzyme concentration, and Ks is
the spectral dissociation constant for the reaction CYP2D6 + substrate ↔
[CYP2D6 • substrate].

SCH 66712 Metabolite Analysis. Metabolites of SCH 66712 formed by all
purified CYP2D6 enzymes were determined by LC-ESI-MS as previously
described (Nagy et al., 2011; Bolles et al., 2014). Briefly, purified 2D6 enzymes
(1 mM), lipids (30 mM), and reductase (2 mM) were reconstituted for 10 minutes
at room temperature, followed by the addition of potassium phosphate (100 mM,
pH 7.4), SCH 66712 (100 mM), and ultrapure water in a volume of 200 ml. The
mixture was preincubated for 3 minutes at 37�C in a water bath with shaking
followed by the addition of NADPH-generating system (30 ml) or CuOOH
(500mM). The reaction proceeded for 40 minutes at 37�Cwith shaking in a water
bath. The reaction was quenched with acetonitrile (30 ml) and placed on ice. The
sample was then centrifuged for 5 minutes at 13,800g, and the supernatant was
collected without disrupting the pellet. The samples were analyzed using
LC-ESI-MS as previously described (Nagy et al., 2011).

Determination of KI and kinact. Purified CYP2D6 enzymes (3 mM) were
individually reconstituted with reductase (6 mM) and freshly sonicated lipids
(90 mM) for 20 minutes on ice. To this, potassium phosphate (pH 7.4, 100 mM),
superoxide dismutase (80 U/ml), catalase (5 mg/ml), and SCH 66712 (0–48 mM)
were added. The final reaction volume was 200 ml. This primary reaction mixture
was incubated in a 30�C shaking bath for 3 minutes and then initiated with
NADPH (1mM). Aliquots (10ml) of the primary reactionwere removed at 0, 1, 2,
5, or 9 minutes and added to the secondary reaction containing NADPH (1 mM)
and dextromethorphan or bufuralol (100 mM) in potassium phosphate, pH 7.4
(100 mM) (final volume 200 ml). Reactions were quenched with 30 ml of
acetonitrile and placed on ice after 10 minutes. Samples were then centrifuged
(16,100g) for 5 minutes and an aliquot of the supernatant (10 ml) was analyzed by
HPLC as described above for analysis of 19-hydroxybufuralol or dextrorphan.

Trapping Agents. *53 (3 mM) was reconstituted with reductase (6 mM) and
lipids (90 mM) for 20 minutes on ice. After reconstitution, potassium phosphate
buffer (100 mM, pH 7.4) and freshly prepared solutions of NAC (2 mM) or
glutathione (GSH) (2 mM) were added in a final reaction volume of 200 ml.
Reactions were preincubated for 3 minutes at 30�C and then initiated with
NADPH (1 mM), except the no NADPH control reaction that received an equal
volume of water. After 45 minutes, the reactions were quenched with 30 ml of
acetonitrile and placed on ice. Samples were then centrifuged, and the supernatant
was collected for analysis by LC/MS conditions as described with a solvent
system consisting of A (0.05% trifluoroacetic acid, 10% methanol, 90% water)
and B (0.05% trifluoroacetic acid, 10% methanol, 90% acetonitrile). After an
initial 5-minute hold at 95% A, a linear gradient of 95% A to 50% A over
20 minutes was applied for resolution of reaction components followed by a
1-minute hold at 50% A and then return to the initial conditions.

Partition Ratio. Primary reaction mixtures contained purified *1 (3 mM), the
Thr309Alamutant (3mM), or *53 (1mM), reductase (6, 6, or 2mM, respectively),
lipids (30 mM), potassium phosphate buffer (100 mM, pH 7.4), and varying
concentrations of SCH 66712 (0–150 mM) in a final volume of 100 ml. The
primary reaction mixtures were preincubated in a shaking water bath at 30�C for
3 minutes, and then all primary reactions except the control were initiated with
NADPH (1 mM). The control received an equal volume of water. The primary
reactions were then incubated for 30 minutes to ensure inactivation was complete.
Aliquots of 10 ml were added to the secondary reactions, and the samples were
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incubated and analyzed as described. From a plot of the percent remaining activity
versus [inactivator]/[CYP2D6], the partition ratio was calculated by the method of
Silverman using the intersection of the linear regression of the steeper slope of the
high ratios with the x-axis (Silverman, 1988). All experiments were done in
triplicate.

Molecular Visualization and Docking. Substrates were docked in to the
active site of CYP2D6 (PDB ID 3QM4) using AutoDock Vina (http://autodock.
scripps.edu) (Morris et al., 1998;Huey et al., 2007). Only chainA of 3QM4 and its
corresponding heme cofactor were used; crystallographic waters and prinomastat
were removed before docking studies. All molecular structures were produced
using PyMOL Molecular Graphics System, Version v1.7.6.6 (Schrödinger,
Portland, OR).

Results

Expression and Purification of CYP2D6 Enzymes. Each CYP2D6
enzyme expression culture, except *1, showed;230–350 nmol of P450
per liter of culture as determined from reduced CO-difference spectra of
whole E. coli cells at the time of cell harvest; *1 showed higher
expression at ;650 nmol/liter. Final purification indicated . ;90%
homogeneity (Supplemental Fig. 1). Reduced CO-difference spectra at
the end of purification showed 3–14 mM P420 compared with 17–96
mM P450 (Fig. 1; Supplemental Table 1). For *17-2 and *17-3, the
levels of P420 were prominent and accounted for ;25%–40% of the
enzyme present. For use in assays, the concentration of active enzyme
for each variant was determined using reduced CO-difference spectra at
450 nm, and P420 was not used to calculate enzyme concentration.
Michaelis-Menten Analysis. Purified enzymes were analyzed with

regard to steady-state enzyme kinetics with two typical CYP2D6
substrates: bufuralol and dextromethorphan. Both substrates are widely

used in the characterization of CYP2D6 activity, and both possess
aromatic rings and a basic nitrogen that are characteristic of CYP2D6
substrates; however, dextromethorphan is more rigid and has fewer
degrees of rotation than bufuralol.
All CYP2D6 enzymes were active in metabolism of bufuralol and

dextromethorphan with the greatest metabolic efficiency observed with
*53 (Fig. 2; Table 2). The overall efficiency, as calculated by vmax/Km, of
*53, was nearly an order of magnitude greater than *1 when bufuralol
was the substrate and only ;1.5� higher than *1 with dextromethor-
phan as substrate, although this latter value is an underestimate due to the
presence of additional and quantitatively significant metabolites of
dextromethorphan formed by *53 samples (vide infra). Likewise, the
Thr309Ala mutant had similar efficiency as *1 with bufuralol as
substrate (89%), but the efficiency was reduced when dextromethorphan
was the substrate (54%). Again, this was due to the presence of
additional products formed by Thr309Ala that were not formed by *1 (or
by *53). The *34, *17-2, and *17-3 enzymes had lower overall activity
compared with *1, regardless of substrate (Fig. 2; Table 2).
To gain additional understanding of Km with dextromethorphan as

substrate for *53 and the Thr309Ala mutant that produced multiple
products in addition to dextrorphan, substrate depletion analysis via the
method of Obach and Reed-Hagen was completed with *53, the
Thr309Ala mutant, and, for comparison, *1 (Obach and Reed-Hagen,
2002) (Supplemental Fig. 2). The value forKmwith *1 using this method
was 30 6 4 mM, lower, but comparable to, the value determined by
Michaelis-Menten analysis (1206 30mM). TheKm for *53 asmeasured
using substrate depletion was 270 6 76 mM, similar to the reported
value of 3006 80 mM). With the Thr309Ala mutant, the Km measured
by substrate depletion was 216 7 mM. The substrate depletion value of

Fig. 1. Reduced Fe2+-CO difference spectra for each purified CYP2D6 enzyme. (A) *1. (B) *53. (C) Thr309Ala mutant. (D) *34. (E) *17-2. (F) *17-3. Supplemental Table
1 has calculated P450 and P420 for each spectrum shown.
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Km was much lower in this case than the value determined byMichaelis-
Menten because the Thr309Ala mutant favored production of N-oxide
and N-demethylation products and produced less dextrorphan than *1
and *53 (vide infra). Finally, using substrate depletion analysis with
dextromethorphan revealed that theKm values for *1 and the Thr309Ala
mutant metabolism of dextromethorphan were similar (30 and 21 mM,
respectively), as they were with bufuralol metabolism, where both
enzymes produced the same major product. The substrate depletion
method does not allow for calculation of vmax.
Metabolism of Bufuralol and Dextromethorphan. Metabolites of

bufuralol and dextromethorphan, identified based onMS2 fragmentation
patterns (data not shown), were examined with each variant. In reactions
containing bufuralol (262m/z) as substrate, product distributions among

19-, 4-, and 6-hydroxybufuralol eluting at 25, 28, and 35 minutes,
respectively, were similar among variants, and additional, novel mono-
oxygenated metabolites of 278m/zwere not observed (Fig. 3A; note that
chromatograms are on the same scale with the normalized level indicated
on the figure). Dehydrogenated (D19,29) bufuralol eluted later than the
hydroxylated products at 41 minutes (labeled f) and was formed by all
variants as well, but at an order of magnitude lower level than the mono-
oxygenated products (Fig. 3B). The peak at 25 minutes (labeled d) in the
260 m/z extracted ion chromatogram (XIC) was a contaminant that was
present in the standard as well as in all in the reactions with NADPH and
CuOOH (Fig. 3B; Supplemental Fig. 3). Also, an additional metabolite
with 260 m/z was formed by the Thr309Ala mutant and eluted at
28 minutes (labeled e, Fig. 3B). The identity of the metabolite is
unknown, but the collision-induced disassociated (CID) fragmentation is
consistent with dehydrogenation possibly at the amine (Supplemental
Fig. 3).
With the more rigid substrate dextromethorphan (272 m/z), all

variants produced the expected dextrorphan metabolite (labeled a at
6 minutes with 258 m/z) (Fig. 4A); however, a more abundant 258 m/z
peak in reactions with Thr309Ala appeared at a later retention time
(22 minutes, labeled b) and had a mass spectrum and retention time
consistent with the formation of 3-methoxymorphinan (N-demethyla-
tion; Fig. 4A). Some 3-methoxymorphinan (labeled b) was formed by all
the variants, but it was greatest with the Thr309Ala mutant. All the
variants also produced some low levels of 3-hydroxymorphinan (bothO-
and N-demethylation, labeled c), although *17-2 and *17-3 produced
levels at the limit of detection (Fig. 4B).
Mono-oxygenated dextromethorphan products (288 m/z) were de-

tected in assays with the variants with themost notable peaks in reactions
with *53 and the Thr309Ala mutant (Fig. 4C). With *53, there were two
mono-oxygenation peaks eluting at ;5.5 and ;7.5 minutes (labeled
d and e). One of the mono-oxygenation peaks is likely a 7-hydroxylation
product that was observed by Flanagan et al. (2004) with a Phe120Val
mutant. The other mono-oxygenation peak showed the same fragmen-
tation pattern upon MSn analysis and, based on MS2, might represent a
hydroxylation at the neighboring carbon-6 position (Supplemental Fig.
4). In addition, all variants, but particularly the Thr309Ala mutant,
produced a 288 m/z product with a much later retention time
(;33 minutes, labeled h) (Fig. 4C). The CID for the later peak showed
a 272m/z fragment consistent with loss of an oxygen. Furthermore, upon
treatment with TiCl3, the peak was no longer detectable, supporting the
designation of the metabolite as an N-oxide (data not shown). The levels
of the mono-oxygenation peaks formed by *53 and the Thr309Ala
mutant are similar to those of dextrorphan and explain why the
Michaelis-Menten analysis with dextromethorphan as substrate pro-
duces lower enzyme efficiency than with bufuralol since only the
dextrorphan metabolite was quantitated in the Michaelis-Menten anal-
ysis. Peaks labeled f and g were not identified; peak g was only seen in
reactions with the Thr309Ala mutant (Fig. 4C).
When CuOOH was used to support the metabolism of bufuralol,

only the 19-hydroxybufuralol peak was detected among the hydrox-
lated bufuralol products (Supplemental Fig. 5). Conversely, dehydro-
genated (D19,29) bufuralol (labeled f) was retained in reactions with
CuOOH and, for *1, *34, and *53, higher levels of the dehydrogenated
product were observed than in reactions with NADPH (Supplemental
Fig. 5). In reactions with dextromethorphan and CuOOH as an oxygen
surrogate, dextrorphan was the only observed major metabolite
(Supplemental Fig. 6). In addition, we observed decreased enzyme
activity in reactions with CuOOH (data not shown), consistent with
inactivation of CYP2D6 by CuOOH, as has been reported with other
P450s such as 2B1, 3A4, 1A1, and so forth (Yao et al., 1993; Yu et al.,
1996; He et al., 1998).

Fig. 2. Michaelis-Menten analysis of purified CYP2D6 enzymes determined with
(A) bufuralol as substrate and (B) dextromethorphan as substrate. Rates of product
formation were fit to the Michaelis-Menten equation, and Km and vmax values were
determined. Km, vmax, and vmax/Km values are shown in Table 2. Reactions catalyzed
by *1 (d), *34 (s), *17-2 (j), *17-3 (u), *53 (m), and Thr309Ala (n) are shown.
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Coupling of NADPH Consumption to Substrate Metabolism.
Since differences in Michaelis-Menten kinetics and enzyme efficien-
cies for the CYP2D6 variants may be due at least partially to
differences in the ability of the variants to pass electrons from the
reductase to the active site of 2D6, a set of NADPH-metabolite
coupling experiments with all variants were completed using
bufuralol as substrate. Bufuralol was chosen for the experiments with
all variants because of the negligible levels of competing products
formed; that is, 19- hydroxybufuralol was the major metabolite formed
by all the variants and therefore readily quantitated in relationship to
NADPH consumption (vs. dextromethorphan products were quite
different among the variants).
The rate of NADPH consumption with bufuralol as substrate ranged

from ;7.5 to 31.6 minutes21 and the rate of metabolite forma-
tion from ;0.50 to 5.2 minutes21 with the overall percent coupling
from;4% to 18% (Table 3). *53 and *1 demonstrated similar coupling
of ;17%–18%. Although the Thr309Ala mutant produced the same
amount of product as *1, the rate of NADPH consumption was
approximately quadruple that of *1, leading to a much lower coupling
at only;4.5%, lower than that of *34 and *17-3, variants that displayed
much lower enzyme activity than the Thr309Ala mutant in Michaelis-
Menten analysis (Fig. 2).
Since Michaelis-Menten analysis showed a greater vmax for *34,

*17-2, and *17-3 when dextromethorphan was used as the substrate
versus bufuralol, NADPH coupling experiments were also completed
for these variants with dextromethorphan as substrate. NADPH coupling
was similar for dextromethorphan metabolism, as it was for bufuralol
metabolism by these variants (Table 3). No difference was found in
NADPH coupling in reactions with dextromethorphan at 100mMversus
600 mM (data not shown).
Spectral Binding with SCH 66712. SCH 66712 displayed type

1 substrate binding upon titration with all the purified CYP2D6 enzymes
in this study (Supplemental Fig. 7). Fit of the binding data for *1with the
quadratic equation yielded a Ks of 35 6 8 mM (Supplemental Fig. 7).
Fits for all CYP2D6 enzymes in this study yielded similar Ks values
between 15 and 60 mM (Table 4).
Inactivation of CYP2D6 Enzymes by SCH 66712. We have

previously shown potent inactivation by SCH 66712 of CYP2D6 in
Supersomes (Nagy et al., 2011). In the present study, we examined the
susceptibility to time- and concentration-dependent inactivation of
purified, recombinant CYP2D6 variants by SCH 66712 using Kitz-
Wilson analysis with either bufuralol or dextromethorphan as reporter
substrates (Fig. 5; Supplemental Fig. 8; Table 5).
With bufuralol as reporter substrate, purified, recombinant *1 showed

a kinact of 0.14 6 0.01 minute21 and KI of 10 6 3 mM. For the allelic

variant *34, the inactivation kinetics were similar to *1, with a kinact of
0.096 6 0.004 minute21 and KI of 6.6 6 0.9 mM (Fig. 5; Table 5).
Results from inactivation assays with dextromethorphan as reporter
substrate were comparable (Supplemental Fig. 8; Table 5). The activity
of allelic variants *17-2 and *17-3 was too low for reliable measurement
of inactivation kinetics.
The allelic variant *53 showed much greater enzyme activity and

product formation than *1 in Michaelis-Menten analysis with both
bufuralol and dextromethorphan; however, in Kitz-Wilson analysis *53
was less susceptible to inactivation. In assays with bufuralol as substrate,
kinact was 0.074 6 0.003 minute21 and KI was 5.7 6 0.9 mM (Fig. 5;
Table 5). With dextromethorphan as substrate, the kinact was 0.05 6
0.02 minute21 and KI was ;3 mM. Accurate measurement of KI was
more difficult because of low levels of inactivation (Table 5).
The kinact and KI values from Kitz-Wilson analysis of the Thr309Ala

mutant were 0.042 6 0.004 minute21 and 1.0 6 0.4 mM, respectively,
with bufuralol as substrate and 0.034 6 0.002 minute21 and 1.7 6 0.5
mM, respectively, with dextromethorphan as substrate (Table 5).
Although the rates of inactivation, kinact, for the Thr309Ala mutant
were lower than for *1 and *53, the lower KI values resulted in little
change in overall inactivation (kinact/KI). Inclusion of the nucleophilic
trapping agents NAC or GSH in inactivation assays did not prevent or
reduce the amount of inactivation observed in reporter reactions (data
not shown). Furthermore, no NAC or GSH adducts of SCH 66712 or
SCH 66712 metabolites were observed in mass spectral analysis (data
not shown).
Partition Ratio. Partition ratio is a measure of the number of

turnovers on average an enzyme completes prior to an inactivation
reaction that halts the enzyme’s activity. (Silverman, 1988). The lower
the partition ratio, the fewer turnovers completed before inactivation.
Previously, we showed the partition ratio for *1 in Supersomes to be;3
(Nagy et al., 2011). The partition ratiomeasured for purified, recombinant
*1 in the current studywas;3, and the partition ratio for *53was;24, as
estimated from the intercept of the linear regression line obtained from the
lower ratios of SCH 66712 to CYP2D6 and the line obtained from higher
ratios of SCH 66712 to CYP2D6 for each enzyme inactivation assay
(Fig. 6). With the Thr309Ala mutant, a partition ratio could not be
determined owing to the low rate of inactivation (nomore than 20%–40%
loss of activity in reactions with up to 150 mM SCH 66712 and in
incubations for 60 minutes) (data not shown).
Metabolites of SCH 66712. We previously reported the metabolites

of SCH 66712 formed by P450s 2D6, 2C9, 2C19, and 3A4 (Nagy et al.,
2011). In similar metabolism experiments with CYP2D6 allelic variants
in this study,mono-oxygenation of SCH66712 at two different positions
was apparent by the presence of four distinct m/z 355 ions in the mass

TABLE 2

Summary of kinetic parameters from Michaelis-Menten analysis of 2D6 enzymes

All values are mean 6 S.D. of an experiment completed in triplicate. Km is expressed in micromolars, vmax is in picomoles of product per minute per picomoles of 2D6, and efficiency is defined as
vmax/Km. Products measured were 19-hydroxybufuralol in assays with bufuralol as substrate and dextrorphan in assays with dextromethorphan as substrate. Note: *53 and the Thr309Ala mutant
produced other significant metabolites of dextromethorphan that are not included in the product calculations here owing to a lack of standards for quantification of absolute amount of product formed.

2D6
Bufuralol Dextromethorphan

Km vmax Efficiency (% of *1) Km vmax Efficiency (% of *1)

*1 50 6 10 4.7 6 0.3 0.09 6 0.02 120 6 30 3.1 6 0.2 0.026 6 0.007
*34 40 6 10 1.5 6 0.1 0.04 6 0.01 (44%)* 160 6 80 3.1 6 0.5 0.02 6 0.01 (77%)
*17-2 100 6 30 1.1 6 0.1 0.011 6 0.003 (12%)** 400 6 150 5.3 6 0.9 0.013 6 0.005 (50%)
*17-3 150 6 20 1.91 6 0.08 0.013 6 0.002 (14%)** 300 6 100 3.8 6 0.6 0.013 6 0.005 (50%)
*53 21 6 3 13.9 6 0.5 0.7 6 0.1 (778%)*** 300 6 80 13 6 1 0.04 6 0.01 (154%)
T309A 42 6 5 3.5 6 0.1 0.08 6 0.01 (89%) 500 6 100 7 6 1 0.014 6 0.003 (54%)

Significance tests: * P , 0.05; ** P , 0.01; *** P , 0.001.
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Fig. 3. Extracted ion chromatograms of bufuralol metabolites formed by purified CYP2D6 enzymes in the presence of NADPH-generating system. (A) Extracted ion
chromatograms for hydroxybufuralol (278 m/z, M + H). 19-Hydroxy-, 4-hydroxy-, and 6-hydroxybufuralol eluted at 25, 28, and 35 minutes (a, b, and c), respectively, with
19-hydroxybufuralol (a) as the major metabolite in reactions with NADPH. The chromatograms were converted to the same scale with a normalized level of 1.2 � 105. (B)
Extracted ion chromatograms for dehydrogenated (D1’,2’) bufuralol (260 m/z, M + H) eluting at 41 minutes (f). The peak at 25 minutes (d) was a contaminant present in the
standard. Also, an additional metabolite was formed by the Thr309Ala mutant and eluted at 28 minutes (e) (see Supplemental Fig. 3 for MS). The chromatograms were
converted to the same scale, with a normalized level of 1.15 � 104, an order of magnitude less than the 278 m/z XIC in (A).
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spectral analysis (M + 1) as seen previously with other P450s
(Supplemental Fig. 9). The *53 variant and the Thr309Ala mutant
produced more of the first eluting peak, which corresponds to the SCH

66712 metabolite with mono-oxygenation on the phenyl ring [Supple-
mental Fig. 9, peak a, and (Nagy et al., 2011; Bolles et al., 2014)]. No
other metabolites, such as dehydrogenation or dealkylation, were

Fig. 4. Extracted ion chromatograms of dextromethorphan metabolites formed by purified CYP2D6 enzymes in presence of an NADPH-generating system. (A) Extracted
ion chromatograms for dextrorphan eluting at 6 minutes and 3-methoxymorphinan at 22 minutes (258 m/z, M + H) (a and b, respectively). Chromatograms were converted to
the same scale with a normalized level of 8 � 104. (B) Extracted ion chromatograms for 3-hydroxymorphinan (c) (244 m/z, M + H). Chromatograms were converted to the
same scale with a normalized level of 2 � 103. (C) Extracted ion chromatograms for mono-oxygenated dextromethorphan (288 m/z, M + H). CYP2D6*53 formed
hydroxylated dextromethorphan products eluting at 5.6 and 7.5 minutes (d and e) (see Supplemental Fig. 4 for MS). All CYP2D6 enzymes formed some N-oxide at
33 minutes (h), with Thr309Ala producing the highest levels. All chromatograms were converted to the same scale with a normalized level of 2.6 � 104.

TABLE 3

Estimation of coupling of NADPH consumption to product formation

Variant Rate of Product Formation Rate of NADPH Consumption (min21) % Coupling

min21 min21

Bufuralol
*1 1.4 6 1.0 8.0 6 6.6 17.8
*34 0.9 6 0.3 12.6 6 1.6 6.8
*17-2 0.5 6 0.1 12.4 6 1.4 3.7
*17-3 0.6 6 0.1 7.5 6 2.2 7.5
*53 5.2 6 0.4 31.5 6 6.1 16.5
T309A 1.4 6 0.3 31.6 6 3.5 4.5

Dextromethorphana,b

*1 0.87 6 0.18 12.2 6 3.8 7.2
*34 0.384 6 0.003 11.9 6 2.1 3.2
*17-2 0.39 6 0.03 13.6 6 0.7 2.9
*17-3 0.36 6 0.02 10.3 6 3.4 3.5

aNADPH coupling assays with dextromethorphan were completed with 100 and 600 mM dextromethorphan. Results of quadruplicate
analysis with 100 mM dextromethorphan are shown. The percent coupling results in replicate assays with 600 mM dextromethorphan were
the same as the values shown here, although the rates of product formation and NADPH consumption were higher (data not shown).

bNADPH coupling was not determined for *53 and the Thr309Ala mutant with dextromethorphan as substrate since these enzymes did
not produce primarily dextrorphan as a metabolite.
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observed. When CuOOH was used as oxygen surrogate, only the *53
variant and the Thr309Ala mutant retained formation of the first mono-
oxygenation product (mono-oxygenation on the phenyl ring of SCH
66712, labeled a) (Supplemental Fig. 9).
Digestion and Mass Spectral Analysis of Adducted CYP2D6 *1.

In whole-protein mass analysis of *53 and the Thr309Ala mutant after
incubation with SCH 66712 and NADPH, evidence for adducted whole
protein was not observed (data not shown). We have previously
observed in mass spectral analysis whole-protein adduction of CYP3A4
and CYP2D6 by SCH 66712 (Bolles et al., 2014), and we have
postulated that Thr309 of CYP2D6 might be the site of inactivation by
SCH 66712.
To investigate the role of Thr309 in inactivation of *1 by SCH 66712,

inactivated *1 was purified by gel, digested with chymotrypsin and/or
trypsin, and resulting peptides analyzed by mass spectrometry (n = 5).
Protein sequence coverage in all analyses varied from 50% to 90%.

Although there was some supporting evidence for adduction in the
peptide fragment 304SAGMVTTSTTLAW316 that contains Thr309, the
results were not conclusive (data not shown).

Discussion

The activity of CYP2D6 (*34, *17-2, *17-3, and *53), as well as
reference CYP2D6 (*1) and an active site mutant of *1 (Thr309Ala),
were characterized byMichaelis-Menten analysis (Fig. 2; Table 2). As in
previous in vitro studies (Oscarson et al., 1997;Marcucci et al., 2002; Yu
et al., 2002; Shen et al., 2007; Sridar et al., 2011; Kim et al., 2013), the

TABLE 4

Spectral binding constants for SCH 66712 with CYP2D6 enzymes

All enzymes displayed type 1 spectral binding as shown in Supplemental Fig. 2.

2D6 Enzyme Ks (mM)

*1 35 6 8
*34 28 6 4
*17-2 15 6 4
*17-3 29 6 4
*53 50 6 20
Thr309Ala 56 6 14

Fig. 5. Kitz-Wilson analysis of inactivation of purified CYP2D6 enzymes *1, *34, *53, and Thr309Ala by SCH 66712 (0, 4, 8, 16, 32, and 48 mM). Bufuralol was used as
the reporter substrate. (A) Inactivation of *1. (B) KI and kinact for the inactivation of *1 by SCH 66712 were 10 6 3 mM and 0.14 6 0.01 minute21, respectively, as
determined using Kitz-Wilson analysis and nonlinear regression. (C) Inactivation of *34. (D) KI and kinact for the inactivation of *34 by SCH 66712 were 6.6 6 0.9 mM and
0.096 6 0.004 minute21, respectively. (E) Inactivation of *53. (F) KI and kinact for the inactivation of *53 by SCH 66712 were 5.7 6 0.9 mM and 0.074 6 0.003 minute21,
respectively. (G) Inactivation of Thr309Ala by SCH 66712. (H) KI and kinact for the inactivation of Thr309Ala by SCH 66712 were 1.0 6 0.4 mM and 0.042 6
0.004 minute21, respectively. Results are summarized in Table 5.

TABLE 5

Kinetic constants for inactivation of purified CYP2D6 enzymes by SCH
66712 using bufuralol or dextromethorphan as reporter substrate

All experiments were done in triplicate.

Enzyme
Bufuralol Dextromethorphan

KI kinact KI kinact

mM min21 mM min21

*1 10 6 3 0.14 6 0.01 8 6 4 0.09 6 0.02
*34 6.6 6 0.9 0.096 6 0.004 1 6 1 0.061 6 0.006
*17-2 ND ND ND ND
*17-3 ND ND ND ND
*53 5.7 6 0.9 0.074 6 0.003 ;3 mM† 0.05 6 0.02
T309A 1.0 6 0.4 0.042 6 0.004 1.7 6 0.5 0.034 6 0.002

ND, not determined owing to low intrinsic activity of the enzyme.
aValue could not be accurately determined because of the large error associated with low level

of inactivation.
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*34, *17-2, and *17-3 all displayed decreased enzyme efficiency in
comparison with *1. The Km values determined by Michaelis-Menten
analysis were much higher for dextromethorphan than for bufuralol with
all the enzymes; it has been suggested that the rigidity of dextro-
methorphan contributes to this effect when Phe120 is mutated (Flanagan
et al., 2004). Indeed, in substrate depletion analysis the Km with
dextromethorphan as substrate remains high for *53 that lacks
Phe120 but lower for *1 and the Thr309Ala mutant metabolism of
dextromethorphan.
The *53 variant had a higher enzyme efficiency compared with *1

with both dextromethorphan (154% of *1) and bufuralol (778% of *1) as
substrate. Other groups have observed similar kinetic effects with *53
(Sakuyama et al., 2008;Muroi et al., 2014) and with Phe120Ala mutants
(Flanagan et al., 2004; Keizers et al., 2004). The percent enzyme
efficiency of dextromethorphan metabolism by *53 was much lower

than that of bufuralol, partially owing to the fact that the analysis
accounted only for dextrorphan product formation, although *53
produces additional hydroxylated metabolites (Fig. 4). Estimation of
Km for *53 metabolism of dextromethorphan by substrate depletion
methods yielded a Km value similar to that determined by traditional
methods and higher than Km for *1 and the Thr309Ala mutant
(Supplemental Fig. 2; Table 2). These findings demonstrate the
importance of Phe120 for determining substrate orientation and product
regioselectivity. In docking experiments with dextromethorphan and *1
and *53 models, Phe120 provides pi-pi stacking interactions with the
aromatic ring of dextromethorphan in an orientation consistent with
O-demethylation in *1; however, that favorable interaction is missing in
*53 (Supplemental Fig. 10).
Although *53 produced much greater amounts of product over time

than *1, *53 had approximately the same coupling of NADPH
consumption to product formation as *1 (Tables 2 and 3). The amino
acid changes in *53 are along substrate access/egress channel 2c
[nomenclature of (Cojocaru et al., 2007)]. The smaller size of isoleucine
compared with phenylalanine at position 120 and the greater polarity of
serine compared with alanine at position 122 may facilitate metabolite
egress and contribute to more rapid turnovers of the *53 enzyme.
Previous molecular dynamics simulations by our group showed that *53
had more open egress and access channels in time evolution studies; it
may be that faster egress and access supports higher metabolic rates and
greater degrees of freedom for substrate interaction with the heme (de
Waal et al., 2014).
The Thr309Ala active site mutant displayed similar kinetic values as

*1 with bufuralol as a substrate. With dextromethorphan as substrate,
greater differences in Km and vmax were noted using traditional
Michaelis-Menten analysis, in part owing to additional metabolites
formed by the mutant. By substrate depletion methods, theKm values for
metabolism of dextromethorphan by *1 and the mutant were similar
(Supplemental Fig. 2). NADPH coupling studies revealed that whereas
the Thr309Ala mutant had rates of product formation similar to *1, it
consumed ;four times as much NADPH in the process (Table 3).
Thr309, or the conserved equivalent in other P450s, has been shown to
be involved in dioxygen activation to form the oxyenoid species
(compound I) by proton relay (Keizers et al., 2004, 2005b; Zhang
et al., 2011). Our results support previous findings that Thr309 is
important for product regio-selectivity and oxygenation mechanisms.
All three lower activity variants (*34, *17-2, and *17-3) have the

Arg296Cys amino acid change. Arg296 is located on the N-terminal end
of helix I and points outward to the surface of CYP2D6 along channel
2c. Arg296 is mutated to cysteine in more than 30 allelic variants of
CYP2D6, usually in combination with other mutations. To our
knowledge, there are no identified roles of Arg296 in the mechanism
of CYP2D6. It is possible that Arg296 may be involved with binding
reductase and coupling product formation to NADPH consumption.
*34, *17-2, and *17-3 all displayed lower NADPH coupling than *1,
which might explain, in part, the decreased activity of theses variants,
especially for *34. *17-2 and *17-3, unlike *34, both displayed
increased P420 and a lack of stability during purification that likely
contributed more significantly to their reduced activity.
Given the differences in metabolite formation and enzyme kinetics

with bufuralol and dextromethorphan, we analyzed the interaction of the
variants with the known potent inactivator, SCH 66712 (Nagy et al.,
2011). Results of spectral binding suggest that SCH 66712’s ability to
act as a substrate was not impacted by any particular amino acid changes
in the allelic variants (Table 4). We also observed that all the CYP2D6
variants in this study produced the same mono-oxygenated metabolites
of SCH 66712 as shown previously with *1 and with CYP3A4 (Nagy
et al., 2011; Bolles et al., 2014).

Fig. 6. Partition ratio for SCH 66712 inactivation of purified CYP2D6 enzymes *1
and *53. Each enzyme was incubated with varying concentrations of SCH 66712 for
30 minutes to allow for complete inactivation. (A) With *1, the turnover number was
;4 and the partition ratio was estimated to be ;3 as previously reported in
Supersomes (Nagy et al., 2011). (B) With *53, the turnover number was ;25, and
the partition ratio was estimated to be ;24.
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Because of the increased activity of *53, we initially thought the *53
variant would be more susceptible to mechanism-based inactivation by
SCH 66712; however, this was not the case (Figs. 5 and 6). It is possible
that *53 could be adducted in reactions with SCH 66712 but that
replacement of Phe120 by Ile allows substrates to still access and egress
from the active site even with SCH 66712 bound; however, no protein
adduct was observed in whole protein mass spectrometry with *53.
Alternatively, the reactive metabolite may be able to move out of the
active site without adducting the enzyme. Since the Phe120 has been
shown to control orientation of aromatic rings in substrates (Keizers
et al., 2004), it is also possible that in *53 the SCH 66712 can no longer
readily take the orientation that allows for the production or reaction of
the reactive electrophile.
Inactivation constants for *34 were similar to those for *1 (Table 5),

and the values for inactivation constants were similar to those reported
previously for CYP2D6 in human liver microsomes and Supersomes
with dextromethorphan as reporter substrate (Palamanda et al., 2001).
Both *53 and the Thr309Ala mutants displayed reduced rates of
inactivation, although the Thr309Ala mutant had overall inactivation
(kinact/KI) similar to that of *1 (Fig. 5; Supplemental Fig. 8; Table 5). The
observed inactivation with the Thr309Ala mutant may be the result of
excessive production of H2O2 by the mutant owing to lowered coupling
of NADPH consumption to product formation. Similar effects have been
reported in the literature for analogous threonine mutants (e.g., Thr252
of P450cam and others) (Martinis et al., 1989; Yeom et al., 1995). Also,
CYP2D6 (and other P450s) have been shown to be sensitive to H2O2-
mediated oxidation and inactivation (Vaz et al., 1996; Albertolle et al.,
2018). Our group has also observed that CYP2D6 is sensitive to
inactivation by CuOOH. In fact, we had hoped to determine whether
CuOOH could modulate SCH 66712 inactivation and possible forma-
tion of reactive electrophiles, but inactivation by CuOOH in the absence
of SCH 66712 was too great to allow for meaningful analysis
(unpublished observations). To address inactivation further, both
whole-protein mass spectrometry and proteomic analysis with the
Thr309Ala mutant and the *53 variant were attempted; however,
interpretation was complicated because after the reaction of enzyme
with NADPH, ionization of CYP2D6 decreased and spectral noise
increased, consistent with protein adduction (data not shown).
We previously suggested that the reactive electrophile for inactivation

of CYP2D6 by SCH 66712 could be a quinone resulting from mono-
oxygenation of SCH 66712 (+354 amu) (Nagy et al., 2011). A quinone
would be a soft electrophile, whereas a secondary alcohol such as on
Thr309 would be a hard nucleophile, making this combination less
likely; however, we have also observed in our MSn data of metabolites
the formation of a carbinolamine (hydroxylation on one of the carbons of
the piperazine ring, peak d in Supplemental Fig. 9) that could allow for
ring opening to an aldehyde that could serve as a reactive electrophile or
reduce to an alcohol (with the ring open). The aldehyde would be a hard
electrophile and therefore might be more likely to interact with the
secondary alcohol of Thr309.
Findings in the present study further support the idea that substrate

interactions with the enzyme, not just the ability of the enzyme to make/
break chemical bonds, influence metabolite formation and inactivation,
as proposed by others (Vandenbrink et al., 2012), and that allelic variants
can alter access channels and active site architecture (Maekawa et al.,
2017). In conclusion, the examination of naturally occurring allelic
variants of CYP2D6 allows for analysis of the structure and function of
CYP2D6 and understanding mechanism and drug metabolism profiles.

Acknowledgments

We thank Dr. F. P. Guengerich, Dr. P. Hollenberg, Dr. H. Zhang, Dr. I.
Denisov, Dr. S. Sligar, and Dr. A. Venter for helpful comments; Greg Cavey,

Dr. SamuelMackintosh, and Dr. Alan Tackett for proteomic analysis of CYP2D6;
and Dr. Mark Hail of Novatia for assistance with ProMass software.

Authorship Contributions
Participated in research design: Glass, Hicks, Osorio-Vasquez, Fujiwara,

Furge.
Conducted experiments: Glass, Osorio-Vasquez, Cho, Oswalt, Mills, Hicks,

Fujiwara, Glista, Martell, Kamath, Furge.
Performed data analysis: Glass, Osorio-Vasquez, Cho, Hicks, Oswalt,

Fujiwara, Glista, Martell, Kamath, Furge.
Wrote or contributed to the writing of the manuscript: Glass, Osorio-

Vasquez, Cho, Oswalt, Martell, Furge.

References

Albertolle ME, Phan TTN, Pozzi A, and Guengerich FP (2018) Sulfenylation of human liver and
kidney microsomal cytochromes P450 and other drug-metabolizing enzymes as a response to
redox alteration. Mol Cell Proteomics 17:889–900.

Bolles AK, Fujiwara R, Briggs ED, Nomeir AA, and Furge LL (2014) Mechanism-based in-
activation of human cytochrome P450 3A4 by two piperazine-containing compounds. Drug
Metab Dispos 42:2087–2096.

Bonifacio A, Keizers PH, Commandeur JN, Vermeulen NP, Robert B, Gooijer C, and van der Zwan G
(2006) Binding of bufuralol, dextromethorphan, and 3,4-methylenedioxymethylamphetamine to
wild-type and F120A mutant cytochrome P450 2D6 studied by resonance Raman spectroscopy.
Biochem Biophys Res Commun 343:772–779.

Chicago (2016) The 1200 Patients Project. https://cpt.uchicago.edu/page/1200-patients-project
Classen DC, Pestotnik SL, Evans RS, Lloyd JF, and Burke JP (1997) Adverse drug events in
hospitalized patients: excess length of stay, extra costs, and attributable mortality. JAMA 277:
301–306.

Cojocaru V, Winn PJ, and Wade RC (2007) The ins and outs of cytochrome P450s. Biochim
Biophys Acta 1770:390–401.

Correia MA and Hollenberg PF (2015) Inhibition of cytochrome P450 enzymes, in Cytochrome
P450: Structure, Mechanism, and Biochemistry (Ortiz de Montellano PR ed) pp 177–259,
Springer, New York.

de Waal PW, Sunden KF, and Furge LL (2014) Molecular dynamics of CYP2D6 polymorphisms
in the absence and presence of a mechanism-based inactivator reveals changes in local flexibility
and dominant substrate access channels. PLoS One 9:e108607.

Flanagan JU, Maréchal JD, Ward R, Kemp CA, McLaughlin LA, Sutcliffe MJ, Roberts GC, Paine
MJ, and Wolf CR (2004) Phe120 contributes to the regiospecificity of cytochrome P450 2D6:
mutation leads to the formation of a novel dextromethorphan metabolite. Biochem J 380:
353–360.

Gay SC, Zhang H, Wilderman PR, Roberts AG, Liu T, Li S, Lin HL, Zhang Q, Woods VL, Jr,
Stout CD, et al. (2011) Structural analysis of mammalian cytochrome P450 2B4 covalently
bound to the mechanism-based inactivator tert-butylphenylacetylene: insight into partial enzy-
matic activity. Biochemistry 50:4903–4911.

Gillam EMJ, Baba T, Kim B-R, Ohmori S, and Guengerich FP (1993) Expression of modified
human cytochrome P450 3A4 in Escherichia coli and purification and reconstitution of the
enzyme. Arch Biochem Biophys 305:123–131.

Gillam EMJ, Guo Z, Martin MV, Jenkins CM, and Guengerich FP (1995) Expression of cyto-
chrome P450 2D6 in Escherichia coli, purification, and spectral and catalytic characterization.
Arch Biochem Biophys 319:540–550.

Guengerich FP (2014) Analysis and characterization of enzymes and nucleic acids relevant to
toxciology, in Hayes’ Principles and Methods of Toxicology (Hayes AW and Kruger CL eds) pp
1905–2028, CRC Press, Boca Raton, FL.

Guengerich FP (2015) Human cytochrome P450 enzymes, in Cytochrome P450: Structure,
Mechanism, and Biochemistry (Ortiz de Montellano PR ed) pp 523–786, Springer, New York.

Hanna IH, Kim MS, and Guengerich FP (2001) Heterologous expression of cytochrome P450 2D6
mutants, electron transfer, and catalysis of bufuralol hydroxylation: the role of aspartate 301 in
structural integrity. Arch Biochem Biophys 393:255–261.

He K, Bornheim LM, Falick AM, Maltby D, Yin H, and Correia MA (1998) Identification of the
heme-modified peptides from cumene hydroperoxide-inactivated cytochrome P450 3A4. Bio-
chemistry 37:17448–17457.

Holmans PL, Shet MS, Martin-Wixtrom CA, Fisher CW, and Estabrook RW (1994) The high-level
expression in Escherichia coli of the membrane-bound form of human and rat cytochrome b5 and
studies on their mechanism of function. Arch Biochem Biophys 312:554–565.

Huey R, Morris GM, Olson AJ, and Goodsell DS (2007) A semiempirical free energy force field
with charge-based desolvation. J Comput Chem 28:1145–1152.

Ingelman-Sundberg M (2005) Genetic polymorphisms of cytochrome P450 2D6 (CYP2D6):
clinical consequences, evolutionary aspects and functional diversity. Pharmacogenomics J 5:
6–13.

Keizers PH, de Graaf C, de Kanter FJ, Oostenbrink C, Feenstra KA, Commandeur JN,
and Vermeulen NP (2005a) Metabolic regio- and stereoselectivity of cytochrome P450 2D6
towards 3,4-methylenedioxy-N-alkylamphetamines: in silico predictions and experimental vali-
dation. J Med Chem 48:6117–6127.

Keizers PH, Lussenburg BM, de Graaf C, Mentink LM, Vermeulen NP, and Commandeur JN
(2004) Influence of phenylalanine 120 on cytochrome P450 2D6 catalytic selectivity and
regiospecificity: crucial role in 7-methoxy-4-(aminomethyl)-coumarin metabolism. Biochem
Pharmacol 68:2263–2271.

Keizers PH, Schraven LH, de Graaf C, Hidestrand M, Ingelman-Sundberg M, van Dijk BR,
Vermeulen NP, and Commandeur JN (2005b) Role of the conserved threonine 309 in mecha-
nism of oxidation by cytochrome P450 2D6. Biochem Biophys Res Commun 338:1065–1074.

Kim J, Lim YR, Han S, Han JS, Chun YJ, Yun CH, Lee CH, and Kim D (2013) Functional
influence of human CYP2D6 allelic variations: P34S, E418K, S486T, and R296C. Arch Pharm
Res 36:1500–1506.

Kirchheiner J and Rodriguez-Antona C (2009) Cytochrome P450 2D6 genotyping: potential role in
improving treatment outcomes in psychiatric disorders. CNS Drugs 23:181–191.

1116 Glass et al.

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.079871/-/DC1
http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.117.079871/-/DC1
https://cpt.uchicago.edu/page/1200-patients-project
http://dmd.aspetjournals.org/


Lin HL, Zhang H, Pratt-Hyatt MJ, and Hollenberg PF (2011) Thr302 is the site for the covalent
modification of human cytochrome P450 2B6 leading to mechanism-based inactivation by tert-
butylphenylacetylene. Drug Metab Dispos 39:2431–2439.

Livezey M, Nagy LD, Diffenderfer LE, Arthur EJ, Hsi DJ, Holton JM, and Furge LL (2012)
Molecular analysis and modeling of inactivation of human CYP2D6 by four mechanism based
inactivators. Drug Metab Lett 6:7–14.

Maekawa K, Adachi M, Matsuzawa Y, Zhang Q, Kuroki R, Saito Y, and Shah MB (2017)
Structural basis of single-nucleotide polymorphisms in cytochrome P450 2C9. Biochemistry 56:
5476–5480.

Marcucci KA, Pearce RE, Crespi C, Steimel DT, Leeder JS, and Gaedigk A (2002) Character-
ization of cytochrome P450 2D6.1 (CYP2D6.1), CYP2D6.2, and CYP2D6.17 activities toward
model CYP2D6 substrates dextromethorphan, bufuralol, and debrisoquine. Drug Metab Dispos
30:595–601.

Martinis SA, Atkins WM, Stayton PS, and Sligar SG (1989) A conserved residue of cytochrome
P-450 is involved in heme-oxygen stability and activation. J Am Chem Soc 111:9252–9253.

Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew RK, and Olson AJ (1998)
Automated docking using a Lamarckian genetic algorithm and empirical binding free energy
function. J Comput Chem 19:1639–1662.

Muroi Y, Saito T, Takahashi M, Sakuyama K, Niinuma Y, Ito M, Tsukada C, Ohta K, Endo Y,
Oda A, et al. (2014) Functional characterization of wild-type and 49 CYP2D6 allelic var-
iants for N-desmethyltamoxifen 4-hydroxylation activity. Drug Metab Pharmacokinet 29:
360–366.

Nagy LD, Mocny CS, Diffenderfer LE, Hsi DJ, Butler BF, Arthur EJ, Fletke KJ, Palamanda JR,
Nomeir AA, and Furge LL (2011) Substituted imidazole of 5-fluoro-2-[4-[(2-phenyl-1H-imi-
dazol-5-yl)methyl]-1-piperazinyl]pyrimidine inactivates cytochrome P450 2D6 by protein ad-
duction. Drug Metab Dispos 39:974–983.

Obach RS and Reed-Hagen AE (2002) Measurement of Michaelis constants for cytochrome P450-
mediated biotransformation reactions using a substrate depletion approach. Drug Metab Dispos
30:831–837.

Omura T and Sato R (1964) The carbon monoxide-binding pigment of liver microsomes. I.
Evidence for its hemoprotein nature. J Biol Chem 239:2370–2378.

Oscarson M, Hidestrand M, Johansson I, and Ingelman-Sundberg M (1997) A combination of
mutations in the CYP2D6*17 (CYP2D6Z) allele causes alterations in enzyme function. Mol
Pharmacol 52:1034–1040.

Palamanda JR, Casciano CN, Norton LA, Clement RP, Favreau LV, Lin C, and Nomeir AA (2001)
Mechanism-based inactivation of CYP2D6 by 5-fluoro-2-[4-[(2-phenyl-1H-imidazol-5-yl)
methyl]-1-piperazinyl]pyrimidine. Drug Metab Dispos 29:863–867.

Rendic S and Guengerich FP (2015) Survey of human oxidoreductases and cytochrome P450
enzymes involved in the metabolism of xenobiotic and natural chemicals. Chem Res Toxicol 28:
38–42.

Robarge JD, Li L, Desta Z, Nguyen A, and Flockhart DA (2007) The star-allele nomenclature:
retooling for translational genomics. Clin Pharmacol Ther 82:244–248.

Sakuyama K, Sasaki T, Ujiie S, Obata K, Mizugaki M, Ishikawa M, and Hiratsuka M (2008)
Functional characterization of 17 CYP2D6 allelic variants (CYP2D6.2, 10, 14A-B, 18, 27, 36,
39, 47-51, 53-55, and 57). Drug Metab Dispos 36:2460–2467.

Shen AL, Porter TD, Wilson TE, and Kasper CB (1989) Structural analysis of the FMN binding
domain of NADPH-cytochrome P-450 oxidoreductase by site-directed mutagenesis. J Biol Chem
264:7584–7589.

Shen H, He MM, Liu H, Wrighton SA, Wang L, Guo B, and Li C (2007) Comparative metabolic
capabilities and inhibitory profiles of CYP2D6.1, CYP2D6.10, and CYP2D6.17. Drug Metab
Dispos 35:1292–1300.

Silverman RB (1988) Mechanism-Based Enzyme Inactivation: Chemistry and Enzymology, CRC
Press, Boca Raton, FL.

Sridar C, Snider NT, and Hollenberg PF (2011) Anandamide oxidation by wild-type and poly-
morphically expressed CYP2B6 and CYP2D6. Drug Metab Dispos 39:782–788.

VandenBrink BM, Davis JA, Pearson JT, Foti RS, Wienkers LC, and Rock DA (2012) Cytochrome
p450 architecture and cysteine nucleophile placement impact raloxifene-mediated mechanism-
based inactivation. Mol Pharmacol 82:835–842.

Vaz AD, Pernecky SJ, Raner GM, and Coon MJ (1996) Peroxo-iron and oxenoid-iron species as
alternative oxygenating agents in cytochrome P450-catalyzed reactions: switching by threonine-
302 to alanine mutagenesis of cytochrome P450 2B4. Proc Natl Acad Sci USA 93:4644–4648.

Wang A, Savas U, Hsu MH, Stout CD, and Johnson EF (2012) Crystal structure of human
cytochrome P450 2D6 with prinomastat bound. J Biol Chem 287:10834–10843.

Yamazaki H (2017) Differences in toxicological and pharmacological responses mediated by
polymorphic cytochromes P450 and related drug-metabolizing enzymes. Chem Res Toxicol 30:
53–60.

Yao K, Falick AM, Patel N, and Correia MA (1993) Cumene hydroperoxide-mediated inactivation
of cytochrome P450 2B1. Identification of an active site heme-modified peptide. J Biol Chem
268:59–65.

Yeom H, Sligar SG, Li H, Poulos TL, and Fulco AJ (1995) The role of Thr268 in oxygen activation
of cytochrome P450BM-3. Biochemistry 34:14733–14740.

Yu A, Kneller BM, Rettie AE, and Haining RL (2002) Expression, purification, biochemical
characterization, and comparative function of human cytochrome P450 2D6.1, 2D6.2, 2D6.10,
and 2D6.17 allelic isoforms. J Pharmacol Exp Ther 303:1291–1300.

Yu XC, Liang C, and Strobel HW (1996) Kinetics of substrate reaction in the course of
hydroperoxide-mediated inactivation of cytochrome P450 1A1. Biochemistry 35:6289–6296.

Zanger UM and Schwab M (2013) Cytochrome P450 enzymes in drug metabolism: regulation of
gene expression, enzyme activities, and impact of genetic variation. Pharmacol Ther 138:103–141.

Zhang H, Lin HL, Kenaan C, and Hollenberg PF (2011) Targeting of the highly conserved
threonine 302 residue of cytochromes P450 2B family during mechanism-based inactivation by
aryl acetylenes. Arch Biochem Biophys 507:135–143.

Zhou SF (2009) Polymorphism of human cytochrome P450 2D6 and its clinical significance: part I.
Clin Pharmacokinet 48:689–723.

Address correspondence to: Dr. Laura Lowe Furge, Department of Chemistry,
Kalamazoo College, 1200 Academy Street, Kalamazoo, MI 49006. E-mail: Laura.
Furge@kzoo.edu

Inactivation of Allelic Variants of CYP2D6 1117

 at A
SPE

T
 Journals on A

pril 10, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

mailto:Laura.Furge@kzoo.edu
mailto:Laura.Furge@kzoo.edu
http://dmd.aspetjournals.org/

