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Abstract

Human cytochrome P450 2D6 (CYP2D6) is involved in metabolism of approximately 25% of
pharmaceutical drugs. Inactivation of CYP2D6 can lead to adverse drug interactions. Four
inactivators of CYP2D6 have previously been identified: 5-Fluoro-2-[4-[(2-phenyl-1H-
imidazol-5-yl)methyl]-1-piperazinyl]pyrimidine (SCH66712), (1-[(2-ethyl-4-methyl-1H(-EMTPP-
imidazol-5-yl)-methyl]-4-[4-(trifluoromethyl)-2-pyridinyl]piperazine (EMTPP), paroxetine, and
3,4-methylenedioxymethamphetamine (MDMA). All four contain planar, aromatic groups as well
as basic nitrogens common to CYP2D6 substrates. SCH66712 and EMTPP also contain piperazine
groups and substituted imidazole rings that are common in pharmaceutical agents, though neither
of these compounds is clinically relevant. Paroxetine and MDMA contain methylenedioxyphenyls.
SCH66712 and EMTPP are both known protein adductors while paroxetine and MDMA are
probable heme modifiers. The current study shows that each inactivator displays Type I binding
with K values that vary by 2-orders of magnitude with lower K values associated with greater
inactivation. Comparison of K, Kinact, @nd partition ratio values shows SCH66712 is the most
potent inactivator. Molecular modeling experiments using AutoDock identify Phe120 as a key
interaction for all four inactivators with face-to-face and edge-to-face pi interactions apparent.
Distance between the ligand and heme iron correlates with potency of inhibition. Ligand
conformations were scored according to their binding energies as calculated by AutoDock and
correlation was observed between molecular models and Kq values.
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Introduction

Cytochrome P450 enzymes (CYPs) are a family of heme-containing monooxygenases
responsible for metabolism of a variety of small organic compounds. In humans, CYPs are
known to metabolize sterols, fatty acids, eicosanoids, vitamins, and xenobiotics such as
pharmaceuticals (1). Over 80% of pharmaceuticals are metabolized by CYPs (1). Loss of
specific drug-metabolizing CYP activity is a major concern and can lead to adverse drug
interactions. In vivo, the enzyme activity that is lost by inactivation by a mechanism-based
inactivator can only be recovered by synthesis of new enzyme.

Mechanism-based enzyme inactivators are those inhibitors that require metabolic activation
to form a reactive electrophile that then becomes covalently attached to the enzyme that
formed it. For CYPs, inactivation can occur by protein modification, heme modification, or
heme destruction (2). Criteria for mechanism-based inhibition of P450s include
concentration-, time-, and NADPH-dependent inhibition, among others (2).

While only a minor constituent of total liver CYP protein, CYP2D6 is a major drug-
metabolizing enzyme in humans, metabolizing nearly 25% of current pharmaceutical drugs
(1). CYP2D6 is also involved in metabolism of a variety of other xenobiotics including
some illicit drugs such as amphetamine analogs. Common structural features of CYP2D6
substrates include compounds with aromatic rings and frequently basic nitrogens (3-7).
Further, many of the CYP2D6 substrates are members of pharmaceutical classes with
narrow therapeutic indices such as antiarrhythmics, antihypertensives, and antidepressants.
Thus, inactivation of CYP2D6 may result in serious clinical side effects as exemplified by
debrisoquine metabolism by individuals with a CYP2D6 poor-metabolizer phenotype (8).
Mechanism-based inactivation of CYPs can lead to the same phenotype as a poor-
metabolizer phenotype.

To date, only a handful of mechanism-based inhibitors of CYP2D6 have been identified
including two that contain substituted imidazole rings (SCH66712 and EMTPP) and two
that are methylenedioxyphenyls (paroxetine and MDMA) (Figure 1) (9-13). Additionally,
substituted methylenedioxyphenyls containing arylamides isolated from Piper nigrum (black
pepper) have been reported as mechanism-based inactivators of CYP2D6 (14). Another
compound, metoclopramide, has also been identified as a potential mechanism-based
inhibitor of CYP2D6 (15) though our studies have not confirmed that finding1 (unpublished
observations).

In the current study, we examined existing kinetic data and expanded those studies to allow
for more comprehensive, comparative examination of the kinetic features and the structural
basis for varying potencies in inhibition of four of the known mechanism-based inhibitors of
CYP2D6 - SCH66712, EMTPP, paroxetine, and MDMA. By studying a combination of
known CYP2D6 mechanism-based inactivators by molecular modeling coupled to kinetic
data, our goal was to better understand the relationship between kinetic parameters and
structural elements important for CYP2D6 catalytic inactivation.

Drug Metab Lett. Author manuscript; available in PMC 2014 May 28.
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Human CYP2D6 with P450 reductase (Supersomes™) were purchased from BD-Gentest
(Woburn, MA). Purified, recombinant human CYP2D6 and recombinant P450 NADPH-
reductase were a generous gift from Dr. F. P. Guengerich (Vanderbilt University, Nashville,
TN) and were used for spectral binding titrations described below; all other assays used
Supersomes. All solvents were HPLC grade and purchased from Sigma-Aldrich (St. Louis,
MO). MDMA was obtained from the National Institute on Drug Abuse (Rockville, MD).
EMTPP was purchased from Interchim, Inc. (San Pedro, CA). Paroxetine and all other
reagents were purchased from Sigma-Aldrich (St. Louis, MO).

Spectral Binding Titrations

Spectral binding titration studies were performed with recombinant, purified CYP2D6 (1
UM) in 100 mM potassium phosphate buffer, pH 7.4, to a final volume of 2 mL. The
solution was evenly divided between two cuvettes and the experiments were performed at
room temperature by titrating in aliquots of paroxetine (0.25 - 50 uM) or EMTPP (0.1 — 200
UM) to the sample cuvette with the equivalent volume of solvent control added to the
reference cuvette. A baseline of the reference cuvette was recorded (250-500 nm) on a Cary
300 dual-beam spectrophotometer (Varian, Inc., Walnut Creek, CA). The ligand was then
added to the sample cuvette and solvent to the reference cuvette and the spectra were
recorded (350-500 nm) after each addition. The difference in absorbance between the
wavelength maximum and minimum was plotted against the concentration of ligand, and the
data were analyzed by nonlinear regression methods with KaleidaGraph (Synergy Software,
Reading, PA). The dissociation constant, Kg, was determined using the following quadratic
velocity equation or tight-binding equation:

[CY P2D6 - ligand] =

(Ko +Ei+S;) [(Ks+Ei+5S;)?
2 1 — E.S,

where S is the substrate concentration, E is the total enzyme concentration, and K is the
spectral dissociation constant for the reaction C'Y P2D6+ligand = C'YP2DG6 - ligand,

Partition Ratios

Primary reaction mixtures containing 0-240 pM paroxetine or MDMA and 20 pmol of
CYP2D6 Supersomes in 100 mM potassium phosphate buffer, pH 7.4 (final volume of 100
uL), were preincubated in a 37 °C shaking water bath. After 5 minutes, the primary reactions
were initiated with the addition of NADPH-generating system (5 mM glucose 6-phosphate,
0.5 mM NADP*, and 0.5 units/mL glucose 6-phosphate dehydrogenase) and incubated at 37
°C. To allow the inactivation to go to completion, inactivation assays were incubated for 60
minutes. Aliquots of 10 pL were then removed from the primary reactions and added to the
secondary reaction mixtures containing 100 uM bufuralol and NADPH-generating system in
100 mM potassium phosphate buffer, pH 7.4, with a final volume of 200 L. The secondary
mixtures (in triplicate) were incubated for 10 minutes at 37 °C and quenched with 15 uL of

Drug Metab Lett. Author manuscript; available in PMC 2014 May 28.
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70% perchloric acid. Reaction mixtures were centrifuged (2000 x g, 5 minutes) to remove
the precipitated enzyme and aliquots of the recovered supernatants were directly injected
onto a Waters Alliance 2695 HPLC for analysis. The formation if the 1”-hydroxybufuralol
product was quantified by HPLC as previously described (13).

Molecular Modeling and Docking Simulations

The structures of the four inactivator ligands used in this study are shown in Figure 1. The
three-dimensional structures of the ligands for docking studies were built in Spartan 4.0
(Wavefunction, Inc., Irvine, CA) with all hydrogen atoms added and energy minimized.
AutoDock 4.0 was used to perform molecular modeling and docking (http://
autodock.scripps.edu; (16, 17). The protein structure used in these studies was CYP2D6
(PDB: 2F9Q). Solvent molecules were removed and the heme was retained. The Fe atom of
the heme was assigned a charge of +3. Residues within 5 A of the heme iron were identified
and set as flexible residues for simulations. For the protein structure, charges were
calculated by the Gasteiger-Marsili method. The grid maps were calculated using AutoGrid.
The dimensions of the grid box were set to 40 x 40 x 40 A, and the grid spacing was set to
0.375 A. Docking simulations were performed using the Lamarckian genetic algorithm.
Each docking experiment was performed 100 times, resulting in 100 docked conformations.
The consensus docking conformations of the models were obtained by visual inspection and
docking scores.

RESULTS AND DISCUSSION

Due to its role in metabolism of a large number of pharmaceuticals, CYP2D6 inactivation
has important implications for potential drug-drug interactions and adverse drug events.
There are only a handful of known mechanism-based inactivators of CYP2D6, but
commonalities in their inactivation of CYP2D6 may provide insight into not only catalysis
by CYP2D6 but also drug moieties involved in adverse drug events. The mechanism-based
inactivators of CYP2D6 studied here include EMTPP, SCH66712, paroxetine, and MDMA
(Figure 1). These four inactivators represent two different classes of chemical compounds —
those with substituted imidazoles and piperazine rings (EMTPP and SCH66712) and those
with methylenedioxyphenyls (paroxetine and MDMA). We note some individuals consume
antidepressants and illicit drugs such as paroxetine and MDMA simultaneously that can lead
to further adverse drug events (18, 19).

Potency of mechanism-based inactivation is dependent on kinetic parameters Kinact and K; as
well as on partition ratio. For all four inactivators, kinetic constants K; and Kjnact have been
determined previously by other investigators, though the model systems used varied (Table
1). The value of kinact/K| is @ measure of inhibition potency. Since Kinact is @ measure of the
rate of inactivation and K, the concentration of inhibitor that gives one-half the rate of
inactivation, the larger the value for the ratio, the greater the inhibition. Comparison of
kinact/K| ratios indicates that SCH66712 is the most potent inactivator with a ratio of Kijnact/K|
of 582 ml/min-pmol. The other three inactivators have ratios an order of magnitude lower
between 16-35 ml/min-pumol. In the literature there are two reports of kit and K values for
paroxetine. Values determined by Bertelsen et al. (10) are shown on Table 1. Obach et al.

Drug Metab Lett. Author manuscript; available in PMC 2014 May 28.
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(20) report a similar kinact value for paroxetine, 0.17 min1, but a value for K, (0.81 uM) that
is an order of magnitude less than Bertelsen et al. Both groups used similar approaches in
HLM with dextromethorphan as reporter and Kitz-Wilson analysis for determination of K,
but incubation times and reporter concentrations varied. We note that given this discrepancy,
it is possible that paroxetine is a more potent inactivator than represented in the current
study; it would be worthwhile to repeat the inactivation assays with paroxetine in a
recombinant system to understand the differences in reported values. Obach et al. also report
Kinact and K; for MDMA as 0.38 min~1 and 6.3 M, respectively; these values are similar to
the values shown in Table 1 as reported by Heydari et al. (11).

Spectral binding constants, K, for SCH66712 and MDMA have been determined previously
and both compounds showed Type | binding as predicted for a mechanism-based inactivator
that binds as a substrate prior to inactivation (13, 21). In the present study we measured the
binding constants for EMTPP and paroxetine by titration of CYP2D6 with increasing
concentrations of EMTPP or paroxetine. We found that both EMTPP and paroxetine showed
Type | binding and K values were 29.76 + 3.04 uM and 0.88 + 0.18 pM, respectively
(Figure 2 and Table 2). The range of values for K among the four inactivators does not
show a pattern based on common structural features. However, there is a trend for lower
spectral binding constant and greater inactivation since SCH66712 and paroxetine show the
lowest spectral binding constants and largest values for the kjnact/K| ratio (Tables 1 and 2).
The spectral binding constant for MDMA was previously fitted with a curved hyperbolic
equation rather than tight-binding equation and the corrected Kq could be lower than the
value reported (22).

Partition ratio is a measure of the number of molecules metabolized per molecule of
CYP2D6 inactivated. Partition ratios for SCH66712 and EMTPP are 3 and 99, respectively
(12, 13) (Table 3). For comparison, partition ratios for paroxetine and MDMA inactivation
of CYP2D6 were determined in the present study. CYP2D6 was incubated with various
concentrations of either paroxetine or MDMA over 60 minutes to allow the inactivation to
progress until essentially complete. The percentage of the activity remaining was plotted as
a function of the molar ratio of paroxetine or MDMA to CYP2D6. The turnover number
(partition ratio +1) was estimated from the intercept of the linear regression line obtained
from the lower ratios of inactivator to CYP2D6 with the straight line derived from the higher
ratios of inactivator to CYP2D6 as described previously (23). With this method, the partition
ratio values for paroxetine and MDMA were 70 and 91, respectively (Figure 3; Table 3).
These values are similar to that of EMTPP and again an order of magnitude different from
the partition ratio of SCH66712. Lim et al. (24) reported apparent partition ratios for
mechanism-based inactivators of various drug-metabolizing CYPs, including CYP2D6, by
use of an automated screening strategy in human liver microsomes (HLM). From their
analysis, they found the partition ratio for EMTPP and paroxetine with CYP2D6 to be 213.5
and 5.6, respectively. These values are different from those measured in recombinant
systems, particularly for paroxetine. In our study with recombinant CYP2D6 the observed
partition ratio for paroxetine was an order of magnitude greater at 70. Lim et al. clarify that
their automated screening strategy is only meant to identify potentially potent inactivators
that can then be further studied in time-and concentration-dependent assays. For paroxetine,
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the higher partition ratio values reported here versus Lim et al. also contributes to
understanding the safety record for paroxetine as a clinical drug even though it is a
mechanism-based inactivator.

We also note that based on previously reported values for kit and K; in HLM (14), the two
mechanism-based arylamine inactivators of CYP2D6 from Piper nigrum have kjnact/K|
ratios of 120 and 90 ml/min-umol suggesting that they are the most potent clinically relevant
inactivators of CYP2D6 since SCH66712 is not a clinically relevant drug or natural product.
In most contexts the daily dose or consumption of these arylamines would be considerably
less than that of a pharmaceutical agent thus lowering the potential for adverse drug effects
from their consumption. However, in some traditional medicines, black pepper is used for
medicinal purposes (such as in ayurvedic medicine, i.e. traditional Indian medicine, and in
traditional Indonesian medicine). In fact, “Trikatu,” an ayurvedic medicine made of equal
parts of P. nigrum, P. lungumand dried rhizomes of Z. officinale, is used to increase
bioavailability of some pharmaceutical drugs (25, 26). While the mechanism of increased
bioavailability has not been established, it seems likely that inactivation of P450s, such as
CYP2D6, could be the cause for the observed increases in bioavailability reported in the
literature (25-28).

A series of molecular modeling studies with each inactivator and CYP2D6 was performed to
better understand the relationship between binding and inactivation. Previous modeling
studies in our laboratory with SCH66712 and EMTPP have shown that molecular docking
experiments are consistent with observed metabolite formation and therefore may provide
insight into the binding events that lead to inactivation (13).

The lowest energy binding conformations were chosen for analysis (Figure 5). These
binding conformations were also the most frequently observed orientations with respect to
the moiety pointing toward the heme group. That is, while other binding orientations were
observed, only the lowest energy orientation is shown. We note that observation of multiple
binding orientations is consistent with known metabolite profiles for each compound and the
orientations shown are consistent with the major metabolites of each compound (Figure 4
and Supplemental Figure 1).

CYP2D6 has two phenylalanine residues in the binding pocket — Phe120 and Phe483. These
aromatic groups have been postulated to be involved in substrate orientation and substrate
recognition, respectively. Modeling experiments show pistacking interactions between all
inactivators and Phe120 but no apparent interactions with Phe483 in the binding site (Figure
4). This is consistent with the role of Phe120 in substrate orientation at the active site (6).
The distances between the docked ligands and the heme iron were calculated (Table 4). The
phenyl ring of SCH66712 - the postulated site for inactivation (13), is only 2.1 A from the
heme iron, as previously shown (13), and the closest orientation of all four inactivators
(Table 4). The distances for EMTPP, paroxetine, and MDMA were 2.9, 5.2, and 5.2 A,
respectively. This is consistent with kinetic data that show SCH66712 is the most potent
inhibitor of the four and consistent with the trend observed by Sridhar et al. for the most
potent arylacetylenes mechanism-based inactivators of other CYPs being bound closest to
the heme iron (29). The arylacetylene inactivators are heme-adductors while two of the

Drug Metab Lett. Author manuscript; available in PMC 2014 May 28.
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inactivators of CYP2D6 (SCH66712 and EMTPP) are protein-adductors and two are
postulated heme-adductors via carbene intermediates (paroxetine and MDMA) (10-13).
Since our data support the observation that closer binding to heme leads to more potent
inactivation, it may be that results of modeling interactions with the heme iron as a predictor
of inactivation potency is independent of the type of inactivation (protein vs. heme).

Though distance to the heme iron and inactivation potency differs, the binding orientations
of the two piperazine-containing compounds, SCH66712 and EMTPP, are similar. For
SCH66712, pi-stacking occurs between Phel20 and its imidazole ring. The same is true for
EMTPP with additional pi-stacking between Phe120 and the heteroaromatic ring of EMTPP
that is not seen with SCH66712 due to its more elongated structure. SCH66712 is the only
inactivator that has interactions that extend to residues above helix I; perhaps the additional
interactions allow SCH66712 more opportunity to react and inactivate CYP2D6. Residues in
this region between helix | and helix F include Leu213, Val308, Leu484, and Ala482 (data
not shown). Modeling with both piperazine-containing compounds indicates that Thr309 is
the closest nucleophile to the active site and a highly plausible target for inactivation. Others
have shown by mutation studies with a Thr309Val mutant that Thr309 is involved in
CYP2D6 oxidation reactions but has little effect on substrate affinity (22).

For paroxetine and MDMA, the methylene group of the methylenedioxyphenyl moiety is
closest to the heme, consistent with known metabolism at the methylene carbon. In both
cases Phe120 forms an edge-to-face interaction with the methylenedioxyphenyl group and
the distance to the heme is 5.2 A. The edge-to-face orientation is believed to be a more
favorable orientation than edge-to-edge (30) though, as stated above, Sridhar et al. found
that the distance to the heme iron correlated with potency of inhibition better than specific
type of piinteractions (29). Overall, pi-pi interactions are contributors to inactivation that
should be considered complimentary to distance between inactivator and heme iron for
CYP2D6.

To further confirm validity of the molecular models, the binding energies from the models
were compared to the experimentally determined values calculated using spectral binding
constants, Ks, for each inactivator and the relationship: AGey, = RT In Kg, where R is the gas
constant and T is absolute temperature (298 K) (Table 4). The calculated energies from the
molecular models were then plotted against the observed binding energies measured from
spectral binding (Figure 5). The binding energies from the molecular models for SCH66712
and paroxetine were closer to the calculated energies than were the energies for EMTPP and
MDMA. Overall, comparison of binding energies shows that the molecular model tends to
show lower binding energy than the experimentally measured binding energy. Given that the
structure of CYP2D6 used for the molecular modeling was determined in the absence of
ligand, it is not unexpected that the binding energies may not be accurately predicted as
positions of active site amino acids would likely change in the presence of ligand (31).

CONCLUSIONS

Based on both the collection of previous findings and the findings presented here for the
established inactivators of CYP2D6, the more potent inactivators not only have the largest
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values for kinac/K| ratios and lowest values for partition ratio, as would be expected, but also
have lower values for Kg and closer interaction with heme iron in molecular models. When
considering potency of inactivation, measurement of all these parameters should be
considered. Further, since this group of inactivators represents both protein and heme
adductors, it also appears that these trends may apply to both types of inactivators, though
the data set for inactivators of CYP2D6 is limited. Thus, confirmation of these findings with
new inactivators of CYP2D6 as they are identified should be of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SCH66712 5-Fluoro-2-[4-[(2-phenyl-1H-imidazol-5-yl)methyl]-1-
piperazinyl]pyrimidine

CYP cytochrome P450 enzyme

HLM human liver microsomes

HPLC high performance liquid chromatography

EMTPP (1-[(2-ethyl-4-methyl-1H-imidazol-5-yl)-methyl]-4-[4-(trifluoromethyl)-2-
pyridinyl]piperazine

MDMA 3,4-methylenedioxymethamphetamine
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Figure 1.

Structure of EMTPP, SCH 66712, paroxetine, and MDMA with molecular formulas and
weights indicated for each.
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Figure 2.
Spectral binding titration of CYP2D6 and determination of spectral binding parameter K.

(A) Titration of CYP2D6 with EMTPP and (B) plot of AA439-395 (from panel A) vs.
concentration of EMTPP. (C) Titration of CYP2D6 with paroxetine and (D) plot of
AA430-395 (from panel C) vs. concentration of paroxetine.
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Figure 3.

Loss of CYP2D6 activity as a function of the ratio of inhibitor to CYP2D6. CYP2D6 was
incubated with varying concentrations of (A) paroxetine or (B) MDMA for 60 minutes to
allow for complete inactivation. The partition ratio was estimated to be 70 for paroxetine
and 91 for MDMA based on the intercept of the linear regression line from the lower ratios
and the straight line obtained from higher ratios.
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Figure 4.
Molecular modeling of inactivators bound to CYP2D6. AutoDock was used to model

binding in the active site of each inactivator in the conformation believed to lead to
inactivation of CYP2D6 as described in the Materials and Methods. Docking simulation
with (A) SCH66712, (B) EMTPP, (C) paroxetine, and (D) MDMA.. Active site amino acids
Phel20, Glu216, and Thr309 are shown in black.
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Figure 5.
Molecular modeling vs. observed binding energies for each docked structure. The bold line

represents a perfect correlation between molecular modeling and observed binding energies
(Table 4). The other lines represent one standard deviation from the bold line.
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Table 1

K and Kinact Values for inactivation of CYP2D6.

inactivator Ky (M) Kinaet (Min7Y) Kinact/K1
(ml-min~lumol-1)
EMTPPl 55 0.09 16
SCH667122 0.55 0.32 582
paroxetine3 4.9 0.17 35
4 12.9 0.29 22

MDMA

lDetermined with CYP2D6 Supersomes. Ref: (12).
2Determined with CYP2D6 Supersomes. Ref: (9).
3Determined with human liver microsomes. Ref: (10).

4Determined with yeast microsomes expressing recombinant CYP2D6. Ref: (11).
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Table 2

Spectral Dissociation Constants for Inactivators of CYP2D6. !

inactivator Ks (M)

EMTPP 29.76 + 3.04
SCHes712°  039%010
paroxetine 0.88+0.18
MDMA3 28+3

1AII values were determined using purified, recombinant CYP2D6.

2Ref: (13) ; Kg determined using the quadratic, or tight-binding equation: [CYP2D6-SCH 66712] = 0.5(Kg + Et + St) — [0.25(Kg + Et + St)2 -
Etst]l/z

3Ref: (22); Kg determined using the hyperbolic curve function: AA = BmaxS/(Ks + S),
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Table 3

Partition Ratio Values for Inactivators of CYP2D6.1

inactivator  partition ratio

EMTPP2 »
SCHe6712° 3
paroxetine 70
MDMA 91

1AII partition ratios were determined using CYP2D6 Supersomes.
ZRef: (12)

3Ref: (13)
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Table 4

Summary of Docking Results Related to Binding Energy.

1 AGcaic Site of Phe120 Distance to

Inhibitor AGep (kcal/mol) .2 interactions heme iron
(kcal/mol) model reaction”  with inhibitor A)
EMTPP -6.42 -9.98 ethyl face to face 2.9
SCH66712 -9.10 -10.93 phenyl edge to face 21
Paroxetine -8.59 -10.12 methylene edge to face 5.2
MDMA -6.04 -9.93 methylene  edge to face 5.2

1AGeXp was calculated using spectral binding constants, Ks, and the relationship: AGexp = RT In Ks.

Site of known oxidation and also site of either known or putative electrophile formation that leads to enzyme inactivation.
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