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Abstract

The polymorphic cytochrome P450 2D6 (CYP2D6) is involved in the metabolism of 30% of the drugs currently prescribed, and is thus

clinically relevant. Typical CYP2D6 substrates generally contain a basic nitrogen atom and an aromatic moiety adjacent to the site of

metabolism. Recently, we demonstrated the importance of active site residue F120 in substrate binding and catalysis in CYP2D6. On the

basis of protein homology models, it is claimed that another active site phenylalanine, F483, may also play an important role in the

interaction with the aromatic moiety of CYP2D6 substrates. Experimental data to support this hypothesis, however, is not yet available. In

fact, in the only study performed, mutation of F483 to isoleucine or tryptophan did not affect the 10-hydroxylation of bufuralol at all [Smith

G, Modi S, Pillai I, Lian LY, Sutcliffe MJ, Pritchard MP, et al., Determinants of the substrate specificity of human cytochrome P-450

CYP2D6: design and construction of a mutant with testosterone hydroxylase activity. Biochem J 1998;331:783–92]. In the present study,

the role of F483 in ligand binding and metabolism by CYP2D6 was examined experimentally using site-directed mutagenesis.

Replacement of F483 by alanine resulted in a 30-fold lower Vmax for bufuralol 10-hydroxylation, while the Km was hardly affected.

The Vmax for 3,4-methylenedioxy-methylamphetamine O-demethylenation on the other hand decreased only two-fold, whereas the effect

on the Km was much larger. For dextromethorphan, in addition to dextrorphan (O-demethylation) and 3-methoxymorphinan (N-

demethylation), two other metabolites were formed that could not be detected for the wild-type. The substrate 7-methoxy-4-

(aminomethyl)-coumarin was not metabolised at all by CYP2D6[F483A], a phenomenon that was reported also for CYP2D6[F120A].

The presented data show that next to F120, residue F483 plays a very important role in the metabolism of typical CYP2D6 substrates. The

influence of F483 on metabolism was found to be strongly substrate-dependent.
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1. Introduction

The cytochrome P450 superfamily constitutes a large

group of oxido-reductases that are responsible for the

oxidation and reduction of many endogenous compounds

as well as a wide variety of xenobiotics [1–3]. In humans,
Abbreviations: CYP, cytochrome P450; CPR, cytochrome P450 reduc-

tase; FU, fluorescence units; HAMC, 7-hydroxy-4-(aminomethyl)-cou-

marin; MAMC, 7-methoxy-4-(aminomethyl)-coumarin; MDMA, 3,4-

methylenedioxy-methylamphetamine; MDA, 3,4-methylenedioxy-amphe-

tamine; 3,4-OH-MA, 3,4-dihydroxy-methylamphetamine
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cytochrome P450 2D6 (CYP2D6) is one of the most

important enzymes of this family [4]. Despite its low

abundance – CYP2D6 represents only 4–8% of the total

cytochrome P450 in human liver – it metabolises�30% of

the drugs currently on the market [5,6]. Its clinical rele-

vance is even increased by the fact that CYP2D6 is highly

polymorphic; 6% of the European population is classified

as a ‘poor metaboliser’, while another 3% has the ‘ultra-

rapid metaboliser’ phenotype [6–9], thus contributing to

large interindividual differences in drug metabolism.

The development of accurate models of the active site of

CYP2D6 is very useful to identify potential drug candidates

that interact with the enzyme. Because no crystal structure is



B.M.A. Lussenburg et al. / Biochemical Pharmacology 70 (2005) 1253–12611254
yet available for CYP2D6, the structural information

required for such models has to be obtained from homology

modeling [10,11] and experimental mutagenesis studies.

Most substrates of CYP2D6 contain a basic nitrogen at a

distance of approximately 5–7 Å from the site of oxidation,

and an adjacent aromatic moiety [12]. The negatively

charged active site residues E216 and D301 have been

shown to play a role in fixation of the basic nitrogen atom

[13–15]. Pharmacophore and homology models suggest a

role for aromatic residues in the active site to undergo

VanderWaals interactions with aromatic moieties of the

ligands [16]. Three aromatic phenylalanine residues have

been proposed as active-site residues, F120, F481 and

F483. Recently, it was experimentally underlined that

F120 is indeed one of the aromatic active site residues

that plays an important role in substrate binding and

metabolism [17,18]. In earlier CYP2D6 homology models

based on bacterial cytochrome P450 crystal structure

templates it was suggested that another aromatic residue

associated with ligand binding is F481 [16,19,20]. Sub-

stitution of F481 by non-aromatic residues reduced the

affinity of several typical CYP2D6 substrates [16]. In more

recent homology models based on rabbit CYP2C5, how-
Fig. 1. The active site of the homology model of CYP2D6 [17], showing the act

represents the heme iron atom. In yellow, the substrate dextromethorphan is depi

reader is referred to the web version of this article.)
ever, F481 is positioned outside the binding pocket, but in

close contact with active site residue F483 [14,21–23]. Our

model (Fig. 1) [21] and several others [14,22–24] suggest

that this aromatic active site residue, i.e. F483, is also a

potential ligand-contact residue (Fig. 1). In a modeling

study by Kemp et al. phenylalanines 120 and 483 are

referred to as very important residues in the active site

of CYP2D6, which are involved in the binding of various

NCI compounds [24]. However, experimental data sup-

porting a role for F483 in binding known CYP2D6 sub-

strates is not yet available. In fact, in the only experimental

study on this residue, it was shown that substitution of F483

by isoleucine or tryptophan did not affect the 10-hydro-
xylation of the typical CYP2D6 substrate bufuralol [23].

Interestingly, the F483I mutant was able to catalyse

the 15a-hydroxylation of testosterone, which is not a

substrate for wild-type CYP2D6 [23]. Therefore, it is

not yet clear whether this residue plays a role in the

binding of typical CYP2D6 substrates. Recently, we

demonstrated that the role of another active-site

phenylalanine-residue, F120, is very substrate dependent

[17,18]. The F120A mutant completely lost the abi-

lity to metabolise 7-methoxy-4-(aminomethyl)coumarin
ive site residues F120, E216, D301 and F483. The pink ball at the bottom

cted. (For interpretation of the references to color in this figure legend, the
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(MAMC), while no significant effect on bufuralol meta-

bolism was observed. 3,4-Methylenedioxymethampheta-

mine (MDMA) and dextromethorphan were still

metabolised by F120A, but the regiospecificity of meta-

bolism had changed significantly.

The goal of the present study is to investigate whether

the role of phenylalanine F483 in the metabolism of typical

CYP2D6 substrates is substrate dependent. Using site-

directed mutagenesis, this phenylalanine residue was sub-

stituted by an alanine (F483A), and the effect of this

mutation on the binding and metabolism of four typical

CYP2D6 substrates, notably dextromethorphan, bufuralol,

MDMA and MAMC, was studied.
2. Materials and methods

2.1. Materials

7-Methoxy-4-(aminomethyl)-coumarin (MAMC), 7-

hydroxy-4-(aminomethyl)-coumarin (HAMC), 3,4-methy-

lenedioxymethylamphetamine (MDMA) and 3,4-methyle-

nedioxyamphetamine (MDA) were synthesised as

described [25,26]. Bufuralol hydrochloride was obtained

from Gentest. N-Methylhydroxylamine hydrochloride,

dextromethorphan hydrobromide and dextrorphan tartrate

were obtained from Sigma. All other chemicals were of

analytical grade and obtained from standard suppliers.

2.2. Plasmid and site-directed mutagenesis

The pSP19T7LT_2D6 plasmid containing human

CYP2D6 with a C-terminal His6-tag bicistronically co-

expressedwith humanCytochromeP450NADPH reductase

(CPR)wasconstructed as follows: theCPRwasgeneratedby

reverse transcriptionofhumangenomicDNAusinga reverse

transcription kitwith oligodTprimers (Clontech Inc.,USA).

After reverse transcription, the cDNA was amplified with

primers creating restriction enzyme cut sites. Human

CYP2D6was amplified from a cDNA.During amplification

additionalC-terminalhistidinesaswellas sites for restriction

enzyme cleavage were introduced. The amplified and

digested 2D6 and CPR were subsequently ligated into the

expression plasmid pSP19T7LT [27] in tandem, with a short

linker region in-between the two genes. The correct gene

sequence was verified by sequencing.

The phenylalanine 483 to alanine (F483A) mutation was

introduced into pSP19T7LT_2D6using theQuikChangeXL

Site-Directed Mutagenesis kit (Stratagene). The sequences

of the forward- and reverse oligonucleotides, respectively,

with the altered nucleotides in italic, were as follows: 50-AT-
GGT-GTC-TTT-GCT-GCC-CTG-GTG-AGC-CC-30 and

50-GG-GCT-CAC-CAG-GGC-AGC-AAA-GAC-ACC-AT-

30. After mutagenesis, the presence of the desired F483A

mutation was confirmed by DNA sequencing.
2.3. Expression and membrane isolation

The plasmids pSP19T7LT_2D6 and pSP19T7LT_2D6-

[F483A] were transformed into Escherichia coli strain

JM109. Expression was carried out in 3 l flasks containing

300 ml TB (Terrific Broth)mediumwith additives (1 mM d-

aminolevulinic acid, 400 ml/l trace elements [28], 1 mg/ml

thiamine, 100 mg/ml ampicillin). Cultures were inoculated

with 3 ml frozenE. coli cells containing the desired plasmid,

and expression of CYP2D6 and CPR was initiated by the

addition of 2 mM isopropyl-b-D-thiogalactopyranoside

(IPTG). Cultures were grown for 48 h at 28 8C and

125 rpm, before they were harvested. CYP contents were

determined by carbon monooxide (CO) difference spectra

[29].

Harvested cells were pelleted by centrifugation (15 min,

4000 � g, 4 8C) and the resulting pellet was resuspended in
1/20 original culture volume of Tris-Sucrose-EDTA (TSE)

buffer (50 mM Tris–acetate, pH 7.6, 250 mM sucrose,

0.25 mM EDTA). After the addition of 0.1 mg/ml lyso-

zyme, the cells were disrupted using a French Press

(1000 psi, three repeats). To remove remaining undisrupted

cells, the lysate was centrifuged (15 min, 4000 � g, 4 8C)
and the resulting pellet was discarded. The cytosolic

fraction was separated from the membranous fraction by

ultracentrifugation in a Beckmann 50.2Ti rotor (45 min,

120,000 � g, 4 8C). The membrane pellet was resuspended

in 1/75 original culture volume of TSE buffer and CYP

contents were determined using CO difference spectra.

CPR activity was measured using cytochrome c reduction

as described previously [30,31]. The CPR concentrations

were calculated from the CPR activities based on a specific

activity of 3200 nmol cytochrome C/min/nmol reductase,

as described previously [30,31].

For determination of dissociation constants of ligands,

the CYP was purified from the membranes. Enzymes

were solubilised by stirring for 2 h at 4 8C in KPi-

glycerol buffer (50 mM potassium phosphate buffer pH

7.4 with 10% glycerol), supplemented with 0.5% Emul-

gen 911. Insoluble parts were removed by centrifugation

(60 min, 120,000 � g, 4 8C). Supernatant was incubated,
gently rocking, with Ni-NTA agarose for 30 min at 4 8C.
The column material was retained in a polypropylene

tube with porous disc (Pierce), washed with KPi-glycerol

buffer containing 2 mM histidine. CYP2D6 was

eluted with 0.2 M histidine. After overnight dialysis in

KPi-glycerol buffer the sample was concentrated on a

Vivaspin 20 filtration tube (10,000 MWCO PES,

Sartorius).

2.4. Metabolism of model compounds

Before the enzyme kinetic parameters of the four sub-

strates were determined, a series of experiments was

performed to determine the linearity of the reactions

with time and enzyme concentration. Based on these
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experiments (data not shown), incubation times and

enzyme concentrations were chosen that are within the

linear range.

2.4.1. MAMC metabolism [25,32]

Reactions were carried out in triplicate in a black Costar

96-well plates, in a total volume of 200 ml. The reaction

mixture consisted of 100 mM potassium phosphate buffer

(KPi) pH 7.4 with 5 mM MgCl2 and 2 mM EDTA, and E.

coli membranes containing 40 nM CYP2D6 (wild-type or

CYP2D6[F483A]) and CPR. Nine different concentrations

of MAMC were used ranging from 0 to 320 mM. The

reaction was initiated by addition of an NADPH regener-

ating system, resulting in final concentrations of 0.1 mM

NADPH, 0.3 mM glucose-6-phosphate and 0.4 units/ml

glucose-6-phosphate dehydrogenase. The reaction was

monitored for 30 min at 37 8C on a Victor2 1420 multilabel

counter (Wallac) (lex = 405 nm, lem = 460 nm). The meta-

bolite of MAMC, i.e. HAMC, was identified and quantified

using the synthetic reference compound. Samples were

also analysed by high-performance liquid chromatography

(HPLC) as described previously [25] to determine if other

metabolites were formed that could not be detected on the

fluorescence microplate reader.

2.4.2. Dextromethorphan metabolism [15]

The reaction mixture was composed as described for

MAMC, with E. coli membranes containing 25 nM

CYP2D6 (wild-type or CYP2D6[F483A]) and CPR. Ten

different concentrations of dextromethorphan were used

ranging from 0 to 80 mM. After 5 min of preincubation at

37 8C, the reaction was initiated by addition of an NADPH
regenerating system as described above. The reaction was

allowed to take place for 10 min at 37 8C before it was

stopped with 1/20 volume of 70% HClO4. Precipitated

proteins were removed by centrifugation (10 min,

6800 � g), and the supernatant was analysed by HPLC

(injection volume 25 ml). Metabolites were separated

using a C18 column (Phenomenex Luna 5 mm,

150 mm � 4.6 mm) with a flow rate of 0.6 ml/min. The

mobile phase consisted of 30% acetonitril (ACN) and 0.1%

triethylamine, set to pH 3 with HClO4. Metabolites were

detected by fluorescence (lex = 280 nm, lem = 311 nm).

The metabolite dextrorphan was identified using co-elution

with the reference compound; other metabolites were

identified by liquid chromatography–mass spectrometry

(LC–MS).

2.4.3. Bufuralol metabolism [15,33]

Reactions were carried out as described above for

dextromethorphan, with nine concentrations of bufuralol

ranging from 0 to 80 mM. Metabolites were separated

using a C18 column (Phenomenex Luna 5 mm,

150 mm � 4.6 mm) with a flow rate of 0.6 ml/min. The

mobile phase consisted of 30% ACN and 0.1% triethyla-

mine, set to pH 3 with HClO4. Metabolites were detected
by fluorescence (lex = 252 nm, lem = 302 nm). Metabo-

lites of bufuralol were identified by comparing retention

times and relative peak areas with those described in

previous studies [33]; 10-OH bufuralol was identified using

co-elution with a reference compound. LC/MS was used to

identify D1,2-bufuralol (data not shown).

2.4.4. MDMA metabolism [34]

Reactions were carried out as described above with nine

concentrations of MDMA ranging from 0 to 220 mM.

Metabolites were separated using a C18 column (Phenom-

enex Luna 5 mm, 150 mm � 4.6 mm) with a flow rate of

0.6 ml/min. The mobile phase consisted of 22% ACN and

0.1% triethylamine, set to pH 3 with HClO4. Metabolites

were detected by fluorescence (lex = 280 nm, lem =

320 nm). MDAwas identified using the synthesised refer-

ence compound, and the catechol 3,4-dihydroxy-methy-

lamphetamine (3,4-OH-MA) was identified previously

using electrochemical detection [17].

Peak areas of all metabolites were quantified by the

Shimadzu Class VP 4.3 software package. Reaction rates

were calculated and plotted against the substrate concen-

trations to obtain Michaelis Menten curves, and the ‘one

site binding hyperbola fitting’ module of Graph Pad Prism

4.0 was used to estimate Km and Vmax values.

2.5. Identification of metabolites using LC–MS

To identify the unknown metabolites of dextromethor-

phan, LC–MS was used. For LC–MS measurements, incu-

bations were carried out as described above with 40 mM

dextromethorphan, and E. coli membranes containing

25 nM CYP2D6 (wild-type or CYP2D6[F483A]), and

CPR. Volumes of 50 ml supernatant were injected and

separated using a phenyl column (Phenomenex Phenyl

150 mm � 4.6 mm) with a flow rate of 0.6 ml/min. The

metabolites were eluted using a gradient starting with a 5%

ACN eluens, supplemented with 20 mM ammonium acet-

ate, increasing linearly to 90% ACN with 20 mM ammo-

niumacetate in 14 min and analysed by MS. Positive ion

Atmospheric Pressure Chemical Ionisation (APCI) was

used on a LCQ Deca mass spectrometer (Thermo Finni-

gan), vaporizer temperature 450 8C, N2 as sheath (40 psi)

and as auxiliary gas (10 psi), needle voltage 6000 V, heated

capillary 150 8C. MS/MS was performed with an activa-

tion energy of 30%.

2.6. Determination of dissociation constants

Dissociation constants were determined for dextro-

methorphan, bufuralol and MDMA in disposable 1 ml

cuvettes. Two cuvettes were prepared containing 1 mM

of purified CYP (wild-type or CYP2D6[F483A]) in a final

volume of 500 ml 100 mM potassium phosphate buffer

(KPi) pH 7.4. Aliquots of 5 ml of a 1 mM ligand solution in

KPi buffer were added to the sample cuvette, while the
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Table 1

CYP- and CPR concentrations in membrane fractions

Wild-type F483A

[CYP] membranes (mM) 8.1 � 0.8 7.9 � 0.7

[CPR] membranes (mM) 4.7 � 0.5 4.0 � 0.5

Ratio [CYP]/[CPR] 1.7 � 0.3 2.0 � 0.3

CPR concentrations were calculated from CPR activities of 15 mM Cyt C/

min for CYP2D6 and 12.9 mMCyt C/min for CYP2D6[F483A] by dividing

by 3200 mM Cyt C/min/nmol CPR.
same amount of KPi buffer was added to the reference

cuvette. Difference spectra from 350 to 450 nm were taken

after every addition. In total, 11 aliquots were added, which

corresponds to a ligand concentration ranging from 10 mM

(addition 1) to 104 mM (addition 11). Upon type 1 binding

of the substrates, a peak at 390 nm and a trough at 420 nm

appeared. The DAbs (390–420 nm) values were plotted

against the ligand concentration, and the ‘one site binding

hyperbola fitting’ module of Graph Pad Prism 4.0 was used

to estimate the dissociation constants (Kd).
3. Results

3.1. Expression of CYP2D6 and CYP2D6[F483A]

CYP2D6 and CYP2D6[F483A] were successfully

expressed in E. coli. A typical cell culture yielded approxi-

mately 400 nM CYP, and the expression levels of CYP

(Fig. 2) were not affected by the presence of the F483A

mutation. The CYP and CPR concentrations in the mem-

branes were similar for wild-type CYP2D6 and

CYP2D6[F483A], as summarized in Table 1. The purified

fractions contained 50 � 5 mM of CYP for wild-type and

mutant. The CYP content of wild-type and mutant mem-

branes or purified fractions did not decrease significantly

after storage of up to six months at �80 8C and repeated

cycles of freeze-thawing, indicating that the stability of the

enzyme was not significantly influenced by the mutation.

A substantial amount of P420, the inactive form of CYP,

could also be detected in the whole cell fractions and in the

membrane factions. The amount of P420 in wild-type

CYP2D6 and CYP2D6[F483A] was similar (Fig. 2). In

the purified fractions, no P420 could be detected.

3.2. Metabolism of model compounds

The CYP2D6 marker substrate MAMCwas O-demethy-

lated by wild-type CYP2D6 with a Km of 42 mM and a

Vmax of 2.0 min�1 (Table 2). In contrast, the

CYP2D6[F483A] mutant did not form any detectable
Fig. 2. CO-difference spectra of E. coli JM109 cells expressing CYP2D6

and CYP2D6[F483A]. The cell samples, taken after 48h of expression, were

diluted two-fold before the spectra were recorded. Solid line: wild-type

CYP2D6; dashed line: CYP2D6[F483A]. Both spectra correspond to

approximately 200 nM CYP protein.
HAMC; re-analysis of the samples using HPLC also

showed no detectable metabolites of MAMC.

The main metabolite formed upon dextromethorphan

metabolism by wild-type CYP2D6 was the O-demethy-

lated form, dextrorphan (Table 2) (m/z 258 andMS/MS m/z

201). In addition, trace amounts of the N-demethylated

compound, 3-methoxymorphinan (m/z 258 and MS/MS m/

z 215), were detected, but the amounts were too low to

determine accurate enzyme kinetic parameters (Fig. 4).

CYP2D6[F483A] also formed dextrorphan, with a 15-fold

higher Km and a two-fold higher Vmax than the wild-type

resulting in a 7.5-fold lower Vmax/Km. 3-Methoxymorphi-

nan was formed by CYP2D6[F483A] with higher activity

than wild-type CYP2D6, and Vmax and Km values could be

determined (Table 2). In addition, trace amounts of two

other metabolites were observed (Fig. 4). LC–MS analysis

showed that these were the double (O- and N-)demethy-

lated 3-hydroxymorphinan (m/z 244 and MS/MS m/z 201),

and the monohydroxylated, O-demethylated hydroxydex-

trorphan (m/z 274 and MS/MS m/z 217), respectively.

Bufuralol was metabolised by wild-type CYP2D6 into

three detectable metabolites, 10-OH-bufuralol, 4-OH-

bufuralol and D10,20-bufuralol, as described before [17]

(Table 2). Although the Km values of CYP2D6 and

CYP2D6[F483A] for bufuralol 10-hydroxylation were very
similar, the Vmax of CYP2D6[F483A] was 32-fold lower.

Under the conditions applied, only 10-OH-bufuralol and
trace amounts of 4-OH-bufuralol could be detected for

CYP2D6[F483A] (Table 2).

MDMA was converted by wild-type CYP2D6 mainly

to the catechol 3,4-OH-MA with a Km of 2.2 mM and a

Vmax of 1.7 � 105 fluorescence units/(min nmol) CYP.

Only trace amounts of MDA [34] were detected.

CYP2D6[F483A] formed 3,4-OH-MA with a 13-fold

higher Km and a 2-fold lower Vmax, resulting in a 26-fold

lower Vmax/Km value (Table 2). Like for wild-type

CYP2D6, trace amounts of MDA were also observed for

CYP2D6[F483A]. In contrast to the F120A mutant, no

detectable N-hydroxylation of MDMA was performed by

CYP2D6[F483A] [17].

3.3. Determination of dissociation constants

The Kd values of dextromethorphan, bufuralol and

MDMA were determined for wild-type CYP2D6 and for

CYP2D6[F483A] (Table 3). For MAMC, no Kd values
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Table 2

Kinetic parameters of wild-type CYP2D6 and CYP2D6[F483A] towards several typical CYP2D6 substrates

Compound Metabolites Wild-type F483A

Km Vmax Vmax/Km Km Vmax Vmax/Km

MAMC HAMC 42.4 � 2.6 2.0 � 0.1a 0.050 � 0.003 �b �b �
Dextromethorphan Dextrorphan 1.1 � 0.1 5.6 � 0.1a 5.1 � 0.4 17.0 � 1.3 11.5 � 0.3a 0.68 � 0.06

3-OMe-morphinan +c +c � 64.9 � 5.7 80.0 � 4.0d 1.2 � 0.1

3-OH-Morphinan �b �b � +c +c �
OH-Dextrorphan �b �b � +c +c �

Bufuralol 10-OH-Bufuralol 5.0 � 0.1 14.5 � 2.0d 2.9 � 0.4 4.6 � 0.4 0.43 � 0.01d 0.09 � 0.01

4-OH-Bufuralol 5.8 � 0.1 1.3 � 0.2d 0.2 � 0.1 +c +c �
D10 ;20 -Bufuralol 23.0 � 5.4 1.3 � 0.1d 0.06 � 0.01 �b �b �

MDMA 3,4-OH-MA 2.2 � 0.3 1.7 � 0.1d 0.8 � 0.5 28.6 � 3.9 0.80 � 0.03d 0.030 � 0.004

MDA +c +c � +c +c �
All values are the means of at least three independent experiments (performed on separate days) �S.D. as described in the experimental section. Km values are

expressed in mM.
a Vmax values expressed in min�1.
b Not detectable.
c Present but not quantifiable.
d Vmax values expressed in 1 � 105 fluorescence units/(min nmol) P450.
could be determined because this ligand has a very high

absorption at 350–450 nm that interfered with the binding

spectra. Dextromethorphan, bufuralol and MDMA all

showed type 1 spectra for CYP2D6 and CYP2D6[F483A],

indicating that the ligands bind at the substrate binding site.

No large differences were found between Kd values for

CYP2D6 and CYP2D6[F483A]. Kd values of dextro-

methorphan and bufuralol were both in the range of 20–

30 mM for wild-type CYP2D6 and CYP2D6[F483A],

while the Kd values of MDMA were higher for both

enzymes (50–60 mM).
4. Discussion

The aim of this study was to investigate the role of

CYP2D6 active site residue F483 in ligand binding and

metabolism. Aromatic residues in the CYP2D6 active site

cavity are thought to be particularly important because of

their ability to interact with aromatic moieties present in

many CYP2D6 substrates [12]. Recently, it has been

described that substitution of active site F120 by an alanine

has large substrate dependent effects on the binding and

metabolism of typical CYP2D6 substrates [17,18]. Homol-

ogy modeling studies have also suggested an important
Table 3

Dissociation constants of ligands for CYP2D6 and CYP2D6[F483A]

Ligand Kd (mM) wild-type Kd (mM) F483A

Dextromethorphan 23.9 � 1.1 21.9 � 0.7 29.5 � 1.5 38.1 � 3.5

Bufuralol 19.4 � 2.0 15.4 � 1.2 18.2 � 1.4 21.8 � 1.9

MDMA 34.5 � 2.1 51.5 � 3.6 52.4 � 5.0 60.7 � 7.1

Dissociation constants were determined in two separate experiments as

described in Section 2. Each value represents an independent experiment.

The 11 data points were analysed in Graphpad Prism using the ‘one site

binding hyperbola fitting’ module. The standard errors of the fits are shown

in the table.
role for residue F483 [14,21–24], but to date experimental

evidence supporting this suggestion was not available. The

results presented in this study clearly show that substitution

of the phenylalanine moiety at position 483 by an alanine

(F483A) has marked effects on substrate selectivity and

regiospecificity when using four typical CYP2D6 sub-

strates (Fig. 3). The observed effects of the F483A muta-

tion were found to be strongly substrate-dependent, as was

seen recently for F120A.

CYP2D6[F483A] did not metabolise MAMC, in con-

trast to wild-type CYP2D6. Apparently, residue F483 (this

study) and residue F120 [17] are both required for meta-

bolism of this substrate. These residues could either pro-

vide steric constraints to keep the substrate in the

orientation required for metabolism, or they could function

as aromatic anchoring points. A possible explanation is

that MAMC is kept into position by both phenylalanines in

a ‘sandwich’ configuration.
Fig. 3. Structures of four typical CYP2D6 substrates. (A) Bufuralol, (B)

MDMA, (C)MAMC and (D) dextromethorphan. Sites of oxidation by wild-

type CYP2D6 are indicated by arrows.
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Dextromethorphan is believed to bind by electrostatic

interactions between its basic nitrogen atom and the acidic

residues E216 and D301 [15]. Recently, it has been shown

that aromatic residue F120 also plays a role in dextro-

methorphan metabolism, since substitution of this residue

resulted in the formation of two novel metabolites [17,18].

The present study shows that residue F483 is also involved

in metabolism of dextromethorphan. Wild-type CYP2D6

performes mainly O-demethylation of dextromethorphan,

while F483A also formed substantial amounts of N-

demethylated product. In addition, two extra metabolites

were formed (Fig. 4) that could not be detected in wild-type

CYP2D6 incubations, but have been described previously

for CYP2D6[F120A] [17,18]. The Kd values of dextro-

methorphan were similar for wild-type CYP2D6 and

CYP2D6[F483A] (Table 3), indicating that the binding

affinity of dextromethorphan is not greatly affected by the

mutation. The observed effects on the metabolic ratio may

therefore result from the different orientations that can be
Fig. 4. HPLC chromatograms of dextromethorphan metabolism by wild-

type CYP2D6 (A) or CYP2D6[F483A] (B). Incubations were carried out as

described in the experimental section. Metabolites indicated by arrows are:

(1) hydroxy-dextrorphan; (2) 3-hydroxymorphinan; (3) dextrorphan and (4)

3-methoxymorphinan. The substrate dextromethorphan has a retention time

of 24 min and is not displayed in these chromatograms.
adopted by the large, non-flat substrate dextromethorphan

in the active site of CYP2D6[F483A], as a consequence of

the increased available space.

For bufuralol metabolism, the acidic residues E216 and

D301 have been shown to be very important because they

are involved in the fixation of the basic nitrogen of

bufuralol [14,15,33]. Mutagenesis of aromatic residue

F120 to alanine, on the other hand, did not significantly

affect the metabolism of this substrate [17]. In a previous

mutagenesis study, it was found that the substitution of

F483 by tryptophan or isoleucine also had no influence on

bufuralol 10-hydroxylation [23]. In the present study, how-

ever, a significant effect on bufuralol metabolism was

observed when F483 was replaced by the smaller alanine.

This mutation resulted in a 32-fold lower Vmax for bufuralol

10-hydroxylation, while the Km value was hardly affected.

The binding affinity of bufuralol was not significantly

influenced by the F483A mutation (Table 3). The fact that

the more conservative substitutions of F483 by tryptophan

and isoleucine have no effect on bufuralol metabolism

suggests that these amino acid residues can compensate for

the loss of the phenylalanine-residue, by aromatic, hydro-

phobic, and/or steric interaction with bufuralol.

Previous studies with CYP2D6[F120A] showed that for

this mutant, regioselectivity of MDMA metabolism had

changed significantly. The amount of MDA produced by

this mutant was greatly increased compared to wild-type

CYP2D6. In addition, a novel metabolite was formed

which could be identified as N-OH-MDMA [17]. In the

present study, it was shown that the effect of a F483A

substitution on MDMA did not influence the metabolic

ratio, but only affected the kinetic parameters of 3,4-OH-

MA formation (Table 2). For the formation of the major

metabolite 3,4-OH-MA, the Km value of CYP2D6[F483A]

was 13-fold higher than the wild-type value, while the Vmax

value decreased only two-fold (Table 2). The Kd value of

MDMA was very similar for wild-type CYP2D6 and

CYP2D6[F483A] (Table 3). The fact that the changes in

Km value and the Kd value do not follow the same trend

may be explained by the fact that the Km and Kd values

actually represent qualitatively different processes. The Kd

value, which is determined by difference spectroscopy, is

describing the ability of a ligand to induce a spin shift of

the heme-iron in absence of NADPH. The parameter Km is

related to the enzyme reaction and its value is determined

by both binding affinity and rate limiting steps of the

catalytic reaction [35].

Residue F120 was shown to be very important for

MDMA metabolism, but not for bufuralol metabolism

[17], while for F483A bufuralol metabolism and MDMA

metabolism are both affected by the mutation. For

bufuralol, only the Vmax was altered, while for MDMA

mainly the Km was influenced by the mutation. These

results suggest that these two compounds have different

modes of binding, despite their high degree of structural

similarity.
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In conclusion, the data presented in this study prove that

F483 plays an important role in CYP2D6 selectivity and

activity. Together with acidic residues E216 and D301 and

aromatic residue F120, it defines the ligand binding proper-

ties and the regiospecificity of metabolism. However, of

the at least 25 residues postulated to form the active site of

CYP2D6, as yet only eight have been subjected to experi-

mental studies [36]. Therefore, involvement of other resi-

dues in binding and metabolism of CYP2D6-substrates

remain to be established. For E216 and D301, it has been

shown that they are important for the fixation of the basic

nitrogen atom in ligands [13–15]. The strongly substrate

dependent effects observed after mutagenesis of the aro-

matic residues F120 and F483 can be attributed either to

the change in the active site topology upon removal of the

phenylalanines, or can be due to loss of aromatic interac-

tion points. The fact that the Kd values of wild-type

CYP2D6 and CYP2D6[F483A] were very similar for

the substrates tested suggests that the role of F483 in

binding and metabolism of these compounds is mainly

by influencing the statistics of possible orientations. How-

ever, advanced molecular modeling techniques such as

molecular dynamics simulations can give further insight

in these mechanisms.
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