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ABSTRACT. Cytochrome P450 (P450) 2D6 oxidizes a wide variety of drugs typically at a distaneerof 5

A from a basic nitrogen on the substrate. To investigate the determinants of P450 2D6 catalysis, we
analyzed the binding and oxidation of phenethylamine substrates. P450 2D6 discriminated between the
various phenethylamines, as evidenced by binding and steady-state results. Whereas the spectral binding
affinity for 3-methoxyphenethylamine and 4-methoxyphenethylamine was similar, the affinity for
4-hydroxyphenethylamine was 12-fold weaker than for 3-hydroxyphenethylamine at pH 7.4. The binding
of 3,4-dihydroxyphenethylamine was equally poor. These equilibrium dissociation constants were based
on the observation of both type | and type Il perturbation difference spectra; the former involves
displacement of the proximal ligand, yielding an iron spin state change, and the latter requires nitrogen
ligation to the heme iron. One explanation for the observed type Il binding spectra is the presence of both
protonated and unprotonated forms of these compounds. To address this possibilty,vilaes for
3-methoxyphenethylamine and 4-methoxyphenethylamine were determined as a function of pH. Two
apparent [, values were determined, which corresponded to a P450 2D6 residue involved in binding
and to a lowered g, of a substrate amine group upon binding P450 2D6. The appafguf the enzyme
residue (6.6) is much higher than the expect&d pf Asp301, which has been hypothesized to play a

role in binding. Interestingly, the appareri{gfor the methoxyphenethylamine derivatives decreased by

as much as 2 pH units upon binding to P450 2D6. 3-Methoxyphenethylamine and 4-methoxyphenethylamine
underwent sequential oxidations wixdemethylation and subsequent ring hydroxylation to form 3,4-
dihydroxyphenethylamine (dopamine). At higher substrate concentrations, the second oxidation was
inhibited. This result can be explained by the increasing concentration of the inhibitory unprotonated
substrate. Nevertheless, the rates of methoxyphenethylamine oxidations are the highest reported for P450
2D6 substrates.

P450% encompass a large family of hemthiolate mo- including antipsychotics, antidepressants, and opioid pro-
nooxygenase enzymes found throughout nature. Thesedrugs. Thus, an understanding of its activity is an important
enzymes catalyze the oxidation of the majority of drugs, goal in drug metabolism research.

pollutants, pesticides, and carcinogens, as well as endogenous pespite structural variability, there are common features
compounds such as steroids, alkaloids, and eicosanoids. Ongmong P450 2D6 substrates. The preferred substrates possess
of these enzymes, P450 2D6, is a minor component of thetypijcally a positive charge, usually a basic nitrogen atom,
hepatic P450 content and is even absent+18% of the  ¢.g. an amino or guanidinium group. With some exceptions,
Caucasian populatior2). Nevertheless, P450 2D6 is capable the major site of oxidation occurs at a distance ef75A
of metabolizing a wide variety of important drug8),(  from the positive charget(-7). This prospect has led to the
T This work was supported in part by U.S. Public Health Service ;Snrigtr:;gazn V:Ttﬁt 3]1. a&ggvgﬁldcfasrlggg IaSrT:ier]Sep()nglzlLlj)FI)e t]:;)r
g E_F;},*.Sgnﬁrﬁ';}?Hf*fvirg’*st‘},3p%°;;e§°iﬁ %’:30&,2 %sgﬂspi%sfﬁfgﬁ?; coordinate the site oxidation. On the basis of active site
Fellowships F32 GM19808 and F32 CA79162, respectively. modeling 4—7) and site-directed mutagenesis 9), Asp301
Fa;TglvghggﬂzC;{Zislﬁf:#:ipceusgr?uéﬂgﬁ éltdofifiizlsgd- 'r;%ivgrl]gjgii-ggﬁl-is believed to fulfill this role, although other residues may

# Current address: Schér?ng—FEJIough Researcﬁyllnsti.tute, Drugi Me- also be involved |n_b|nd|ng7( 10, ;1)' The \_/arlable blnd!ng
tabolism and Pharmacokinetics, K-15-1/1800, 2015 Galloping Hill modes, coupled with the catalytic potential of the activated
Road, Kenilworth, NJ 07033. iron—oxygen species, lead to a common characteristic of

§ Current address: Department of Pharmacology, School of Medi- i ihili i
cine, Showa University, 1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142- P450 2D6 reactions, namely’ the pOSSIbIIIty for muIt|pIe

8555, Japan. oxidations. How the introduction of multiple reactions affects
1 Abbreviations: P450, cytochrome P450 [also termed ‘heme the overall turnover of substrate is a complex, less understood
thiolate P450” by the Enzyme Commission (EC 1.14.141]y PR, facet of P450 catalysis.

NADPH—-P450 reductase; DLPC;o-dilauroyl-sn-glycero-3-phospho- . . .
choline; CHAPS, 3-[(3-choloamidopropyl)dimethylammonio]-1-pro- _ B-Arylethylamines constitute an important class of P450
panesulfonic acid. 2D6 substrate. The metabolism of amphetamines involves
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Scheme 1: Oxidation of 4-Methoxyphenethylamine by P450 by the hydrolysis of 3-methoxyphenethylamine in concen-

2D6 trated HI (instead of HCI) under reflux f&@ h (20). All of
O-demethylation the compounds were recrystallized fromHgOH as HCI
H3004®—¥§H3———> salts and used to prepare aqueous stock solutions (see

Supporting Information for analyses).

4-methoxyphenethylamine Expression of P450 2D6 in Escherichia coli and Purifica-

HO tion. The cDNA sequence of full-length P450 2D6 construct
ring hydroxylation DB#6 was modified by PCR mutagenesis to insert a @His)
HO‘@X{;HS—“—“ = HO NHa sequence at the C-terminugl]. In addition, a Met374Val

substitution was introduced into the cDNA by site-directed
mutagenesis to reflect the common (wild-type) P450 2D6
sequence. Expression of P450 2Dgircoli strain MVV1304
in the presence of 1.0 mg of chloramphenicoi!lwas
accomplished, and the protein was purified using & Ni

4-hydroxyphenethylamine 3,4-dihydroxyphenethytamine

N-dealkylation (2, 13), ring hydroxylation {4, 15), and
O-demethylation 12, 14). These types of reactions depend

on the size of theN-alkyl group as WQII as the position of  iijotriacetate column essentially as describgd, 22).
the hydroxyl or methoxy group. Oxidation of these com- Binding Spectra Binding spectra were recorded on an

pounds may be linked to their clearance, and several in vitro 5 i0 5 DW2a spectrophotometer equipped with an OLIS
g;tud|es have Squ(?Sted .that P450 2D.6 medlat_es th‘? metab(?)'perating system (On-Line Instrument Systems, Bogart, GA)
lism of amphetamines in man. Typical reactions include using the general procedure as descrit2g).(P450 2D6
O-demethylation of methoxyamphetamines [which possess

: : : ! was suspended to a final concentration of-2% u«M in
hallucinogenic propertiesLg, 17)] and theN-dealkylation o tion buffer (100 mM potassium phosphate, pH 7.4) and
of some analogues &f-methylamphetaminel@). Hiroi and

divided between two tandem cuvettes (sample and reference).
co-workers examined the oxidation of 4-hydroxyphenethyl- ( P )

. : i These cuvettes were used to correct for both dilution of the
amine (tyramine) (Scheme 1) by microsomal P450 218 (

) X . enzyme and the absorbance of the titrant. Spectra were
Interestingly, this study indicated that both 3- and 4-hydrox- o.qrdeqd between 360 and 500 nm after each addition. For

yphenethylamines are readily oxidized to dopamine, A type | binding spectra thémawas 390 nm and thém, was
neurotransmitter and precursor of norepinephrine and epi- 450 nm. For type Il binding spectra thg.ax was 435 nm

nephrine. The oxidation of 3-hydroxyphenethylamine to 4 thelnmin was 416 nm. The resulting data were fit to the

dopamine is in contrast to the observation for amphet.a.mines,typicm hyperbolic curve (eq 1) using the Graph Pad PRISM
where ring hydroxylation did not occur at the 4 position. computer program, wher8may is the amplitude of the

Toinvestigate the determinants of P450 2D6 catalysis, We gpserved absorbance change and [L] is the concentration of
utilized the model substrates 3-methoxyphenethylamine a”dligand.

4-methoxyphenethylamine, which can undergo either ring
hydroxylation orO-demethylation (Scheme 1). These com- ] BradL]
pounds both possess a protonated amin@ % from the 5|gnaI=[L]T
site of oxidation. Unlike the former study9), we investi- D
gated P450 2D6 catalysis in the context of both binding and
steady-state studies. Equilibrium binding constants were
obtained by monitoring shifts in the Soret spectrum of P450
2D6 upon formation of the binary complex for all compounds
of this study. Another important distinction of this study is
the broadening of the scope of the catalyzed reaction to
include bothO-demethylation and ring hydroxylation reac-
tions. The oxidation of 3-methoxyphenethylamine and 4-meth-
oxyphenethylamine to the respective hydroxyphenethylamine
derivatives and eventually 3,4-dihydroxyphenethylamine was
assessed using HPLC techniques. In addition, the ring : : : ;
hydroxylation of the hydroxyphenethylamines to 3,4-dihy- fgétéggytg:;gp:rzoﬁgsc?fg étljfaslfelgc?ir(()jr? r:gigsjsrtégyazrrtéally
droxyphenethylamine was also monitored to complement thequenched with 5QiL of 60% HCIO, and incubated on ice
for'mer_ studies. The simplicity of the sub§trates limits mgltiple for 10 min (to precipitate protein and salts), followed by
Ox'd‘?‘t'ons. to O-deme'_[hylatlon and ring hydroxyla_non, centrifugation at 3009for 10 min. Fifty microliter aliquots
provides higher solubility, and offers a potentially rapid rate of the recovered supernatants were injected onto a YMC
of turnover, an gttractive quality for a marker substrate for octadecylsilane G HPLC column (54m, 2.5 x 150 mm:
P450 2D6 activity. YMC, Wilmington, NC), and eluted compounds were
detected using fluorescence measuremént2{77 Nm,Aem
EXPERIMENTAL PROCEDURES 300 nm) (9). Chromatography was done at a flow rate of
Materials. All reagents were purchased from Fisher 1.0 mL min* utilizing 20 mM NH,CHz;CO; (pH 4.5) buffer
Scientific (Pittsburgh, PA) or Sigma Chemical Co. (St. Louis, containing CHCN (5%—30%, v/v, depending on the prod-
MO). 3-Methoxyphenethylamine, 4-methoxyphenethylamine, ucts being analyzed). Quantitation of the metabolites formed
4-hydroxyphenethylamine (tyramine), and 3,4-dihydroxy- was achieved by running standard curves generated using
phenethylamine (dopamine) were purchased from Aldrich 3-hydroxyphenethylamine, 4-hydroxyphenethylamine, and
(Milwaukee, WI). 3-Hydroxyphenethylamine was prepared 3,4-dihydroxyphenethyalmine standards. Where appropriate,

(1)

Catalytic AssaysOxidation assays were conducted in 0.5
mL reaction volume at 37C for 10 min in 100 mM
potassium phosphate buffer (pH 7.4) containing an NADPH-
generating system (1.0 mM NADP 10 mM glucose
6-phosphate, and 1 unit of glucose 6-phosphate dehydroge-
nase mLY). Reactions contained P450 2D6 (200 pmol),
reconstituted with NADPHP450 reductase (500 pmol) and
30 ug of DLPC for 10 min at room temperature. Mixtures
were also supplemented with 1000 units of bovine liver
catalase (dialyzed to remove thymol) and 29 of bovine
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Ficure 1: Effect of pH onKqps (A) Plot of observed dissociation constants for 3-methoxyphenethylamine as a function of pH. Data
include values taken at constant buffer conditions, which yielded ty@@ &0d type Il @) binding spectra, as well as values obtained at
constant ionic strengthd), where KCI was added to maintain= 0.19 (same as 100 mM potassium phosphate, pH 7.4). (B) Plot of
observed dissociation constants for 4-methoxyphenethylamine as a function of pH. Data include values taken at constant buffer conditions,
which yielded type | @) and type Il @) binding spectra. The binding data were determined in a system containingVe furified
recombinant P450 2D6 in 100 mM potassium phosphate, variable pH, wigiM6DPLC at 25°C.

the data were fit to the standard Michaelldenten equation  Taple 1: Equilibrium Dissociation Constants of Phenethylamines
using the Graph Pad PRISM computer program. Equation 2

. - - . titrant Ks (uM spectrum

is the standard MichaelksVienten equation where the . ———— s (M) P

velocity of the reaction is a function of the rate-limiting step 5 Methoxyphenethylamine 22116 type |l

. . 3-hydroxyphenethylamine 18t 15 type |

in turnover kea), the enzyme concentration ([E]), substrate  4.methoxyphenethylamine 12920 type |

concentration ([S]), and the Michaelis constalii;). 4-hydroxyphenethylamine 240D 270 type Il
3,4-dihydroxyphenethylamine 36@0260 type Il

_ keadEl[S] ,
V= —[S] T K (2) of the methyl group from 4-methoxyphenethylamine to form
M

4-hydroxyphenethylamine results in a 13-fold drop in affinity.
RESULTS AND DISCUSSION Pgssibly the bipding contacts from the methyl group are more
critical in binding 4-methoxyphenethylamine than 3-meth-
Equilibrium Binding of LigandsAn important component  oxyphenethylamine. Given that the P450 2D6 binding site
in understanding enzymatic catalysis is the nature of the can accommodate molecules such as quinidine, bufuralol,
enzyme-substrate complex. The first step in a catalytic cycle and metropolol ), which are larger than the methoxyphen-
is the formation of the binary complex, as measured by ethylamines, it seems unlikely that such a large effect on
equilibrium studies. A useful parameter for these studies binding results from loss of hydrophobic contacts from a
relates to the spin state of the heme iron. In the high-spin single methyl group. Alternatively, the interaction of 3-hy-
state, heme iron is pentacoordinate, whereby the hemedroxyphenethylamine with P450 2D6 might be inherently
provides four nitrogen ligands to heme and a cysteinate from different than 4-hydroxyphenethylamine, as suggested by
the enzyme forms the fifth coordinate. The characteristic different binding spectra for these compounds. When hy-
absorbance of this complex changes upon the ligation of droxyl groups are present at both the 3 and 4 positions, as
water to the heme iron with the concomitant shift of the iron in the case of 3,4-dihydroxyphenethyalmine, binding is
to the low-spin state. The creation of a hexacoordinate systemsimilar to that of 4-hydroxyphenethylamine, withkg of
has a characteristic spectrum that differs from the high-spin 3600uM resulting from a type Il binding spectrum.
state. The availability of P450 2D6 in the low-spin state for =~ The observation of both type | and type Il binding spectra
the heme iron provides a suitable parameter to monitor thefor these compounds was surprising (Table 1). Since P450
formation of the binary complex. A binding event displaces 2D6 exists mainly in the low-spin state, it was expected that
the water molecule coordinated to the heme iron to producethe binding of these compounds would displace the water
a shift to the high-spin state (type | difference spectrum) molecule bound to the heme iron to produce type | binding
(23). Alternatively, the binding event can involve the spectra. On the other hand, the production of type Il binding
replacement of the heme-bound water molecule with a spectra was unexpected. This type of binding spectrum
nitrogenous ligand, likely from the titrant itself. In this case requires the coordination of unbonded electrons from nitro-
the heme iron remains in the low-spin state; however, the gen to the heme iron. The basic nitrogen for these phen-
change in ligation induces a red shift in the spectrum to ethylamine derivatives is presumably protonated under assay
produce a type Il difference spectrum. conditions. It is possible that a contaminant may influence
Titrations with phenethylamines yielded either type | or the binding spectra, although the compounds of this study
type Il difference spectra (Figure 1). Interestingly, P450 2D6 were recrystallized (HCI salts). To address this issue, the
discriminated between the compounds of this study on the compounds of this study were subjected to further analyses
basis of the position of the methoxy or hydroxy substituent (Supporting Information).
(Table 1). Whereas this values for 3-methoxyphenethyl- In the absence of a contaminant, the titrants that produced
amine and 3-hydroxyphenethylamine are similar, the loss a type Il spectral shift must exist, at least partly, in the
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correctedKs value Ksco) and the apparentify of the

Table 2: Apparent ¥, Values of Phenethylamines Free in Solution . . .
functional group responsible for the pH dependence in

compound phenol amine binding. For unprotonated methoxyphenethylamine an analo-
g'hmfgrhofixyphheen”e"iah%fghnee 058 10 g(fg gous trend exists except that as the pH decreases, the
4-myetho>3§/pphenetr¥ylamine ' o9 observecKs value for unprotonated methoxyphenethylamine
4-hydroxyphenethylamine 9.74 10.52 increases to an infinite value at the respectitg yalue of
3,4-dihydroxyphenethylamine 8.87, 8592 10.63 the basic nitrogen. The correctd¢s value can only be
a From ref25. b From ref26. © From ref27. obtained at a high enough pH to exclude the presence of

protonated methoxyphenethylamine. This reversal of the

unprotonated state. This observation raises the question oPbserved trend is described by eq 4.
what the concentrations of the unprotonated phenethylamine

derivatives are in solution. TheKp values for these Ks,ons= Ks.cor T Ks col 0P (4)
compounds free in solution have been determined spectro- -
photometrically and potentiometrically (Table 25¢27). The pH dependence of enzyme specificity has precedence

On the basis of these values, the concentration of thein studies of monoamine oxidase, which selectively binds

unprotonated phenethylamine derivatives should be ex-and deaminates unprotonated substr@&s20). For monoam-
tremely low. For example, for 3-methoxyphenethylamine, ine oxidase, eq 4 has been used successfully to analyze issues
the ratio of protonated to unprotonated forms is 309:1, or in binding and catalysis. In contrast, both protonated and
only 0.32% of the 3-methoxyphenethylamine is unprotonated unprotonated methoxyphenethylamine bind to P450 2D6, and
at pH 7.4 in the absence of protein. However, the observedthus the measured<a could be determined from either the
type Il spectral shifts implicate a more complex scenario for type | or type Il binding spectra. In practice, however, the
interactions between P450 2D6 and the phenethylamineability to determineKspsdepends on the magnitude of the
derivatives. The apparenKpfor the amine groups must be  spectral amplitude. Because type | and type Il binding spectra
shifted to lower pH to provide a sufficient concentration of overlap, binding titrations near theKp contain sufficient
titrant to induce the observed type Il spectra. If lowering concentrations of both protonated and unprotonated meth-
the apparentig, results in the presence of both forms of the 0oxyphenethylamine, resulting in interference between the
phenethylamine derivatives at pH 7.4, then changes in thecorresponding type | and type Il binding spectra. The higher
populations of these species would be readily observable as<sbsVvalues could be defined by the binding spectra with
the pH is varied. the larger change in absorbance, and thus only one set of
Effect of pH on the Binding of Phenethylamin€¥.the data could be fit to either eq 3 or eq 4.
compounds of this study, the methoxyphenethylamine de- Consistent with this model, two trends were evident as
rivatives are best suited to investigate the effects of pH on shown in Figure 1. First, lower pH favored type | binding
binding, because these compounds possess only one ionizablgpectra, whereas higher pH favored type Il binding spectra.
group. The potential to observe the shift of titrant between Second, the observeds values demonstrated a pH-depend-
a protonated and an unprotonated state upon binding to P45@nt increase. At low pH the addition of methoxyphenethyl-
2D6 introduces an interesting scenario. At sufficiently low amine resulted in the formation of a typical type | spectral
pH the methoxyphenethylamine derivative is protonated, shift, with a peak at 390 nm and a trough at 420 nm (Figure
resulting in a type | binding spectrum, because the positively 2). The observes values decreased until an intermediate
charged amine group forms a putative ienionic interaction ~ PH, where both type | and type Il binding spectra were
with Asp301. This binding interaction effectively displaces observed (Figure 3). For example, with 3-methoxyphenethyl-
the water molecule ligated to the heme iron. However, at amine (pH 7.0), the addition of low concentrations of titrant
higher pH the methoxyphenethylamine derivative becomesresulted in a typical type | binding spectrum; however, as
unprotonated to produce a free pair of electrons on the the concentration of titrant increased, the maximal and
nitrogen atom. The ligation of the nitrogen to the heme iron Minimal absorbance peaks shifted to typical type Il binding
produces a type Il spectrum. Taken together, the shift from spectrum. At higher pH values, only type Il binding spectra
protonated to unprotonated methoxyphenethylamine as awere observed with a peak at 435 nm and a trough at 416
function of pH produces a shift from type | to type Il binding nm.
spectrum. Surprisingly, 3-methoxyphenethylamine binding as a func-
Whereas the protonation state of the methoxyphenethyl-tion of pH revealed two K, values when each data set was
amine determines the type of binding spectrum observed,fit to eq 4 (Table 3). On the basis of the model, the transition
the actual titrant concentration determines the obselged  from type | to type Il spectra at pH7.5 marked the shift
value @8). The trueKs value for protonated methoxyphen- from protonated methoxyphenethylamine to unprotonated
ethylamine is obtained at sufficiently low pH (absence of methoxyphenethylamine Ka= 8.9). The correctet{s value
the unprotonated form). As the pH increases, the actual (22uM) indicates high affinity for unprotonated 3-methoxy-
concentration of protonated methoxyphenethylamine de- phenethylamine. The loweikq (6.6) is derived solely from
creases, resulting in a rising observisd value, whose  type | spectra; thus thisqa reflects the titration of an enzyme
asymptote is determined by th&pof the basic amine. This ~ group involved in the formation of the binary complex for

relationship is described by eq 3, where rising pH results in protonated 3-methoxyphenethylamine. This apparkab
an enzyme residue is much higher than the expedtaap

Ks obe= Ks cort Ks co '10(pH—pKa) (3) Asp301 [3.09 for the free acidB()] that has been hypoth-
' ' ' esized to play a role in binding. In the absence of any
a loss in binding. This equation provides the tie or structural information, the identity of this enzyme residue is
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Ficure 2: Binding spectra resulting from the spectral shift of heme absorbance upon formation of the binary complex. (A) Type | binding
spectrum reflects titration of 4-methoxyphenethylamine with 0, 4, 12, 24, 44, 74, 114, 164, 224, 324, 474, 674, 874, ahl titiFier.
(B) Type Il binding spectra reflects titration of 3-methoxyphenethylamine with 0, 4, 12, 24, 44, 74, 119, 164, 263, 364, 514, 714, and 1010
uM titrant. The spectra were measured in a system containingM.@urified recombinant P450 2D6 in 100 mM potassium phosphate,

pH 7.4, containing 5&M DPLC at 25°C.
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Ficure 3: Spectral shift of heme absorbance upon 3-methoxyphenethylamine binding at pH 7.0. Initially, a type | binding spectra (A) was
observed at low substrate concentrations (4, 10, 18, 28, 40, 60, 90, 130, apd1}.9@hich shifted to a type Il binding spectra (B) at
higher titrant concentrations (290, 440, 590, 790, 990, 1190, and 2890The spectra were measured in a system containing:®10
purified recombinant P450 2D6 in 100 mM potassium phosphate, pH 7.0, containjmigl ®PLC at 25°C.

Il spectra for 4-methoxyphenethylamine were very different,
0.060 versus 0.002, respectively. The greater type | amplitude
essentially masked the type Il spectral amplitude. Kbg,r

Table 3: Binding Parameters for Methoxyphenethylamines As
Determined (Equations 3 and 4)

firant form Koo PG lue f tonated 4-methoxyphenethylamine (type i
. value for unprotonated 4-methoxyphenethylamine (type
8-methoxyphenethylamine ~protonated ~ B2 = 6.6+0.1 binding spectra) is based on the average of thegsvalues
(u=0.19) (74£5) (6.3+£0.1) _ _ )
unprotonated 221  8.9+0.2 determined at pH> pK,, which differed by less than 5%.
4-methoxyphenethylamine  protonated w5  7.9+0.1 These data were fit to eq 3, and the results are summarized
unprotonated 1§ 1? in Table 3. On the basis of the nature of the spectral shift
?Kscorreflects the average of thrég; values determined at pk+ during binding, this K reflects the basic amine of 4-meth-
PKa (Figure 1). oxyphenethylamine, which is lower than for 3-methoxyphen-

ethylamine, 7.9 versus 8.9, respectively. The more pro-
unclear at this time. The loss in binding is not likely nounced effect for 4-methoxyphenethylamine reflects subtle
attributable to protein unfolding as evidenced by the absencedifferences between their respective enzyrtigant interac-
of this effect during 4-methoxyphenethylamine binding (vide tions. This conclusion is further substantiated by the lack of
infra). The correctets for protonated 3-methoxyphenethyl- a second titratable group at lower pH as observed during
amine is almost 2-fold the value determined for unprotonated 3-methoxyphenethylamine binding. Furthermore, the differ-
3-methoxyphenethylamine, 37 versus &4, respectively. ence in affinity of P450 2D6 for protonated and unprotonated
In other words, the nonsubstrate unprotonated 3-methoxy-4-methoxyphenethylamine is more significant than that
phenethylamine has a higher affinity for P450 2D6 than the observed for 3-methoxyphenethylamine. Although the af-
protonated substrate. finity for unprotonated 4-methoxyphenethylamine is rela-
As implicated in the model, 4-methoxyphenethylamine tively high (Kscor = 15 uM), the affinity for protonated
binding as a function of pH revealed a singl,pelating to 4-methoxyphenethylamine is 8-fold loweéddcor= 125uM).
the transition from type | binding spectra to type Il binding Similar to 3-methoxyphenethylamine, P450 2D6 displays a
spectra (Figure 1). Unlike the binding of 3-methoxyphen- higher affinity for the unprotonated nonsubstrate over the
ethylamine, the spectral amplitudes for the type | and type protonated substrate.
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Whereas the accepted paradigm involves substrates posbinding spectra at pH 8.37 revealed no effeckgnpswhen
sessing a basic nitrogen, it is clear that P450 2D6 not only the ionic strength was increased from 0.24 to 0.44 upon
binds the unprotonated substrates but also facilitates theaddition of 200 mM KCI.
formation of the unprotonated species by decreasingkhe p The correcteKs values introduce an important consid-
for the amine group. These values are significantly lower eration for catalytic studies, typically performed in 100 mM
than those reported for these compounds in solution (Tablepotassium phosphate buffer at pH 7.4. Substrate oxidation
2). A mechanism for this effect relates to the formation of by P450 2D6 apparently relies on the protonation of the
the enzyme-titrant complex, specifically the milieu of the amine to properly orientate the substrate; however, the
P450 2D6 binding site. On the basis of models of P450 2D6 unprotonated form of the substrate ligates the heme iron and
(4—7), the binding pocket involves a hydrophobic cavity thus acts as a competitive inhibitor. In the case of methoxy-
interspersed with hydroxyl groups originating from serines phenethylamine, the oxidation of the protonated substrate
and threonines. It is possible that these hydroxyl groups couldoccurs in the presence of the unprotonated inhibitor whose
act as general bases to remove the proton and shuttle it outoncentration depends on pH. Under typical buffer conditions
of the active site, or even the ligation of the free amine with (100 mM potassium phosphate, pH 7.4), the amount of
the heme may drive the equilibrium to the unprotonated inhibitor present (i.e., unprotonated form) during 3-methoxy-
species. If the shift in g, was related to the interaction with  phenethylamine oxidation is 3% of the total concentration
the heme, then the titration of heme alone with methoxy- of 3-methoxyphenethylamine. More significantly, the lower
phenethylamines as a function of pH may reveal a shift in pK, for 4-methoxyphenethylamine indicates that 24% of the
the observed Ig, for the methoxyphenethylamines of this substrate is unprotonated under assay conditions.
study. However, a titration with unbound heme was incon-  This scheme introduces two important considerations for
clusive due to poor binding<s > 10 mM; data not shown).  catalytic studies. First, without prior knowledge of the
In addition, P450 2D6 could also perturb thEpfor the equilibrium state of the substrate, the determination of steady-
hydroxyl groups of the hydroxyphenethylamines, although state parameters yields only apparent values, because the
evidence for this prospect is not possible with these types presence of unprotonated inhibitor masks the correct steady-
of experiments. This effect has no precedent in P450 2D6 state parameters. Second, the observed steady-state parameter
studies or P450 studies in general and thus requires carefuls sensitive to the ionic strength of the reaction medium. As
consideration in studies concerning catalysis and inhibition. indicated by the KCI studies, binding of the protonated

Another consideration for these studies is the issue of ionic substrate is more sensitive to the ionic strength than the
strength. Many P450 studies (and most if not all P450 2D6 unprotonated inhibitor. Thus, changes in ionic strength
studies) assay P450 activity in 100 mM potassium phosphatemodulate the formation of enzymasubstrate and enzyme
buffer at pH 7.4, which serves as a model for physiological inhibitor complexes.
conditions. Varying the pH alters the ionic strength of the A complement to this work would be the demonstration
medium if the concentration of the buffer is held constant. of a similar K, shift during catalytic turnover3t, 32).

The ionic strength of a 100 mM potassium phosphate solution Unfortunately, the complexity of the catalytic cycle makes
varies from 0.110 at pH 6.0 to 0.245 at pH 10.0. Binding the interpretation of such data very difficult. An analysis of
interactions that involve charges and polar contacts, such assteady-state turnover as a function of pH would reveal
between the protonated amine of the phenylamines and artitratable groups involved in the oxidation of NADPH by
enzyme residue(s), would be more sensitive to changes inNPR, in facilitating the interaction between NPR and P450,
ionic strength. Since the unprotonated form of the phen- and in the oxidation of substrate by P450, which involves
ethylamines coordinates through an uncharged amine, themultiple proton transfer steps to form the activated perferryl
affinity for P450 2D6 should not be significantly affected species.

by changes in ionic strength. Steady-State Kinetics of Phenethylamine Oxidation by

The different binding modes for the two forms of the P450 2D6. Although P450 2D6 is capable of bot®-
phenethylamines were confirmed through binding studies for demethylation and ring hydroxylation reactions, the oxidation
3-methoxyphenethylamine, where the ionic strength was of methoxyphenethylamines involves the sequen@al
increased upon addition of KCI (Figure 1). On the basis of demethylation of these substrates to the corresponding
the type | binding spectra, the observikd values were hydroxyphenethylamines, followed by ring hydroxylation to
dependent on the ionic strength. At pH 6.06 the addition of 3,4-dihydroxyphenethylamine (Scheme 1, Figures 4 and 5,
80 mM KCI increaseds opsfrom 181 to 212uM, whereu Table 4). The ring hydroxylation of methoxyphenethylamines
increased from 0.11 to 0.19. At 200 mM KClI (final = did not occur at a rate sufficient for detection, which may
0.31),Ks onswas 256uM. Since the ionic strength varies from  reflect the role of steric factors or energetics. Despite similar
0.105 to 0.127 as the pH increases from 5.76 to &&6ps parameters for th®-demethylation of the methoxyphen-
was determined at a constant ionic strength of 0.19 (the sameethylamines, the oxidation of the hydroxyphenethylamines
value for reaction buffer, 100 mM potassium phosphate at demonstrated different steady-state kinetics.
pH 7.4). These data were then fit to eq 4, yieldigcor = Data from both theD-demethylation of 3-methoxyphen-
74 uM and K, = 6.3. On the basis of these values, #e ethylamine and the ring hydroxylation of the hydroxyphen-
for the protonated form of 3-methoxyphenethylamine is 80 ethylamine product are displayed in Figures 4 and 5. Only
uM, not 221uM shown in Table 1, because this value was the data for th@-demethylation of substrate could be fit to
derived from a type Il binding spectrum. As for 4-methoxy- the Michaelis-Menten equation due to a sharp decrease in
phenethylamine binding, the observed type | binding spectrathe observed rate of 3,4-dihydroxyphenethylamine produc-
at pH 7.4 provide the apparent binding constant for this tion. Rates for 3-methoxyphenethylami@edemethylation
substrate. As expected, monitoring the formation of type Il began to decrease at high substrate concentrations; thus only
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FiGure 4: (A) Saturation curve of P450 2D6-mediated oxidation of 3-methoxyphenethylamine to 3-hydroxyphenethy@nzind 8,4-
dihydroxyphenethylamineQ). The data were fit to the standard Michaeldenten equation (solid line). (B) Saturation curve of P450
2D6-mediated oxidation of 3-hydroxyphenethylamine following the formation of 3,4-dihydroxyphenethylan)inéhge data were fit to
the standard MichaelisMenten equation (solid line). The activity was measured in a system containipd/Opdirified recombinant P450
2D6 and 1.uM rat NPR in 100 mM potassium phosphate buffer, pH 7.4, withu®80DPLC at 37°C.
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FiGurRe 5: (A) Saturation curve of P450 2D6-mediated oxidation of 4-methoxyphenethylamine following the formation of 4-hydroxyphen-
ethylamine @) and 3,4-dihydroxyphenethylamin®). The data were fit to the standard Michaelldenten equation (solid line). (B)
Saturation curve of P450 2D6-mediated oxidation of 4-hydroxyphenethylamine following the formation of 3,4-dihydroxyphenethylamine
(O). The data were fit to the standard Michaelidenten equation (solid line). The activity was measured in a system containindv/0.4
purified recombinant P450 2D6 and 1u® rat NPR in 100 mM potassium phosphate buffer, pH 7.4, withruB0DPLC at 37°C.

Table 4: Michaelis-Menten Kinetic Parameters for the Oxidation of Phenethylamines

substrate product Keat (Min™2) Ku (uM)
3-methoxyphenethylamine 3-hydroxyphenethylarhine 27+1 160+ 17
3-hydroxyphenethylamine 3,4-dihydroxyphenethylamine BR1 67+ 7
4-methoxyphenethylamine 4-hydroxyphenethylamine +3P 111+ 5
4-hydroxyphenethylamine 3,4-dihydroxyphenethylamine +186 1630+ 80

aData used in the fit were taken at substrate concentratief@0 uM.

substrate purity rules out the possibility of a contaminant
fit. The keo Values for these substrates were 32 thiand (Supporting Information). Most likely, the key lies in the
27 min1, and theKy values were 16(«M and 110uM, microscopic rates that comprise the complex steady-state
respectively (Table 4). In contrast, the use of 3-hydroxy- cycle for P450 2D6. Possible rate-limiting steps in P450
phenethylamine as the sole substrate did not produce thecatalysis include substrate binding, reduction, oxygen binding
decrease in turnover rate as observed during 3-methoxyphento ferrous P450, addition of the second electron to the system,
ethylamine oxidation within a similar range of assayed rearrangement to the final active oxygen specieskH®ond
concentrations. A higher maximal rate for 3,4-dihydroxy- cleavage, product release, and any protein rearrangements
phenethylamine production was observed during 3-methoxy- (33, 34). Little information is available about the rate-limiting
phenethylamine oxidation rather than 4-methoxyphenethy- step(s) in the P450 2D6 catalytic cycle. A more in-depth
lamine oxidation, even though tlkg, value for 4-hydroxy- analysis of microscopic rates contributing to steady-state
phenethylamine hydroxylation was 5-fold the respective turnover is the focus of future studies in this laboratory.
value for 3-hydroxyphenethylamine. The observation of 3,4-dihydroxyphenethylamine forma-
An explanation for the catalytic inhibition is not forthcom-  tion during oxidation of the methoxyphenethylamines is
ing in the absence of further study. The confirmation of striking in light of the data for hydroxylation of the

rates measured witkk400 uM substrate were used in the
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hydroxyphenethylamines. For example, the rate of 3,4- the P450 content was quantitated. It is unclear what the ratio
dihydrophenethylamine formation at 100 3-methoxy- of P450 to reductase was in their studies. In contrast, we
phenethylamine (about half th&, for 3-methoxyphenethyl-  reconstituted individually purified P450 2D6 and rat reduc-
amine) was~1.8 min L. To obtain this rate based on steady- tase at a ratio of 1:2.5.

state studies of 3-hydroxyphenethylamine oxidation, the pg50 2D6-Catalyzed N-Dealkylationslthough typical
effective concentration of 3-hydroxyphenethylamine must be p450 2D6 oxidations occur-57 A from the basic nitrogen

48 uM. At its maximal rate P450 2D6 produces i 3,4- of the substrate, there are exceptions in which P450 2D6
dihydroxyphenethylamine from 3-methoxyphenethylamine. catalyzesd\-dealkylations {4). For example.-(—)-deprenyl

The data for 3,4-dihydroxyphenethylamine formation during undergoes botiN-demethylation andN-propargylation by
4-methoxyphenethylamine demonstrate a similar trend. In p450 2D6 85). The authors hypothesized that the protonated
effect, the hydroxyphenethylamines are oxidized more form of the substrate binds P450 2D6 but is not in a
rapidly during the sequential oxidative mechanism than the productive conformation for oxidation to occur; however,
independently determined oxidation of hydroxyphenethyl- the equilibrium of the two forms of the substrate produces
amines. There is a distinct difference between the two the unprotonated species, which undergoes oxidation. This
mechanisms. The rate of 3,4-dihydroxyphenethylamine for- proposition was founded on the low basicity and low redox
mation during oxidation of the methoxyphenethylamines does potential of tertiary amines. Our study indicates that the
not include any steps prior to formation of the Michaelis pinding event itself is able to decrease the basicity of the
complex. The observed rate includes the chemistry step andsupstrate amine (in this case an unsubstituted amine), thereby
any steps occurring after chemistry to recycle the enzyme. enhancing the availability of the unprotonated form of the
In contrast, the rate of 3,4-dihydroxyphenethylamine forma- sypstrate. It is conceivable that this effect also occurs with
tion from the hydroxyphenethylamines includes all steps of the substituted amine groups of substrates, thereby facilitating
the catalytic cycle. Unfortunately, the inhibition of the N.dealkylation reactions. The variability on the magnitude
reaction at higher substrate concentrations prevents angf the K. shift as demonstrated by the methoxyphenethy-
accurate determination of the rate difference, although it is |amines indicates complex enzymsubstrate interactions,
clear that steps prior to chemistry contribute to the observedgch that predictions for this effect would be difficult.

rate of substrate turnover. Concluding RemarksThe role of P450 2D6 in drug

f Ano'Fher |nterest;]r)ghobserg/atlon is the decrgase n pmd_uﬁtmetabolism has made understanding P450 2D6 catalysis a
ormation rates at higher substrate concentrations, especiallyt, . s of intense research. In this study we investigated two

during 3-methoxyphenethylamine oxidgtion (Figures 4 and characteristics of P450 2D6 activity using methoxyphen-
5). Although a contaminant could explain the obse_rved trer_1d, ethylamines as model substrates. First, the oxidation of these
these substrates _haql been ca_refully _re_zf:rystalhzed,_ Wh'Chsubstrates was relatively rapid and efficient. g of 32
would lessen the likelihood of this possibility. Alternatively, min-is higher than any other reported P450 2D6 reaction

substrate may inhibit catalytic turnover by binding in an a5 hrising finding of both protonated and unprotonated

unp;oduc::ve. con;ormatlohn. In light of t_he blpdlnghstudlﬁs, forms of potential substrates marks a significant consideration
we hypothesize that as the concentration of methoxyphen-¢, p45q stydies in general. In this study, the unprotonated

ethylamines i_ncreases_, the amount of unpro_tonated_ methOXy'i‘orm of the substrate would act as a competitive inhibitor
phenethylamine also increases such that it effectively out- , in g steady-state turnover. Second, P450 2D6 catalyzed
competes the_ poorer binding protpnated fpr of the r_net.r.\oxy- both O-demethylation and ring hydroxylation reactions in a
phenethylamine. As expeqted, this effect is more significant selective manner, where the former reaction was favored by
for 3-methoxyphenethylamine turnover than 4-methoxyphen- yo |atter. These types of multiple oxidations are common

ethylamin_e tu_rnover. . for P450 2D6. The kinetic and binding properties investigated
The oxidation of the hydroxyphenethylamines demon- i, w,iq yreport are of interest in the characterization of other

strated a high selectivity with respect to the position of the g hqirates oxidized by P450 2D6 and the oxidation of amines
hydroxyl group (Table 4). Plots of the rates of 3,4- by P450s in general.

dihydroxyphenethylamine formation as a function of 3-hy-
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