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ABSTRACT. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a neurotoxin that produces Parkinsonism
symptoms in man, has been examined as a substrate of recombinant human cytochrome P450 2D6. When
cumene hydroperoxide is used as an oxygen and electron donor, a single product is formed, identified as
4-phenyl-1,2,3,6-tetrahydropyridine. Tl, for formation of this product (13@&M) is in agreement

with the dissociation constants for MPTP binding to the enzyme determined by optical and nuclear magnetic
resonance (NMR) spectroscopy. When the reaction is carried out with nicotinamide adenine dinucleotide
phosphate (reduced) (NADPH) and recombinant human NAB&bchrome P450 reductase, a second
product, identified as 1-methyl-4-¢hydroxyphenyl)-1,2,3,6-tetrahydropyridine, is formed in addition to
4-phenyl-1,2,3,6-tetrahydropyridine. THeg, values for formation of these two products are:29 and

120uM, respectively. Paramagnetic relaxation experiments have been used to measure distances between
the protons of bound MPTP and the heme iron, and these have been used to construct models for the
position and orientation of MPTP in the active site. For the cytochrome alone, a single mode of binding
was observed, with the N-methyl close to the heme iron in a position appropriate for the observed
N-demethylation reaction. In the presence of the reductase, the data were not consistent with a single
mode of binding but could be explained by the existence of two alternative orientations of MPTP in the
active site. One of these, characterized by a dissociation constant @M\,5@ essentially identical to

that observed in the absence of the reductase. In the second, whichkhasf 25 uM, the MPTP is
oriented so that the aromatic ring is close to the heme iron, in a position approprigtlydroxylation

leading to the formation of the product seen only in the presence of the reductase. In the case of codeine,
another substrate for cytochrome P450 2D6, the addition of reductase had no effect on the nature of the
product formed, the dissociation constant, or the orientation in the binding site. These observations show
that NADPH-cytochrome P450 reductase has an allosteric effect on the active site of cytochrome P450
2D6 that affects the binding of some substrates but not others.

The cytochrome P450s catalyze the monooxygenation of (Eichelbaum & Gross, 1990; Tucker, 1994), including a
a wide variety of compounds through the insertion of one number of clinically important drugs. It is responsible for
atom of molecular oxygen into the substrate, with the the so-called debrisoquine/sparteine-type polymorphism (Len-
concomitant reduction of the other atom to water. The nard, 1990; Meyeet al, 1990; Kroemer & Eichelbaum,
members of this family that occur in the endoplasmic 1995 Bertilsson, 1995) which occurs iR7% of the
reticulum of mammals plqy a central rqle in determining the caucasian population. This polymorphism has been associ-
response of the organisms to foreign chemicals, both teq with adverse, and in certain instances life-threatening,
therapeutic drugs and environmental contaminants. AMong yn,q side effects due to differences in metaboliem.(Price-
these, cytochrome P450 2D6 (C.YP ZDmetabolges a wide Evanset al, 1980). The commonest genetic defect at the
range of compounds containing a basic nitrogen atom CYP 2D6 locus in Caucasian populations arises from aberrant

licing, resulting in the intr ion of n an
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S0006-2960(96)02633-5 CCC: $14.00 © 1997 American Chemical Society



4462 Biochemistry, Vol. 36, No. 15, 1997 Modi et al.

Chart 1:  Structures of has been shown to be metabolized by CYP 2D6 by
MPTP (1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine), N-demethylation to 4-phenyl-1,2,3,6-tetrahydropyridine (Cole-
PTP (4-Phenyl-1,2,3,6-tetrahydropyridine), gr®H-MPTP manet al, 1996; Gilhamet al., 1997), implying that this
[1-Methyl-4-(4-hydroxyphenyl)-1,2,3,6-tetrahydropyridite]  sypstrate binds with its basic nitrogen close to the heme and
: hence relatively distant from Asp301 (in our models of the
* ’ CYP 2D6-codeine complex the carboxylate oxygens of
. , Asp301 are 811 A from the heme iron; Modét al., 1996a).
PTP We now report studies of the interaction of MPTP with
‘\ cytochrome P450 2D6 and the construction of a model for
the enzyme-substrate complex on the basis of NMR-derived
A . distance constraints. We show that the addition of human

in the mode of binding of MPTP to CYP 2D6 and in the
\ products formed, indicating that the interaction between these

3 T A two enzymes leads to an allosteric change in the active site
" s of CYP 2D6.
EH‘ u ’ MATERIALS AND METHODS
MPTP pOH-MPTP _ o _ _ _
‘\ Materials. His-Bind resin was obtained from Novagen;
o
&,

/ NII NADPH-—cytochrome P450 reductase leads to a change both
’ H

: PD10 and Mono Q (5/5) FPLC columns were from Phar-

macia. All media were obtained from Gibco. MPHZI

was purchased from SEMAT Biochemicals (St. Albans,

U.K.). Codeine, bufuralol, and thrombin were obtained from

2The numbering scheme used for the protons of MPTP is shown. Sigma; all other chemicals used were at least analytical grade.
Protein Expression and PurificationCytochrome P450

(endogenous or environmental) was involved in the patho- 2D6 for NMR experiments was expressed in a baculovirus/
genesis of this disease, and there is some evidence thaPfo cell system using the vector pMP462 described recently
supports this idea. First, cases of amyotrophic lateral (Paineet al, 1996; Modiet al, 1996a). The cDNA for
sclerosis and Parkinsonisrdementia found in three separate human NADPH-cytochrome P450 reductase was obtained
populations in the western Pacific region appear to be the from a human skin fibroblast cDNA library by PCR (Smith
result of slow-acting toxins present in the seed of@yeas et al, 1994). After amplification and digestion, the cDNA
plant used as a foodstuff (Spenaatral, 1993). Second, Was ligated mto the uquﬁdd/th sites of theEschgrlchla
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; Chart Coli expression plasmid pET15b (Novagen), which puts a
1), a contaminant of illicit meperidine preparations, causes Hiss linker and a thrombin cleavage site onto the N-terminus
Parkinsonism symptoms in man that are clinically identical Of the expressed protein. Both proteins were purified by
to those of the idiopathic disease (Ballatal, 1985), and  hickel—agarose affinity chromatography (Arnold, 1991) and
that are accompanied by very similar degeneration of the the His-tag was removed by thrombin cleavage as previously
dopaminergic neurons of trs compactaf thesubstantia ~ described (Modiet al, 1996a; Zhacet al, 1996). The
nigra (Burnset al.,, 1983; Langstoret al,, 1983), providing concentration of CYP 2D6 was measured by the method of
further evidence that such symptoms can indeed be produced®mura and Sato (1964) usirg= 91 mM™* cm™ at 448

by a neurotoxin. We and others have shown that CYP 2D6 nm for the reduced CO complex.

2

metabolizes and detoxifies MPTP (Colemenal., 1996; Isolation and Identification of MPTP Metabolite$n order
Gilhamet al., 1997) and that the enzyme is expressed in the to allow sufficient quantities of the products of CYP 2D6
susceptible neurons of treibstantia nigra(Gilham et al., action on MPTP to be isolated, 15 mL reaction mixtures

1997), providing a possible rationale for the association of containing 30uM CYP2D6 and 5 mM MPTP in 0.1 M
defective drug metabolism with increased susceptibility to phosphate buffer, pH 8.0, with either 6QfM cumene
Parkinson’s disease. hydroperoxide or 6&M human reductase and an NADPH
We recently reported the expression of CYP 2D6 in regenerating system (0.33 mM glucose 6-phosphate, 0.13
baculovirus and its purification in milligram quantities for MM NADP*, 0.33 mM MgC}, and 0.4 unit of glucose-6-
structural studies (Painet al, 1996; Modiet al, 1996a).  phosphate dehydrogenase) were incubated in open beakers
This allowed us to use NMR to determine distances from for 10 h. The reaction was stopped by the addition of 10
the heme iron to protons of a bound substrate, codeine, andmL of 1 M NaOH. The solutions were extracted twice with
to combine this data with a multiple sequence and structure 10 mL of ethyl acetate, and the combined extracts were
alignment of the known crystal structures of P450s to evaporated to dryness under nitrogen. The residue was
construct a model of the CYP 2B&odeine complex (Modi  dissolved in 5 mL of HPLC buffer (0.1 M sodium acetate,
et al., 1996a). Codeine binds to the enzyme so that the 0.075 M TEAHCI, adjusted to pH 2.7 with formic acid,
methoxy group is directly above the A ring of the heme, and 10% acetonitrile) and 1GQ was loaded onto an HPLC
while the basic nitrogen interacts with the carboxylate of column (Phase Sep, SCX 25@ 4.6 mm) and eluted
aspartate 301 (Ellist al, 1995; Modiet al., 1996a). Most isocratically. The isolated metabolites were identified by
2D6 substrates have a basic nitrogen, and it is likely that anNMR and mass spectrometry.
interaction between this and Asp301 is a common feature Optical SpectroscopyUV—visible spectra were obtained
of many CYP 2D6-substrate complexes. However, MPTP at 4°C as described previously (Modi et al., 1995a,b, 1996a).



MPTP Binding to Cytochrome P450 2D6

Equilibrium constants for substrate binding were estimated
by fitting the following equation [see.g., Heet al. (1991)]
to the changes in absorbance at 418 nm:

A
AA= 2—';""[E +S+Ky— (E+ S+ Ky — 4E9"]

1)

whereE andSrepresent the concentrations of CYP 2D6 and
substrate, respectivel\WA and AA., are the changes in
absorption at, respectively, the substrate concentr&aord

at saturating substrate concentration, Kp the equilibrium
dissociation constant of the enzymsubstrate complex.
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E,
LT
(Ryobs™ Ryd = Rys= m—+%(R1P,A —R)t
B
M(R —R,) (4)
Kd,B + S) 1P,B 1,f

whereRp A, RipgandKga, Kg g are the relaxation rates and

dissociation constants of MPTP bound in modes A and B.
The paramagnetic contributioRy p, to the relaxation rate

of the protons of bound substrate arising from the unpaired

electrons on the heme iron is related to the irpnoton

NMR' Spectroscopy Proton NMR measurements were istance by the SolomerBloembergen equation (Solomon

carried out predominantly at 600 MHz, using a Bruker g Bloembergen, 1956; Dwek, 1973; Jardetzky & Roberts,
AMX600 spectrometer; studies of the frequency dependencelggl):

of relaxation rates additionally involved measurements at 300
and 500 MHz. Paramagnetic relaxation experiments were

2.2 2
S+1 37,
carried out and the data were analyzed as described previR, ;= 1 _2n9 X ¥ / -

ously (Modiet al, 1995a, 1996a); the reduced enzyme was Tim 15 r° \1 + o’

prepared as described by Maial (1996b). Measurements 1T,

of T, were made at 4C by the inversion recovery method, ——| ()
fitting the data by a single exponential. After each set of 1+ ost,

experiments, optical spectra of the reduced CO complex were herer is the distance of the proton from the heme ir
measured to ensure that CYP 2D6 had not been convertedgnd are the nuclear and erl)ectronic Larmor fre uglnéies
into inactive P420 during the course of the NMR experi- s q '

ments. For a single mode of substrate binding (one MPTP rgspect!vely, ar.]QL" s the effect|ve_ correlation time of the
L . o : : . dipolar interaction. The assumptions underlying the use of
molecule binding to the active site in a single orientation),

the longitudinal relaxation rat® is given by [Modi et this equation are outlined in Jardetzky and Roberts (1981);
1,0bs ; : H
al., 1995a: see also Lian and Roberts (1993)]: see also Modet al. (1995a, 1996a). The correlation time

(rc) was estimated by measurig) p at three frequencies
(300, 500, and 600 MHz) and fitting eq 5 to the data; a value
of 3 x 1071° s was obtained.

Modeling of the Complexes of MPTP with CYP 2D&
set of models of the CYP 2BD6MPTP complex were
produced using a combination of homology modeling and
concentrations, respectivelyS( > Ep), and Ky is the distance restraints obtained from the paramagnetic relaxation
dissociation constant of the enzymsubstrate complexR, p data. The approach adopted was similar to that used
is the paramagnetic contribution to the relaxation rate of the previously for modeling the CYP 2Dé€codeine complex
protons in the bound substrate (due to the unpaired electrondModi et al, 1996a). In brief, we used a structure-based
of the heme iron)Ry 4 is the relaxation rate measured under Multiple sequence alignment essentially identical to that in
the same conditions but with a diamagnetic control, in this Modi et al. (1996a) (differing only by the inclusion of P450
case the reduced carbon monoxide complex of the enzyme €rYF; see supporting information), together with the structures
and Ry is the relaxation rate of the free substrate. (The Of the four cytochromes P450 available from the Brookhaven
MPTP proton relaxation rates in the presence of the reducedProtein Data Bank (PDB; Bernstegt al, 1977; Abolaet
CO complex at the same concentrations were found to be@l-, 1987): P450 cam (PDB accession number 2CPP; Poulos
identical to those in buffer, indicating that the diamagnetic ©tal,1987), P450 terp (1CPT; Hasemztral, 1994), P450
contribution to relaxation was negligible.) Fitting eq 2 to BM3 (2HPD; Ravichandraret al, 1993), and P450 eryF
measurements oR{ ops— R1q) as a function of protein and/  (1OXA; Cupp-Vickery & Poulos, 1995). A total of 120
or substrate concentration provides estimateé,aindRy s models were produced and refined using the program
the concentration ranges used were3D uM enzyme and MODELLER (Sali & Bl'undel'l, 1993); thesg con_S|sted of four
1-30 mM MPTP. When the binding of MPTP is measured sets of models, having either the basic nitrogen or the

in the presence of bufuralol, the appargafor MPTP,Kg app ar%ma_tirclz ring ?; MPTP close_ to ghe hemehirotr:, k_)oth_ with
is related to the true dissociation constarguere and and without a distance restraint between the basic nitrogen

K puturaos Dy (Birdsall et al., 1981): and thg carboxylate of Asp 301. These models were built
containing only heavy atoms&é., no hydrogens), as the four

crystal structures on which the models are based do not
contain hydrogen atoms, and in any case the resulting models
are likely only to be a first approximation to the three-
dimensional structure of CYP 2D6. The position of the
For the case in which only one molecule of MPTP can bind MPTP was defined partly by nonbonded intermolecular
to the active site of the enzyme, but in one of two alternative interactions between itself and the protein or the heme, partly
orientations, A and B, eq 2 is replaced by by the distance restraints derived from the paramagnetic

E
(Rl,obs_ Rl,d) —Ry= KdTSO(Rl’P_ Rl,f) (2

where E; and & are the total enzyme and substrate

K
Ka,app= Kamprp T [bufuranI]Kd’ﬂ

d,bufuralol

®3)
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‘é,,_(‘) ,,,,,,,,,,,,,, C‘) ,,,,,,,,,,,,,, | Table 1: Substrate Binding to Recombinant CYP 2D6
0.3—5 s n ? substrate methad Ka (uM)
‘w e - MPTP optical 1104 12)
o -7 B NMR 149 ( 22)
[ ] P NMR competition 1294 38)
0.2 - B bufuralol optical 2.24£0.3)
« . d NMR competition 2.440.4)
< E /‘ " codeine optical 7.4%0.7)
0.1 L / L aQOptical: from absorbance changes at 418 nm;-&t@GuM enzyme
f (eq 1). NMR: from paramagnetic relaxation effects on MPTP protons,
L at 30uM enzyme (eq 2). NMR competition: values calculated using
F eq 3 from NMR-determined appareiig values for MPTP at various
0 , ‘ , ‘ , concentrations of bufuralol. All experiments were carried out ¥4
0.0 0.2 0.4 0.6 0.8 in 0.1 M phosphate buffer, pH 8.0.
So (mM)
Ficure 1: Changes in absorbance at 418 nm for CYP 2D6 (5.2 20 A L 1.6
uM) in 0.1 M phosphate buffer (pH 8.0) at€ as a function of O
the concentration of MPTR®(), codeine B), and bufuralol Q). — , e
The lines are the least-squares fits of eq 1 to the data. o sl 1.2 ;
5]
relaxation data, and in two of the four sets of models, partly N O 2
by the distance restraint (range 245 A) between the basic '3 10 \. O, o 08 2
nitrogen of MPTP and OD1 on Asp 301. The conformation R O o a,
of bound MPTP was determined by these interactions and x: i . 0.4 _-
by the bond length, bond angle, torsion angle, and improper - - e __ __
angle terms in the CHARMM force field used in MOD- 0 T 0
ELLER. A total of 16 experimental restraints, defining 8 0 10 20 30
. _ S (mM)
upper and 8 lower distance bounds, were used; these were
defined in terms of the carbon atom to which the respective B
proton is bonded. Lower bounds were then defined as the 51 ‘ ‘
experimentally determined FeH distance minus 10% (a ~ 410
liberal estimate of the possible error in this measurement) b Eo
minus 1 A (the CH bond length), and upper bounds as the 2 3
experimentally determined distance plus 10% plus 1 A. For ) SR
the magnetically equivalent aromatic protons (H8 and H10; Z 24 'y O\
H7 and H11) an additional correctiorf 8 A was added. 2 b .
Conformational clustering of the final models, and identifica- " ! } .. N Q. ol
tion of structures “representative” of the ensemble of models, 0 ‘ : B R I
were performed using the program NMRCLUST (Kelkty 0 4 6 8 10 30
al., 1996). S (mM)
FIGURE 2: Measured spinlattice relaxation rates for protons of
RESULTS AND DISCUSSION MPTP as a function of l\aPTP concentration in the pres%nce of CYP

Binding of MPTP and Bufuralol to CYP 2D60n addition ~ 2D6 in 0.1 M phosphate buffer, pH 8.0, at@. (A) With 30uM
of increasing concentrations of _the subs'Frates MPTP or %YO'? 55 g' to’ zhcés:ipg)ing:egnTAI E'Qtis. rfg)rﬁﬁﬂt;gﬁ E?(%-Z%%ares
bufuralol to CYP 2D6, changes in the optical absorbance and 10quM P450 reductase:@) -NCHs, (O) COH. Lines represent
spectrum typical of the “type I” spectral changes seen on the least-squares fit of eq 2 to the experimental data, yielding
substrate binding to cytochromes P450 are observed: the= 149uM for -NCH; andKqy = 25 uM for COH.
intensity of the Soret band of the oxidized enzyme at 418
nm decreases, while the intensity of bands at 390 and 650in R, gssas a function of reciprocal temperature was observed,
nm increases (data not shown). The dependence of theselemonstrating that the fast exchange condition is satisfied
optical changes on substrate concentration (Figure 1) canin this case (data not shown). The averagge value
be used to estimate the equilibrium constant for substratedetermined from measurements on all the protons of MPTP
binding; the values obtained for MPTP, codeine, and (Figure 2)is 14%M, in reasonable agreement with the value
bufuralol are summarized in Table 1. The magnitude of the obtained from optical spectroscopy. As can be seen from
change in absorbance is in each case consistent with arable 1, MPTP binds weakly compared to bufuralol or
complete spin-state conversion at saturating substrate concodeine. Further confirmation that MPTP does bind in the
centrations. The equilibrium constant for MPTP binding can active site was obtained by carrying out competition experi-
also be determined from the concentration dependence ofments between MPTP and the well-known CYP 2D6
the paramagnetic relaxation effects of the heme iron on the substrate bufuralol, using spitattice relaxation measure-
MPTP protons, provided that exchange of the substrate ments. The dependence of the relaxation rate of MPTP
between the free and bound states is sufficiently rapid. The protons on MPTP concentration was measured at each of
spin—lattice relaxation rateR; .n9 of MPTP protons in the  seven bufuralol concentrations, and eq 2 was fitted to the
presence of the enzyme was measured in 0.1 M phosphatelata for each MPTP resonance to obtain values of the
buffer, pH 8.0, over the range 2#293 K; a linear increase  apparent dissociation constandy,, for MPTP at each
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mVolts
SI[0AW

20 ‘ of the 5 d electrons of the iron to give a net spin’ff
~ ~ 90
190 field ligand leads to maximal unpairing of the d electrons to
b give a net spin of/,. These changes in the optical spectrum
manner involving displacement of the coordinated water
molecule and hence typical of a substrate.
| 2D6 on MPTPR As reported earlier (Gilharet al., 1997),
when MPTP is incubated with recombinant CYP 2D6 in the

4 whereas on substrate binding the absence of such a strong-
0] [50 are thus consistent with MPTP binding to CYP 2D6 in a
110 L

B —» | 30

o Identification of the Products Formed by the Action of CYP

20 |
°1h
a

0 4 8 12 16 2 presence of cumene hydroperoxide as oxygen and electron

Time  (min) donor, a single metabolite is observed on HPLC separation
FiGUrRe 3: HPLC profiles of (a) MPTP, (b) an extract of a reaction  of the ethyl acetate extract of the reaction mixture (Figure
mixture containing MPTP, CYP 2D6, and cumene hydroperoxide, 3). However, when the incubation was carried out with

and (c) an extract of a reaction mixture containing MPTP, CYP
2D6, P450 reductase, and an NADPH-regenerating system. TheNVADPH—Cytochrome P450 reductase and an NADPH-

arrows indicate the relevant scales; trace ¢ has been offset verticallyregenerating system in place of cumene hydroperoxide, an
by 25 mV for clarity. additional metabolite was observed (Figure 3).

The metabolite observed in both incubations has been
identified by mass spectrometry (mass 158,173 for
MPTP) and NMR (Figure 4) as 4-phenyl-1,2,3,6-tetrahy-

bufuralol concentration (see supporting information). These
Ka.app Values were found to increase linearly with the

bufuralol concentration, as predicted by eq 3, and Khe - A
values for MPTP and bufuralol binding obtained from the dropyridine (Chart 1, PTP; Gilhaet al, 1997). In the NMR

analysis of the data in terms of eq 3 agreed well with the SPECtrUm of PTP, the pairs of methylene protons on carbons
values obtained for the two ligands separately by optical and 2: 3: and 6 are more nearly magnetically equivalent than in
NMR methods (Table 1). This demonstrates that MPTP and MPTP. This can be explained by more rapid nitrogen
bufuralol compete with each other for binding to the same INVersion and/or ring inversion in PTP than in MPTP; similar
site on CYP 2D6. shift differences are seen on comparing piperidine and

The changes in the absorbance spectrum on substraté\-methylpiperidine (Booth, 1969)._The additional metabolite
binding have been attributed to a change in spin state of theformed when P450 reductase is used as the source of
heme iron from low spin§ = ¥,) to high spin & = ) electrons has a molecular mass of 189 (compared to 173 for
(Dawson, 1988; Sariaslani, 1991). The crystal structures of MPTP), suggesting that it is a hydroxylated metabolite of
cytochromes P450 show that in the absence of substrate &MPTP; the NMR spectrum of this compound (Figure 4)
water molecule (or a hydroxide ion) is present in the sixth shows that it has an electronegative substituent apéne
coordination position of the heme iroe.q., Pouloset al., position of the phenyl ring, while the resonances of the
1987; Ravichandraet al, 1993), and this is expelled on tetrahydropyridine ring protons appear at the same positions
binding of the substratee@., Pouloset al., 1987; Modiet as in MPTP. This second metabolite is thus identified as
al.,, 1995a). The presence of a strong-field (aquo) ligand 1-methyl-4-(4-hydroxyphenyl)-1,2,3,6-tetrahydropyridine
axially coordinated to the iron atom leads to maximal pairing (pOH-MPTP; Chart 1).

S
. ijbu

N-CHy

C7,11H

\ qg,lOH
C5H
C6H C2H C3H
A ) . N

r T T T T T T T T T T T 1
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 ppm

Ficure 4: Proton NMR spectra (600 MHz) of MPTP (A) and its two metabolites PTP (B) and pOH-MPTP (C) in 0.1 M phosphate buffer,
pH 8.0, at 277 K.
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1996b); no such effect was detected with MPTP binding to
CYP 2D6, and relaxation experiments with the ferrous state
of the enzyme gave irenproton distances indistinguishable

Table 2: Paramagnetic Relaxation Times and Distances from the
Protons of Bound MPTP to the Heme Iron of CYP 2D6

protorf Tom (MS) r(A) ¢ i i
NCH TS 34602 from those obtained with the ferric state (data not shown).
-CZH“s 0.069 SE 0:0043 14 iﬁ 0113 Corresponding relaxation experiments were carried out in
C2HB 0.35 & 0.03) 5.8 & 0.1) the presence of NADPHcytochrome P450 reductase, in a
C3Hr 0.47 @ 0.04) 6.1 0.1) 2-fold excess over CYP 2D6, and the results are given in
C3H° 12¢0.1) 7.1¢0.2) Figure 2B and Table 3. Two features of these results cannot
EZHA 3'281&&062%2) EZ EE 8‘% be reconciled with a single mode of binding of MPTP under
CBHE 0.70 & 0.05) 6.5 0.2) these conditions. F_irst, while in the absen_ce of the reductase
C7H, C11H 3.940.3) 8.7 ¢0.2) the Ky values obtained from the relaxation data on each
C8H, C10H 1554 1.0) 11.0(0.3) proton are in good agreement (Figure 2A), this is not the
CoH 24812 11.9¢03) case in the presence of the reductase (Figure 2B). Estimates

2 See Chart 1 for proton nomenclature; the individual protons of the of K vary from 140uM for -NCHj3 to 25 uM for C9H of
methylene groups at positions 2, 3, and 6, indicated as A and B, have\pTp_ Second, the irorproton distances estimated on the
not been stereospecifically assigned. basis of a single mode of binding were found to be closely

similar for the two ends of the moleculied,, d(Fe----NCH,)

The K value for the formation of PTP was found to be = 3.4 A d(Fe---C9H)= 3.0 A], while protons in the middle
134 uM in reactions supported by cumene hydroperoxide of the molecule are 79 A from the iron (Table 3). Given
and 120uM with P450 reductase as electron donor; these the covalent geometry of MPTP, these distances cannot be
values are similar to one another and to evalues for accommodated by a single mode of binding. They can,
MPTP binding to CYP 2D6 alone determined by optical and however, be explained on the basis of two alternative modes

NMR spectroscopy (Table 1). Th&, value for the
formation of pOH-MPTP was measured as A9. This

of binding, by recalling that 7,y O 1/r® (eq 5), so that for
a given proton, the mode of binding in which this proton is

clearly suggests that in the presence of P450 reductase MPTR|oser to the iron will have a dominant effect on the

must form two different complexes with CYP 2D6, which
have different affinities and lead to different products.
Structural Studies of MPTP Bindingln order to obtain

relaxation. For example, if the -NGHjroup is close to the
iron in one mode of binding (denoted A) but more than twice
as far away in the other (B), the observed relaxation effects

direct evidence for possible alternative modes of MPTP will be dominated by mode A, and both the ireproton
binding to CYP 2D6, we have used measurements of thedistance and th&q will reflect essentially only binding in
paramagnetic relaxation effects of the heme iron on the mode A. If, by contrast, COH is close to the iron in mode
protons of the MPTP to obtain estimates of distances betweenB and distant in mode A, its relaxation behavior will be
individual protons of the bound substrate and the heme iron, dominated by binding in mode B and will give a distance

as described previously for P450 BM3 and 2D6 (Metli

and aKy value apparently inconsistent with the values

al., 1995a, 1996a,b). The paramagnetic contribution to the obtained from the -NCkiresonance. The data were quan-

proton spin-lattice relaxation rates of the bound substrate
were determined by fitting eq 2 to data of the kind shown in
Figure 2. Experiments were carried out at two different

titatively analyzed in terms of a “two binding mode model”
by fitting the concentration dependence of relaxation for all
the resonances with eq 4, which corresponds to a model in

protein concentrations (1 and 30M) to permit precise
measurements for all the resolved proton resonances.

which only a single MPTP molecule can bind to the enzyme,
but in two alternative orientations. This equation was able
The spin-lattice relaxation times of the bound substrate, to fit the data for all the protons of MPTP with two values
Tim, and the estimated irerproton distances for MPTP  of Ky, 149 @&22) uM for mode A (in which the N-methyl
bound to CYP 2D6 in the absence of the reductase aregroup is close to the iron), and 2%38) uM for mode B (in
summarized in Table 2. These measurements give a verywhich C9H is close to the iron), and gave distances which
clear indication of the orientation of the MPTP molecule in were consistent with the structure of MPTP.
the active site of the enzyme, the protons of the N-methyl The Tiu values and the derived distances obtained from
group being only 3.4 A away from the heme iron, while the this analysis are given in Table 3. The mode of binding
ring protons of phenyl group are-42 A away. This is denoted A is clearly essentially identical to that observed in
clearly in accord with the observation that CYP 2D6, with the absence of reductase, in terms of the position and
cumene hydroperoxide as oxygen and electron donor,orientation of the substrate. Tl for mode A binding is
catalyzes N-demethylation of MPTP. As noted above, for very similar to that calculated in the absence of reductase
MPTP binding to CYP 2D6 alone, thi€; estimated from and also to thé&ky value associated with the formation of
the NMR data is in satisfactory agreement with that obtained PTP, whether in the presence or absence of reductase. In
from optical spectroscopy (Table 1); fitting the NMR data mode B, however, MPTP binds almost 10-fold more tightly,
with a version of eq 2 in which the stoichiometry is a varaible and in a very different orientation, with thgara position of
gave an estimate of 1.0:0.2) molecules of MPTP bound the aromatic ring closest to the iron. This orientation
per molecule of CYP 2D6. Thus under these conditions there corresponds to that expected for the formation of the second
appears to be a single mode of binding of MPTP molecule, product, pOH-MPTP, which is hydroxylated in thgara
in a position and orientation which correctly predicts the position of the aromatic ring, and indeed tkg estimated
formation of an N-demethylated product. We have recently for this mode of binding is close to thk, value for
shown that, in the case of cytochrome P450 BM3 from formation of this product.
Bacillus megateriunthere is a substantial movement of the  Structural Models of the CYP 2B@MPTP Complexes
bound substrate on reduction of the enzyme (Meidal, Models for the two modes of binding of MPTP to CYP 2D6
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Table 3: Paramagnetic Relaxation Times and Distances from the Protons of the Bound MPTP to the Heme Iron of CYP 2D6 in the Presence
of Human P450 Reductase

two alternative modes of bindifig

single binding mode A B
proton Tom (MS) r (A) Tom (MS) r () Tom (MS) r (A)
—NCH;, 0.014 ¢ 0.002) 3.440.2) 0.013 & 0.002) 3.440.2) 315 & 2) 12.4 (- 0.6)
C2H 0.069 (£ 0.004) 454 0.1) 0.0684 0.004) 4.440.1) 16.2 & 1) 11.1 6 0.5)
C2He 0.36 & 0.03) 5.9 & 0.1) 0.34 (£ 0.04) 5.8 & 0.1) 145 1.2) 10.9 & 0.7)
C3H 0.52 (& 0.03) 6.2 & 0.1) 0.47 { 0.04) 6.1 0.1) 4.9 ¢0.2) 9.1 ¢ 0.4)
C3He 1.6 & 0.1) 7.5 0.2) 1.2¢0.2) 7.1 ¢ 0.2) 4.4 ¢ 0.2) 8.9 ¢ 0.2)
C5H 4.6 ¢ 0.2) 9.0 (£ 0.2) 1.9 (£ 0.3) 7.7 € 0.3) 2.9 0.2) 8.3 & 0.6)
CoHA 0.22 @& 0.02) 5.4 (0.1) 0.21 ¢ 0.02) 5.4 0.1) 12.0 {£ 0.8) 105 & 0.5)
C6He 0.74 (& 0.06) 6.6 & 0.2) 0.71 { 0.02) 6.6 & 0.1) 12.7 & 0.9) 10.6 &£ 0.5)
C7H, C11H 1.194 0.09) 7.2 0.2) 3.9 € 0.4) 8.7 € 0.2) 0.92 (- 0.08) 6.9 & 0.4)
C8H, C10H 0.08+ 0.005) 454 0.1) 14.8 { 1.5) 10.9 { 0.4) 0.075 & 0.007) 454 0.2)
COH 0.0069 £ 0.0006) 3.040.1) 25 & 2) 11.9 & 0.4) 0.0069 4 0.0005) 3.040.1)

2 From fitting data with eq 2° From fitting data with eq 4.

in the presence of P450 reductase were constructed by af MPTP and the carboxylate of Asp301 does not affect the
combination of homology modeling and the use of constraints positioning of MPTP in the binding site in binding mode A.
derived from the relaxation data [see Materials and Methods This is supported by the observation that the Asp30Asn

and Modiet al (1996a)]. As can be seen from Tables 2 mutant of CYP 2D6 catalyzes the N-demethylation of MPTP
and 3, the estimated distances for MPTP binding in mode A (with cumene hydroperoxide as oxygen and electron donor)
are essentially identical in the presence and absence of thext the same rate as does the wild-type enzyme (G. Smith,
reductase, and a single set of models was generated for thipersonal communication). The lack of this interaction
mode of binding. A total of 120 models of the CYP 2BD6  presumably contributes to the weaker binding of MPTP as
MPTP complex were generated: 40 with the basic nitrogen compared to bufuralol and codeine; in the case of codeine,

close to the heme iron (mode A), 20 of which included a NMR data shows that the basic nitrogen is close to Asp301
restraint for a possible interaction between Asp 301 and the (\jo(j et al., 1996a).

basic nitrogen (as observed for codeine; Eisal., 1995;
Modi et al., 1996), and 80 with the aromatic ring close to

the heme iron (mode B), 40 of which included a restraint
for a possible interaction between Asp 301 and the basic '€ 106 (9/15), Thr 107 (9/15), Leu 110 (11/15), and Leu

nitrogen (henceforth abbreviated “Aspl restraint”). These 121 (12/15) in “substrate recognition site 1" (SRS-1; Gotoh,
models were evaluated on the basis of their bonded and1992); Asp 301 (13/15), Ala 305 (15/15), and Thr 309 (11/
nonbonded interactions and their agreement with the NMR- 19) in SRS-4; Val 370 (8/15) in SRS-5; and Phe 481 (9/15)
derived distance restraints (and the Adprestraint where ~ and Phe 483 (13/15) in SRS-6.  In the “most representative”
applicable} The MPTP binding site (defined as side-chain Model [as defined by Kellegt al (1996)], the N-methyl
atoms closer than 5.0 A to the MPTP in the majority of carbon of MPTP is positioned 4.7 A away from the heme
models) is predominantly hydrophobic in nature in all iron (range 2.8-4.8 A across the set of 15 models), and the
models. MPTP lies across the A ring of the heme. In the N—CHs bond is oriented such that it could react with an
majority of the models, the N-methyl group of MPTP was 0xygen bound to the heme iron (Figure 5a,b).

in an equatorial orientation, as observed in the crystal For binding mode B, with C9H close to the heme iron,
structure of free MPTP (Kleiet al., 1985). Itis important 17 acceptable models were obtained, 9 with and 8 without
to emphasize that since the effect of the reductase on MPTPihe Asp-N restraint. Clustering the orientations of MPTP
binding most likely arises from changes in the conformation iy models from these two sets places the models into three
of the active site (see below), the models shown in Figure ¢|ysters, one cluster containing all those models generated
5, particularly that of binding mode B, can at this stage only ity the Asp-N restraint plus one determined without (10

be very approximate. o , models in total); the other two clusters contain models
Of the 40 models generated for binding mode A (with the  gaineq without this restraint (4 models in one cluster, 3 in

:\I—mgthyllgf MPJF; clogse tphthe gerge),. %15 Werﬁ diZc;arded, the other). Thus, in binding mode B, the introduction of
eaving models (9 with an without the N he Asp-N restraint does affect the positioning of MPTP in
restraint) that were taken as acceptable representations o he binding site. In the absence of the Adp restraint, the

the three-dimensional structure of the complex (Figure 5a,b). MPTP binding site consists of residues Leu 110 (in 6 out of

Clustering the orientations of MPTP in these models does8 models), Leu 121 (6/8), Ser 304 (5/8), Ala 305 (8/8), Thr

not distinguish between models with and those without the
- : . ; ; 309 (7/8), Val 370 (5/8), Phe 483 (8/8), and Leu 484 (5/8);
Asp—N restraint, although this restraint does increase the the side chain of Asp 301 is withi5 A of MPTP in 3 out

probability of the N-methy! group of MPTP adopting an axial of 8 models. In the most representative model, the nitrogen

orientation. Thus, it appears that introduction of a restraint . X
corresponding to an interaction between the basic nitrogenOf MPTP is 10.7 A from the heme iron (range 9.20.7 A .
across the set of 8 models). The C9 carbon of the aromatic

2 Confidence in residues-127 of the models is low, because of the ring is 4.3 A frqm the heme Irohn (r:ange 3_'ml'3 A)’ a'n(lzl the
absence of structural information for these residues. Coordinates of C9—H9 bond is oriented such that it could possibly react

the final models are available on email request to gcr@le.ac.uk. with an oxygen bound to the heme iron (Figure 5c,d).

In binding mode A, the MPTP binding site comprises
residues Pro 102 (in 10 out of 15 models), Pro 103 (11/15),




T -esed yoea ul uisioid eAmejuasaidal 1sow, auyy ul ans Buipuig d1dN 8y Buiul senpisal syl YIIM ‘UMOUS e S[apow au) |[e Ul Sajndajow d1d 8yl ( ‘p ‘q) U] "S|epow 8y} [le ul als
uIg dg.dIN 8y} Bulul senpisal syl yum ‘saul| %011 Aq pajousp ‘umoys si (966T “'[e 19 As]19y :1SNTOHINN weiboid ay) Buisn uoneiusio d1diN LANeluasaidal 1sow, ay) Se USSOYD) 9|nds|ow
—=d1dIA 3jBuis e ‘(8 ‘0 ‘B) U] "papnjoul JurensadgN-aY1 YIM ‘g apow Buipuig Ul pauiwia1ap S|apow [euly 6 8yl (1 ‘9) "urensal gy OU YIM ‘g Spow Buipuig Ul pauiwiaap S[apow [euly
UL mm.ov v 8pow Buipuig ul pauIlwla1ep s|gpow eull ST 8yl (g ‘e) ‘sensiow awsay ayl jo uomsodiadns Bumo|iol 90z dAD Uo als Buipuiq Sii Ul d1dIA 10 S|SPOW JO SMBIA0BISIS G FANDI4

4468 Biochemistry, Vol. 36, No. 15, 1997



MPTP Binding to Cytochrome P450 2D6 Biochemistry, Vol. 36, No. 15, 19974469

In the presence of the AsyN restraint, the MPTP binding  hydroperoxide as compared to NADPH and P450 reductase.
site comprises residues Leu 110 (in 9 out of 9 models), GIn Alternatively, the interaction of P450 reductase with CYP
117 (5/9), Leu 121 (9/9), Ala 122 (6/9), Asp 301 (9/9), Ser 2D6 might alter the structure of the active site sufficiently
304 (8/9), Ala 305 (9/9), Thr 309 (8/9), Val 370 (7/9), and to permit an alternative mode of substrate binding.

Phe 483 (9/9). The difference in orientation induced by the  The NMR experiments allow us to compare the binding
inclusion of the Asp-N restraint is reflected in the fact that, of MPTP to CYP 2D6 in the presence and absence of P450
of these residues, GIn117 and Alal22, as well as Asp301,reductase under conditions where no reaction is occurring,
do not appear in the contact list in the absence of this and specifically in the absence of cumene hydroperoxide and
restraint. However, in spite of this difference, the position its possible secondary effects. The finding from these
of the C9 carbon of the aromatic ring is very similar: 4.2 A equilibrium experiments that the reductase does indeed alter
from the heme iron in the most representative orientation the binding of MPTP to CYP 2D6, in terms both of affinity
(range 3.9-4.4 A across the set of 9 models), with the-<€9  and of orientation, shows clearly that a conformational rather
H9 bond oriented such that it could possibly react with an than a chemical mechanism must underlie this effeut
oxygen bound to the heme iron (Figure 5e,f). In both sets other words, the binding of P450 reductase is having an
of models for binding mode B (with and without the AsN allosteric effect on substrate binding to CYP 2D6.
restraint), the C9H9 bond could be positioned closer to There have been a number of reports of differential effects
the iron—oxo species if the I-helix were to move laterally, of alkyl hydroperoxides, P450 reductase, and/or cytochrome
away from the center of the heme. bs on substrate binding and catalysis by other cytochromes

Comparison with Codeine BindingCodeine bindsto CYP  P450 €.g., Mayuzumiet al, 1993; Hiroyaet al, 1994;
2D6 in an orientation in which its methoxy group is closest Yamazakiet al., 1995; Gruenket al., 1995). For example,
to the heme iron and its basic nitrogen is close to Asp301, in the case of CYP 3A4 the@hydroxylation of testosterone
consistent with the observation that, with cumene hydro- is dependent on cytochroniig (as well as P450 reductase),
peroxide as oxygen and electron donor, CYP 2D6 metabo-while the N-demethylation of ethylmorphine is not (Yamaza-
lizes codeine by O-demethylation to morphine (Metlal., ki etal, 1995). In CYP 1A2, mutagenesis experiments have
1996a). The binding site defined by using the codeine datashown that Glu318, Lys453, and Arg455 are important for
is able to accommodate MPTP without adjusting any atoms the metabolism of 7-ethoxycoumarin supported by P450
of the protein. In comparison with the volume occupied in reductase but not for that supportedtkyutyl hydroperoxide
the active site by codeine, in binding mode A the aromatic (Mayazumiet al.,, 1993; Hiroyaet al,, 1995). [In CYP 2D6,
ring of MPTP tends to lie further away from the I-helix and the residue corresponding to Glu318 in CYP 1A2 is Val308,
nearer to Pro 102, while in mode B MPTP occupies a similar in a region of helix |1 (SRS-4) containing several residues
volume to codeine when the Asp30M restraint is present  that contact the bound substrate.] It is possible that allosteric
but not when it is absent. We have now studied the effects of redox partner proteins are responsible for some of
metabolism of codeine by CYP 2D6 using NADPH  these observations.
cytochrome P450 reductase as the source of electrons and An understanding of the mechanism by which the allosteric
have carried out relaxation measurements in the presence oéffect of the reductase is produced must await a more detailed
the reductase. In both cases, the presence of the reductasgescription of the interaction between the two proteins. A
had no effect on the results. A single metabolite, morphine, good deal of evidence shows that the reductase binds to the
was still observed, the binding was not significantly affected proximal side of P450, on the opposite side of the heme from
[Kq = 93 (14) uM in the presence of reductase, compared the substrate binding site, and a direct effect on substrate
to 115 @&23) uM in its absence], and the irerproton binding is thus unlikely. A candidate for the reductase
distances differed by less than 3% from those reported earlierbinding site is a patch of positive charge seen on the proximal
in the absence of the reductase (Madial., 1996a). It face of the protein in P450 cam and P450 terp, and to a
appears that the effect of P450 reductase on substrate bindingesser extent in P450 BM3 [see Hasemaatral. (1995)].
and catalysis by CYP 2D6 is dependent on the particular Among the residues contributing to this positive patch in
substrate employed. the bacterial P450s are one or two in helix C, which packs

Conclusions: Effects of Cytochrome P450 Reductase onagainst the N-terminal end of helix I. In the models there
CYP 2D6 The observation that the use of NADPH are several residues in helix | and in the loop between helices
cytochrome P450 reductase, as opposed to cumene hydroB' and C that contact the bound MPTP and that appear to
peroxide, to support the action of CYP 2D6 on MPTP leads determine the position of the aromatic ring with respect to
to the formation of an additional product could have either the heme in binding mode B (particularly in the presence of
a chemical or a conformational explanation. Although alkyl the Asp-N restraint). Leul2l, in the loop immediately
hydroperoxides, such as the cumene hydroperoxide used hergreceding the C-helix, is particularly notable in this connec-
undergo heterolysis to produce an oxidizing species similar tion. One may speculate that reductase binding could result
if not identical to that generated with NADPH and cyto- in a change in the position of the C-helix, which in turn
chrome P450 reductase, there are potentially significantresults in slight movements of the I-helix and of the-B
differences between the two means of supporting the P450-loop containing Leul21, thereby allowing MPTP to bind in
mediated oxygenation reaction. First, the hydroperoxides the orientation seen in mode B. The effect is seen with
also undergo homolytic fission to form alkoxy radicals, and MPTP but not with the larger substrate codeine. In our
second, the alkyl group can remain in the active site long approximate models for the complexes the binding sites for
enough to be hydroxylated and/or to alter the action of the MPTP overlap substantially with that for codeine (see above);
enzyme on other substrates (Ortiz de Montellano, 1995). Theeither the effects of the reductase are limited to the region
latter effect might account for a difference in the products in contact with MPTP but not codeine or, perhaps more
formed by the action of CYP 2D6 in the presence of cumene probably, the size and rigidity of codeine may mean that
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only one mode of binding is open to it, irrespective of the
presence of the reductase.
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