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Diversity in the Oxidation of Substrates by Cytochrome P450 2D6: Lack of an
Obligatory Role of Aspartate 36iSubstrate Electrostatic Bondihg

F. Peter Guengerich¥®Grover P. Miller¥$ Imad H. Hannd/' Martha V. Martint Serge Lger” Cameron Black]
Nathalie Chauret, JoseM. Silva,” Laird A. Trimble” James A. Yergey,and Deborah A. Nicoll-GriffitR

Department of Biochemistry and Center in Molecular Toxicology, Vanderbilbétsity School of Medicine,
Nashiille, Tennessee 37232-0146, and Department of Medicinal Chemistry, Merck Frosst Centre for Therapeutic Research,
P.O. Box 1005, Pointe Claire Doal, Quebec H9H 4P8, Canada

Receied May 7, 2002

ABSTRACT:. Cytochrome P450 (P450) 2D6 was first identified as the polymorphic human debrisoquine
hydroxylase and subsequently shown to catalyze the oxidation of a variety of drugs containing a basic
nitrogen. Residue Asp301 has been characterized as being involved in electrostatic interactions with
substrates on the basis of homology modeling and site-directed mutagenesis experiments [Ellis, S. W.,
Hayhurst, G. P., Smith, G., Lightfoot, T., Wong, M. M. S., Simula, A. P., Ackland, M. J., Sternberg, M.

J. E., Lennard, M. S., Tucker, G. T., and Wolf, C. R. (1995Biol. Chem. 27029055-29058]. However,
pharmacophore models based on the role of Asp301 in substrate binding are compromised by reports of
catalytic activity toward substrates devoid of a basic nitrogen, which have generally been ignored. We
characterized a high-affinity ligand for P450 2D6, also devoid of a basic nitrogen atom, spirosulfonamide
[4-[3-(4-fluorophenyl)-2-oxo-1-oxaspiro[4.4]non-3-en-4-yl|benzenesulfonamide], kgth6 uM. Spiro-
sulfonamide is a substrate for P450 2b&,(6.5 mirr for the formation of asynspiromethylene carbinol,

Km 7 uM). Mutation of Asp301 to neutral residues (Asn, Ser, Gly) did not substantially affect the binding

of spirosulfonamide s 2.5—3.5 uM). However, the hydroxylation of spirosulfonamide was attenuated

in these mutants to the same extent (90%) as for the classic nitrogenous substrate bufuralol, and the effect
of the D301N substitution was manifested g but notKy,. Analogues of spirosulfonamide were also
evaluated as ligands and substrates. Analogues in which the sulfonamide moiety was modified to an
amide, thioamide, methyl sulfone, or hydrogen were ligands Witlvalues of 1.732 uM. All were
substrates, and the methyl sulfone analogue was oxidized &yttspiromethylene carbinol analogue of

the major spirosulfonamide product. The D301N mutation produced varying changes in the oxidation
patterns of the spirosulfonamide analogues. The peptidometic ritonavir and the steroids progesterone and
testosterone had been reported to be substrates for P450 2D6, but the affi@)tieere unknown; these

were estimated to be 1.2, 1.5, and/ 4, respectively (cf. M for the classic substrate bufuralol). The
results are consistent with a role of Asp301 other than electrostatic interaction with a positively charged
ligand. H-Bonding or electrostatic interactions probably enhance binding of some substrates, but our results
show that it is not required for all substrates and explain why predictive models fail to recognize the
proclivity for many substrates, especially those containing no basic nitrogen.

P4503% are major enzymes involved in the oxidations of metabolism of drugs4). Variability among individuals can
many organic chemical®(3). Particular interest has been have a major influence on the efficacy of drugs, and human
given to the mammalian P450 enzymes that dominate the P450s are an important target of efforts in pharmacogenomics
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Scheme 1: Spirosulfonamide and Oxidation Products
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with purified P450 2D6 in this laborator@), the observation  high affinity for spirosulfonamidey 10°¢ M). The com-
was made that most of the known substrates for P450 2D6promised catalytic activity of these mutants for spirosul-
contained a basic nitrogen atom, which is located75A fonamide hydroxylation parallels that observed with the basic
away from the site of oxidation on the substrai®, (11). substrate bufuralol, and attenuated electrostatic interaction
This concept was developed with more detailed models of of substrate cannot be used as an explanation of the role of
P450 2D6, in terms of both pharmacophore models and Asp301. P450 2D6 also bound and oxidized analogues of
homology modeling and combinations of the twi@{14). spirosulfonamide in which the sulfonamide group was
Site-directed mutagenesis of Asp301 led to loss of catalytic replaced by other groups. We also estimated the affinity of
activity in yeast recombinant P450 2D85j, and the result ~ P450 2D6 for other substrates (ritonavir, progesterone, and
has been widely interpreted as evidence that this acidic aminotestosterone) and report binding affinities as good or better
acid serves as a point anionic charge to dock the basicthan for many classic ligands with basic nitrogen.

nitrogen atom of the inhibitorl() or substratel6—20). For

example, one often finds statements such as the following EXPERIMENTAL PROCEDURES

in the current literature on P450 2D6: “All of our data [on ) ) ) _
propranolol derivatives] are consistent with the generally ~ Chemicals. Spirosulfonamide 1), syn and anti HO-
accepted model for binding of CYP2D6 [P450 2D6] sub- spwosulfonar_mdes, and keto sp|rosulfqnam_|de were synthe-
strates via formation of an ion pair of the protonated amine Sized according to the procedures outlined in the Supporting
with the carboxylate anion of Asp301 in the enzyme active Information @1). Other spirosulfonamide analogues, com-
site and subsequent oxidation at a distant site in the molecule”’Pounds2—6, were experimental drugs that were prepared at

and “The presence of basic nitrogens is a common require_Merck-Frosst using synthetic procedures analogous to that
ment of high-affinity substrates...2(). used for spirosulfonamide. Ritonavir was a gift of Abbott

One problem with models of the P450 2D6 structure (and Laboratories (North Chicago, IL). Bufuralol hydrochloride

: ; ; ift of Hoffman-LaRoche (Nutley, NJ). Deuterated
pharmacophore models) was that they did not rationalize was a gl )
N-dealkylation reactions, such as those observed with NMR solvents were obtained from C/D/N Isotopes (Mon-

deprenyl £2) and other drugs2). One explanation for this treal, Quebec, Canada) and Cambridge Isotope Laboratories

dilemma was that the amine docks with Asp301 but is rapidly (Andqver, MA). Other chemicals were obtalngd from com-
deprotonated to yield an unchanged substrate for 1—electronmercIal sources apd were of reagent, analytical, or HPLC
oxidation @2). Subsequently, models were expanded to 9rade, as appropriate.
accommodate this deficiency, with aromatic residues in- Microsomal Fractions and Enzymeduman liver samples
volved @4, 25). Experimental studies have provided only Wwere obtained from organ donors through Tennessee Donor
limited and rather nongeneralized support for roles of these Services (Nashville, TN), stored at80 °C, and used to
suggested Phe residues (Phe481, Phe4836). Further, prepare microsomes38). In some of the preliminary
reports have appeared of catalytic activity of P450 2D6 experiments with spirosulfonamide, microsomes prepared
toward peptidometics devoid of a basic nitrog@T)(and from insect cells infected with baculovirus vectors were used
even steroids28—30). However, these reports have been as sources of human P450s, NADPPR450 reductase, and,
largely ignored in consideration of P450 2D6 substra?as ( in the case of P450 3A4, cytochronig [Gentest Co.,
We identified a ligand, spirosulfonamide, devoid of a basic Woburn, MA (now BD Bioscience)]. The baculovirus
nitrogen but having high affinity for P450 2D6, raising Microsome products used were those designated control,
further concerns about the reliability of P450 2D6 models CYP2C8, CYP2C9-arg, CYP2C19, CYP2D6, and CYP3A4
based on a critical electrostatic interaction with Asp301. by the supplier.
Spirosulfonamide was also a substrate for P450 2D6 (Scheme The cDNA sequence of P450 2D6 (DB634) was
1). Neutral Asp301 mutants (Asn, Ser, Gly) showed relatively modified by polymerase chain reaction to incorporate a



P450 2D6 Oxidations Biochemistry, Vol. 41, No. 36, 20021027

C-terminal (His} peptide 85).2 The modified protein was  Values ofAzgs—Asz0Were plotted vs the ligand concentration
expressed inEscherichia coli (MV1304 strain) in the to estimates, a spectrally estimated dissociation constant
presence of 1.0 mg of chloramphenicol'l(38). Expressed  (45), using Graphpad Prism software (Graphpad, San Diego,
P450s were purified by Ri-immobilized metal affinity CA). Hyperbolic fitting was used with higKs values, and
chromatography as describegb( 39). Rat NADPH-P450 a quadratic expression was used whgmvas near the P450
reductase was expressedsncoli (TOPP 3 strain) utilizing concentration or the program DynaFit was applied (see
plasmid pOR26340) and was purified as describeg8d( 41). Supporting Information)48).

Biotransformations of Spirosulfonamid#) (Incubations Some of the compounds tested as ligands did not elicit
and metabolite characterization by mass spectrometry andperturbation spectra, and an alternate approach was used.
NMR are completely detailed in the Supporting Information. Bufuralol elicits type | binding spectreK{ = 6.2 + uM).
Briefly, hepatocyte and preparative microsomal incubations Two P450 samples were balanced against each other as
were conducted under standard conditi#® (Initial mass ~ before in the Cary 14/OLIS spectrophotometer, and thgn (
spectral characterization was conducted by capillary HPLC bufuralol was added to the sample cuvette to\8 a value
continuous-flow liquid secondary ion MS analysis on a JEOL hear the K to induce a type | difference spectrum.
HX-110A mass spectromete43). Isolation of the major ~ Subsequently, varying amounts of €EN solutions of
metabolite (M1, subsequently identified agn HO-spiro- ritonavir, progesterone, or testosterone were added to the
sulfonamide) was performed using a combination of prepara- Cuvette to attenuate the difference spectrum. The competition
tive HPLC and solid-phase extraction procedures similar to between the “second” ligand and bufuralol was assumed to
those described previously3). Conventional'H NMR be competitive, and plots @g0—A4z0 VS the concentration
spectra for the isolated metabolite were acquired on a Brukerof the second ligand were fit to the model
AMX 500 spectrometer (Bruker Spectrospin, Fremont, CA)
using a combination of homonuclear coupling, 1D NOE, and  bufuralol+ P450 2D6= bufuralotP450 2D6  Kq

2D DFQ-COSY and HMQC experimentd4). ) -
Biotransformations of Spiromethyl Sulfor®. Preparative second ligand- P450 2D6= .
scale incubations and HPLC and mass spectrometry of the second ligandP450 2D6 K,
product were done as in the case bf(see Supporting . ) )
Information). HPLG-NMR spectra of the methyl sulfone  Using the software program DynaF#8) operating on an
product were acquired on a Varian Inova 600 spectrometer/APple Macintosh G4 computer, withs = 6.2 uM (deter-
(Varian NMR Systems, Palo Alto, CA) equipped with a Mined experimentally). The system yielded fits # and
Varian HPLC system (Varian Chromatography Systems, for AAseo-s20max @long with error estimates.

Walnut Creek, CA) using a COSY experiment and by Oxidation of Spirosulfonamide and Analogues by P450
comparison to the parent compound. Full details can be found2D6. Standard oxidation reactions were conducted in 1.0 mL

in the Supporting Information. final volumes of 0.10 M potassium phosphate buffer (pH

oot ; ; ; 7.4) containing either 0.05 or 0.10 nmol of P450 2D6, a
Determination of P450s kolved in Spirosulfonamide '
Oxidation. Preliminary studies involved incubations with 3-fold molar excess of NADPHP450 reductase, and freshly

microsomes of baculovirus-infected insect cells expressing SOnicated-o-dilauroylsrrglycero-3-phosphocholine (Sigma

specific P450s. The incubations were conducted underChemiC"_’II Co., St Louis, MO) (3@‘.9)' [in cases .v_vhere
standard oxidative conditions using 50 pmol of P450 (as human liver microsomes were use_d instead of pur|f|ed P450
stated by the vendor), an NADPH-generating system, and 2D6, 0.75 mg of m|crpsomal protein was ;ubstltuted for the
20 uM spirosulfonamide (dissolved in DMSO, to 1% final above components, in Fh_e Same bu_ffer, n the_ absence or
volume) in a final total volume of 250L. The incubations ~ Présence of 2.uM quinidine (Aldrich Chemical Co.,

were conducted for 60 min at 3T and quenched by the Milwaukee, WI), in_ triplicate._] Spirosulfonamide and its
addition of an equal volume of GEBN. Analysis was analogues were dissolved in @EN to prepare stock

conducted by HPLC under conditions similar to those solutions [final concentratiorE1% (v/v) in the reactions].
described below. The mixtures were incubated for 3 min at 3¢, and the

Binding of Spirosulfonamide and Analogues to P450 2D6. [;E:aallglr(;rt]ii gvvseyrset ersrgi(ge(ljn cbuyb atlgg ng(\j,\(,jétrlgnc a(;fri ea:jn OlI:ItA}ErP '5_| )
Heme perturbation spectra were recorded with purified P450 min at 37°C '
2D6 enzyme preparationsfg #M, in 0.10 M. potassium_ Reactions. were stopped by the addition of 2.0 mL of
grosﬁ)\?aéeisuggéﬁH 154)4%&”2?0?;5”0]‘ splros?:for;?rrslde CH.ClI, and chilled on ice, followed by mixing using a vortex
‘ecorded on Aminco DW2a/OLIS and Cary 14/0LIS nstry- SVice: The layers were separated by centitugation(3
ments (On-Line Instrument Systems, Bogart, GA). Other |104)g‘ 10 min]. A %j'G .mhL aIquuot O.f each CH]EIZ (I%wer) 20
work has indicated that neither DMSO nor @EN hinder ayLelrQwast_re_mlovF()a. wit C?\ g ass|p|cpet, Ft{ranksf er(;e ”_to a dl
P450 2D6 reactions when added at concentrations up to 1.0%[:;” c ei?rc a‘lt;avollat o( dlrer:: ss u(re\r;(;faa@ s;t)r-’e an?CTﬁ; r e si)duaer;
(V/V) (47). The analogues were also dissolved inCN and y '

; were dissolved in 10@L of CH3CN, and 50uL aliquots
added to P450 2D6 to generate type | perturbation spectra.Were analyzed by HPLC using a 62 80 mm Zorbax

octylsilane (G) HPLC column (3um; Mac-Mod, Chadds
't2h The ri:DNA \(/;/e &X%restseddin pgt;\g?ﬁstwoﬂdl hatz bger;hobtainelg . Ford, PA). Solvent A was 1.0 mM HCIlQand solvent B
with a change (to Met) at codon at appears to be the result of a _ . ; ;
cloning artifact 86, 37). The change M374V was made, and the was (.:H’CN HZQ (9'.1 vIv). The eIutlonoprograT consisted
resulting sequence is that generally agreed to be the most commonOf @ linear gradient increasing from 5% to 75% solvent B

allele 6). (v/v) over the following 20 min (flow rate 2.5 mL min,
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Aus5). The alcoholsgynandanti HO-spirosulfonamide) and ~ Scheme 2: Analogues of Spirosulfonamide and Other P450
ketone (keto spirosulfonamide) were separated with baseline2D6 Ligand$

resolution (vide infra). . ! R ’
RESULTS d7 47 N
Q N
o o e O M
Characterization of P450-Catalyzed Oxidations of Spiro- F OH
6

sulfonamide in Lier Microsomes and Baculous Recom- Bufuralol
binant P450 2D6Preliminary studies indicated that spiro- ! g.;rigﬁ%mid3’1'1m Ky 4.0 4 Ky6.2 M
sulfonamide, devoid of a basic nitrogen atom, might be , r_socn, K,32,m

preferentially oxidized by P450 2D6. When spirosulfonamide (spiromethylsufone) PH °
was incubated with baculovirus-generated microsomes con-3 R=CONH,  K;104M
taining individual human P450s (50 pmol of P450, ;2d 4 R=CSNH, Ks17uM

o (o]

spirosulfonamide, 37C, 60 min), the decreases in residual ; g_com  (k,>75m
spirosulfonamide with each P450 were as follows: 2D, v Progesterone
84%:; 3A4, 43%; 2C8, 20%; 2C%5%; 2C19,<5%. Twelve o fatsmt
different human liver microsomal samples were incubated HC
with 50 M spirosulfonamide for 10 min at 37C. A product N_) HC CH
denoted M1 (order of HPLC elution) was the major product, j\ H :
with a second peak denoted M2 accounting fat5% of G T \/\cl;\ .
the M1 peak in most samples and traces of a third peak, @ K[,}
M3. With the preliminary assumption that thgs of M1 is N
equivalent to that of spirosulfonamide (later verified), the Ritonavir Ky 1.2y
range of specific activity was fron¥0.01 to 2.0 nmol of aK4 values were estimated by spectral titrations (Table 1).
M1 formed min! (mg of protein)* (mean 0.32). Quinidine
is a well-established inhibitor of P450 2D6, and a2 0.006 I l l
concentration was used to specifically block P450 2B% ( "
50). The extent of inhibition ranged from5% to 59%, thus
establishing a role for P450 2D6 in liver samples.
Characterization of Oxidation Products of Spirosulfon-
amide () and Spiromethyl Sulfon@), HPLC—MS analysis
of spirosulfonamide incubates and NMR chararcterization
of isolated M1 generated from spirosulfonamidgdllowed
complete characterization of the three metabolites (see -0.006 | L ! ! !
Supporting Information). M1 and M2 were monohydroxy- 360 380 400 420 440 460 480 500
latedsynandanti HO-spirosulfonamides (M- 16 products Wavelength, nm
by MS), and M3 (corresponding to the net addition of 14
Da) was the corresponding ketone. Furthermore, incubation
of both the syn and anti HO-spirosulfonamides in rat
hepatocytes produced the ketone (results not shown). The
two M + 16 products each showed a clear MH H,O
peak in the spectra, indicative of dehydration and suggesting
hydroxylation of the cyclopentyl structure. NMR data
supported this conclusion and indicated hydroxylation had

e
=)
=]
@

Apsorbance
a
]

occurred on the “outer” methylene of the cyclopentyl moiety. Ks=1.6202 M
Full details can be found in the Supporting Information.

The structure of the oxidation product of the spiromethyl 0 0 4 8 12 16 20
sulfone analogue2 (Scheme 2) was determined using [Spirosulfonamide], uM

HPLC_.NMR methodology, and the major 'product WaS  pieure1: Titration of P450 2D6 with spirosulfonamide. (A) P450

determined to be analogous to that of the spirosulfonamide 2pg (wild type) was present in each of two cuvettes (M), in

metabolite, M1 (see Supporting Information). 0.10 M potassium phosphate buffer). Difference spectra were
B|nd|ng Of Sp”'osulfonamlde and Analogues to Punfled recorded fO||0WIng the additions of O, 04, 08, 14, 20, 28, 38,

. . 5.0, 7.0, 10, 14, and 20M spirosulfonamide (dissolved in GH
P450 2D6.The interaction of many, but not all, substrates CN. with CHCN added to the reference at each point; total {CH

with P450s is characterized by a “type I" difference spectrum cNj = 2.5%, viv). (B) Plot of data from part A. The estimatid
(45), reflecting decreased occupancy of the axial iron binding was 1.6uM.

site by HO and a shift from the low-spin to the high-spin
iron configuration. Spirosulfonamide yielded strong, classic These compounds were examined as ligands with (ferric)
type | heme perturbation spectra with recombinant P450 2D6 P450 2D6. All excepb yielded type | difference spectra,
(Figure 1A), and a titration yielded I&; of 1.6 uM (Figure with varying affinities (Table 1). Compounds with an
1B). —SO,NH; and —CSNH, had the highest affinitieKkg < 2

A number of analogues of spirosulfonamide were available M), but compound6, with no phenyl substitution, also
with substitutions of the sulfonamide group (Scheme 2). yieldedKs = 4 uM.
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Table 1: Spectrally Determined Binding of Other Potential Ligands
to P450 2D6

type of
functional spectral AAs90-420,mas
compound grougt change K¢ (uM) [(uM P450) Y
spirosulfon- —SO,NH, typel 1.1+0.02 (10.5+0.3)x 102
amide ()
spiromethyl —SO,CH; typel 32+1 (9.3+0.1)x 1073
sulfone @)
3 —CONH, typel 10+1 (14.0+0.5)x 1073
4 —CSNH, typel 1.7+0.3 (5.2+0.2)x 1073
5 —COH none
6 —Hd typel 4.0+05 (8.3+0.2)x 1073
testosterone nofe 15+ 4
progesterone nofie 1.5+0.3
ritonavir noné 1.2+0.6
(&)-bufuralol typel 6.2+-1.8 (24+4)x 1073

a At the para position of the phenyl ring of spirosulfonamide, when
indicated (not relevant to steroids, ritonavir, or bufuralbiy presented
asKs for type | changesifax ~ 390 nm,Amin ~ 420 nm in difference
spectrum). Established by competition with bufuralol (present at 7 or
8 uM). ¢+ indicates SEYNo fluorine in this analogue (Scheme 2).
¢No spectral change. Competes with bufuralol. See Figure 2. The
estimates were made using the DynaFit script described under
Experimental Procedures (see Supporting Information for full script).

0.02 — , ,

0.01

-0.01

Absrobance

-0.02

-0.03

350

400 450
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Ficure 2: Displacement of bufuralol from P450 2D6 by ritonavir.
Cuvettes containing 5,0M P450 2D6 (with 45uM di-12:0 GPC

and 0.10 M potassium phosphate buffer, pH 7.4) were balanced
against each other, and thenu® (£) bufuralol hydrochloride
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Effect of Mutation of Asp301 on Binding of Amines.
Mutation of Asp301 to neutral residues has already been
reported to lower the affinity of P450 2D6 for the amine
ligand quinidine (an inhibitor and not a substrate})( We
also found that the mutant D301N yielded only a spectral
shift with quinidine (Figure 3). Further studies indicated that
the D301N mutant also failed to bind bufuralol, as judged
by the lack of type | spectra (results not shown).

Interaction of P450 2D6 Asp301 Mutants with Spirosul-
fonamide Several neutral Asp301 mutants had been prepared
previously and demonstrated to have low catalytic activity
in the oxidation of bufuralol35) and other basic nitrogenous
substrates1(5). In the latter case the attenuation of activity
had been proposed to be due to the disruption of an
electrostatic bond between Asp301 and the ligalti).

Spectral titrations of the P450 2D6 Asp301 mutants were
done with spirosulfonamide. All mutants examined showed
typical, strong interaction with spirosulfonamide (Table 2).
Thus, mutation of Asp301 to a neutral residue does not
attenuate the binding of spirosulfonamide considerably, as
reflected by the type | difference spectra.

The oxidation of spirosulfonamide by the Asp301 mutants
was also examined (Figure 4, Table 3). All mutants showed
attenuated hydroxylation activity (formation @fyn HO-
spirosulfonamide). Two of the mutants formed approximately
equal amounts of the two alcohol isomers. The fraction of
anti HO-spirosulfonamide formed by wild-type P450 2D6
is less than in most human microsomal sample$%),
consistent with the results obtained using recombinant P450s,
which demonstrated that P450 3A4 also contributes to this
reaction (results not shown).

Oxidation of Spirosulfonamide by P450 2D6 and Asp301
Mutants.The oxidation of the spirosulfonamide was exam-
ined with several Asp301 mutants at a substrate concentration
of 50 uM, including the Asn, Ser, and Gly mutants (Figure
4). The rates of oxidation were decreased about 10-fold, as
in the case of bufuraloB35), although the rates of formation
of anti HO-spirosulfonamide were increased in the D301G
and D301S mutants (Table 3).

(~K¢ was added to the sample cuvette to yield the spectrum A k. of 6.5 min? and Ky, of 7.2 uM were determined
designated 0. The spectra labeled 2.5, 5, 7.5, and 10 were recordegyr the formation ofsyn HO-spirosulfonamide (Figure 5).

after the addition of the indicate@1) concentration of ritonavir
to the sample cuvette (stock ritonavir in gEN, with equal volumes
of CH;CN added to the reference cuvette; totaliCN < 1%, v/v).

P450 2D6 has been reported to catalyze oxidations of
ritonavir and progesterone, wiy, values of 10 and 28M,
respectively (respectivi., values of 1.4 and-0.5 mirr?t)

(27, 29). A rate of ~2 min~! has been reported for P450
2D6-catalyzed testosterone hydroxylation (sum of reactions
at several sites), but né, was determined?8). A K; of 68

uM has been estimated for competitive inhibition of bufuralol
1'-hydroxylation activity 29). However, affinities are not

Incubation of the P450 2D6 system with either (8@) syn
HO-spirosulfonamide oanti HO-spirosulfonamide yielded
keto spirosulfonamide (respective rates of 3.0 and 0.75
min~1), with two additional unidentified products in the case
of synHO-spirosulfonamide (results not presented).

Further analysis of the oxidation of spirosulfonamide
indicated that the effect of mutation of Asp301 to Asn was
to reduce thek., (for oxidation of spirosulfonamide) 10-
fold without a change of th&, (Figure 5).

Oxidation of Spirosulfonamide Analogues by Wild-Type
P450 2D6 and the D301N MutarRreliminary studies with

known. In the present work, none of these compounds commercial baculovirus-expressed P450 2D6 had shown that
yielded difference spectra. However, affinities could be all of the compounds yielded some oxidation products, with
estimated by quantifying their abilities to displace the ligand tg shorter than that of the substrate on reversed-phase HPLC.
bufuralol Ks 6.2 uM) (Figure 2). Using the assumption of The same peaks were also obtained with human liver
competitive binding for a single site, the results were fit to microsomal samples (results not shown). The oxidation of
a model using the program DynaFit, yieldikg = 15 uM the spirosulfonamide analogues was examined with wild-
for testosterone anidy values less than P450 2D6 concentra- type P450 2D6 and the mutant D301N at single substrate
tion for progesterone and ritonavir (and thus having more concentrations of 5@M, using the same HPLC system for
error) (Table 1). all analyses.
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Ficure 3: Spectra of P450 2D6 without and with added quinidine: minus quinidine, solidiiep{us quinidine, dashed line (- - -). (A)

Wild-type P450 2D6 (2.tM) + 20 uM quinidine. (B) P450 2D6 D301N mutant (4uM) + 50 uM quinidine. No further change in the
spectrum was observed upon the addition of 280 quinidine.

Table 2: Spectrally Determined Binding of Spirosulfonamide to

Ferric P450 2D6 and Asp301 Mutants

Table 3: Catalytic Activities [nmol min* (nmol of P450)!] of
P450 2D6 and Asp301 Mutants

AA390-420 mas O, NH,
P450 2D6 Ks (uM) [(uM P450) ] s,
wild type 1.6+ 02 (10.7+ 0.3) x 10 y; N
D301N 2.5+ 0.3 (9.84 0.3) x 10°3 ' /
D301G 35+05 (9.74 0.3) x 10°3 - 1 D {
D301S 3.5:0.7 (11.5+ 0.5) x 10°3 SN N o ( ==
2
2 SE indicated. \/> OH /F
bufuraloh spirosulfonamide
0.020 S— P4502D6  LOH 6-OH  synOH  antiOH
wild type 2141 50+03 7.2+04 0.1
0016 D301N 24+07  07+01 08+02 <0.05
D301G 19401  05+01 04+01  03+0.1
D301S 1.9£01  05+01 05+01  0.3+0.1

0.012

A245

0.008

aFrom ref 30. P Results are presented as the means of duplicate
assayst SD (range). The substrate concentration was/BDin all
cases (0.10 nmol of P450, 5 min reaction at°gj.

o T T T T
[
‘E 6 D301 (WT) { J
5% |
T A v v
o
‘5_% at |
0 2 4 6 _ 8 10 12 § 5
min °
R, %g 2 |
Ficure 4: Oxidation of spirosulfonamide by wild-type P450 2D6 _g -
and Asp301 mutants. HPLC of products of the incubation of 0.10 € i D301N _,
nmol of P450 2D6 with 3Q:M spirosulfonamide for 5 min at 37 E I | ! I 1
°C. The traces are offset 0.3 min in the software system (PC1000/ 2 4 6 80 100

UV3000HR; Thermo-Separations, Piscataway, NJ), and the chro-
matograms obtained with wild-type P450 2D6 and the D301N
D301G, and D301S mutants are indicated.

As in the case of the baculovirus system, little oxidation
of the carboxyl analogub was seen [rate< 0.05 nmol of
product formed mint (nmol of P450)1)]; the other products
were formed at rates of0.5 min?, using the assumption
that theeyss of all products is similar tasynOH spirosul-
fonamide. The effect of substitution of Asp301 to Asn had
variable effects. Compoun@, the methyl sulfone, was
oxidized to the samsynalcohol as spirosulfonamidel)

[Spirosulfonamide], uM

' FIGURE 5: Plot of rates of formation afynHO-spirosulfonamide

vs concentration of the substrate spirosulfonamide. (A) Wild-type
P450 2D6. A fit to the hyperbola yielded estimatekgf= 6.5+

0.2 mimt andKp, = 7.2+ 0.7 uM (SE indicated). (B) P450 2D6
D301N mutant. Hyperbolic fitting yieldekl,,= 0.644 0.03 mirr?!
andK, = 5.8+ 1.3 uM (SE indicated).

of product formed min® (nmol of P450)* for wild-type
P450 2D6 and the D301N mutant, respectively.

Oxidation of 3 by wild-type P450 2D6 yielded three
products (Figure 6A,B), still unidentified. Substitution of Asn
at position 301 attenuated the formation of two of these but

with regard to the specific methylene carbon (see Supportingenhanced formation of the thirdgr(14.3 min). In the
Information). The estimated rates were 0.36 and 0.33 nmol oxidation of compoun®, devoid of phenyl substitution, the
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Ficure 6: HPLC profiles of oxidation of compoundsand6 by
wild-type P450 301 and the D301N mutant. In all cases the
concentrations of P450 2D6 (D301 or D301N), NADPPR450
reductase, and the substrate were 0.10, 0.25, andvb@espec-
tively, and the incubation time was 10 min (3C). HPLC
conditions were as described for spirosulfonamide and its product
(e.g., Experimental Procedures and Figure 4). The chromatogram
resulted from the incubation &with P450 2D6, either wild type
(A) or the D301N mutant (B), or the incubation 6fwith P450
2D6, wild type (C) or the D301N mutant (D). Thg values (in
min) are indicated for the major products. For reference, the
estimated rates of formation of the major product in parts A and C
are 0.25 and 0.12 nmol mif (nmol of P450)%, respectively.

S

HPLC pattern shifted from one of the products to another
(Figure 6C,D). In work with compound}, mutation of
Asp301 to Asn also changed the pattern from a mixture of
two products (electing @k 10.6 and 15.7 min, ratio 1:2) to

a singletg 10.6 min product, produced at 5 times the rate
measured with the wild-type enzyme.

DISCUSSION

P450 2D6 has been of historical interest in that this is the
first monoxygenase involved in drug metabolism that was
demonstrated to be under monogenic contsd).(Another
reason for biochemical interest in this particular P450 has
been the apparent ligand selectivity relative to many less-
specific microsomal P4504.Q, 15). The ability to produce

Biochemistry, Vol. 41, No. 36, 20021031

Several major concerns about the use of P450 2D6 models
can be raised. First, the models have almost always been
used retrospectively and have limitations in the prediction
of reactions a priori. This deficiency was found in the work
of Grace et al. Z2) with deprenyl, and other examples
(amiflamine, amitryptiline, imipramine) were cited in the
same year by Coutts et aR3). Models were subsequently
expanded Z4). The finding of four products of P450 2D6
bufuralol oxidation 85, 53, 54) emphasizes the problem of
predictive capability, in that any model must be flexible
enough to accommodate all of these possibilities but then
fails to predict specific ones [e.g., the classic substrate
debrisoquine vyields five oxidation productsgf]. Further,
predicting the course of the different possible reactions is
difficult if not still impossible. The second problem is that
the identification of Asp301 as a point charge involved in
ionic pairing is compromised by the results of site-directed
mutagenesis. The possibility was originally raised that the
loss of activity in the Asp301 mutants could also be attributed
to a structural effectl(5) but was discarded in light of the
results of heme modification studieS5j. Our own recent

Jheterologous expression resul&) provide support for a

major role of Asp301 in structural integrity, not simply one
of binding positively charged ligands.

In light of these issues, the existence of high-affinity P450
2D6 ligands devoid of basic nitrogen was considered. Some
studies with steroids, particularly testosterone, have yielded
Km or K; values in the range of 2630 uM for P450 2D6
(28—30), which are of the same order of magnitude as many
of the basic substrates used in development of the modeling
and require consideration. One candidate ligand was spiro-
sulfonamide, which had been discovered as a potential
inhibitor of cyclooxygenase-2 (Scheme 1). The phenylsul-
fonamide of spirosulfonamide contains the only nitrogen in
the molecule, and at physiologically relevant pH, this moiety
is not positively charged. The sulfonamide moiety is not basic
due to the strong electron-withdrawing properties of the
sulfone groug. The transformations of spirosulfonamide
were elucidated using rat hepatocytes, and incubations with
microsomes were used to generate sufficient quantities of
the major metabolite for characterization. NMR data showed
that the oxidation had occurred on the outer methylene group
(Scheme 1 and Supporting Information). Experiments using

P450 2D6 and site-directed mutants in heterologous expresyenetically engineered P450s and inhibition in human liver

sion systems has allowed exploration of several issues,
including the role of the N-terminug4, 35) and the effects
of amino acid substitution at Asp3015, 35).

The history of model building for P450 2D6 began at the
time of purification of the enzyme, when the observation
was made that many of the known substrates of P450 2D6
contain a basic nitrogen ator®,(10). Inspection of these
ligands indicated that the basic nitrogen could be placed 5
A away from the site of oxidatiorilQ). The pharmacophore
model was further developed for substrat&8—<(14) and,
by our own group in collaborations, for inhibitord 1.

Subsequently, Asp301 has been considered to be the putativﬁ
negative charge bonding to the basic nitrogen, on the ¢

combined basis of work with homology modeling and site-
directed mutagenesis%—19, 52). These pharmacophore and

protein models have been used to rationalize a number of

P450 2D6 reactions. The set of ligands used in modeling
efforts has been largely restricted to basic amines.

microsomes indicated that P450 2D6 plays a significant role
in the oxidation (vide supra) although other enzymes, such
as P450 3A4, also contribute.

Further work with spirosulfonamide showed that it pro-
duced very typical type | difference spectra, indicative of a
low- to high-spin transition due to displacement ofCHas

3 The reported K. values for sulfonamides are in the range 0f-9.5

10 in HO for an alkyl sulfonamide56) and~16 in DMSO for a phenyl
sulfonamide %7). It should be noted that thes& pvalues are for the
process involvindossof a proton from NH (—SO,NH, <= —SO,NH~

H*). The protonation of sulfonamides-SO,NH; + H* < —SO,-
Hs™) has not been studied as much. A reasonable estimate oKthe p
or this process, more relevant to the issue of P450 2D6 pharmaco-
phores, can be made from the knowk,palues for the protonation of
alkyl and aryl amides in kO, —0.5 to —1.5 (68—60). The K, of an
aryl sulfonamide should be much lower due to resonance considerations;
i.e., sulfonic acids have much loweKpvalues —2.5) 68) than the
corresponding carboxylic acids, and the,or the equilibrium under
consideration would be expected to be-6.
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the distal ligand 45), with Ks = 1.6 uM and AAmax ~ 0.01 affected heme incorporation and, by inference, protein
uM™* (Figure 2). Spirosulfonamide appears to be a reason-folding (35). Thus, the results of Mackman et ak5f on
ably good P450 2D6 substrate, in comparison to others, with heme modification of Asp301 mutants notwithstanding, we
akear Of 6.5 it andKy, of 7 uM (KeadKm ~ 2 x 10* M1 conclude that mutations of Asp301 cause more extensive
s1). Asp301 does not appear to contribute directly to changes in P450 2D6 than can be interpreted in the context
binding, as judged by the results of titrations with mutants of electrostatic interaction with ligands (although hydrogen
(Table 1). However, these mutants show attenuated catalytichonding etc. could not be completely ruled out). In this
activity for the oxidation of spirosulfonamide, an uncharged regard, the same patterns of loss of catalytic activity are seen
substrate, that parallels the loss of activity seen with the (Table 3) with the mutants for both a protonated substrate
amine substrate bufurald@%) (Table 1). These results argue  (bufuralol) and an unprotonated (neutral) substrate (spiro-
that the loss of catalytic activity of the Asp301 neutral sulfonamide), even under conditions where the ligand
mutants cannot be attributed to a loss of binding affinity for concentration (3QuM) is near saturating for all mutants
a cationic substrate, because the same pattern is observegiraple 3). In other studies leading to this work, we have
with an uncharged substrate. found that some phenethylamine substrates for P450 2D6
The possibility can be considered that Asp301 interacts show both type | and type Il spectra that are pH-dependent,
with spirosulfonamide through hydrogen bonding to the and P450 2D6 can be characterized as changingkhef
sulfonamide group, as opposed to electrostatic interactions.the ligand, reducing it 43 pH units 63). These results
The methyl sulfone2, totally devoid of nitrogen atoms, had  indicate the existence of a residue withka,pf ~6.6, which
an order of magnitude less affinity than spirosulfonamide would be unusual for Asp although not impossible. However,

(Table 1) and was oxidized less rapidly-@.3 mir?), any such acietbase chemistry is probably not relevant to
although the same major product was formed. The analogousspirosulfonamide binding.

amide @) and thioamided) were strong ligands. Intuitively, We have not investigated the roles of Phe481 and Phe483
one might expect less rotation of the amide/thioamide than suggested by others’ model&4( 26), in the binding of '
the sulfonamide and sulfone. Complete removal of the moiety spirosulfonamide: evidence has beén presented that these

(and the fluorine on the adjacent phenyl ring) yields a . . i
. . ; residues do not explain the ability of P450 2D6 to catalyze
compound) that is both a reasonably tightly bound ligand amine N-dealkylationZ5). Our current view of the substrate

Kq 4 uM, Table 1) and a substrate (Figure 6). Itis of interest . . : . .

Eo C:qoge that the p)resence of a carb(ox%/l el é)a ds 10 a 10SS b|nd|r_19 site _of P4_50 2D6 is that several residues probably

of apparent binding (Table 2) and oxidation. This piece of contribute dlregt ligand contact.s or more global effects on

information, along with the changes in binding (Table 2) structure. The importance of distant parts of a P450 (P450
o . ; - 101) on ligand binding has been discussed recently by Gray

and oxidation (Figure 6) with substitution at the phenyl and associates6d). We cannot rule out possibilities of

4-position, indicates that this part of the molecule does | o . . . .
interact with the enzyme. Although a clash of the ionized shaping” of the active site by ligands through an induced-
fit mechanism, whether involving local or distant parts of

carboxylate (o) with Asp301 could be proposed, there is
no evidence to support this view. P450 2D6.
Ritonavir (Scheme 2) has two amide linkages and a In.conclusion, these .resglts clearly show thfa Iack. qf a
carbamate, and these might be capable of hydrogen bondind€duirement for a basic nitrogen atom for high-affinity
with Asp301 or another entity. Howeves,and the steroid ~ Pinding. The possibility exists that some substrates may use
testosterone have only a single (conjugated) carbonyl; @ negative charge (e.g., Asp301) in their binding interactions,
progesterone has two carbonyls. All of these compounds bingeither through the use of an electrostatic interaction or
to P450 2D6 with affinities in the range of many of the H-bonding, and others not. However, prediction of new P450
amines used in modeling work and are also substrates for2D6 ligands and their oxidation sites, based on the premise
P450 2D6. Affinities of some of the strong inhibitors have that a basic nitrogen is required, is compromised by the
been measuredLy), but affinities have not actually been existence of uncharged, non-nitrogen-containing ligands with
compiled for substrates in the major modeling exercises high affinity. The existing pharmacophore and homology
reported to date (e.g., refs6, 18, and 24). In general, models of P450 2D6 have been used to rationalize binding
considerations of P450 2D6 have been largely biased in termsand oxidation of some ligands, but the predictive usefulness
of amine substrates and probably need to be expanded irof these models is questionable, as is borne out in some
light of recent information. studies of known substrates (e.g., r&& 22, 23, and 35).

The results with non-amine substrates suggest reevaluationl he conclusions described herein, based on the results of
of the role of Asp301. We propose that Asp301 plays an Asp301 site-directed mutagenes&b) and the finding of
important structural role in P450 2D6 integrity. Initial efforts high-affinity ligands and substrates devoid of basic, positively
to reverse the putative Asp36basic substrate interaction charged nitrogen atoms (Scheme 2), demonstrate that our
with a Lys/Arg30t-acidic substrate pair were unsuccessful understanding of the P450 2D6 active site is unsound and
due to failure of mutants substituted with basic residues atthat further modeling regarding the role of Asp301 is
codon 301 to incorporate hem&5j. Even neutral residues ~ required.

4 Caution should be exercised in overinterpretation of the preliminary ACKNOWLEDGMENT
experiments because DMSO was used to prepare the stock solutions
of spirosulfonamide; high concentrations of DMSO are known to have .
inhibitory effects on catalytic activities of some P4564, 62) although We thank E. Grimm, M. Belley, and Y. Leblanc for the
DMSO was not an issue in another studf)( syntheses of compounds-6.
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SUPPORTING INFORMATION AVAILABLE

Syntheses of spirosulfonamidsyn- and anti-hydroxy-

spirosulfonamide, and keto spirosulfonamide; biosynthesis
and mass and NMR spectral characterization of the oxidation

products of spirosulfonamidel) and spiromethyl sulfone

2

and Dynafit scripts for using DynaFit to estimate

competition of ligands with bufuralol for P450 2D6. This

material is available free of charge via the Internet at http://

pubs.acs.org.
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