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ABSTRACT. Human cytochrome P450 (P450) 2D6 is an important enzyme involved in the metabolism of
drugs, many of which are amines or contain other basic nitrogen atoms. Asp301 has generally been
considered to be involved in electrostatic docking with the basic substrates, on the basis of previous
modeling studies and site-directed mutagenesis. Substitution of Glu216 with a residue other than Asp
strongly attenuated the binding of quinidine, bufuralol, and several other P450 2D6 ligands. Catalytic
activity with the substrates bufuralol and 4-methoxyphenethylamine was strongly inhibited by neutral or
basic mutations at Glu216-05%), to the same extent as the substitution of Asn at Asp301. Unlike the
Asp301 mutants, the GIn216 mutant (E216Q) retained 40% enzyme efficiency with the substrate
spirosulfonamide, devoid of basic nitrogen, suggesting that the substitutions at Glu216 affect binding of
amine substrates more than other catalytic steps. Attempts to induce catalytic specificity toward new
substrates by substitutions at Asp301 and Glu216 were unsuccessful. Collectively, the results provide
evidence for electrostatic interaction of amine substrates with Glu216, and we propose that both of these
acidic residues plus at least another residue(s) is (are) involved in binding the repertoire of P450 2D6
ligands.

P4503 enzymes are monooxygenases that have a variety Many of the substrate$,(7) and inhibitors {0) are amines
of functions. In microorganisms, they can enable growth on or contain other basic nitrogen atoms. With our early
particular substrates2) or produce useful products of realization that the alleged substrate phenacdtih Was a
secondary metabolism, e.g., antibiotic®.(Some of the specific substrate for P450 1A2 and not P450 2D3),(we
mammalian P450s have critical functions, e.g., in sterol presented a P450 2D6 pharmacophore model in which
metabolism 4), while others appear to be present mainly substrates were bound via hydrophobic interactions plus an
for the metabolism of a wide variety of xenobiotic chemicals, electrostatic interaction between the basic nitrogen and a
i.e., drugs, pesticides, alkaloids, terpenes, and other sub-utative anionic charge located-3 A away from the site
stances not naturally found in the body.(One of the human  of carbon oxidation13). Subsequently, this pharmacophore
P450 enzymes in this latter group, P450 2D6, is involved in model was further developed for inhibitors by our grolig)(
the oxidative metabolism 0£30% of the drugs used today and for substrates by otheikx-30). Several potential acidic
(6, 7). Because of the polymorphism involving lack of P450 amino acid residues had been considered for liganding in
2D6 function 8, 9), the development of new drugs for which  the modeling work. Ellis et al.31) changed Asp301 using
P450 2D6 plays a major role in metabolism is often avoided site-directed mutagenesis in a yeast expression system and
6, 7). interpreted the attenuated catalytic activity (90% decrease)
in the context of a role of Asp301 in binding the substrates
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1 Abbreviations: P450, cytochrome P450 (also termed heme-thiolate accepted model for binding of CYP2D6 [P450 2D6] substrates via
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estimated by spectral interaction. (33).
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Table 1: Kinetic Parameters for Bufuralol Hydroxylation by P450 2D6 and Site-Directed Mutants

product

P450 2D6 1-OH 6-OH 4-OH

kcat Km kca{Km kcat Km kcathm kcat Km kcathm

min—* uM min~t mM~1 min~—* uM min~t mM~1 min~* uM min~t mM~t

wild type 8.7+ 0.2 15+ 1 580 1.7£0.1 16+ 2 110 3.1+0.2 21+ 3 150
E216D 11+ 0.5 46+ 7 230 6.7+ 0.4 66+ 10 100 3.7+0.3 160+ 20 24
E216Q 1.0+£0.1 70+ 5 15 0.38+0.14 110+64 3.6 0.44+-0.05 180+ 66 2.4
E216A 1.2:0.1 89+ 8 14 0.59+ 0.1 200+ 26 2.9 0.68t 0.14 4104+ 190 1.7
E216H 1.4+ 0.05 120+10 12 0.25+ 0.08 69+ 20 3.6 0.72:-0.07 210+£55 3.5
D301N 0.68+0.07 140+ 35 4.9 0.54+ 0.08 260+ 93 2.1 0.20£ 0.01 1504+ 17 1.4

However, the dogma about the role of Asp301 in elec- and amitriptyline were purchased from Sigma Chemical Co.
trostatic interaction with substrates has several caveats. In(St. Louis, MO). The following chemicals were gifts from
general, the pharmacophore and experimental studies havéehe indicated sources:=-bufuralol and :hydroxybufuralol
contained some bias in that amines may have been over{Roche, Nutley, NJ); MPTP (N. Castagnoli, Jr., Virginia
represented in these studies. Many P450 2D6 substrates arolytechnic and State University, Blacksburg, VA); spiro-
oxidized by N-dealkylation, e.g., deprenyl34, 35), and sulfonamide (D. A. Nicoll-Griffith, Merck-Frosst, Kirkland,
regardless of the chemical mechanisnNedealkylation used  Quebec, Canada); debrisoquine, encainide, and 2-methoxy-
(36) the distance between the nitrogen atom and site of phenamine (G. R. Wilkinson, Vanderbilt University, Nash-
oxidation must be<5 A. A possible deprotonation/migration  ville, TN); 3-(1-naphthoxy)lactic acid (P. E. B. Reilly,
gating mechanism has been proposed to explain this phe-University Queensland, Brisbane, Australia); and metoprolol
nomenon 84). Others have postulated that Phe481 is (C. B&rnhielm, Astra-Zeneca, Mohndal, Sweden).

involved in the docking of amine substrates that bke P450 2D6 Constructs and VectofEhe original P450 2D6
dealkylated 28), but site-directed mutagenesis experiments construct DB647) had previously been modified to change
have not supported a role for this resid@@)( Another issue  the original Met374 to Valg, 48, 49) and to introduce a
with the site-directed mutagenesis work on Asp301 is that c_terminal (His} sequence38). The construction of the
removal of the negative charge at this site has the effect of p301N mutant had been reported previousg)(

{s\?:lcggrfgﬁ) 'Tg?éﬁ]orzts'ogbcger:sgje ilr?tg;{]he péggﬂ::g e Site-directed mutagenesis was performed following a two-
bacterial 88) eF;( ression systems. Further Asy301 might also step overlap extension PCR mutagenesis proce80jeThe
P Y ’ : ASP 9 sequences of mutagenic primers (purchased from Sigma

play a role in acting with a (conserved) I-helix Thr in proton G :
; : ) enosys, The Woodlands, TX) spanning the Glu216 codon
delivery, a5 in the well-studied cases of rat P450 1A2 Asp318 are listed in Supporting Information. In addition to alteration

(39) and bacterial P450 101 Asp254(( 41). Finally, we . . .
of the codon for Glu216 (underlined), all the oligos contained
(42) and others43—45) have recently reported P450 2D6 . . L .
. S . . . a silent mutation (G— T; indicated in bold) to create an
?nuigztr(ztef gz\,(/cl)'dkcc’féj gsr'ﬁir’yﬁ“(’fze);" including spirosulfona- Aflll restriction enzyme site to facilitate subsequent rapid
S -+ ’ at Y- . . ‘g .
One of the other acidic residues of P450 2D6 that has been|den'F|f|cat|'on.o.f mutants. ) ) )
mentioned in homology modeling studies is Glu216, which Briefly, individual sense oligos (Supporting Information)

can be modeled as being in substrate recognition sequencd/€ré used in conjunction with a complementary oligo
2 and the F-helixZ1, 22, 27, 28, 30). Although this residue  containing anxbd site (TCTAGATTAATGGTGATGGT-

has been alluded to, no reports have appeared, to outCATGGCGGGE) centered on thé-8nd of the P450 2D6
knowledge, regarding experimental examination of its role, CONA. Likewise, the complementary oligos (Table 1) were
and, in this work, we mutated Glu216 to several other used in conjunction with & Eprimer containing aiNdd site

residues and examined the effetts. (AAAACATATGGCTCTTGAAGCACTTGTACC) cen-
tered on the P450 2D6 start codon. Individual PCR reactions
EXPERIMENTAL PROCEDURES were conducted usingBfu polymerase in an Applied Bio-

_ ) systems model 9600 thermocycler (Applied Biosystems,
ChemicalsUnlabeled 4-methoxyphenethylamikkEl was Foster City, CA). The resulting850 and~700 bp products

recrystallized twice from €4;0H (46). 4-[Methykds]- were resolved on 1.0% (w/v) agarose gels and purified using
methoxyphenethylaminBlCl was prepared (and recrystal- 5 ge| extraction kit (Qiagen, Valencia, CA). The final DNA

lized) as described previousi®). Quinidine, {-)-sparteine,  concentration of the purified fragments was estimated
1-naphthylacetic acid, 2-(1-naphthoxy)acetic aCl_d, and the following visualization of ethidium bromide-stained bands.
(4-methoxyphenyl)- and (4-hydroxyphenyl)-substituted car- approximately equimolar amounts (10 pmol) of the paired,
boxylic acids were purchased from Aldrich Chemical Co. overlapping products were combined with the external
(Milwaukee, WI) and used without further purificatiorg){ primers to amplify the full-length products again usity
Propranolol was from Fluka (Buchs, Switzerland). Codeine polymerase. The resulting full-length fragmentsL600 bp)

were purified by gel extraction, digested witldd and Xbd,
3 Portions of this work were reported at the joint meeting (Gemein- and ligated into the pCW plasmid that was previously

same Herbsttagung) of the GesellschaftBiochemie und Molekular- ; ; it ot
biologie e. V. and the Deutschen GesellschaftEwperimentelle und digested with the same endonucleases. Initial verification of

Klinische Pharmakologie und Toxikologie e. V. (Halle, Germany1@ the incorporation of the desired mutations was accomplished
September 2002). following Aflll digests. Subsequent verification of all indi-
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vidual mutants and the integrity of the nucleotide sequences The assays ofO-demethylation of 4-anisic acid (4-
were done using an Applied Biosystems Prism version 3.0 methoxybenzoic acid) and 4-methoxyphenyl acetic and

sequencing Kkit.
Expression and Purification of Enzymdsxpression of

propionic acids were patterned on the assay of 4-methoxy-
phenethylamineO-demethylation, using a 6.2 80 mm

wild-type P450 2D6 and the site-directed mutants was done Zorbax octadecylsilane column (&n, MacMod, Chadds

in Escherichia coliMV1304 cells, using 500 mL cultures in
2.8 L Fernbach flasks, with shaking for 48 h at 28 (150
rpm in a New Brunswick Innova shaker, New Brunswick,
NJ) (38). Chloramphenicol (1.0 mg mt), 5-aminolevulinic
acid (0.5 mM), and isopropyi-p-thiogalactoside (1.0 mM)

Ford, PA) and a linear gradient of 2 to 45% &N (v/v) in

20 mM aqueous KCIQ(pH 2.5) over 8 min, with a flow
rate of 3.0 mL min' and detection of the UV signal at
254 nm. The potential products 4-hydroxybenzoic acid,
4-hydroxyphenylacetic acid, and 4-hydroxyphenylpropionic

were present during the enzyme induction mode. Membranesacid eluted withtg 4—5 min under these conditions, with
were prepared from the cells and solubilized using a generalthe substrates following later {@ min).
procedure, with 0.5% sodium cholate and 0.2% Emulgen 913  Results obtained in steady-state kinetic assays were fit to

(w/v) for solubilization. Purification was done using im-
mobilized NF™ columns as described elsewhe88,(51).

Yields of the P450 2D6 E216 mutants were (per 500 mL
culture): E216A, 140 nmol; E216D, 130 nmol; E216H, 190
nmol; E216K, 140 nmol; E216L, 210 nmol; E216N, 190
nmol; and E216Q, 140 nmol. Wild-type P450 2D6 and the
E216A, E216D, E216H, E216K, and E216Q mutants were
selected for purification. All purified P450s were95%
homogeneous as judged by SBolyacrylamide gel elec-
trophoresis %2); when loaded on the basis of P450 content,
the samples yielded similar staining intensities for the protein
bands $3). P450 concentrations were estimated fromitFe
CO vs Fé' difference spectrasd).

Recombinant rat NADPHP450 reductase was produced
in E. coli cells and purified as described elsewhess)(

Ligand Binding SpectreSpectra were recorded using the
approaches described in detail elsewh&@,(using a Cary
14/0LIS instrument (On-Line Instrument Systems, Bogart,
GA). All stock ligands were prepared as agueous solutions
except for spirosulfonamide (GBN). Type | binding data
(AAsg90-420 VS ligand concentration) were fit to hyperbolic

hyperbolic plots using the program GraphPad Prism.

Homology ModelingMolecular modeling was performed
using the Insight Il suite of programs (v. 2000.1, Homology,
Biopolymer, and Discover 3 modules) from Accelrys Inc.
(San Diego, CA) on a Silicon Graphics O2 workstation.
Models were constructed based on the published crystal
structure of P450 2C%Q). The amino acid sequence of P450
2D6 (specifying Val at position 374) was aligned with the
P450 2C5 sequence from residue 34 onward, because the
N-terminal “anchor” peptide is missing from the P450 2C5
crystal structure. The alignment (Supporting Information)
was based on a multiple sequence alignment of both P450
2D6 and P450 2C5 with a number of other mammalian P450s
as well as bacterial forms for which crystal structures are
available. Where gaps and deletions were introduced between
P450 2D6 and P450 2C5, an attempt was made to conserve
possible secondary structural elements found across multiple
P450 structures; thus, gaps and deletions were concentrated

'in turns and loops between conserved elements. Coordinates

were assigned for designated structurally conserved regions;
then loops (including the +G loop which is not specified

plots using the program GraphPad Prism (GraphPad, San, ye p450 2G5 structure) were built using the loop generator
Diego, CA) or, When ligand concentrations were close 10 ¢ nction in Homology. The coordinates for the heme group
the P450 concentration, to a quadratic expression to COIeCt yere taken directly from the P450 2C5 structure. After all
for bound ligand 46, 57)' . _— loops and gaps were spliced, the resulting structure was
Assays of Catalytic Aatity. Bufuralol oxidation was g yiected to energy minimization using Discavérand the
analyzed as described elsewhes®)(using 0.4uM P450 o qistent valence force field. Hydrogen atoms were included
(and 0.8«M NADPH—P450 reductase, plus 484 di-12:0 in the model and a pH of 7.4 was specified. Force field

GPC), a reaction time of 5 min (3TC), and reversed phase i

. parameters for the heme were specified separately, and the
HPLC (58, 59) with both fluorescencersazod and UV heme and the Cys443 residue were kept fixed throughout
(Aosg) detection. The fluorescence data were used for gy the minimizations. Minimization was initially performed

calculations of production. of 4and 6-hydroxybufuralol; the using the steepest descent method (1000 steps) followed by
UV data were used to estimate 4-hydroxybufura)(The 5 series of minimization stages (1000 steps each), using the

1,2, : i i ini
level of A*-*-dehydrobufuralol formedsg, 61) was too low conjugate gradient method until a local energy minimum was
to quantify accurately. obtained.

4-Methoxyphenethylamin®-demethylation was assayed
using HPLC as described in detail elsewhet6, 66, 62).
Substrate concentrations a800uM were used because of
the inhibition observed at higher concentratio#6) @nd the Expression of P450 Glu216 Mutansn issue in previous
potential for further hydroxylation to dopamingg). work with Asp301 mutants of P450 2D6 was the attenuated

The O-demethylation of 4-methoxybenzylamine was ana- heme incorporation in neutral mutants and the total lack of
lyzed in the same manner as for the 4-methoxyphenethyl- heme in the mutants in which the residue had been changed
amine reaction, with HPLC/fluorescencé,f;s09. The to a basic residue3g). All of the Glu216 mutants could be
fraction of CHCN in the HPLC solvent mixture was expressed with levels of holoprotein (i.e., containing heme)
decreased from 2 to 0% (v/v) during the first 3 min of the similar to the wild-type enzyme (see Experimental Proce-
program (and then increased to 20%, v/v, over the time dures). The purified proteins used in this work all contained
period of 3 to 10 min). <10% cytochrome P420 relative to P450 (with the exception

Spirosulfonamide methylene (syn-) hydroxylation was of E216K,~30%), further indicating a generally preserved
analyzed as described previoust?). structure. Further, no noticeable differences were observed

RESULTS
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Ficure 1: Binding of quinidine to P450 2D6 and Glu216 mutants.
A spectrum of each P450 2D6 (either Glu (wild type), Asp, GIn,
His, or Ala) was recorded with 2M P450 in 0.10 M potassium 0.025- o
phosphate buffer (pH 7.0) containing 48M di-12:0 GPC. M
Quinidine was added to 2eM and another spectrum was recorded.

The first spectra were subtracted from the second using the OLIS o <
software to yield the difference spectra shown here. 0%6’ s

1 1
1000 1500
[Bufuralol], #M

in the ratio of P450 heme to apoprotein (detected in . '
. Ficure 2: Concentration dependence of spectral changes observed
electrophore§|s). _ in titration of P450 2D6 and mutants with bufuralol. See Supporting
A preparation of wild-type P450 2D6 was made at the Information for some spectral traces. (A) Results are shown for

same time as the mutants and used directly in comparisonsWild-type P450 2D6 (Glu216m), P450 E216D4), and P450 2D6
to preclude any differences not due to the mutations. E216H (). (B) Expanded graph of P450 2D6 E216H binding, from
. - . panel A. Data points were fit to a quadratic expression (for wild

Binding of Quinidine and BufuraloWild-type P450 2D6  type and E216D)46, 57) and to a hyperbolic equation for E216H
and all of the Glu216 mutants were found to be in the low- and yieldedKs = 7.3, 7.8, and 342@M for wild-type P450 2D6
spin (ferric) iron form, as isolated. Addition of ligands often and the E216D and E216H mutants, respectively.
leads to displacement of the distab® ligand, causing a
partial shift to high-spin iron (Type | shift@). Preliminary of the E216D mutant was only compromised /2. All
spectral binding interactions were examined with quinidine, of the changes of Glu216 to nonacidic residues lowered
a competitive inhibitor K; < 0.1 4M with wild-type P450  most of the activities to~3%, and the mutation D301N
2D6) (10) that is not oxidized by P450 2D64§, 65). had a similar effect. These changes appeared to affect both
Quinidine produced the expected Type | difference spectrak., and Ky,
with wild-type P450 2D6 and the E216D mutant (Figure 1),  4-Methoxyphenethylamir@ Demethylation Actiity. This
but a change to a neutral or basic residue abolished thecatalytic activity has one of the highest rates observed with
response. P450 2D6 and has a number of advantages as an a#$ay (

The Type | binding spectra seen with bufuraléRl was 56). As with bufuralol, this substrate contains a positively
also attenuated in the neutral mutants. At higher concentra-charged amine.
tions of bufuralol, weak Type | difference spectra could be  The substitution E216Q reduced the enzyme efficiency
observed (see Supporting Information). Analysis of the data (kea/Km) from 280 to 0.44 mint mM~! (Figure 3), similar
yielded aKs of ~3.4 mM for the E216H mutant, compared to the effect of the D301N mutation (0.27 minmM™1).
to the values of 7.3 and 7.8M calculated for wild type (The highK, values of the mutants make discernment of
P450 2D6 and the E216D mutant, respectively (Figure 2). the k.o: and K, parameters difficult.)

Bufuralol Oxidation Actiity. Preliminary HPLC analysis Wild-type P450 2D6 had been demonstrated to show a
indicated that production of all four oxidation products of noncompetitive intermolecular deuterium isotope effect of
bufuralol was compromised in the E216Q mutant (Supporting 3.1—3.8 on bothke, and kea/Ki (46). Even with the very
Information)* More extensive analysis indicated the attenu- low catalytic activity of the E216Q mutant, a similar kinetic
ation of the three major oxidation activities of wild-type deuterium isotope effect of 3.2 (okca/Km) could be
P450 2D6 by mutation of Glu216 (Table 3)The activity demonstrated for this reaction (Figure 3) (the reaction of

wild-type P450 2D6 had been determined to show an

4 Previously, a higher bufuralol-hydroxylation rate (21 min') had intramolecular isotope effect of 9.6, approximating the

been reported38, 42). We found that a sample of the product standard intrinsic isotope effect46)).
used in that work (Research Biochemicals Int., Natick, MA) contained ~ Spirosulfonamide Hydroxylation Aetly. Spirosulfona-

an incorrect stated concentration, as judged by UV analysis. The ratemide, a candidate from a cyclooxygenase-2 inhibitor phar-

reported here is considered more accurate. . . T . .
5The contributions of the individual enantiomers ef){bufuralol maceutical program, is of significance in that this P450 2D6

to the individual products have not been ascertained. P450 2D6 is knownsubstrate Ks 1.6 uM, Ky 6 uM) (42) is devoid of basic
to convert both enantiomers to-fiydroxybufuralol {2). The §(-) nitrogen. Other analogues devoid of basic nitrogen are also

enantiomer has been suggested to be the source of 4- and 6-hydroxy- ; ;
bufuralol on the basis of studies with liver microsoméé){( although Substrates for P450 2D@3). The mutation D301N did not

the contribution of human P450 1A2 to these bufuralol hydroxylations alter theKs or K, of P450 2D6 but did reduce thea by
(60) makes the case more complex. ~10-fold (42).
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T T T Scheme 1: Propranolol (with Sites of Oxidation by P450
» 2D6 Labeled) and Three Naphthyl Analogues Examined as
Putative Ligands for P450 2D6 E216 K

o/\/\H ) O/\]/COQH

OH

20—A

15

10

3
3

T A

propranolol 3-(1-napthoxy)lactic acid

CO.H

v, min-1

0" CoH

o
&

0.10- | 1-naphthylacetic acid 2-(1-napthoxy)acetic acid
4B—H, i.e., metoprolol, propranolol, debrisoquine, MPTP,
0.05¢ - encainide, sparteine, and amitriptyline). Less effect was seen

on the binding of codeine and 2-methoxyphenamine (Figure
4] and J) under these conditions (with codeine and 2-meth-
. 2 E216Q/d3I oxyphenamine the spectra were much weaker than most of
100 200 300 the other ligands).

[4-Methoxyphenethylamine], /M Attempts to Alter Substrate Preferences of P450 2D6 by
Ficure 3: 4-Methoxyphenethylamin®@-demethylation activity of Mutation. Thus far in this report we have examined the
P450 256 and mutgﬁts as ayfunction of sub)étrate conce%tration.Eﬁeqt.S of substitutions of P450 2D6 amino aCIdS_, on catalytlc
Assays were done with 04M P450 for 10 min and 58200 uL activities toward known substrates. If electrostatic interaction
aliquots were analyzed by HPLC (fluorescence detection) after of a ligand with an amino acid is the dominant factor in
deproteinization. Results are shown (expanded scale in panel B)binding, then we might expect to be able to modify this or

for wild-type P450 2D6 M), P450 D30IN 4), and P450 2D6  yeverse it in a predictable way. Two attempts were made,
E216Q @) using unlabeled 4-methoxyphenethylamine as substrate one with Asp301 and one with Glu216
and also for P450 2D6 E216Q using mdthyldslmethoxyphen- P )

ethylamine as substrat®). All fits were made to hyperbolic plots, One might expect the same enzyme complementarity
With Keae = 27 (£ 3) min~! andKy, = 97 (+ 20) uM for wild-type between P450 2D6 D301E and 4-methoxybenzylamine as

P450 2D6 k.o Km = 280 mimt mM~2). The data points shown in _ ; ;
panel B did not produce reliable fits with hyperbolic plotting; the €tWeen P450 2D6 and 4-methoxyphenethylamine. Neither

respectivekea/Km estimates for D301N and E216Q (unlabeled €NZYyMe (wild type nor D301E) had particularly good
substrate) and E216Q (trideuterated substrate) were 0.44, 0.27, angatalytic activity toward 4-methoxybenzylamine (see Sup-
0.14 mimt mM~L, porting Information). Wild-type P450 2D6 showed Type |

difference spectra (Figure 1) in binding 4-methoxyphenethyl-

The substitution E216Q lowered thg, for spirosulfona- ~ amine 66) but did not show such spectral changes with 4-
mide methylenesyrnrhydroxylation from 4.1 4 0.3) min? (or 3-) methoxybenzylamine.
to 1.2 @& 0.1) min'%; the respectivéy, values were 16+ The second case was an attempt at charge reversal. The
3) and 13 £ 3) M for the wild-type enzyme and the E216Q E216K protein showed little binding of quinidine (added
mutant, respectively, in a direct comparison. Thus, the at 20 M), similar to the E216Q, E216A, and E216H
enzyme efficiency was reduced from 250 to 90 MimM ! mutants (Figure 1) (data not presented). Six potential
by the neutral substitution. This decrease (60%) is significant carboxylic acid ligands were added to wild-type P450 2D6
but considerably less than the 10-fold change observed withand to the E216K mutant: 4-methoxybenzoic acid (anisic
the D301N substitution4@). acid), 4-methoxyphenylacetic acid, and 4-methoxyphenyl-

Effects of Mutation at Glu216 on Binding of Other Basic propionic acid (analogues of 4-methoxyphenethylami (
Amine SubstratesThe results suggested that mutations at 56)) and 1-naphthylacetic acid, 2-(1-naphthoxy)acetic acid,
Glu216 (other than to Asp) compromised the ability of and 3-(1-naphthoxy)lactic acid, chosen for their potential
P450 2D6 to bind quinidine, bufuralol, and 4-methoxyphen- similarity to the P450 2D6 substrate propranold?,(33)
ethylamine but not necessarily spirosulfonamide. To more (Scheme 1). None of these carboxylic acids produced a
fully survey the role of Glu216 in binding ligands, we detectable Type | binding spectrum when added at concen-
examined the effect of one of the substitutions of Glu216 trations of 10, 40, or 7&M (data not shown). P450 2D6
on the binding of an additional nine P450 2D6 amine E216K was incubated with NADPHP450 reductase, di-
substrates, using (single) concentrations reported to yield12:0 GPC, and 4-methoxybenzoic acid, 4-methoxyphenyl-
optimal catalytic activity in the literature and comparing wild- acetic acid, or 4-methoxyphenylpropionic acid, plus an
type P450 2D6 as a control (Figure 4). The substrate NADPH-generating system. No products were detected,
spirosulfonamide42), devoid of basic nitrogen, yielded a and the limit of detection of th©-demethylated products
relatively strong (Type |) interaction relative to the amines with 50—500uM substrate concentrations corresponds to a
and this binding was not decreased by the substitution atk../Kn, value of <0.05 mint mM~ (cf. 280 mint* mM~!
Glu216 (Figure 4A). The binding of most of these amines for the O-demethylation of 4-methoxyphenethylamine by
was markedly attenuated by the substitution E216H (Figure wild-type P450 2D6, Table 1).
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Ficure 4: Survey of effect of substitution of Glu216 on binding of spirosulfonamide and known ligands with basic nitrogen to P450 2D6.
Spectra were recorded as in Figure 1 with ANb P450 (P450 2D6 wild type= WT (—) or E216H (- - -)) in 0.10 mM potassium phosphate

buffer (pH 7.4) containing the indicated ligands at the following concentrations (with references cited to previous literature). In each case,
the initial spectrum was subtracted electronically from the spectrum recorded in the presence of ligand. Structures are shown for the ligands.
(A) Spirosulfonamide, 2tM (42); (B) metoprolol, 50uM (58); (C) (9-propranolol, 50uM (33); (D) debrisoquine, 10&M (12); (E)

MPTP, 1.0 mM B8); (F) encainide, 20&M (12); (G) (—)-sparteine, 1.0 mM&7); (H) amitriptyline, 500uM (68); (1) codeine, 175uM

(24); and(J) 2-methoxyphenamine, 2Q0M (69, 70).

DISCUSSION 72). Mutation of Phe483 to lle produced some alteration of

he pattern of testosterone metabolism by P450 208. (
hanging Phe481 has been reported to ldwgK,, 10-fold

for some substrates but to produce no effect with ott#fs (

Finally, P450 2D6 with Met at position 374 rather than Val

(a Met 374-containing cDNA being the first P450 2D6

and substrated 8, 15—29). The docking of ligands to P450 feeq_uen::e t_chtartacterl(zjeﬁ, &48’ z}gl 73) showed altered
2D6 has also been a matter of basic interest in the P450 g|ose_ec ity oyvar Metoprolof. o

field because this enzyme has often been considered to be The interpretation of the effects of the substitution at
one of the best understood of the microsomal P450s in termsASP301 requires some caveats, which have already been
of its interactions with small molecules. Almost all recent mentioned 88). Asp301 is eight residues away from the
descriptions of P450 2D6ligand interactions are based upon Nearest Thr X2 helix turns), and therefore its carboxylic
the role of electrostatic interactions between Asp301 and acid may not be participating in-€0 bond scission4Q,
basic nitrogen atom&The results presented in this paper 41).- However, Asp301 could be involved in a hydrogen
argue that Glu216 has at least as great a role in the bindingPonding network with water molecules, such as that reported
of basic substrates. for substrate-bound P450 107A74j. Modi et al. 6, 71)

The literature contains far more reports on P450 2D6 'eported that binding of MPTP did not require Asp301 and
modeling than of actual site-directed mutagenesis. A list of iNvoked alternate residues. Residues other than Asp301 (e.g.,
P450 2D6 residues postulated to form the active site includesPne481) had also been proposed for binding of amine
at least Asp100, Trp316, Pro3718j, Pro103, Ile106, §ubs_trat_es thataN}deaIkyIatedZS), although little evidence
Thr107, Leu110, Pro114, Ser116, Ala122, Asp301, Ser304,implicating any has been obtained. Recently, our group
Ala305, Thr309, Val370, Gly373, Val374, and Phe4ga,(  clearly showed that Asp301 was not needed to bind the
71), Glu216 @1, 22, 27, 28, 30), and GIn117, Leul21, spirosulfonamide, a substrate devoid of basic nitrogen, but
Leu213, Phe219, and Phe4&I7). Only six residues have that Asp301 was somehow needed otherwise for catalysis
been examined by site-directed mutagenesis to date. Chang(42) and effective expression of holoenzyns)°
ing Asp301 to any residue except Glu lowers catalytic ~ Our present results clearly show a role of an acidic residue
activity >10-fold (31, 38). Mutations changing Asp100 and at position 216 in binding of most basic substrates, as
Ser304 have been reported to have little effect, if &1y (  indicated by the spectral data (Figures 1, 2, and 4). Although

P450 2D6 has attracted considerable interest because o
its role in the oxidative metabolism of a large fraction of
the drugs used today and its extensive genetic polymorphism
(6, 7,9). Because of the potential for undesirable drug effects
(8), efforts have been made to predict both inhibitcd4)
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A

Ficure 5: Model of P450 2D6 active site. Views of the substrate binding cavity in the P450 2D6 homology model are shown with only
the side chains of the relevant residues, plus the heme (red), I-helix backbone (blue-green ribbon) and other areas of peptide backbone
(purple) linking residues proposed to line the substrate binding site shown). For clarity, residues are labeled using the single letter code, and
the heme is represented as thin sticks, as are side chains of I-helix residues where the | helix is shown (views A and B). Hydrogens are not
shown except for the amide hydrogens of residues 119 and 120 hypothesized to hydrogen bond to the carboxylate oxygen atoms of Asp301
(possible hydrogen bonds are indicated as gray lines). (A) View from the side opposite the I-helix: the I-helix runs along the back of the
view and Val374 is at the front of the view. (B) View looking down into the substrate binding site from above residue Phe120. (C) Side
view of the active site from the perspective of the I-helix: I-helix residues have been cut away except the side chains of residues 301, 304,
309, and 313 shown at the front of the view.

the precise meaning of thg, parameter is unknown in P450  with a role in substrate binding. By contrast, the side chain
2D6 reactions 46), it should be noted that this parameter of Asp301 is directed away from the heme and oriented in
was also greatly increased by the substitution of Glu216 with such a way as to form possible hydrogen bonds to the amide
neutral residues (Figure 3, Table K)(was also decreased; nitrogens of residues 119 and 120. The side chain of Asp301
see ref46 for discussion of what steps may contkgl). The is directed away from the active site and toward the amide
Glu216 mutants appeared to contain the same complemenprotons of residues 119 and 120, such that hydrogen bonds
of heme as wild-type P450 2D6 (and little cytochrome P420), of 1.74 and 1.96 A could be proposed between one of the
in contrast to the Asp301 mutants; moreover, no effect on carboxylate oxygens of Asp301 and these amide protons
the K, was seen for the substrate spirosulfonamii® and (Figure 5). This proposal has also been raised recently by
the ket for oxidation to thesynmethylene alcohol was 40%  Kirtonet al. 30), who speculate that Asp301 may serve to
of that seen with wild-type P450 2D6. stabilize the B-C loop in P450 2D6 and possibly other P450s

Examination of the homology model developed for P450 that contain an acidic residue at this position. This structural
2D6 in the present study (Figure 5) shows that Glu216 is fole is consistent with mutagenesis studies showing com-
positioned at the top of the proposed substrate binding cavity,Promised holoprotein stability upon mutation of Asp368)(
with its side chain pointing down toward the heme, consistent In this putative role, Asp301 may also influence the

orientation of Phe120, the side chain of which appears to be

* During th on of thi - ectron - oriented into the active site in such a way that it may

uring the preparation o IS manuscript, an electronic preprin H H H H _
of a report by Kirton et al.30) appeared suggesting a role for Glu216 Co.”t”b“te to. SUbStrat.e blndlng. Thus, an alternative mech
in P450 2D6-ligand binding on the basis of homology modeling and @nism by which mutation of Asp301 may influence substrate

principal component analysis. Kirton et aB0j also pointed out that ~ specificity can be postulated, namely, reorientation of
many P450s have an acidic residue at the position corresponding tophe120.

P450 2D6 301 in their sequence alignments and do not preferentially . . . . .

bind amines; few P450s have an acidic residue corresponding to P450 W€ summarize our views on the residues involved in the

2D6 Glu216, but these P450s do use amine substrates. binding of P450 2D6 substrates, based on experimental
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evidence. We reiterate our previous view that Asp301 has ACKNOWLEDGMENT
at least part of its role in the folding and structure of P450  \ne thank G. P. Miller for helpful discussions and

2D6. The negative charges at the acidic residueo#t  omments on the manuscript, W. A. McCormick for as-
positions 301 and 216 may both contribute in binding amines. gjstance in expression and purification of some of the P450

For instance, replacing either residue 3G1,(42) or 216 2D6 Glu216 mutants, and K. Trisler for assistance in
(Figure 1) nearly abolishes quinidine binding, and the rest preparation of the manuscript.

of this paper emphasizes the contribution of Glu216.

However, other residues must also be involved in the binding NOTE ADDED IN PROOF

of substrates: (i) P450 2D6 (both wild type and Asp301 . , . ,

mutants) binds spirosulfonamide and other substrates that _During the review of this article, a separate paper appeared
are devoid of basic nitrogen, and (ii) in the present study (78) in which the effect of mutz_itlng_GIu216 was examined.
we were unable to make simple changes at positions 2161h€ approaches and results differ in that P450 2D6 was not
and 301 to achieve results that would be predicted if only Purified, ligand binding was not examined directly, the

simple electrostatic interactions were involved. for bufuralql I-hydroxylation was an order of magnitude
lower for wild-type P450 2D6 than reported here, and the

keat Was not reduced further by substitution of Glu216.
However, the findings qualitatively support our own about
the involvement of Glu216 in catalysis by P450 2D6.

Our homology model (Figure 5) shows Asp301 with its
oxygen atoms 10.7 and 10.8 A from the ferric iron atom.
Glu216 has the closer of its two oxygens 14.3 A from the
iron, but side chain movement may bring the carboxylate
oxygen atoms somewhat closer than the default minimized syppORTING INFORMATION AVAILABLE
model geometry shown in Figure 5. These distances might Sequences of oliconucleotides used for mutagenesis
seem to argue against a role of Glu216 and in favor of one i q t of P450 2%5 d P50 2D6 9 d t,
for Asp301, but the point should be made that the D301E algnm?n t?] h | an del devel segu_en(;;:_s use K 0
(31, 38) and E216D mutants (Figure 1, Table 1) retain much generate the homology model deveioped In this work,

N o i o difference spectra of binding bufuralol to P450 2D6 E216H,
of their binding capability and catalytic activity. Further, comparison of HPLC of bufuralol products of wild-tvoe P450
models must all be considered imperfect. Even reengineerin92|:)6p d P450 2D6 E216 | tp ) Sforb %/p lol
bacterial P450 101 (P45 to utilize mqlec_ult_as qther than hy drci?ylation by wil d-type% 4p58 386 Zrnsg P 4;’5 2?)8?2016Q
campho_r is not_trl\_naI'(_S). Flnall_y, a major limitation of all and plots ofy versus S folO-demethvlation of 4-methoxy- '
models_ |shthe limited llcnfr?rmatmln _aboutkgiove:jneﬁ tof key phenrzathylamine and 4—methoxybe¥zylamine by wild-i/ype
atoms in the course of the catalytic cycks), and the rate . 2 .
of catalysis is probably most dependent upon the tightnessP450 2D6 and P450 2D6 E216Q. This material is available

of substrate binding in the transition sta®&), With these free of charge via the Internet at http:/pubs.acs.org.
caveats presented, our model (Figure 5) suggests that thEREFERENCES

residues Phel20, Leu213, Phe483, and Val374 are most . ,

kel to interact with igands, a proposal that is consistent 3 FATer &, 419 Resdic b (938la Chem, 267668 070
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