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ABSTRACT. The effect of mutating Gly 478 to Ala in rat cytochrome P450 2B1 on the metabolism of
N-benzyl-1-aminobenzotriazole was investigated. The 7-ethoxy-4-(trifluoromethyl)coutrderthylation

activity of the wild-type enzyme was completely inactivated by incubating wigiMIBBT. The Gi7sA

mutant, however, was not inactivated by incubating with up taBBT. Whereas metabolism of

BBT by the wild-type 2B1 resulted in the formation of benzaldehyde, benzotriazole, aminobenzotriazole,
and a new metabolite, thesA mutant generated only the later. This metabolite was found by NMR,

IR, and mass spectrometry to be a dimeric product formed from the reaction of two BBT molecules.
Two spectral binding constants, a high-affinity constant that was the same for both enzyma$ (30)

and a low-affinity constant that was 5-fold lower for the mutant enzyme (0.3 mM vs 1.4 mM), were
observed with BBT. The appareKt, and k., values for the G;sA mutant with BBT were 0.3 mM and

12 nmol (nmol of P450)t min—1, respectively. Molecular modeling studies of BBT bound in the active
site of P450 2B1 suggested that a mutation of Gly 478 to Ala would result in steric hindrance and suppress
oxidation of BBT at the 1-amino nitrogen. When BBT was oriented in the 2B1 active site such that
oxidation at the 7-benzyl carbon could occur, no steric overlap between Ala 478 and the substrate was
observed. Thus, this orientation of BBT would be preferred by the mutant leading to oxidation at the
7-benzyl carbon and subsequent dimer formation. These findings indicate that a glycine 478 to alanine
substitution in P450 2B1 altered the binding of BBT such that inactivating BBT metabolites were no
longer generated.

The endoplasmic reticulum cytochrome P345§stem is in the detoxification or activation of xenobiotics to potentially
composed of multiple P450 monooxygenases and NABPH carcinogenic or toxic compounds has generated a strong
P450 reductase. This enzyme system is responsible for thenterest in identifying the critical amino acid residues
oxidative metabolism of exogenous (drugs, pesticides, en-involved in substrate binding and catalys#.( Currently,
vironmental pollutants, carcinogens) and endogenous (ste-only the three-dimensional structures of soluble bacterial
roids, prostaglandins, retinoids, alkaloids, lipophilic vitamins) cytochromes are available. Therefore, functionally important
compounds 2). Although the numerous forms of P450 amino acid residues of mammalian cytochromes have been
enzymes often display overlapping substrate specificities, identified by site-directed mutagenesis, photoaffinity labeling,
individual isoforms may be very selective for certain mechanism-based inactivation, and amino acid sequencing

compounds3—6). The important role these enzymes play Of the modified peptides and by comparing naturally occur-
ring mutations in a number of different allelic varian€(
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involved in substrate binding and orientatiod).( When pCW Orit 2B1 plasmid (1Q:g) was digested witKpnl and
glycine 478 was replaced with eight amino acids of different EcoRlI in Multicore buffer (Promega, Madison, WI) for 1 h
size, charge, or hydrophobicity, it was observed that the at 37°C. The resulting 400 bp fragment was resolved on a
alanine mutant had a 10-fold lower androstenediong: 16 1% agarose gel, excised, and purified using an Q:¥b
160 hydroxylase ratio as compared with the wild-type Ultrafree-MC centrifugal filter device as described by the
enzyme (0). manufacturer (Millipore, Bedford, MA). The purified frag-
A three-dimensional model for cytochrome P450 2B1 has ment was ligated into pALTER 1. Competent JM 109 cells
been proposed on the basis of the crystal structure of P450were transformed and selected by plating on LuBartani
101 (18). This model was consistent with the site-directed Pplates containing 1@g of tetracycline/mL 26). Individual
mutagenesis data. In the model, replacement of glycine 478tetracycline-resistant colonies were picked and used to
with alanine resulted in van der Waals overlaps with inoculate 3 mL of Luria-Bertani media containing 10g
androstenedione such that the substrate could not be boun®f tetracycline/mL. The 3 mL cultures were grown overnight
in the 163 orientation. at 37 °C with vigerous shaking (300 rpm). Plasmid DNA
Benzyl-1-aminobenzotriazole has been shown to be afrom the bacterial cultures was isolated using the Wizard

selective mechanism-based inactivator of P450 2B isoformsMinipreps DNA isolation kit (Promega, Madison, WI)
and to bind covalently to microsomes from liver or lung according to the manufacturer’s protocol. Thg incorporation
guinea pigs 19—21). Previous studies with purified recon-  Of the 2B1Kpnl/EcaRlI fragment into the multicloning site
stituted P450 2B1 demonstrated that BBT was metabolized ©f theé PALTER plasmid (to generate cloneKE) was con-
to 1-aminobenzotriazole, benzotriazole, benzaldehyde, andfirmed by diagnostic restriction enzyme analysis. Substitu-
a novel unidentified product, #27, and that the mechanism- tion of P450 2B1 glycine 478 with alanine was performed

based inactivation of BBT was primarily due to binding of Y two consecutive rounds of PCR using the cloneKE
a BBT metabolite to the P450 proteigd). plasmid. The first round of PCR was performed in two

The current study shows that a single glycine to alanine S€Parate tubes. Each reaction mixture contained fifu

change at position 478 in P450 2B1 abolished the formation 'eaction buffer, 1.0 mM dNTPs, 5 fmol of cloneKE plasmid,
of the inactivating species of BBT. These data were and 1.25 units of recor_nbmapfu polymerase (Stratagene,
interpreted with the help of molecular modeling. A novel La JoIIa,. CA). To the first tube was added 100 pmol of the
finding of this work was that the oxidation of BBT resulted S€NS€ primer ((SSAGGTATTTTTGCAATGCCACT-3) span-

; ; ; ; ing the sequence corresponding to Gly 478 together with
in the formation of a dimer by both the wild-type and the MN9Y
mutant enzyme. In combination with spectral data, these 100 Pmol of T7 (SAGTGGCATTGCAAAAATACCTC-

: 3') promoter primer. The second reaction contained 100
observations suggested that two molecules of BBT may be ) S
accommodated by P450 2B1. The present study furthermeI of antisense primer AGTGGCATTGCAAAAATAC-

; i : : CTC-3) together with 100 pmol of SP6 promoter primer
illustrates the feasibility of the P450 2B1 active site model | .
in the design of specific mechanism-based inactivators to (5 ~"CACCATGATTACGCCAAGC-3). The overlapping

selectively target very closely related P450 isoforms. prqducts of t_he two reactions (94 z_;md 376 bp) were purified
ytarg y y using Centricon concentrators with a 50 000 MW cutoff

EXPERIMENTAL PROCEDURES (Amicon, Beverly, MA). For the second round of PCR 15
fmol of each product was combined and subjected to 10
Materials. Bacto tryptone and Bacto yeast extract were rounds of PCR to ensure adequate eXtension of the
from DIFCO (Detroit, MI). T4 ligase, pALTER 1 vector, heteroduplex templates. The outside primers (T7 and SP6,
JM 109 cells, and restriction enzymes were obtained from 100 pmol of each in L) were added, and 30 more PCR
Promega (Madison, WI)L-a-Dilauroylphosphatidylcholine,  cycles were performed. The resulting 470 bp PCR product
NADPH, benzphetaminen-octylamine, 5-aminolevulinic  was purified with UltrafreeMC filters (100 000 MW cutoff,
acid, resorufin, and catalase were purchased from SigmaMillipore, Bedford, MA), digested withKpnl and EcaoRl,
Chemical Co. (St. Louis, MO). 7-Pentoxyresorufin, benz- and used to replace the corresponding fragment in pCW2B1.
yloxyresorufin, and 7-ethoxy-4-(trifluoromethyl)coumarin  The incorporation of the G478A mutation was confirmed
were obtained from Molecular Probes Inc. (Eugene, OR), by sequencing the pCW2B1 G478A plasmid using the RG2
and 7-hydroxy-4-(trifluoromethyl)coumarin was from En- (5-AGAGCTGGGGCACCT-3 located at position 1492
zyme Systems Products (Livermore, CAN-Benzyl-1- relative to the 2B1 cDNA start codon and T7 as primers.
aminobenzotriazole and 1-aminobenzotriazole were gifts Expression of Proteins. E. cdllV 1304 cells containing
from Dr. J. M. Mathews (Research Triangle Institute, either pCW2B1 (coding for rat P450 r2B1) or pCW2B1-
Research Triangle Park, NC)14C]-7-BBT with a specific Ga76A (coding for rat P450 r2B1 gsA) were grown in 50
activity of 3.23 mCi/mmol was synthesized as previously mL of modified terrific broth containing 12 g of bactopep-
described 23). MV1304 cells were a gift from Dr. S.  tone/L, 24 g of yeast extract/L, 4 mL of glycerol/L, 55 mM
Pernecky (Eastern Michigan University, Ypsilanti, MI). dibasic potassium phosphate, 17 mM monobasic potassium
Primers for polymerase chain reaction and site-directed phosphate, pH 7.2, 1 mM thiamin, 0.5 mM ammonium
mutagenesis were obtained from the University of Michigan ferrous sulfate, and 10@g of ampicillin/mL at 300 rpm for
Macromolecular Core Facility (Ann Arbor, ML.) pCW O 3hat37°C. Cells were expanded 1l L of modified terrific
a derivative of the PHSe5 plasmid, was kindly provided by proth in 2.8 L Fernbach flasks and growrr fb h at 37°C
Dr. F. W. Dahlquist (University of Oregon, Eugene, OR). while being shaken. Then 0.5 mMaminolevulenic acid
Site-Directed Mutagenesish mutation at glycine 478to  was added, and cells were grown at 225 rpm while the
alanine in rat P450 2B1 that had a slight N-terminal temperature was gradually dropped to ZZ. Once the
modification to facilitate expression Escherichia colwas temperature had reached 2C (approximately +1.5 h),
introduced by PCR essentially as previously descril2djl ( 1.5 mM IPTG was added to induce P450 expression and
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the culture was maintained at 2 for 15-20 h in a shaking
incubator at 180 rpm.

Rat NADPH-P450 reductase was expressedeincoli
Topp3 cells (Stratagene, La Jolla, CA) transformed with the
rat reductase containing the expression plasmid pOR2B3 (
as described.

Purification of Proteins. Cells were harvested, and the
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were initiated by addition of &L of NADPH to a final
concentration of 1 mM. After 20 min at 3T, the reactions
were quenched with 25@L of ice-cold 60% trichloroacetic
acid. Precipitated protein was pelleted by centrifugation, and
500uL of the supernatant was mixed with 2aQ of Nash
reagent (7.8 M ammonium acetate, 82 mM 2,4-pentanedi-
one). The mixtures were incubated for 35 min at “&7.

P450s were purified essentially as described by GuengerichThe absorbance at 412 nm was measured spectrophotometri-

(25) with minor modifications. P450 r2B1 and P450 r2B1
G476A were purified from solubilized bacterial membranes
by chromatography on DEAE-Sephacel followed by hy-
droxyapatite chromatography. The specific content of r2B1
was 6.6 nmol of P450/mg of protein and that of r2B1 G478A
was 7.4 nmol of P450/mg of protein.

cally, and the amount of formaldehyde formed was calculated
from a standard curve.

Determination of I and ka. Cytochrome P450 GeA
was reconstituted with reductase and DLPC as described for
the 7-EFCO-deethylation assays. Each duplicate reaction
contained 0.1 nmol of P4504&A in a final volume of 100

Rat NADPH-P450 reductase was purified from bacteria «L and 0-2.56 mM BBT (28.8:Ci/mmol BBT) in 2uL of

as describedwith minor modifications. Bacterial mem-
branes were solubilized at 5 mg/mL in 100 mM Tris-HCI
(pH 7.7), 20% glycerol, 1 mM EDTA, 1 mM DDT, 10 mM
CHAPS, 1uM FMN, 10 ug of aprotinin/mL, 2uM leupeptin,
0.1 mM PMSF, and 0.1% Tergitol at“€ overnight in the
dark. The purity of reductase was approximately 9 nmol of

reductase/mg of protein as estimated from the flavin spec-

trum.

Microsomal MembranesMicrosomal membranes were
prepared from the livers of fasted male Fischer or Wistar
Munich rats (175190 g, Harlan Sprague-Dawley, India-
napolis, IN) given 0.1% phenobarbital in their drinking water
for 12 days 28).

Enzyme Actity Assays. The effect of BBT on the
7-pentoxyresorufinO-deethylation activity was tested in
microsomes from Fischer or from WistaMunich rats.
Microsomes were suspended at 1.2 nmol/mL in 50 mM Tris-
HCI (pH 7.5), 5 mM MgC}, and BBT (in 10uL of DMSO/
mL) or 10uL of DMSO/mL. The reaction was equilibrated
for 3 min at 30°C before addition of 1.2 mM NADPH
(primary reaction). At 0, 0.5, 3.5, 6.5, and 9.5 min, 20
aliquots of the primary reaction mixture were transferred into
a secondary reaction mixture containing® 7-pentoxyre-
sorufin, 5 mM MgC}, and 0.2 mM NADPH in 50 mM Tris-
HCI (pH 7.5). Fluorescence was monitored for 99 s on a
SLM-Aminco Model SPF-500 C spectrofluorometer with an
excitation at 522 nm and emission at 586 ne8)( Enzy-

DMSO. The samples were equilibrated at°8for 3 min,

and the reactions were initiated with 1.2 mM NADPH. After
10 min at 30°C the products were extracted three times with
1 mL of ethyl acetate. The organic phases were pooled,
evaporated underNand analyzed by reversed-phase HPLC
as previously describe@%). The quantity of #27 recovered
was determined after liquid scintillation counting. Rates
were calculated, and th€,, and k.;; were obtained from
nonlinear regression analysis using the Enzyme Kinetics
program version 1.04 from Trinity Software.

Identification of #27. High-resolution proton ot’C NMR
spectra were obtained by Scott Woehler in the College of
Pharmacy, The University of Michigan, on a Bruker Avance
DRX500 spectrophotometer using the XWIN-NMR 1.1.1
program. Proton NMR spectra were acquired at room
temperature fol h with an inverse detection probe using a
standard pulse, a sweep width of 20 ppnd arl srecycling
time. Data were processed with 32K total points and an
exponential filter generating 0.1 Hz line broadening.

13C NMR spectra were acquired at room temperature with
a 5 mm broad-band commercial probe for 36 h using @ 90
pulse, a sweep width of 315.5 ppm,daa 3 srecycle time.
Data were processed with 64K total points and an exponential
filter generating 3 Hz line broadening.

Electrospray mass spectrometry and laser desorption mass
spectrometry analyses were performed at the University of
Michigan Protein and Carbohydrate Structure Facility. Elec-

matic activity was determined by comparing the fluorescence trospray ionization mass spectra were obtained using a Vestec

change to a standard curve generated from resorufin.
The activity of the purified, reconstituted P450 enzymes

was measured using 7-ethoxy-4-(trifluoromethyl)coumarin

as a substrate. The remaining 7-E®Q@leethylation activity

of samples incubated with 0, 1, 5, or 4™ BBT or 1 mM

electrospray source and model 201 single quadrupole mass
spectrometer (Vestec Corp., Houston, TX) fitted with a 2000
m/zrange. Laser desorption mass spectrometry was per-
formed on a Vestec Lasertec MALDI linear time-of-flight
mass spectrometer with the laser set at 327 nm (Perseptive

ABT was measured spectrophotometrically as described Biosystems, Cambridge, MA).

previously @2, 30.

The formation of formaldehyde from benzphetamine was
measured as described by Nagi)( P450, either uM
r2B1 or 1uM r2B1 Ga7A, was reconstituted with reductase
and 200ug of DLPC/mL at a molar concentration of 1:1,
1:2, or 1:3 or together with cytochronig at a molar ratio
of 1:2:2 of P450:reductade: for 1 h at 4 °C. The
reconstituted enzymes were diluted to 445with 50 mM

Fast atom bombardment and FT-IR spectrophotometry
were performed with the help of Jim Windak in the
instrument facility of the Department of Chemistry, The
University of Michigan. A Nicolet 60-FX spectrophotometer
with a microbeam accessory was used for the FT-IR
spectroscopy.

Radiolabeled #27 was obtained by incubating P450 2B1
Ga7A with [1C]-7-BBT labeled at the 7 position of the

potassium phosphate (pH 7.4). To each sample was addedenzyl carbon as previously described2); Samples

50 uL of 4.15 mg of benzphetamine/mL of,B, and the
samples were equilibrated at 3€ for 3 min. Reactions

2], Hanna, J. F. Teiber, K. Kokones, and P. F. Hollenberg, submitted
for publication.

containing 2umol of benzoic acid, benzaldehyde, or benz-
ylhydrazine were spiked with radiolabeled #27. The samples
were hydrolyzed wh 6 M HCI at 110°C for 18 h. The
acid hydrolysates were analyzed by reverse-phase HPLC on
a GguBondapak column using a linear gradient of 95%H
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5% CH;OH for 2 min that was increased to 75%®125%
CH30H over the subsequent 5 min and then to 20%9H 21]35‘=l>n\__
80% CHOH. One-milliliter fractions were collected and L5 a
analyzed for radioactivity by liquid scintillation counting. "é“ ’
The retention time of the radioactive peak was compared € 16
with the retention times of acid-hydrolyzed benzoic acid, £
benzaldehyde, and benzylhydrazine standards. é 14
Metabolite Analysis.Products from BBT metabolism by g
P450 2B1 and P450 2B1.&A were isolated and resolved 'fg‘ 127
by HPLC as previously described except that the final S 14
concentration of CeDH was 81% 22). )
Spectral DeterminationsP450, either 1 nmol of r2B1 or 08
1 nmol of r2B1 Gy¢A, was incubated with 108g of DLPC
for 30 min at 4°C. The reconstituted proteins were diluted 0.6

to 0.5u4M with 50 mM potassium phosphate (pH 7.4). The
samples were divided and placed in the reference and sample
cuvettes and scanned from 350 to 500 nm before and after
each addition of SUbsFrate on a DW 2 UV/V.|S|b|e SpeCtro_ Ficure 1: Time and concentration-dependent effect of BBT on
photometer (SLM Aminco, Urbana, IL) equipped with an e 7_pentoxyresorufim-deethylation activity of liver microsomes
OLIS spectroscopy operating system (On-Line Instrument from phenobarbital-induced Fischer or Wisthtunich rats. Samples
Systems, Inc., Bogart, GA). To the sample cuvette were were removed from the primary reaction mixture at the indicated
added 1uL aliquots of BBT (0-580«M) or n-octylamine time points and assayed as described under Experimental Proce-

_ : : : dures. The data shown are representative of two separate experi-
(0-144M) dissolved in DMSO while the reference cuvette ments each from microsomes of Fischer rats (open symbols) or

received DMSO only. Spectral binding constants were \istar—Munich rats (closed symbols). The concentrations of BBT
calculated by linear regression after the inverse of the were (O, ) 0uM, (2, A) 200uM, and £, ) 400uM. The control
absorbance change versus the inverse of the BBT concentral00% activity ranged from 3.5 to 3.6 nmol of resorufin formed
tion was plotted. min~* (nmol of P450)* for microsomes from Fischer rats alnd from
Reduced CO spectra were recorded from samples incu-#;rgosozmoeg rfr:g:nrs\?ggl,\r}lufr?irgﬂerc;tgﬂ A (nmol of P450)™ for
bated with or without 1 mM ABT before and after incubation
with NADPH. After incubation for 5 min at 23C, 200uL continued for 1 ps at 300 K using 1 fs time steps. The system
aliquots of the primary reaction were removed and diluted was then minimized again using conjugate gradients to a
with 800 uL of ice-cold 50 mM potassium phosphate (pH maximum gradient of 1 kcal mot A~1, first the substrate
7.4) containing 40% glycerol and 0.6% Tergitol NP-10. molecule only and then the side chains neighboring the
Spectra were recorded as previously described according tasubstrate34, 35. The nonbond interaction energy between
Omura and Sato2@, 32. the substrate and the protein was evaluated with the Docking
Molecular Modeling of Benzphetamine or BBT in the module of Insightll.
Active Site of 2B1.The molecular model of P450 2B1 was In the case of BBT, the substrate can be docked at carbon
constructed previoushy3@), and the structures of benzphet- 7 of the benzyl group or at the 1-amino N of the aminoben-
amine and BBT were constructed using the Builder module zotriazole moiety, which would lead to different products.
of Insightll (Biosym/MSI, San Diego, CA). The 3-D For the initial oxidation event to occur at N, BBT was placed
structures were displayed on a Silicon Graphics workstation. in the active site of P450 2B1 with the N atom at a distance
Energy minimization and molecular dynamics calculations of 4.7 A from the heme iron, as described for benzphetamine.
were carried out with the Discover program (Biosym/MSI, In the case of oxidation at carbon 7, this atom of BBT was
San Diego, CA) using the consistent valence force field (cvff) placed at a distance of 5.5 A from the heme iron to allow
for simulations with benzphetamine and cvff91 for simula- for the initial hydrogen abstraction. In both cases, a
tions with BBT. combination of energy minimization and molecular dynamics
Benzphetamine was docked into the active site of the PA50was used to refine BBT docking. The oxidation site was
2B1 model with its N atom at a distance of 4.7 A from the kept fixed, and the simulation conditions were as described
heme iron and aligned with the heme Fe and the S of Cys-above for benzphetamine.
436 to allow for substrath-demethylation. Conformational
analysis of benzphetamine was performed with the SearchRESULTS
Compare module of Insightll and was followed by molecular  Effect of BBT on 2B1 Actlity in Microsomes from Fischer
dynamics simulations to achieve the best fit in the active or Wistar—Munich Rats. Incubations with BBT in the
site. For these simulations, the N atom and the C atomspresence of NADPH resulted in a time- and concentration-
bonded directly to this nitrogen were fixed, while the rest dependent decrease in the 7-pentoxyresoddeethylation
of the benzphetamine molecule, along with the side chainsactivity in liver microsomes from phenobarbital-treated
of protein residues withi 5 A from the substrate, was Fischer rats (Figure 1, open symbols). There was an initial
allowed to move 34, 395. Initially, the system was  decrease in the activity observed at O time that probably
minimized using the steepest descend method and harmoniceflects competition by the BBT that was carried over into
potential, with a nonbond cutoff of 10 A, to a maximum the secondary reaction mixture with 7-pentoxyresorufin.
gradient of 5 kcal mol*t A=1. For the subsequent molecular When BBT was incubated with microsomes from Wistar
dynamics simulations, the leap-frog algorithm was used. The Munich rats, the same initial drop in activity was seen.
system was equilibrated for 0.1 ps, and the simulations wereHowever, no significant further loss of activity was observed
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FIGURE 2: Time- and concentration-dependent effect of BBT on FIGURE 3: Time-dependent spectral changes of expressed P450
the 7-EFCO-deethylation activity of expressed P450 r2B1 and P450 2B1 and P450 GeA during incubation with BBT. Incubations
Ga76A. Samples were removed from the primary reaction mixture Were performed as described in Experimental Procedures. Absor-
at the indicated time points and assayed for 7-EFC activity as bance of P450 r2B1(open symbols) was at 418 nm when incubated
described under Experimental Procedures. Each data point showrith (0) 0 uM or (A) 10 uM BBT and at 453 nm ¢) when
represents the mean and standard deviation of three to fourincubated with 1QuM BBT. Absorbance of P450 &A (filled
experiments. Some errors were smaller than the symbols. For P45symbols) was at 418 nm when incubated wilh) 0 «M or (a) 10

r2B1 the concentrations of BBT wer&lf 0 «uM and @) 1 uM. #M BBT and at 453 nm when incubated wit®) 10 uM BBT.
For P450 GreA the concentrations of BBT wer®j 0 uM, (v) 5 Data shown represent the average of two experiments that did not
uM, and ) 10 uM. differ by more than 4%.

over the course of the assay. This result would suggest that Effect of BBT on the Heme Spectra of r2B1 and r2B1
unlike the predominant 2B1 form found in Fischer rat GazeA. After correction for dilution, the absolute spectrum
microsomes, the allelic variant in WistaMunich mi- of bacterially expressed r2B1 incubated with ARl BBT
crosomes was insensitive to inactivation by BBT. showed virtually no loss (48%) at 418 nm compared with
Benzphetamine Oxidation by Reconstituted 2B&.more control samples incubated with DMSO. _After addition of
clearly characterize the different effects of BBT on the two NADPH, a 22% decrease (compared with 2% for control
allelic variants of 2B1, the cDNAs coding r2B1 or r2B1 €nzyme incubated without BBT) in the absolute spectrum

GarsA Were expressed if. coli and purified as described &t 418 nm was seen over the course 012 min (Figure
under Experimental Procedures. Expression levels were 1093 OPen triangles). Concurrently, a 20% increase in the
nmol of P450 r2B1/L and 240 nmol of P450 r2BL/@\/L absorbance at 453 nm was observed (open dlamonds): With
of bacterial culture. The two cytochromes were reconstituted the mutant GreA enzyme a 15% decrease at 418 nm (filled
with reductase and DLPC and tested for their ability to iangles) was observed compared with3%s for the control
oxidize benzphetamine. Both P450 r2B1 and P450 r2B1 €nzyme incubated without BBT. Virtually no change in the
Gu7sA were able to generate formaldehyde from benzphet- absorbance at 453 nm (filled diamonds) was observed. These
amine at similar rates (23 nmol mihnmol for r2B1 and spectral observat'lons suggest th.at BBT interacts with the
21 nmol mirr® nmol-* for r2B1 GyeA). This rate remained ~ Mutant enzyme differently than with the wild-type enzyme.
the same with increasing molar ratios of P450 to reductase Binding Spectra of r2B1 and r2B1.@A. P450 r2B1 or
and was unaffected by addition of cytochrotmg(data not ~ P450 r2B1 GzeA was incubated with DLPC, and the binding
shown). These results suggest that the mutation of glycine spectra fon-octylamine or BBT were recorded as described
478 to alanine had not significantly perturbed the structure in Experimental Procedures. Increasing concentrations of
of the P450 2B1 enzyme and had resulted in a fully active n-octylamine produced Type Il spectra for both enzymes
enzyme that was able to generate formaldehyde at the samédata not shown)36, 37. The binding constants calculated
rate as the wild-type enzyme when incubated under identicalfor r2B1 and r2B1 GrsA with n-octylamine were 1.4 and
conditions. 1.1 uM, respectively.

Effect of BBT on 2B1 Adfity in a Reconstituted System. Type | spectra were observed for r2B1 and r2Bke&
Reconstituted P450 r2B1 or r2BL4A was incubated with ~ between 1 and 8&M BBT (35, 3§. When the BBT
or without BBT for 0-2.5 min. Figure 2 shows that P450 concentration was increased above 48Q a spectral change
r2B1 was inactivated by LM BBT in a time-dependent to a Type Il spectrum occurred with both enzymes (data not
manner. After 2.5 min only 20% residual 7-EFC activity shown). Two spectral binding constants for BBT were
remained compared with incubation mixtures without BBT. obtained for each enzyme. The binding constants determined
When the mutant r2B1 £A was incubated with 1, 5, or ~ for r2B1 and BBT were 3«M and 0.3 mM. The high-
10uM BBT, no inactivation was seen compared with control affinity binding constant for r2B1 &eA and BBT was 39
incubations without BBT. Even prolonged incubations for #M, and the low-affinity binding constant was 1.4 mM.
up to 2 h and concentrations as high as-1200 M did Metabolite Analysis. BBT and four metabolites were
not result in inactivation of the A enzyme and resulted identified by HPLC from ethyl acetate extracts of reconsti-
only in a single product, #27 (data not shown). tuted r2B1. These metabolites corresponded to 1-aminoben-
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Table 1: Metabolites Formed by P450 r2B1 and P450 r2B4/3 Table 2: 13C NMR Resonance Peaks of ABT, BBT, and #27
ABT®  benzotriazole benzaldehyde BBT #27 ppm
r2B1 49+17 6.3+31 5.7+ 2.0 404+ 28 43+ 28 carbord ABT BBT #27
Ga7eA nd° nd nd 32+ 27 69+ 26 7 5417 88.70
@ Incubation and analysis conditions were as described in Experi- 2 110.40 108.19 108.43
mental Procedures. The values shown represent the mean standard 3 118.75 116.49 116.99
deviation of six to seven experimentPercent metabolite formed 4 125.06 122.76 123.70
derived from the ratio of the area of the metabolite to the area of the 4 125.78 126.78
total metabolites in the samplend, none detected. 5 128.15 125.84 126.78
2/6 126.25 127.12
_ _ 3/5 127.06 127.12
zotriazole, benzotriazole, benzaldehyde, and #27 (Table 1). 1 132.72 130.31 130.59
Previous studies using purified rat 2B1 in a reconstituted é, 14492 113:?3611 1&%%%
system vyielded the same metabolites as seen here for the i el i
bacterially expressed proteir2d). With the P450 r2B1 2 Carbons 7 correspond to the benzyl moiety carbons ahe6l

GazeA mutant only BBT and #27 were observed. These ™© fhe aminobenzotriazole carbons.

results suggest that 2B1 became inactivated when ABT,

benzotriazole, and benzaldehyde were produced. Althoughsamples yielded benzaldehyde and residual #27. Acid
#27 was generated by both enzymes, it was not involved in hydrolysis of a carbonyl-modified BBTN-benzoyl-1-ami-
mechanism-based inactivation since the mutant enzymenobenzotriazole) would be expected to yield benzoic acid.
produced only #27 and was not inactivated. The apparentin addition, FT-IR spectroscopy indicated that the spectrum
Km andkgg values for r2B1 GrA with BBT were determined ~ of #27 did not contain a carbonyl stretch at 1640 nm. The
with radiolabeled BBT as described in Experimental Proce- reason a carbonyl stretch was not observed was not due to
dures, yielding values of 0.3 mM and 12 nmol nriaghin™, the limit of detection. Metabolite #27 gave a FT-IR spectrum
respectively. with prominent stretches in the aromatic and alkyl regions.

Identification of #27. With the HPLC solvent conditions N addition, the FT-IR spectrum of benzoylhydrazine at a
used in this analysis, #27 eluted off the reverse-phage C Comparable concentration resulted in a clear carbonyl signal
column approximately 25 min after 4-hydroxy-BBT (21 at 1640 nm. Together, these results suggested that #27 was
min), BBT (22.9 min), anda-methyl-BBT (23.3 min), not N-benzoyl-1-aminobenzotriazole. Oxidation to a BBT
suggesting that #27 was either more hydrophobic or larger @lcohol was considered unlikely since such a molecule would
than BBT @2 and data not shown). Previous observations Not be stable to the isolation procedures but would be
indicated that #27 was not a product of the cleavage of BBT €xpected to dissociate into benzoic acid and benzyl alcohol
since #27 still contained radiolabel when the reactions were in agueous solutions.
carried out with BBT labeled either on the 7-benzyl carbon  Electrospray mass spectrometry generatézt fragments
or on the 2/3 carbons of the aminobenzotriazole moi2#y. ( of 407 and 421 andh/z" fragments of 408 and 423 (Figure
Compound #27 displayed a UV spectrum with an prominent 4A and data not shown). FABanalysis generated fragments
absorption peak at 329 nm. BBT does not absorb in this with sizes 135, 177, 355, 373, and 445 (Figure 4B). Laser
region, and 4-hydroxy-BBT had a weak absorption peak at desorption mass spectrometry yieldef" fragments of 197,

350 nm. These observations suggested that #27 may contai287, and 422 (Figure 4C). These masses would be consistent
a conjugated ring structure. with fragments of a rearranged oxidized BBT-like dimer after

Natural abundanc&C NMR spectra were obtained for loss of four aminotriazole nitrogens from two molecules of
#27 and compared with reference spectra of BBT and ABT. BBT (Scheme 1). The same mass and mass fragments would
The BBT carbons were assigned by comparing published also pe_ obtained if #27 were a dimeric peroxy species. This
spectra of benzotriazole-1-acetic acid (Stadtler index no. Possibility could be ruled out since mild acid treatment of
7056C) and benzylamine (Stadtler index no. 140C) with the #27 did not result in B, release (data not shown).
spectra obtained for ABT and BBT. The spectrum of #27  The proton NMR spectrum of #27 showed that this
was most similar to that of BBT (Table 2). The largest shifts compound contained at least 20 protons, a number more
were seen for the carbons 7 and 1 on the benzyl moiety of consistent with a BBT-like dimer (data not shown). The
BBT. These observations would be consistent with a proton integration value may be underestimated because of
modification of carbon 7 of BBT. a weak signal to noise ratio. None of the protons were

The possibility that carbon 7 was oxidized to a carbonyl €xchangable with acid (data not shown).

was tested. Samples containing benzoic acid, benzaldehyde, Active Site Modeling.The active site model for 2B1 was
or benzoylhydrazine together with radiolabeled #27 obtained used to test the effect of a glycine 478 to alanine mutation
from the oxidation of *C]-7-BBT were acid hydrolyzed and  on the binding of either benzphetamine or BBT. Benzphet-
resolved by RP-HPLC as described in Experimental Proce-amine could be docked into the active site of the wild-type
dures. The elution times for acid-hydrolyzed benzoic acid, P450 2B1 model and was also accommodated equally well
benzaldehyde, and benzoylhydrazine were 7.3, 9.8, and 12.3nto the mutant enzyme. When the glycine at position 478
min, respectively. In all three samples, radioactivity from was replaced with alanine, the alanine side chain was still
#27 was associated with a peak at 9.8 min, suggesting thatoo far from the substrate to effect benzphetamine binding
acid hydrolysis of #27 resulted in the formation of benzal- (Figure 5). This model was consistent with the experimental
dehyde. Similarly, samples containing #27 were acidified observation that both enzymes generated formaldehyde at
to a final concentrationfdl M HCI and incubated at room  the same rate. BBT could be docked in the active site of
temperature for 2 h. HPLC analysis of these acidified the wild-type enzyme in a number of different orientations,
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Scheme 1: Fragments Obtained from FABaser
Desorption, and Electrospray Mass Analysis

However, when glycine at position 478 in the model was
replaced with alanine, the orientation that would allow for

oxidation at the 1-amino nitrogen of the ABT moiety resulted

Method Observed Mass  Expected Mass  Composition . . . .
in van der Waals overlaps between the alanine side chain
Electrospray’ pre pr N and BBT (Figure 6A). Therefore, binding of BBT in this
FAB* 445 444 422 + Na orientation in the mutant enzyme was considered unfavor-
373 372 196 + 176 able. In contrast, BBT could be easily accommodated into
?33 ?3‘6‘ ?32”\“‘ the active site of the GgA mutant model if the molecule
135 134 134 was oriented such that oxidation at the 7 carbon of the benzyl
Laser desorption® ‘2%2] ‘2%% ‘1%% %0 group could occur (Figure 6B). These molecular modeling
197 196 196+ observations are consistent with our experimental results
depicted in Table 1 that show that the mutant enzyme
~ 176 ~ produced only #27.
Effect of ABT on the 7-EFC Aectty and P450 Heme
y Content of P450 r2B1 and r2B1,@A. The 2B1 active site
o399 model predicted that the mutation at glycine 478 imposed a
422 < /J steric constraint on the BBT molecule such that oxidation
was only possible at the 7-benzyl carbon. Since oxidation
b1y © of BBT by the GeA mutant generated only #27 and did
L : not inactivate the enzyme, this suggested that oxidation at

the 1-amino nitrogen was required to produce the inactivating
radical and the metabolites ABT, benzotriazole, and benz-

leading to oxidation at either the 1-amino nitrogen or the aldehyde. If the benzyl ring imposed the steric constraints
7-benzyl carbon (data not shown). The modeling was again predicted by the model, then removal of the benzyl ring
completely consistent with the experimental observation that should allow the molecule to orient into a position that would
ABT, benzotriazole, and benzaldehyde, presumably from again lead to oxidation at the 1-amino nitrogen. The wild-
oxidation at the 1-amino nitrogen, and #27 from the oxidation type and the mutant 2B1 enzymes were incubated with the
at the 7-carbon of the benzyl group were produced by the mechanism-based inactivator ABT to test if the lack of

wild-type enzyme.

inactivation by BBT of the G;¢A mutant was due to steric
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Ficure 5: Model of benzphetamine binding in the P450 2B1 active site model. The protein backbone and ribbon are shown in black, the
substrate is in gray, and the heme is in black. The side chain residues of amino acids that arg witbfi the substrate are numbered.
Residues 114, 302, 363, 367, and 477 have been implicated in binding other substrates.

A

Ficure 6: Model of BBT binding in the active site model of P450 2B1,88. (A) Orientation of BBT allowing for oxidation at the

1-amino nitrogen of the aminobenzotriazole moiety. Color designations and assignments are as described in Figure 5. (B) Orientation
allowing for oxidation at the 7 carbon of the benzyl moiety. The protein backbone and ribbon are shown in light blue, the substrate is in
yellow, heme is in red, and alanine 478 is in green. The side chain residues of amino acids that are Avithithesubstrate are numbered.

Table 3: Effect of ABT on the 7-EF©-Deethylation Activity of mixture. When the mUtantﬁBA was 'nCUb.a.ted with ABT
P450 r2B1 or r2B1 G478A and Cytochrome P450 Cortent and NADPH for 5 min, 31% enzyme activity and 75% of
the chromophore remained. These results indicate that
without the BBT benzyl group the mutant was able to oxidize

% activity remaining % P450 remaining

primary reaction 0 min Smin__ Omin__ Smin  ABT at the 1-amino nitrogen leading to enzyme inactivation.
r2B1
—ABT, —NADPH 100 96 100 99
+ABT, —NADPH 74 70 93 DISCUSSION
G ?BT' +NADPH 89 26 84 A number of amino acid residues (114, 206, 209, 290,
47—ABT, —NADPH 100 94 100 97 302, 363, 367, 477, 4}7.8, and 480) have b_e_e.n shown to pIay
+ABT, —NADPH 97 97 97 a key role in determining substrate specificity of rat P450
+ABT, +NADPH 102 31 75 2B1 6, 7, 10, 33, 38, 3P In the present study the

a Assay conditions were as described under Experimental Procedures.7-pentoxyresorufinO-deethylation activity in microsomes

The values shown represent the avearage of two separate experimentfrom phenobarbital-induced Fischer rats was inactivated with
BBT whereas th®-deethylation activity in WistarMunich

hindrance of the BBT benzyl group. When r2B1 was microsomes was not inactivated. Although 2B1 is the major
incubated with 1 mM ABT, only 37% residual 7-EFC activity P450 enzyme induced in livers of phenobarbital treated rats,
was observed after 5 min (Table 3). The same sampleit could not be completely ruled out that the effect seen in
retained 84% of its ability to form a CO complex. Samples microsomes was entirely due to 2B1. Consequently, a 2B1
that had been incubated only with ABT but without NADPH G476A mutant that differed at only a single codon was
had a small initial loss in activity that did not increase during generated and expressedBncoli. The wild-type and the
the course of the assay. This initial loss at time O was mutant enzyme metabolized benzphetamine at the same rate
probably due to carryover of ABT into the secondary reaction and displayed saturation with reductase to the same extent.
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The rate of formaldehyde formation was comparable to of substrate47). Spectral binding studies on wild-type 2B1
values previously reported for the purified rat enzyrbe ( also showed a shift from a Type | to a Type Il difference
40). In addition, both recombinant enzymes exhibited the spectrum with increasing concentrations of miconaZole.
same binding constant for the Type Il spectrum induced by A combination of different techniques was used to derive
n-octylamine. The binding constants observed (Vg for the putative structure of #27. #27 was not an artifact of the
the bacterially expressed purified enzymes compared well sample workup. When the incubation mixtures were cen-
with those published for purified rat 2B1 (M) (41). These trifuged in Centricon-30 concentrators and the supernatant
observations with a classical 2B1 substrate and ligand was injected onto the reverse-phase column without ethyl
suggested that the amino acid change introduced had nofacetate extraction, only chromatography peaks corresponding
significantly affected the structure of the mutant enzyme. to #27 and BBT were observed.

Consistent with previous observations with purified re- At present it is not known where the #27 dimer was
constituted rat 2B1 22), metabolism of BBT by r2B1  formed. Presumably dimerization does not occur in solution
resulted in a small decrease in the absorbance of the Sore{uith two transient free radical intermediates since samples
peak at 418 nm over the course of the assay with a concurrenincubated with 10 mM GSH still generate #222).
increase at 453 nm. Presumably, the increase at 453 nmAlternatively, dimerization could occur in the 2B1 enzyme
represents the formation of a metabolite intermediary com- jf two BBT molecules remain in or near the active site long
plex. It has been suggested that metabolite intermediaryenough to be oxidized and to dimerize. However, the
complexes are formed biX-oxidation of 2 or 3 amine mechanism whereby this might occur is not clear.
intermediates that form stable complexes with the Fe(ll) of Although rabbit P450 2B4 and 2B5 exhibit different
reduced cytochrome P45@1Z, 43. The GgzeA mutant  gypstrate specificities, they differ by only 12 amino acids
enzyme did not form a peak at 453 nm when incubated with (48). Residues 114, 294, 363, and 367 were found to be
BBT and NADPH. important in the regio- and stereoselectivity of androstene-

_Both enzymes displayed two spectral binding constants dione hydroxylation 49). The apparenk, for BBT with
with BBT. Several reasons could account for the two 2B4 or 2B5 in hepatic microsomes was similar (1.9 and 2.4
binding constants seen with each enzyme. The two binding M), and the observed rate constants were 0.29 and 0.18
constants may reflect two different orientations of BBT. This mjn-1, respectively §0). These results suggested that BBT
may be the case for P450 2B1 where ABT, benzotriazole, did not distinguish between 2B4 and 2B5. P450 2B2 differs
and benzaldehyde were formed from oxidation at the 1-amino for p450 2B1 by 13 amino acids including the glycine 478
nitrogen and #27 from oxidation at the 7-benzyl carbon. tg glanine change2f). Interestingly, the 7-EFC activity of
Alternatively, the P450 2B1 protein may have two distinct p450 2B2 like that of the £sA mutant was not inactivated
binding sites as has been suggested for P450 3%}, ( by BBT (data not shown). Together, these observations
although sigmoidal kinetics were not observed when the BBT emphasize again the significance of glycine 478 in P450 2B1
metabolism rates by r2B1 &A were analyzed. Another in the metabolism of BBT to inactivating metabolites.
possibility is that the P450 2B1 active site may be able to Selective inactivators are important tools in elucidating the
accommodate more than one molecule of BBT. Shou et al. catalytic mechanism of closely related isoforms and the role
observed simultaneous binding of phenanthrene and 7,8-individual P450s play in the metabolism of xenobiotics and
benzoflavone with P450 3A44F). Also, cytochrome  endobiotics to cytotoxic or carcinogenic metabolites. As
P450eryF was recently crystallized with two androstenedione gemonstrated in this study the P450 2B1 active site model
molecules in the active sife.Although the active sites of  \yas completely consistent with the BBT metabolism studies.
P450 3A4 and P450eryF are thought to be considerably largertherefore, the P450 2B1 model can serve as a valuable tool
than that of 2B1, 2B1 might be able to accommodate more i the design of isoform-specific inhibitors or inactivators.
than one smaller substrate molecule. Molecular modeling
of the 2B1 enzyme predicted an upper and a lower pocket ACKNOWLEDGMENT
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