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ABSTRACT. The use of 5-deazaFAD T491V cytochrome P450 reductase has made it possible to directly
measure the rate of electron transfer to microsomal oxyferrous cytochrome (cyt) P450 2B4. In this reductase
the FMN moiety can be reduced to the hydroquinone, FMN#khile the 5-deazaFAD moiety remains
oxidized [Zhang, H., et al. (2003iochemistry 42 6804-6813]. The rate of electron transfer from
5-deazaFAD cyt P450 reductase to oxyferrous cyt P450 was determined by rapidly mixing the ferrous cyt
P450-2-electron-reduced 5-deazaFAD T491V reductase complex with oxygen in the presence of substrate.
The 5-deazaFAD T491V reductase which can only donate a single electron reduces the oxyferrous cyt
P450 and oxidizes to the air-stable semiquinone, with rate constants of 8.4 and 0.87 1$ °C.
Surprisingly, oxyferrous cyt P450 turns over more slowly with a rate constant of 01Q9vkich is the

rate of catalysis under steady-state conditions #tCL %o = 0.08 s1). In contrast, the rate constant for
electron transfer from ferrous cit to oxyferrous cyt P450 is 10§ with oxyferrous cyt P450 and cyt

bs simultaneously undergoing spectral changes. Quantitative analyses by LC-MS/MS revealed that the
product, norbenzphetamine, was formed with a coupling efficiency of 52% withbscghd 32% with
5-deazaFAD T491V reductase. Collectively, these results suggest that during catalysis a relatively stable
reduced oxyferrous intermediate of cyt P450 is formed in the presence of cyt P450 reductase but not cyt
bs and that the rate-limiting step in catalysis follows introduction of the second electron.

The cytochromes P450 are a ubiquitous superfamily of resulting in the formation of reduced oxyferrous cyt P450
mixed function oxidases which function primarily as mo- which is also known as the peroxo intermediate’(BOY ",
nooxygenasesl( 2). They play important catalytic roles in  (5) protonation on the distal oxygen to form a hydroperoxo
a number of vital processes including (1) biosynthesis of intermediate (FEOOH)", (6) uptake of a second proton
steroids, eicosanoids, and numerous other endogenous conwhich facilitates G-O bond cleavage and leads irreversibly
pounds, (2) generation of secondary metabolites and oxida-to water and an oxyferryl species (FéQ)whose precise
tion of organic compounds for use as an energy source inelectronic configuration is unknown (the oxyferryl species
microorganisms, and (3) degradation and activation of is considered to be analogous to the relatively stable
xenobiotics which can have either beneficial or deleterious compound | in peroxidases; the iron is in thé"Fexidation
effects. Their commercial importance is based on their state and the porphyrin ring is a one-electron-deficient
essential role in metabolizing a great variety of pharmaceuti- z-cation radical), (7) insertion of the oxyferryl oxygen, into
cal compounds and on their potential utility in bioremediation the carbor-hydrogen bond of a substrate, and (8) dissocia-
where they effect the degradation of recalcitrant environ- tion of the product to regenerate the ferric resting state. The
mental contaminants. The cyt P450 catalyzed activation of reactions describing formation of oxyferrous cyt P450, steps
oxygen requires two electrons and two protons and is 1—3, and product dissociation, step 8, have been studied
generally considered to consist of the following processes: extensively in several systems and are known not to limit
(1) binding of a substrate resulting in an increase in the the overall rate of catalysis. However, steps74 which
reduction potential of the iron, (2) reduction of the ferric include reduction and subsequent protonation of the oxy-
protein by cyt P450 reductas€irst electron), (3) binding  ferrous cyt P450 and cleavage and insertion of the activated
of molecular oxygen to the ferrous protein, (4) transfer of a oxygen into substrate, are less well understood and are
second electron from either cyt P450 reductase orbgyt  candidates for the rate-limiting step in catalysss-6). In
the case of cyt P45Q, the rate-determining step has been
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daredoxin 7). However, the rate of reduction of a microso- MATERIALS AND METHODS
mal oxyferrous cyt P450 by cyt P450 reductase has never
been measured due to the lability of the microsomal
oxyferrous cyts P450 and the ambiguities in interpreting the
spectral changes which occur during oxidation of the diflavin
reductase which has nine possible oxidatioeduction states

Materials. All chemicals used are of ACS grade unless
otherwise specified. Benzphetamine, amphetamine sulfate,
benzoylds chloride, benzoyl chloride, lithium aluminum
hydride, and sodium dithionite were purchased from Sigma-
Aldrich (St. Louis, MO). Dilauroylphosphatidylcholine (DLPC)

(8). Although most of the reactions of cyt P450 can be
rationalized by involving the participation of the high-valent, Was purchased from Doosan Serdary Research Laboratory
(Toronto, Canada). It is of note that impurities existing in

electrophilic Fe®" species, some experiments have dem- _ . i
onstrated that the peroxo and hydroperoxo species cancommercial glycerol, even in spectrophotometric grade, are

catalyze nucleophilic and electrophilic reactions, respectively. €aPable of reducing cybs under anaerobic conditions.
Many scientists in the field have concluded that cyt P450 'herefore, the glycerol used for all of the stopped-flow
catalyzed hydroxylations may proceed via multiple oxidants Studies was distilled twice under vacuum to remove the
and mechanismsy. impurities.

In an effort to elucidate the molecular basis of how loyt Preparation of Cyt P450 2B4, Cytband 5-DeazaFAD
stimulates the rate of metabolism and increases the efficiencyT 491V Reductas€yt P450 2B4 and cyls were expressed
of catalysis by cyt P450 2B4, we have compared the rate of IN Esphenchla coliC41(DE3) and purified as previously
reduction of oxyferrous cyt P450 2B4 by dy and by cyt described 18, 19)._ 5-deazaFAD T491V reductase was
P450 reductase using a cyt P450 reductase preparation whiciPrepared as described@). Briefly, 5-deazaFAD was syn-
is capable of delivering only a single electron from the FMN thesized f_rom 5-deazariboflavin. It was then used to replace
hydroquinone 10—15). The FMN semiquinone is air stable the FAD in the T491V mutant of cyt P450 reductase by
and does not reduce cyt P450. The wild-type diflavin incubating the mutant reduc_tase in the presence of excess
reductase cannot be used for this purpose because th&-deéazaFAD. The molar ratio of FMN to 5-deazaFAD in
electrons are in rapid equilibrium and are distributed between the reductase preparation varied from 0.96 to 1.2 depending
the three oxidation states of each of the two flavins according ©" the particular reductase preparation. The concentration
to their redox potentials. The rapid reequilibration of ©f cyt P450 2B4 was determined spectrophotometrically
electrons in a wild-type reductase molecule following loss USing an extinction coefficient of\eso-agonm of 91 mM™
of an electron from the protein gives rise to spectral changesC”T1 for the ferrous cyt PAS6CO complex 20). The
which cannot be unambiguously deconvoluted. Cyt P450 concentration of cybs was determined spectrophotometri-
reductase contains one molecule of FMN and FAD per C@lly using an extinction coefficient oheaoo-s2anm OF 185
polypeptide chain. NADPH transfers its electrons to FAD, MM~ cm™* between reduced and oxidized dyt(19, 21).
which quickly reduces FMN. The FMN hydroquinone The co_ncentratlon of 5—deazaFAD T491V reductasg was
donates an electron to cyt P450 and other cytochromes sucffiétermined by measuring the absorbance of the oxidized
as cytbs and cytc. The T491V variant of cyt P450 reductase FMN cofactor and using aguso nm0f 9.1 mM™* cm™* (16).
which binds FAD~100-fold less tightly than the wild-type Determination of the Rate of Autoxidation of Oxyferrous
protein could be reconstituted with 5-deazaFAD which has Cyt P450, Cyt b and 5-DeazaFAD T491V Reductagd!
a potential of~—650 mV. The low potential prevents the Kkinetic studies were performed at T& in a SF61DX2
5-deazaFAD cofactor from being reduced under our experi- Stopped-flow spectrophotometer (Hi-Tech Co.) housed in a
mental conditionsi(6, 17). This 5-deazaFAD T491V reduc- glovebox unless specified otherwise. Kinetic data were
tase, in which only the FMN hydroquinone can donate a recorded either in the photodiode array (PDA) mode to obtain
single electron, enabled us to measure, for the first time, thefull spectra from 330 to 700 nm or in the photomultiplier
rate of reduction of a microsomal oxyferrous cyt P450 by a mode to obtain absorbance changes at a single wavelength.
microsomal cytochrome P450 reductase and to compare itRate constants and amplitudes were obtained by fitting the
to the rate of reduction by cyis. Our results demonstrate ~absorbance change at a particular wavelength with multiple
that under the experimental conditions oxyferrous cyt P450 exponential functions using KinetAsyst2 software (Hi-Tech
2B4 and ferrous cybs undergo changes in oxidation state Co.).
simultaneously; in contrast, under identical conditions oxy- The rate of autoxidation of oxyferrous cyt P450 was
ferrous cyt P450 2B4 and 5-deazaFAD reductase turn overdetermined by incubating a deaerated solution of cyt P450
at markedly different rates. The reductase oxidizes first and (5—10 «M) in buffer A (0.1 M potassium phosphate, 15%
after =1 s cyt P450 begins to return to the ferric state. glycerol, pH 7.4) with a 60-fold molar excess of DLPC
Oxyferrous cyt P450 reverts to the ferric state approximately overnight at 4°C in an anaerobic glovebox (Belle Technol-
100-fold more slowly than the 2-electron-reduced 5-deaza- ogy, Portesham, Dorset, U.K.) to remove oxygen. Benzphet-
FAD reductase, which oxidizes with the same rate constantamine and methyl viologen were added anaerobically to a
as cytbs and oxyferrous cyt P450 2B4 in the control final concentration of 1 mM and 04M, respectively. Cyt
experiment. These findings are interpreted to indicate that aP450 was then transferred to a tonometer and reduced to
reduced oxyferrous cyt P450 intermediate accumulates duringferrous cyt P450 with a stoichiometric amount of a dithionite
catalysis in the presence of cyt P450 reductase but not cytsolution that had been standardized with a known amount
bs and that a reaction following delivery of the second of cytbs. The reduced cyt P450 was introduced into a syringe
electron is rate limiting. The more rapid turnover of cyt P450 on the stopped-flow spectrophotometer and was rapidly
2B4 in the presence of cit compared to cyt P450 reductase mixed with anaerobic buffer B (buffer A plus 1 mM
diminishes the time available for uncoupling reactions and benzphetamine). Benzphetamine was included in buffer B
results in a more efficient catalytic reaction cycle. to maintain a constant benzphetamine concentration in the
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final reaction mixture. Loading the protein-containing solu- an isosbestic point between oxyferrous cyt P450 and ferric
tion into the stopped-flow spectrophotometer results in an cyt P450 QAesog nm = 2.8 mM* cm™3). In addition the
~6% dilution. This dilution was corrected by normalizing transient spectra arising during electron transfer were re-
the spectrum of the reduced cyt P450 recorded in the corded every 50 ms from 330 to 700 nm in the PDA mode.
tonometer to the spectrum recorded in the observation cell The kinetic data recorded in the PDA mode were only used
of the stopped-flow spectrophotometer. The kinetics of the to qualitatively evaluate spectral changes but not to obtain
autoxidation of oxyferrous cyt P450 were then followed at kinetic constants. Inadvertent photoreduction of 5-deazaFAD
438 nm Ae(FEO,—F€e) = 23 mM~ cm™] after rapid in the PDA mode was avoided by attenuating the intensity
mixing with air-saturated ([€) = 0.32 mM) buffer B. To of the probe beam by50%. As a result, the signal-to-noise
determine the second-order rate constant for formation of ratio of the spectra was adversely affected. To enhance the
oxyferrous cyt P450, ferrous cyt P450 was mixed under signal-to-noise ratio, each spectrum recorded in the PDA
pseudo-first-order conditions with a series of solutions of mode was smoothed by averaging five adjacent data points
buffer B containing different concentrations of oxygen. The in the original data set to give the final spectrum.
oxygen concentration was varied by diluting air-saturated
buffer B with anaerobic buffer B. Linear regression analysis T
of the apparent first-order rate constaqt, versus the
concentration of oxygen yielded the second-order rate
constant. The rate of autoxidation of dytand 5-deazaFAD
T491V cytochrome P450 reductase from the FMNbithe
air-stable FMNH at 15°C was determined by mixing with
air-saturated buffer as described for cyt P450 2B4.
Determination of the Rate of Electron Transfer from
Ferrous Cyt 3 to Oxyferrous Cyt P450 2B4The rate of
electron transfer from ferrous cigt to oxyferrous cyt P450
was determined by incubating an equal molar amount of cyt

gii%ag\?e(r:r{it)shltnaeu;gﬁ zlrhjsaﬁa?a?ggilg rTg\I/E(iarb(e)ice;esn(i the concentrated dichloromethane. The yield of this step was
hetamine ar?d methyl viologen were adgded anaérobicall ~25%. Next, the\-benzoylamphetamines (1.7 mmol) was
P y 9 Y dissolved in 17 mL of tetrahydrofuran. Over a period of 30

o the cyt P456 cyt bs complex o a final cpncentratlon of min theN-benzoylamphetamines solution was added under
1 mM and 0.1uM, respectively. This protein complex was . . X .
: o . SN nitrogen to LiAIH,; (6.5 mmol) dissolved in 7.5 mL of
then reduced with a stoichiometric amount of dithionite in a : . .
tetrahydrofuran. The reaction mixture was refluxed overnight

tonometer. The reduced complex was introduced into a under nitrogen and terminated by addition of a solution of
syringe on the stopped-flow spectrophotometer and rapidly 90% tetrahydrofuran and 10% water. The mixture was

mixed with air-saturated buffer B. The kinetics of the electron filtered and then extracted with ether. Norbenzphetamine-

+0),—FEe3t) =
i;wﬂeén\:\iel]r e} Of? I(I:c;/\{vlicig(t) ‘::3]% Z%E(:rf A[i-)(%szﬁfb)ﬁ) 223 ds was purified by recrystallization from hot ethanol (8D)
106 mM-* cm-1] for cyt b as the hydrochloride salt (mp 17475 °C). The yield of
> this step was~43% for an overall yield of~11%. The

Determination of the Rate of Electron Transfer from chemical identity of norbenzphetamidewas confirmed by
5-DeazaFAD T491V Reductase to Oxyferrous Cyt P450 284'NMR and by LC-MS/MS which demonstrated the expected

The rate of electron transfer from 5-deazaFAD reductase to .
oxyferrous cyt P450 2B4 was determined using exactly the daughter ions.
same procedures as used for cyt P46t bs (see the section The NMR spectrum was obtained from anrl mM
above). Briefly, an equal molar amount of cyt P450 and solution of norbenzphetamine and its deuterated analogue.
5-deazaFAD reductase{30xM) was incubated overnight ~ The appropriate solution was prepared by dissolving the free
in the glovebox at #C in buffer A plus a 60-fold molar ~ base (GsHiN) in 99.9% DO containing 0.1 M DCI. A
excess of DLPC to preform the cyt P458-deazaFAD proton spectrum was recorded using the water proton as a
reductase complex. After addition of benzphetamine and reference on a Bruker 500 MHz NMR spectrometer. The
methyl viologen the protein complex was stoichiometrically chemical shifts and coupling constants are given for nor-
reduced with dithionite. The stoichiometric reduction of the benzphetamine. ThéH NMR spectrum for norbenzphet-
protein complex yielded ferrous cyt P450, and the 2-electron- amineds was similar to the norbenzphetamine spectrum
reduced 5-deazaFAD reductase in which FMN was reducedexcept for the expected decrease in five protons and other
to FMNH, and 5-deazaFAD remained oxidized. The 3-elec- changes characteristic of a deuterated compotthdNMR
tron-reduced protein complex was loaded into the stopped-at room temperature(= ppm): 7.39-7.19 (multiplet, 10H,
flow spectrophotometer and mixed with air-saturated buffer phenyl), 4.23 [doublet, 1H, PRGN, J(H,H) = 13.2 Hz],

B. The intermolecular electron transfer between oxyferrous 4.16 [doublet, 1H, PhB.N, J(H,H) = 13.2 Hz], 3.53

cyt P450 and 5-deazaFAD reductase was followed at 438[doublet, 1H, PhCKCH, J(H,H) = 6.65 Hz], 3.11 [doublet,

nm where oxyferrous cyt P450 shows maximal absorbancelH, PhGH,CH, J(H,H) = 5.5 Hz], 2.81(doublet, 1H, Phd;-

Synthesis of the Internal Standard Norbenzphetamine-d
0 quantitate norbenzphetamine, it was necessary to syn-
thesize an internal standard. The norbenzphetamine was
synthesized as previously described with the following
modifications 22). In a typical reaction, amphetamine sulfate
(2.7 mmol) was dissolved in 2 mL of pyridine to which 3
mL of 6.9 mmol of benzoybs chloride in benzene was added
dropwise at room temperature over 15 min. The norbenz-
phetamine synthesis used benzoyl chloride. The reaction
mixture was stirred at room temperature foh and then at

60 °C for 30 min. N-Benzoylamphetaminds was first
extracted with dichloromethane and then crystallized from

change when it decomposes to ferric cyt P4A(FeO,— CH, J(H,H) = 8.74 Hz], 1.23 [doublet, 3H, &3, J(H,H) =
Fet) = 23 mM 1 cm™Y. At 438 nm 5-deazaFAD reductase 6.5 Hz]. These chemical shifts and coupling constants are
exhibits a small increase in absorbande & 1.5 mM? consistent with those reported for norbenzphetamine in

cm 1) as the FMNH oxidizes to the FMNF The oxidation CDCl; (23). A total of 18 protons can be assigned. The i
of 5-deazaFAD reductase was followed at 598 nm, which is proton has been replaced by deuterium.
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Quantitation of Norbenzphetamine by LC-MS/d8mples 20 ‘
for LC-MS/MS analyses were prepared from reactions 80 EA
performed in parallel to the kinetic studies in the stopped-
flow spectrophotometer. After reduction of the cyt P450
cyt bs or cyt P450-5-deazaFAD reductase complex, by
dithionite, 100uL of the reduced complex was mixed with
an equal volume of air-saturated buffer A to initiate the
catalysis. As a control, 108L of the reduced complex in
the appropriate control solution was mixed with an equal
volume of anaerobi 2 M H3PQO, (2 M) to inactivate the
enzymes. Aliquots of 4QiL of the control and reaction
mixture were then spiked with 2 ng of norbenzphetamine- 350 400 450 500 550 600 650 700
ds, mixed with 0.2 mL 2 M ammonia, and extracted with Wavelength (nm)

2 mL of tert-butyl methyl ether. The extracts were dried with 0.14
an Alltech vacuum manifold (Alltech) and redissolved in 300

uL of a 10% methanol aqueous solution containing 0.1% 0.13 1
formic acid. The amount of norbenzphetamine in the samples
was determined from a standard curve constructed by adding
2 ng of norbenzphetamind- and 0-100 ng of unlabeled
norbenzphetamine to a solution containing all of the com-
ponents of the reaction mixture including the proteins and 0.10
benzphetamine. The standard curve was linear from 0 to 100

ng (0-0.44 nmol) of norbenzphetamine. 0081 T w m

. . . . Oxygen (uM)
Quantitative analysis of norbenzphetamine was performed 0.08
on an electrospray mass spectrometer (Micromass Quattro 0.01 01 1 10 100
Il, Micromass) coupled with a Waters 2690 HPLC system. log Time (s)
A reverse-phase C18 column (100 mm2 mm, Thermo-  Ficure1: Kinetics of autoxidation of cyt P450 2B4 in the presence
Hypersil Keystone Prism) was used for chromatography of of 1 mM benzphetamine at F&. (A) Absorbance spectra showing

the analyte. The column was equilibrated with 0.1% formic ferrous cyt P450 (dotted line), oxyferrous cyt P450 (solid line),

iy ; and ferric cyt P450 (60% high spin) (dashed line). The spectrum
acid .|n. water. An aliquot of 2% of the a”f""yte soample . of ferrous cyt P450 (dotted line) was recorded using the photodiode
was injected onto the column and eluted with 0.1% formic grray mode following mixing of ferrous cyt P450 with anaerobic

acid in methanol at a flow rate of 0.3 mL/min. The buffer B, whereas ferric cyt P450 was recorded at 200 s with a
benzphetamine and norbenzphetamine both eluted at 4.2 minphotodiode array detector following rapid mixing of ferrous cyt
However, for quantitative analyses of norbenzphetamine, P450 with air-saturated buffer B. The spectrum of oxyferrous cyt

: : P450 was deduced from a 3D kinetic datum set using global analysis
only the parent ionrf/z 226.2) of norbenzphetamine and software (Spectrum Software Associates). (B) Absorbance changes

parent ion (Vz231.2) of norbenzphetamirtg-were admitted 5t 438 nm recorded in photomultiplier mode (solid line). The fitting

to the collision chamber of the mass spectrometer where theyis depicted with a dotted line. Inset: Determination of the second-

were fragmented after colliding with nitrogen molecules. The order rate constant for the formation of oxyferrous cyt P450. Various

fragment ions ofwz 91.2 andm/z 96 from parent ions of Céxygler? concen’g@tiobnsﬁwerg ot:ained by diluting air-ss;;rated buffer

. . with anaerobic buffer B. Apparent rate constakts, were

m/z226.2 andwz231.2, respec_:uvely, were used to establish obtained by fitting the initial absorbance changes at 458 nm with

the standard curve and quantify the amount of norbenzphet-3 single exponential function.

amine formed in the single turnover experiments. The pattern . .

of fragment ions indicated that norbenzphetamine and its line) is red shifted to 420 nm compared to the spectra of

deuterated analogue were being quantitated. ferrous and ferric cyt P450, but it is consistent with the
MiscellaneousThe metabolism of benzphetamine at 15 spectra of other oxyferrous cyts P450 reported in the literature

°C under steady-state conditions was determined by measur{&: 25 26). Figure 1B illustrates the change in absorbance

ing formaldehyde formation using Nash's reagent as previ- &t 438 nm following the rapid mixing of ferrous cyt P450
ously described24). 2B4 with air-saturated buffer. The majority of oxyferrous

cyt P450 is formed in the dead time of the stopped-flow
RESULTS spectrophotometer, and its formation is comple20—30

ms after introduction of oxygen. The second-order rate

Autoxidation of Oxyferrous Cyt P450 2BZ0 ensure constant for oxyferrous cyt P450 formation in the presence

accurate assignment of each kinetic component during theof benzphetamine is 2.5 10° M1 s ! at 15°C (inset, Figure
course of electron transfer from 2-electron-reduced 5-dea-1B). This rate constant is comparable with a value of 5
zaFAD reductase to oxyferrous cyt P450, the kinetics of the 10° M~1 s71 reported for oxyferrous cyt P4g@, at 10°C
autoxidation of oxyferrous cyt P450 were characterized with (26).
stopped-flow spectrophotometry. Figure 1 shows the char- At 15 °C oxyferrous cyt P450 is unstable and spontane-
acteristic spectra of ferrous, oxyferrous, and ferric cyt P450 ously decays to generate ferric cyt P450 and a superoxide
in the presence of 1 mM benzphetamine and the transientanion, leading to a decrease in absorbance at 438 nm. As
absorbance changes at 438 nm following rapid mixing of shown in Figure 1B, decay of oxyferrous cyt P450 in the
ferrous cyt P450 with air-saturated buffer. As shown in presence of 1 mM benzphetamine is biphasic and consider-
Figure 1A, the peak absorbance of oxyferrous cyt P450 (solid ably slower than its formation. The kinetics of oxyferrous

A

€ (mM_lcm'1)

0.12 {

0.11 {

A440nm
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Table 1: Summary of Rate Constants and Amplitudes for Autoxidation and Redox Reactions of Cyt P45{),a@yt5-DeazaFAD Reductase
in the Absence and Presence of Their Redox Partners

A (nm) species phase 1 phase 2 phase 3
syringe 1 syringe2  obg obg A (%) ki (sY) A (%) ka (s A (%) ks (s

2e-reduced 5-deazaFAD 20 450 reductase 10€ 11 0.007+ 0.001

reductasgé 585 reductase 106 8 0.007+ 0.001
cyt bs?t 0O, 422  cytbs 97+5 0.005+ 0.0003
P45G+ 0O, 438 P450 253 0.964+0.2 34+ 6 0.13+0.04 41+7 0.016£0.005
P45@* + 1 mM BP® O,+1mMBP 438 P450 4&4 0.13+ 0.05 60+ 7 0.048+ 0.004
2e-reduced 5-deazaFAD dy?t 422 cytbs 98+ 10 0.002+ 0.0002

reductaseé 567 reductase 10€ 12 0.002+ 0.0004

P45G*—cyt bs?™ + 1 mM BP Q+1mMBP 422 cyts 50+6 9.3+0.7 4+ 0.1 0.43+0.21 46+ 7  0.005+ 0.0003
438 P450 627 10.54+1.5 18+1.1 0.83+0.18 20+3 0.005+ 0.001
P45G"—2e-reduced 5-deazaFAD ,@& 1 mM BP 598 reductase 3t6 84415 52+6 0.37+0.06 174+ 0.7 0.041+ 0.005
reductaset 1 mM BP 438 P450 86-10 0.090+0.01 14+ 0.5 0.012+ 0.002

2 Observed? Benzphetamine: These data are from réf6.

0.20 0.70 simultaneously, indicating that intermolecular electron trans-
0.65 fer has occurred without formation of an observable inter-
£ mediate. The overall kinetics at both wavelengths are
0.18 §roeo | multiphasic. Fitting of the kinetic traces reveals that oxy-
’ 055 | ferrous cyt P450 decays with rate constants of 10.5, 0.83,
£ g and 0.005 s!, whereas ferrous cys oxidizes with rate
o 0.16 050 o constants of 9.3, 0.043, and 0.005 ¢Table 1). The fast
[} —_ I . . . 1
b4 T s b phgse of this reaction with a rate constant~ef0 s? is
' attributed to electron transfer from ferrous tytto oxyfer-
0.14 L 0.40 rous cyt P450. This rapid rate of oxidation of both redox
proteins is 106-2000-fold faster than the autoxidation of
0 50 100 150 2000'35 the individual proteins (Table 1). Other investigators have

reported similar values for the rate of the second electron

Time (s) transfer from ferrous cyls to microsomal cyt P450 at 2C

Ficure 2: Kinetics of the reduction of oxyferrous cyt P450 2B4 ; it
by cyt bs. The final concentration of cyt P450 and dy¢ in the (10, 12). The more rapid oxidation of cyt P450 compared to

observation cuvette was. The solid and dashed lines represent cytbs after the fast phase may be partly attributed to electron

absorbance changes observed at 438 nm (P450) and 428;pm ( transfer from oxyferrous cyt P450 to the ferric dytwhich
respectively. The experiments were performed as described inis generated in the first phase of the reaction. Separate

Materials and Methods. experiments in this laboratory and by other investigators
o ] ) indicate that this reaction occurs at a ratexd#-3 s at a

cyt P450 autoxidation at 438 nm can be fitted with two ¢yt pe:cyt P450 2B4 molar ratio of 1:11¢).

exponentials with rate constants of 0.13 and 0.04gBable Electron Transfer from 2-Electron-Reduced 5-DeazaFAD

1). The fast _phase co_nstitutes approximately 49% of the T491V Reductase to Oxyferrous Cyt P450 2B4letailed
overall amplitude, while the slow phase constitutes the yoqcrintion of the preparation and characterization of 5-de-
remaining 60%. Overall, 50% of oxyferrous cyt P45_0 decays ,,aFAD T491V reductase has been publisHis). (For the
within 10 s. A spectrum recorded 200 s following introduc- o, heriments described here it is important to be cognizant
tion of oxygen is characteristic of ferric cyt P450 (dashed ¢ e fact that the 5-deazaFAD cofactor remains in the fully
line of Figure 1A) with a charge transfer band at 650 nm. In iqizeq state during the course of the experiments with cyt
the absence of substrate cyt P450 2B4 autoxidizes morep450 and that in control experiments the 5-deazaFAD T491V
rapidly with triphasic kinetics and a half-life of 2.2 s (see o4, ctase transfers a single electron from the FMN hydro-
Table 1), suggesting that the substrate stabilizes oxyferrousquinone to cytc and cytbs in a manner indistinguishable
cyt P450 2B4. from that of wild-type reductase. The rate of electron transfer
Electron Transfer from Ferrous Cytlo Oxyferrous Cyt  from 5-deazaFAD reductase to oxyferrous cyt P450 was
P450 2B4.As a control, the rate of the second electron measured by mixing the preformed 1:1 ferrous cyt P450
transfer from ferrous cybs to oxyferrous cyt P450 was  2-electron-reduced 5-deazaFAD reductase complex with air-
measured at 18C, and the results are presented in Figure saturated buffer and following the absorbance changes
2. Oxyferrous cyt P450 and cigt were followed at 438 nm  spectrophotometrically. The complex was reduced stoichi-
(solid line) and 422 nm (dashed line), respectively. The ometrically by titrating with dithionite (Figure 3). The
absorbance change observed at 438 nm arises exclusivelgpectrum of the oxidized complex shows g bands of
from oxyferrous cyt P450 as this is an isosbestic point for the heme near 550 nm, a charge-transfer band at 650 nm
cytbs (27). At 422 nm~90% of the absorbance change arises from high-spin ferric cyt P450, and a shoulder at 480 nm
from cytbs and~10% reflects the formation and subsequent from the FMN cofactor of the reductase (solid line of Figure
decay of oxyferrous cyt P450 (see Figure 1A). Oxyferrous 3). Addition of dithionite led to an increase in absorbance
cyt P450 forms within~20—30 ms as evidenced by the at 550 nm and decrease in absorbance at 650 nm (reflecting
initial increase in absorbance (Figure 2). Subsequently, theformation of the reduced cytochrome) and a decrease in
absorbance at both wavelengths decreases rapidly andbsorbance at 480 nm due to reduction of FMN. Reduction
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06 characteristic of a reduced complex, with a red-shifted Soret
band and disappearance of both the shoulder at 480 nm and
the charge-transfer band at 650 nm. Since the potential of
the FMN semiquinone/hydroquinone couple is knowi270

mV) and the concentration of the reduced form of cyt P450
and FMN could be accurately measured during the titration,
it was possible to use eq 1 to estimate the potential of cyt
P450 2B4 in the presence of 1 mM benzphetamine and cyt
P450 reductase2B). At equilibrium, the redox potential of

cyt P450 at 2C0°C is given by

0.5 A

o
n
.
o
o
s
A592 nm —4—

o
o
@

0.0 0.4 0.8 1.2 1.6
mole dithionite/mole complex

Absorbance
o
w

o
N
L

©
o
.

0.0 +— : 0o _ 0
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FicURe 3: Reduction of the cyt P45Eb-deazaFAD reductase  \here [SQ], [HQ], [P450'], and [P458'] represent the

complex by stoichiometric amounts of dithionite. Cyt P450 and :
5-deazaFAD reductase (BV) were incubated overnight at 4C concentration of FMNH PMNH;, ferrous cyt P450, and

to preform the protein complex as described in Materials and ferric cyt P450, respectively. The redox potential of cyt P450
Methods. Prior to titration, 1 mM benzphetamine and OM 2B4 in the presence of 1 mM benzphetamine af@0vas
methy! viologen were added to the protein complex. The solid and calculated to be-245 mV, in agreement with the published
gﬁzhgf' t|r|1neesé :l%pgefst%“et ttnfafigﬁ‘:t;gs"f;g?vg?mﬁ’r'gét"i‘t Tgsgﬁg;”nrgggl/alue @9). In the absence of substrate and the reductase the
changes at 592 nm (open trianglle) aﬁd 360 %lm (open circle) during _potentlal_of cyt P450 2B4 is-—330 rr_1V _(11)' The decrease
the course of the titration. in potential of cyt P450 2B4 upon binding substrate enables
it to accept an electron from reductase.
of cyt P450 and 5-deazaFAD reductase was monitored at Figure 4 shows the transient absorbance changes in the
360 and 592 nm, respectively, as the former is an isosbesticpresence of benzphetamine at 598 and 438 nm following
point for the reductase and the latter is an isosbestic pointthe rapid mixing of the reduced complex with air-saturated
for cyt P450. As shown in the inset of Figure 3 (open buffer. The reductase was followed at 598 nm as this is an
triangle), the absorbance due to FMN& 592 nm increases  isosbestic point for the oxyferrous/ferric cyt P450 couple,
with the addition of dithionite and reaches a maximum when whereas oxyferrous cyt P450 was followed at 438 nm. At
~0.6 electron equiv has been added. Further addition of this wavelength 87% of the absorbance decrease can be
dithionite led to a decrease in absorbance at 592 nm due toattributed to the oxidation of cyt P450 while 13% is due to
formation of the FMN hydroquinone. the oxidation of the reductasé&@). At ~30 ms following
Reduction of ferric cyt P450 was followed at 360 nm introduction of oxygen when oxyferrous cyt P450 has
(Figure 3). The absorbance at 360 nm did not change formed, there is a sharp increase in absorbance at 598 nm
significantly until the FMN had been converted to its representing the rapid oxidation &30% of the FMNH to
semiquinone, indicating that reduction of ferric cyt P450 did FMNH-. By 1 s~50% of the reductase has oxidized whereas
not occur until FMN was reduced to FMNHs expected  virtually none of the oxyferrous cyt P450 has returned to
since the potential of the FMN/FMNHouple is—110 mV the ferric state. It is apparent from the kinetic trace at 598
(28). Further addition of dithionite led to a decrease in nm that the oxidation of the FMNHs multiphasic. Three
absorbance at both 592 and 360 nm, indicating that both theexponential phases can be fitted to the kinetic trace at 598
ferric iron of the heme and the FMNIdf the reductase were  nm, giving rate constants of 8.4, 0.37, and 0.041 $he
being reduced simultaneously. Following addition of 3 relative amplitudes for these phases are 31%, 52%, and 17%,
electron equiv the protein complex showed spectral featuresrespectively (Table 1). All three of these phases are

[P45(5H][SQ]) W
[P450°|[HQ]

0.30 0.052
A T T T T T T T T T T T
0.28 4 - 0.050
0.052
0.26 1 0.050 r 0.048 |
e 0.048
0.24 : 0046 € |- 0.046 l
-3
g 3 0.044 <g; g
o 0.22 4 0.042 r0.044 o
< 0.040 3
< 0.20 - 0.038 - 0.042 <
0 10 20 30 40 50
0.18 - Time () L 0.040
0.16 T T T T 0.038
0 50 100 150 200

Time (s)
Ficure 4: Kinetics of reduction of oxyferrous cyt P450 2B4 by 5-deazaFAD reductase. The final concentration of cyt P450 and 5-deazaFAD
reductase in the observation cell of the stopped-flow spectrophotometer wa$/14 The solid and dashed lines represent absorbance
changes observed at 438 nm (cyt P450) and 598 nm (reductase), respectively. The experiment was performed as described in Materials and
Methods.
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A

significantly faster than the autoxidation of 5-deazaFAD 0.25 —
reductase K = 0.007 s1), which suggests that all of the
reductase molecules may have transferred an electron to a
cyt P450 molecule (Table 1, Figure 4)6). Further
investigation will be required to identify the processes
responsible for the different phases of reductase oxidation.
Remarkably, the kinetic trace at 438 nm does not parallel 0.05
the trace at 598 nm; rather it is characterized by a small
increase in absorbance (solid line of Figure 4) in the first 20
ms similar to the increase in absorbance seen in cyt P450 in

Absorbance

Figures 1 and 2. This initial rapid increase in absorbance at 0.08
438 nm reports on the formation of oxyferrous cyt P450. 0.08
Oxyferrous cyt P450 only begins to revert to the ferric protein 0.04 1

0.02 {;

after a time lag of-1 s with a rate constant of 0.8 0.01 000 i

s™%, by which time 50% of the reductase has oxidized. This %

phase accounts for & 10% of the absorbance change in -0.02 1 s

oxyferrous cyt P450 (Table 1). Figure 4 clearly illustrates -0.041 \ o/

that cyt P450 and the 2-electron-reduced 5-deazaFAD '3'8: | v

reductase undergo specFraI changes at dissimilar rates. It was 350 400 450 500 550 600 650 700
expected that upon receiving the electron from the reductase

oxyferrous cyt P450 would be reduced and then immediately Wavelength (nm)

undergo catalytic turnover to generate product and ferric cyt Ficure 5: UV—visible and difference spectra of the oxyferrous
P450 as it does in the presence of by(Figure 2). This did cyt P450 2B4-5-deazaFAD complex. The spectra were recorded
not occur. The results have been interpreted to indicate that‘r’gghu‘z‘epé‘oé‘;?'nggéaé’gaeztggxgaﬂree:jﬁigg;g'X(':rc‘)?n‘:)flg:(e al-i?rlscgi(rm-
the redUthse,ox'd'Zes ,to the 1'eleCtron'reduceq FNVaH . saturated buffer at 15C. The final concentration of cyt P450 and
stable semiquinone while the cyt P450 forms an intermediates-deazaFAD reductase in the observation cell of the spectropho-
with a spectrum similar to that of oxyferrous cyt P450. Only tometer was 2.&M; the benzphetamine concentration was 1 mM.

~1 s after mixing with oxygen does the absorbance at 438 (A) Spectrum 1 (dotted line) is the spectrum of the reduced cyt
nm begin to decrease biphasically (see Table 1). P450-5-deazaFAD reductase complex recorded under anaerobic

h | ch ina followi id mixi f conditions; spectrum 2 (short dashed line) is the first spectrum of
The spectral changes occurring following rapid mixing of he 160 transient spectral25 ms after mixing; spectrum 3 (solid

the cyt P456-5-deazaFAD reductase complex with oxygen line) was recorde 2 s after mixing; spectrum 4 (long dashed line)
were also examined between 330 and 700 nm using awas recorded at 237.5 s. (B) Difference spectra generated from the
photodiode array detector. A total of 160 spectra were spectra in panel A: solid line, spectrum 2 minus spectrum 1; dotted
recorded every 50 ms in the stopped-flow spectrophotometergng’ctsrﬂ?ndgum 8 minus spectrum 2; dashed line, spectrum 4 minus
on a log time scale. Four typical spectra are presented in P '
Figure 5A. Spectrum 1 (dotted line of Figure .SA) of t.he spectrum 2 is representative of oxyferrous cyt P450 and the
regjuced C‘.’”ﬁp'ex was recorded under ?”aefo_b'c conditions;_g|ecron-reduced 5-deazaFAD reductase.
prior to mixing with oxygen. After rapid mixing of the o .
reduced protein complex with oxygen, the very first spectrum  SPectrum 3 in Figure 5A (solid line) recordeties shows
or spectrum 2 (short dashed line of Figure 5A) was recorded @ Significant absorbance increase from 410 to 660 nm,
at ~125 ms. Due to the spectrophotometer software the _partlcularly_ around_438 and 585 nm. This is more cle_arly
absolute timing of this spectrum is uncertain as the timing illustrated in the difference spectrum (spectrum 3 minus
of the first data point varies with the length of data SPectrum 2) presented in Figure 5B (dotted line). The broad
acquisition, integration time of the photodiode array detector, increase in absorbance is indicative of oxidation of the
number of data points, etc. Thus, it is not possible to precisely reductase from FMNH to the air-stable FMNH No
compare the absolute time for the kinetic traces recorded insignificant spectral changes occur that can be attributed to
the different spectrometer detection modes. Nonetheless, thdormation of ferric cyt P450, which should lead to a large
rate constants and amplitudes of the kinetic traces shoulddecrease in absorbance at 438 nm. In other words, oxyferrous
not be significantly affected. cyt P450 and/or its reduced intermediate do (does) not
The Soret andx8 bands of spectrum 2 are clearly red convert to ferric cyt P450 at the same rate as FMNgH
shifted compared to spectrum 1, and a new peak appears a@xidized to FMNH. Formation of ferric cyt P450 does,
350 nm. These spectral changes at the initial phase of thehowever, occur as indicated by spectrum 4 (Figure 5A, long
reaction indicate that oxyferrous cyt P450 has formed. The dashed line) recorded240 s after introduction of oxygen.
net spectral changes due to formation of oxyferrous cyt P450 Formation of ferric cyt P450 at240 s is illustrated in the
are demonstrated in the difference spectrum (spectrum 2difference spectrum (spectrum 4 minus spectrum 3) in Figure
minus spectrum 1) presented in Figure 5B (solid line). The 5B (long dashed line) where a pair of peaks are observed at
peak at 438 nm and trough at 390 nm in the difference 385 and 438 nm. The increase in absorbance at 385 nm is
spectrum are characteristic of formation of oxyferrous cyt consistent with formation of high-spin ferric cyt P450,
P450 from ferrous cyt P450. Interestingly, no significant whereas the decrease in absorbance at 438 nm indicates a
spectral changes occur in the range of 6000 nm where  decrease in oxyferrous and/or the 1-electron-reduced cyt
ferric cyt P450 and FMNHMHabsorb. This indicates that neither P450 intermediate. Global analysis of the spectral changes
ferric cyt P450 nor FMNMwas formed at this time. Thus, did not reveal the presence of any intermediates.

AAbsorbance
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Table 2: Efficiency of Cyt P450 2B4 Catalysis in the Presence of conditions at the same temperature €51 striking contrast

Cyt bs and 5-DeazaFAD T491V Reductase the reduction of oxyferrous cyt P450 2B4 by ferrous loyt
norbenzphetamine efficiency proceeds with the-100-fold more rapidk= 10.5 s1) return
protein complex (5tM) (uM)? (%) of oxyferrous cyt P450 to the ferric resting state. Product is
Cyt PA50+ cytbs 261 042 52 0L 8.4 generated in the presence of both bytand 5-c_1_eazaFAD
cyt P450+ 5-deazaFAD reductase 1460.14 32,0+ 2.8 reductase under these single turnover conditions with an

. N . . o
aThe amount of product, norbenzphetamine, formed in the single .emCIenCY Qf 52% and 32%, res_pectlvely. AsP0% increase
turnover experiment was determined by LC-MS/MS as described in IN the efficiency of BP metabo"sm_by cyt2B4 h_as also been
Materials and Methods. The results are presented as an average of threebserved under steady-state conditions whetgig present
values with the standard deviation. (13).

These results assume that the FMN domain of the T491V

At 15 °C the steady-state rate of benzphetamine metabo-mutant cyt P450 reductase which has been reconstituted with

lism by cyt P450 2B4 is 5 nmol of formaldehyde formed the nonphysiologic flavin, 5-deazaFAD, behaves in a manner
(nmol of P450)' min~!, which indicates that the rate identical to that of the wild-type protein. Unfortunately, this
constant for cyt P450 catalysis is 0.08-sThus the rate of ~ @ssumption cannot be rigorously tested since the spectral
decay of oxyferrous cyt P450 2Bk £ 0.09 s'') determined changes in the wild-type dlfIaV|r_1 reductase are too complex
under pre-steady-state conditions in the stopped-flow spec-{0 o!econvo_lgte u_nder_the experlr_nental conditions due to the
trophotometer (Table 1) and the rate of metabolism of rapidly equilibrating different flavin redox states. In fact, the

benzphetamine under steady-state conditions are the sam#ability to unambiguously interpret the spectral changes that
within experimental error. the wild-type cyt P450 reductase undergoes during its

electron transfer reactions prompted us to prepare the

Quantitation of Norbenzphetamine under Single Tuwato . . S
Conditions.To confirm that catalysis was occurring under 5-d§3azaFAD T.491V reductase V‘."th only aS|_ngIe functioning
yﬂavm so that it would be possible to monitor transfer of

the single turnover experimental conditions, a sensitive assa: lect ¢ the EMN hvd . . , q

for norbenzphetamine was developed. A linear calibration electrons from the ydroguinone to its protem recox

curve using the internal standard norbenzphetarinehich partners. Nonetheless, we believe the T491V mutation, yvh|ch

has one of its benzene rings perdeuterated, was constructe At[f;efbesthof OUC: knowle(tj)ge do_nly dgcreasisc;he afflntl)ty %f

with 0—100 ng of norbenzphetamine. Table 2 illustrates that or the reductase by disrupting a hydrogen bon

the product, norbenzphetamine, was formed with 52% between thrgomne 491 and a phosphate of FAD, does not
' Y cause functional changes in the FMN domain. As the

efficiency in the presence of cyis but with only 32% .
efficiency in the presence of 5-deazaFAD reductase. These5'de.az"’“:AD T491V reductase reducego:gmd the amphi- .
pathic cytbs at the same rate as the wild-type reductase, it

results under single turnover conditions confirm our findings . ; ; .
under steady-state conditions where it could be demonstrated® likely that it also interacts with oxyferrous cyt PA50 284

that cytbs increased product formation by approximately In & manner identical to that of the wild-type protein.

20% primarily by decreasing superoxide productiag)( The experiments reported herein partly explain the long-
standing puzzling observation that in liver microsomes under

DISCUSSION steady-state conditions an intermediate with an absorption
spectrum similar to that of oxyferrous cyt P450 accumulates.
It has been possible for the first time to directly measure In his prescient studies Estabrook demonstrated thabscyt
the rate of reduction of an oxyferrous microsomal cyt P450 was able to decrease the concentration of this intermediate
by a cyt P450 reductase and its subsequent turnover to ferricand concluded that this intermediate was relevant to the rate-
cyt P450 with product formation. These experiments dem- limiting step of catalysis30). Guengerich and co-workers
onstrate that in the presence of cyt P450 reductase catalysisising purified human cyt P450 2D6 have recently confirmed
by oxyferrous cyt P450 2B4 proceeds via a long-lived that a cyt P450 intermediate with a spectrum similar to that
reduced intermediate with an absorption spectrum apparentlyof oxyferrous cyt P450 accumulates under steady-state
similar to that of oxyferrous cyt P450. Global analysis of turnover conditions. Simulation of their kinetic data yielded
the spectral data obtained with the photodiode array detectora catalytic mechanism limited by the rate of protonation of
was unable to detect a new spectral intermediate. In theory,a reduced oxyferrous intermediate and subsequei@ Gond
the intermediate could be the reduced oxyferrous cyt P450scission and rate of cleavage of the-8 bond @). Thus
(FETO0Y -, some species further along the reaction cycle, our experiments performed under pre-steady-state conditions
such as the hydroperoxo species’*(lOH), or a previously are consistent with what is observed under steady-state
unidentified ephemeral compound such as an oxidized conditions. The unanticipated findings also contribute to our
substrate-heme complex. A hydroperoxo-like species would understanding of the long-standing question: how does cyt
be more stable than the very nucleophilic peroxo speciesbs increase the efficiency of cyt P450 catalysis under steady-
which Sligar and co-workers have demonstrated has anstate conditions in the presence of cyt P450 reductase? Since
absorbance maximum at 440 nr6).(Dr. D. Harris has cyt P450 2B4 turnover is so rapid when dytdelivers the
calculated (personal communication) that oxyferrous cyt second electron, this reaction competes favorably with the
P450 and the hydroperoxo intermediate have similar absorp-less efficient turnover catalyzed by the more tightly binding
tion spectra while the peroxo intermediate has a red-shifted cyt P450 reductase which has a greater affinity for cyt P450
Soret peak, in agreement with experimental results. The rate2B4 than cytbs (13, 31).
of turnover of oxyferrous cyt P450 in the presence of the  The observation that catalysis in the presence ofbgyt
2-electron-reduced 5-deazaFAD reductdse (0.09 s?) is and 5-deazaFAD reductase (and presumably wild-type cyt
similar to the rate of product formation under steady-state P450 reductase) proceeds at markedly different rates raises
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FiGUuRE 6: Stereo overview of the structure of the proximal and distal faces of the heme in a model of cyt P450 2B4 based on the cyt P450
2C5 crystal structure. The model for cyt P450 2B4 was constructed as previously described for cyt P4&0).ZHie(residues in orange

are involved in binding of cybs and cyt P450 reductase. The residues in green only bind to cyt P450 redudtas€he blue line
represents the peptide backbone of residues connecting the meangebualge. Residues M132 and L295 and T303 and E445 are in van

der Waals contact.

the intriguing question: what is the molecular basis for the namically favorable is delayed, then the 5-deazaFAD reduc-
distinctive behavior of oxyferrous cyt P450 in the presence tase induced conformation must be able to temporarily
of its two reductants? It is hypothesized that binding of cyt stabilize an otherwise highly reactive intermediate. A second
bs to the proximal surface of cyt P450 near the heme causesexplanation for our results is that the cyt P450 2B4
a conformational change on the distal side of the heme thatconformation in the presence of the reductase is incompetent
optimizes catalysis and cleavage of the oxygen bond with in catalysis and that the rate-limiting step in catalysis is a
the generation of the catalytically competent oxyferryl heme kinetically gated change in conformation to a catalytically
which is formed without an energy barrier following delivery competent conformation. The observation that turnover in
of a second proton to the distal oxyge3P). Examination the presence of 5-deazaFAD reductdse (0.09 s1) occurs

of a model of cyt P450 2B4 based on the crystal structure 100-fold more slowly than in the presence of byik = 10

of cyt P450 2C5 indicates that the side chain of Met 132 in s™%) suggests significantly different chemical environments
the C helix is close to where cyk binds and, in addition,  on the distal face of the heme. Examination of the stereo
is in van der Waals contact with Leu 295 in the amino- model of cyt P450 2B4 in Figure 6 illustrates the location
terminal end of the | helix (Figure 6). Leu 295 is also in van of selected residues known to be involved in binding
der Waals contact with the heme. Thus it is entirely possible reductase. A portion of the reductase binding site involving
that structural changes occurring in the C helix upon binding the C and C helices of cyt P450 2B4 is situated on the
of cyt bs could produce conformational changes in the | helix proximal surface near the heme and overlaps the binding
near Thr 302. In oxyferrous cyt P45Q Thr 252, the residue  site for cytbs (24). The remaining portion of the reductase
homologous to Thr 302, has been shown by X-ray crystal- binding site is unique to the reductase and involves cyt P450
lography to hydrogen bond to a water molecule which is in 2B4 residues Arg 422 between the meandervhdlge and

a position to deliver a proton to the peroxo {F@,)>" Arg 443 in the L helix. Figure 6 depicts the location of these
intermediate §3). residues in relationship to the | helix and Thr 302. Arg 433

Experimental support for the notion that d causes a s close to Glu 445 which is hydrogen bonded to Thr 303 in
conformational change on the distal side of the heme comesthe | helix, and it is adjacent to Ala 442 which is in van der
from numerous experiments that demonstrate a markedWaals contact with the heme. The proximity of the reductase
increase in the high-spin form of ferric cyt P450 in the binding site to the heme should provide it with the op-
presence of cybs (24, 34). The increase in the high-spin  portunity to modulate the structure of the proton delivery
form of cyt P450 on binding of cybs and its enhancement  network and/or the electronic properties of the heme. This
by substrate are attributed to displacement of water as theproposal is consistent with multidimensional high-resolution
sixth axial ligand of the heme3(). A plausible mechanism NMR experiments demonstrating that putidaredoxin, the
for this displacement is suggested by the crystal structure of physiological reductant of cyt P4&@, perturbs residues both
substrate-bound cyt P43®M3, which reveals a conforma- near the heme and remote from the putative putidaredoxin
tional change in the | helix which allows the axially liganded binding site 86). Compared to cybs, cyt P450 reductase
water molecule to be displaced to a higher affinity binding causes a minimal change in spin state of the ferric cyt P450
site 1 A away. The close proximity of the water molecule to (34, 37). This observation is consistent with our suggestion
the heme iron suggests that it might be available to participatethat cytbs and cyt P450 reductase have different effects on
in the proton delivery pathway3p). the structure of the distal side of the heme.

Our findings with 5-deazaFAD reductase can be explained Other interpretations of our findings of a lag time for decay
by assuming that binding of the reductase to the proximal of oxyferrous cyt P450 2B4 with reductase are possible; for
surface of cyt P450 results in a conformation that slows example, the FMNE cofactor of the reductase may reduce
catalysis possibly by disorganizing the proton delivery a spectrally silent group on the reductase which subsequently
pathway and slowing protonation or by a previously unde- donates the electron to cyt P450. This is considered unlikely
scribed mechanism. If proton delivery which is thermody- in view of the fact that in control experiments 5-deazaFAD
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reductase reduced cigt and cytc, without evidence of an 13
intermediate, and spectral changes occurred simultaneously
in the reductase and the cytochromes. Furthermore, when
native cyt P450 reductase and other homologous diflavin 15

reductases reduce their redox partners, the flavin has always

14

been observed to directly transfer the electron without an 16

intermediary {6, 38, 39). Flavodoxins which are homologous

to the FMN domain of cyt P450 reductase also directly 17.

donate an electron to an acceptor without an intermediate
(40). A second explanation for the delayed reoxidation of 18
oxyferrous cyt P450 is that there is a spectrally silent second 44
electron acceptor on the oxyferrous cyt P450 which receives

the electron from the reductase and then transfers it to the 20.
21.

oxyferrous heme. Again, the control experiments with cyt
bs presented here and published previously suggest that the ,,
oxyferrous heme is the direct recipient of the electrd, (
12). A third explanation is that oxyferrous cyt P450 exists
in two conformations, one of which binds dyand the other
binds cyt P450 reductase. Finally, due to the proximity of
reductase and cybs binding sites to the heme, it is not
prudent to eliminate the possibility that 5-deazaFAD reduc-
tase and cybs are causing their effects by directly altering
the electronic properties of the heme and its thiolate ligand.
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