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ABSTRACT: Contradictory mechanisms involving conformational or redox effects have been proposed for
the enhancement of cytochrome P450 activities by cytochromeb5 in reconstituted systems. These
mechanisms were reinvestigated for human liver P450 3A4 bound to recombinant yeast membranes
including human P450 reductase and various levels of humanb5. Species conversions were calculated
on the basis of substrate, oxygen, and electronic balances in six different substrate conditions. Electron
flow from P450 reductase to ferric 3A4 was highly dependent on the nature of substrate but not on the
presence ofb5. P450 uncoupling by hydrogen peroxide formation was decreased byb5, leading to a
corresponding increase in the rate of ferryl-oxo complex formation. Nevertheless, the majorb5 effects
mainly relied on an increased partition of ferryl-oxo complex to substrate oxidation compared to reduction
to water, which could support a conformation change based mechanism. However, further steady-state
investigations evidenced that electron carrier properties ofb5 were strictly required for this modulation
and that redox state ofb5 was ruled by the nature and concentration of 3A4 substrates. Moreover, rapid
kinetic analysis ofb5 reduction following NADPH addition suggested thatb5 was reduced by the 3A4
ferrous-dioxygen complex and reoxidized by subsequent P450 oxygenated intermediates. A kinetic model
involving a 3A4-b5 electron shuttle within a single productive P450 cycle was designed and adjusted.
This model semiquantitatively simulated all presented experimental data and can be made compatible
with the effect of the redox-inactiveb5 analogue previously reported in reconstituted systems. In this
model, synchronization of theb5 and 3A4 redox cycles, binding site overlap betweenb5 and reductase,
and dynamics of theb5-3A4 complex were critical features. This model opened the way for designing
complementary experiments for unification ofb5 action mechanisms on P450s.

In mammals, cytochrome P450s (P450)1 are membrane-
bound heme-thiolate proteins involved in the oxidative
metabolism of xenobiotic and endobiotic compounds (1-
3). P450s are not self-sufficient enzymes, and microsomal
forms require NADPH-cytochrome P450 reductase (CPR)
as electron carrier for function. In human liver, CYP3A4
(3A4) is a major P450 isoenzyme that plays a critical role
in the metabolism of natural xenobiotics and many clinically
important drugs (4). Activities of purified 3A4 in artificial
reconstituted systems including CPR were found highly
dependent on lipid nature (5-9), salt composition (8, 10,
11), and presence of detergents (5-8, 12) and additive agents
(11, 13). Cytochromeb5 (b5), an electron carrier involved
in fatty acid biosynthesis (14), was early found to modulate
microsomal P450 activity in a way highly dependent on P450
isoenzyme, nature of substrate (15, 16), and CPR origin and

concentration (17, 18). Addition of b5 to P450-containing
reconstituted systems could have no effect, inhibit, or
strongly enhance P450 activities depending on experimental
conditions (19). Enhancing effects ofb5 have been mainly
studied in reconstituted systems involving a high CPR to
P450 molar ratio (frequently 3:1) irrespective of the low ratio
(about 1:10) found in liver. A role forb5 was proposed to
be an alternate electron donor for reduction of the P450
ferrous-dioxygen complex, thus promoting active oxygen
(ferryl-oxo P450) formation (20-24). Reduction of the
P450LM2 ferrous-dioxygen complex byb5 was confirmed
by rapid mixing experiments (25, 26). Loss ofb5 effects
upon reconstitution with redox-inactive heme analogues also
supported this finding (16, 27-29). However, contrasting
results were obtained with rabbit P450LM4 (26). Furthermore,
a high-spin shift and an increased substrate affinity of
P450LM2 or P450RLM5 uponb5 binding indicated thatb5 could
alter P450 conformation (23, 25, 30), suggesting that electron
transfers may only partly explain theb5 effects. Reports that
binding of manganese- and iron- (native)b5 to P450LM2 and
P450LM4 caused similar decrease in theKm for benzphetamine
and acetanilide oxidation (28) and that heme-freeb5 could
be, in reconstituted systems, as effective as nativeb5 in
enhancing 3A4 activities (31) confirmed this finding. There-
fore,b5 effects could involve both conformational and redox
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contributions, and the dominant effect could be isoenzyme
dependent. Nevertheless, these reported contradictory effects
questioned if the variability of observations might also relate
to the use of different experimental systems leading to
different limiting steps in the mechanism. Recent develop-
ment of high-efficiency recombinant expression systems
opened the way to the analysis of theb5-P450-CPR
coupling mechanisms in a natural membrane environment
(32-34). Particularly, membranes containing high CPR to
P450 molar ratios (up to 10:1) were produced using bacu-
lovirus expression systems (35-37). More physiological
conditions can be achieved using the yeast expression system
which allowed expression of human 3A4 at a high level while
achieving the low (1:10) CPR to P450 molar ratio repre-
sentative of the liver situation (38-41). In the yeast system,
interfering endogenous activities can be removed by gene
disruption (18, 42), and tunable levels ofb5 can be achieved
by self-incorporation of purified recombinant humanb5 in
membranes.

Most of microsomal P450s are poorly coupled enzymes
producing large amounts of hydrogen peroxide and un-
coupled water by four-electron reduction of dioxygen.
Hydrogen peroxide formation occurs either by decomposition
of the ferrous-dioxygen complex or by direct release from
the peroxy-ferric intermediate (43, 44). Water formation
exceeding the product-forming reaction occurs via a bielec-
tronic reduction of the ferryl-oxo complex (45-47). These
abortive reactions are controlled by electron transfers within
the P450-CPR-b5 complexes and by the stability of
oxygenated intermediates, making these phenomena highly
dependent on P450 environment. We report here a detailed
analysis by steady-state, rapid kinetic, and numerical simula-
tion of 3A4 uncoupling control byb5 in natural membranes.
The work evidenced critical roles of electron shuttles between
3A4 and b5 and of the structure and dynamic of the
reductase-3A4-b5 complexes.

EXPERIMENTAL PROCEDURES

Chemicals. NADPH, testosterone, androstenedione, nife-
dipine, quinidine, homovanillic acid, cinnamic acid,R-naph-
thoflavone, phenacetin, and phenylmethanesulfonyl fluoride
(PMSF) were purchased from Sigma. Cobalt sepulchrate
trichloride was purchased from Aldrich. Testosterone and
androstenedione metabolites were purchased from Steraloids.
Cyclosporin A and its M1 and M17 metabolites were a gift
from Sandoz. The nifedipine metabolite was synthesized
according to Loev and Snader (48). TheN-oxide metabolite
of quinidine was a gift from Pr. Philippe Beaune. Trifluo-
roacetic acid (TFA) was from Fluka. DEAE columns were
from Pharmacia, and hydroxylapatite columns were from
Calbiochem-Novabiochem. Octadecylsilyl Newguards (7
µm particle size, 15 mm× 3.2 mm) and Spheri-5 columns
(5 µm particle size, 100-2.1 mm) were from Brownlee.

Enzymes. Lysozyme, DNase, RNase, and horseradish
peroxidase were purchased from Sigma. Restrictions en-
zymes were purchased from New England Biolabs.

Yeast Strains and Plasmids.Yeast strain W(hR) which
was genetically engineered to express human CPR instead
of the yeast enzyme, has been described previously (17, 18).
The expression vectors for 3A4 and yeast transformation
were described earlier (49). Cell cultures were grown and

microsomes prepared as previously described (50) except that
the PEG membrane precipitation step was omitted and
substituted by ultracentrifugation at 100000g for 1 h at 4
°C. The pellet of microsomes was resuspended in a minimal
volume of 3 mL of 50 mM Tris-HCl, pH 7.4, and kept frozen
at -80 °C for months. Total P450 content was calculated
from the reduced carbon monoxide difference spectrum using
a Perkin-Elmer Lambda 2 spectrophotometer and was close
to 1000 pmol/mg of microsomal proteins. NADPH-
cytochromec reductase activities were measured as previ-
ously published (51). Protein concentration was determined
using the Pierce bicinchoninic acid procedure.

b5 Expression and Purification.The open reading frame
of human b5 cloned in pUHE21 (gift from Dr. Philippe
Urban) was used to transform the BMH 71-18Escherichia
coli strain. A single colony was grown in Terrific Browth
medium containing 100µg/mL ampicillin for 72 h with
shaking at 22°C. Cells were harvested by centrifugation at
4000g, and the resulting pellet was resuspended and incu-
bated for 30 min in 50 mM Tris-HCl, pH 7.4, containing 1
mM PMSF and 1 mg/mL lysozyme. Cells were lysed by
sonication. Then 0.02 mg/mL RNase and 0.05 mg/mL
DNase were added, andb5 was solubilized at 4°C with 1%
(w/v) sodium cholate, pH 7.4, for 1 h with moderate shaking.
Supernatant was loaded onto a DEAE-cellulose anion-
exchange column equilibrated with 0.2% (w/v) sodium
cholate, 20 mM sodium/potassium phosphate buffer, pH 7.4.
b5 was eluted with 0.5 M NaCl, 0.2% cholate, and 20 mM
sodium/potassium phosphate buffer, pH 7.4. Fractions
containing b5 were applied to a hydroxylapatite column
equilibrated with 0.5 M NaCl and 20 mM sodium/potassium
phosphate buffer, pH 7.4. Pureb5 was eluted with 0.1%
(w/v) sodium cholate and 0.5 M sodium/potassium phosphate
buffer and dialyzed against 0.1% (w/v) sodium cholate, 1
mM PMSF, and 20 mM sodium/potassium phosphate buffer.
b5 was concentrated and stored at-20 °C for months.

Preparation of b5 Analogues.Apo-b5 was prepared by a
modification of the procedure of Strittmatter (52). Briefly,
1 mL of 40µM nativeb5 (Fe-b5) was rapidly mixed at 0°C
with 10 mL of acid acetone [containing 0.2% (v/v) concen-
trated HCl]. The temperature was immediately decreased
to -40°C in dry ice-acetone, and the suspension centrifuged
for 10 min at 10 000 rpm. The pellet was washed at-40
°C with pure acetone and centrifuged again. Residual
acetone was evaporated, and the pellet was resuspended in
0.5 mL of 50 mM phosphate buffer, pH 7.4, containing 0.5%
(w/v) sodium cholate, pH 7.4, before addition of 1 mL of 6
M guanidinium chloride, giving a clear solution. Two
stoichiometries of metal analogue protoporphyrin dissolved
in dimethylformamide were added. The mix was 10-fold
stepwise diluted by 50 mM phosphate buffer, pH 7.4, at 0
°C and loaded onto a hydroxylapatite column equilibrated
with 50 mM phosphate buffer containing 0.5% (w/v) sodium
cholate. The reconstitutedb5 analogue was eluted with 0.5
M phosphate buffer containing 0.1% (w/v) sodium cholate
and dialyzed against 50 mM phosphate buffer before storage
at -20 °C. Zinc(II) protoporphyrin was purchased from
Sigma. Cobalt(III) mesoporphyrin was prepared according
to Clark et al. (53).

P450 3A4 ActiVities. For activity determinations, P450
3A4 (50 pmol) was incubated for 15 min at 28°C in 500
µL of standard buffer (5 mM MOPS/NaOH, 200 mM LiCl,
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pH 7.0) containing 100µM NADPH and 200µM substrate
(testosterone, androstenedione, quinidine, and nifedipine) or
70 µM cyclosporin A. Standard buffer was designed to
optimize 3A4 activities. Use of NaCl instead of LiCl
containing buffer led to comparable results in all reported
experiments.

When present,b5 was added at ab5:3A4 molar ratio of
2:1 and was left to self-incorporate into membranes for 10
min at 0°C (incorporation was complete in a few minutes
as judged by stabilization of all enzymatic parameters).
Reactions were started by addition of NADPH and quenched
with 1 µL of TFA except for quinidine reactions which were
quenched according to Guengerich et al. (54). Extractions
were performed with 500µL of dichloromethane. Organic
phases were evaporated under a nitrogen stream, and residues
were solubilized in 20µL of methanol and 180µL of water
for HPLC analysis. Separations were accomplished using a
Waters 600 HPLC. Steroids and metabolites were monitored
at 254 nm. A linear gradient (6 min, 1.25 mL/min) from
1:10:0.02 to 6:4:0.02 acetonitrile:water:TFA (by volume) was
used, followed by an isocratic elution for 2 min. Nifedipine
and its metabolite were monitored at 271 nm and eluted with
a linear gradient from 22:78:0.2 to 60:40:0.2 acetonitrile:
water:TFA over 5 min, followed by an isocratic elution for
2 min. Cyclosporin A and its metabolites were monitored
at 205 nm and eluted with a 30 min acetonitrile:water:TFA
linear gradient from 30:70:0.2 to 40:60:0.2 and a 10 min
linear gradient to 60:40:0.2 followed by a 3 min plateau.
Quinidine and its metabolites were monitored using a Jasco
fluorescence detector (excitation at 240 nm, emission at 380
nm) and eluted using a 1.25 mL/min linear gradient from
20% to 55% (v/v) acetonitrile in 25 mM triethylamine acetate
in water over 14 min, followed by an isocratic elution for 2
min.

NADPH Oxidation. The rate of NADPH oxidation was
determined at 28°C by differential spectroscopy at 340 nm.
The assay containing microsomes (120 pmol of P450) in 1.2
mL of standard buffer, 200µM substrate (testosterone,
androstenedione, quinidine, and nifedipine), or 70µM
cyclosporin A was equally divided between sample and
reference cuvettes. NADPH (100µM final) and water were
added to the sample and reference cuvettes, respectively. The
rate of NADPH oxidation was deduced from the slope of
the 340 nm absorbance trace. This rate represents the sum
of 3A4-dependent and background NADPH oxidation rates.
This background was evaluated from a control experiment
in which ketoconazole (25µM) was added to the assay
mixture to fully inhibit P450. Very similar background
values were obtained using the same amount of microsomal
proteins from control strain lacking 3A4 expression. Cor-
rected values thus represent only the 3A4 contribution to
the rate of NADPH oxidation in the membrane fractions.

Hydrogen Peroxide Formation.Measurement of hydrogen
peroxide was based on the method of Guilbault et al. (55),
which involves conversion of nonfluorescent homovanillic
acid to its highly fluorescent dimer by hydrogen peroxide
in the presence of horseradish peroxidase. Assays were
performed in 500µL of standard buffer containing mem-
branes (50 pmol of 3A4). Reactions were quenched after
0, 1, 2, 3, and 4 min with 1µL of TFA. Following
neutralization, 10µL of a 25 mg/mL homovanillic acid in

water and 1µg of horseradish peroxidase were added, and
the mixture was incubated at room temperature for 5 min.
The mixture was acidified with 2.5µL of TFA. Extraction
was performed with 500µL of NaCl-saturated water and
500 µL of ethyl acetate. Organic extracts were evaporated
under a nitrogen stream, and residues were solubilized in
20 µL of methanol and 180µL of water for quantification
by HPLC. The column was first washed for 2 min at 1.25
mL/min with a 1:9:0.02 mix and eluted by a linear gradient
to 6:4:0.02 acetonitrile:water:TFA for 2 min. Fluorescent
detection of product was performed using excitation at 315
nm and emission at 425 nm. No background above the
detection limit was found with membrane devoid of 3A4 or
inhibited by ketoconazole. To correct for hydrogen peroxide
instability in our 3A4 incubation conditions, the observed
time-dependent accumulation of H2O2 was fitted according
to the integrated form (eq 2) of the differential equation
(eq 1) which assumes a constant rate of formation and a
pseudo-first-order law of decomposition of the accumulated
hydrogen peroxide.

k and k1 represent the rate constants for formation and
decomposition of hydrogen peroxide, respectively. These
rate constants were obtained from optimal fitting of experi-
mental data using eq 2 and nonlinear iterative regression.

Steady-State Reduction LeVel of b5. Theb5 reduction level
was determined by differential spectroscopy at 28°C. The
assay mixture (1.2 mL, 120 pmol of 3A4) containing
microsomes and substrate was divided equally between the
two cuvettes. Oxidizedb5 was added in the sample cuvette
at ab5:3A4 molar ratio of 2:1. Theb5 differential spectrum
was recorded 1 min after addition of NADPH (100µM) to
each cuvette, and theb5 reduction level was deduced.

Reduction Kinetics. Reduction of ferric 3A4 to the
ferrous-carbon monoxide form was measured at 28°C under
an anaerobic CO environment. Reduction ofb5 was mea-
sured aerobically and anaerobically. All studies were done
on microsomal membranes using an Applied Photophysics
SX-18MV instrument (Applied Photophysics, Leatherhead,
U.K.). Kinetics were recorded using a photodiode array
system. Five to fifteen individual spectrakinetics were
averaged in each condition. Averaged data with and without
NADPH were subtracted to eliminate most of the artifacts
resulting from diffusion changes or mixing effects. Data
were processed by spectral deconvolution using authentic
ferrous-CO 3A4 andb5 spectra as references. Experiments
were carried out at 28°C with ab5:3A4 molar ratio of 2:1.

Numerical Simulation.The kinetic model for 3A4 un-
coupling control byb5 presented in Figure 5 was converted
into the set of differential equations listed in Table 1. This
set included, in addition to the reactions presented in Figure
5, five b5 autoxidation steps by oxygen leading to pseudo-
first-order conversion (rate constant) k17) of all species
including free or bound reducedb5 into corresponding species
including oxidizedb5. A step of pseudo-first-order reduction
(rate constant) k18) of free oxidizedb5 by various microso-

d[H2O2]

dt
) k - k1[H2O2] (1)

[H2O2] ) k
k1

-
k exp(-k1t)

k1
(2)
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mal redox enzymes was also introduced to account for the
background ofb5 reduction in the absence of 3A4. An
interactive simulation program described previously (56) was
used to solve the pre-steady-state and steady-state behaviors
of the model using rate constants listed in Table 1. Theb5

concentration used for simulation was 0.3µM for 2:1 b5 to
P450 molar ratio conditions. The iterative resolution method
with automated step control used for solving differential
equations guarantees a relative error of less than 10-3 on
any calculation.

RESULTS

Analysis of the P450 3A4 Catalytic Cycle Based on
Electronic, Oxygen, and Substrate Balances.Determination
in natural membranes of substrate, oxygen, and electronic
balances associated with P450 3A4 functions requires that
nonspecific NADPH oxidation and hydrogen peroxide
formations (due to endogenous yeast proteins) be limited
compared to the P450 related contributions. Membranes
containing a high 3A4 content (close to 1 nmol/mg of
membrane protein) and adapted human CPR:P450:b5 molar
ratios (1:10:20) were thus prepared using a high-efficiency
yeast expression system. With this system simulating the

liver situation, data could be easily corrected for P450-
independent backgrounds and for self-decomposition of
accumulated hydrogen peroxide in each experimental condi-
tion used (see Experimental Procedures).

P450 uncoupling depends on both the nature of the
substrate and the presence ofb5 (15, 57). Electronic balance
for microsome-bound 3A4 was analyzed with six different
substrate conditions, with and without humanb5 (Table 2).
Control experiments using a yeast strain deleted for the
endogenous microsomalb5 gene indicated that yeastb5 did
not interact in a detectable way with 3A4 nor modify the
effect of humanb5 (data not shown). A significant rate of
3A4-dependent NADPH oxidation [close to 20 nmol (nmol
of P450)-1 min-1] was observed in the absence of substrate.
Cyclosporin reduced the rate of NADPH oxidation to the
limit of quantification (4 min-1), while steroids increased it
up to 60 min-1. Nifedipine and quinidine have intermediate
behaviors. However, we found no relationship between these
rates and the extent of 3A4 spin-shift induced by substrate
binding (data not shown). These data contrasted with
previous reports on P450camshowing that reduction of ferric
P450 was triggered by substrate-induced spin changes (43,
58).

Table 1: Differential Equations and Rate Constants for Numerical Simulation of the Model
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Table 2 indicates that membrane-bound 3A4 is a widely
uncoupled enzyme. In the absence ofb5, the fraction of
productive catalytic cycles (ratio between rates of product
formation and NADPH oxidation) ranged from 1% to 8%,

depending on the substrate tested, and uncoupling occurred
in similar amounts by production of hydrogen peroxide and
water (Figure 1B,C). The rate of product formation was
enhanced byb5 for all substrates tested, and the extend of
the effect correlated with the ability of a given substrate to
enhance the rate of NADPH oxidation (Figure 1A). In the
same substrate conditions, the rate of hydrogen peroxide
formation was generally reduced in the presence ofb5 while
the rate of NADPH oxidation remained unchanged (Figure
1B).

P450-dependent water formation occurs at two levels in
the P450 catalytic cycle (Scheme 1): the heterolytic cleavage
of the O-O bond within the peroxy compound (43) and the
reduction of the ferryl-oxo species (45, 46). Experimentally,
the rate of water formation cannot be determined directly
but was calculated from the oxygen and electronic balances
assuming that only one atom of dioxygen was incorporated
into the substrate (see Figure 1 legend). The rate of
formation of uncoupled water resulting from ferryl-oxo
P450 reduction thus calculated (Figure 1C) was proportional
to the rate of NADPH oxidation but independent of the
presence ofb5.

Following P450 catalytic cycle initiation by electron
transfer from CPR to ferric 3A4, two-electron requiring
cycles (product or hydrogen peroxide forming) or four-
electron requiring cycles (uncoupled water forming) are
possible. The average number of electrons required to
complete one initiated P450 cycle was calculated asnNADPH

) 2VNADPH/(VNADPH + VH2O2 + Vproduct) from the steady-state
data (VNADPH and Vproduct were rates of NADPH oxidation
and total metabolite formation, respectively). With and
without b5, rather similar values (3.0( 0.5) were obtained
for all substrates considered. This suggested that relative
proportions of two- and four-electron cycles were similar

Table 2: P450 3A4 Substrate, Oxygen, and Electronic Balancesf

without cytochromeb5 with cytochromeb5
a

substrate
NADPHb

(min-1)
H2O2

c

(min-1)
waterd

(min-1)
product(s)e

(min-1)
NADPHb

(min-1)
H2O2

c

(min-1)
waterd

(min-1)
product(s)e

(min-1)

none 20( 1.2 4( 0.5 16( 2 0 18( 0.5 6( 1 12( 2 0
cyclosporin 4.2( 1.4 1( 1 3 ( 2 0.16( 0.05 5.6( 1 1 ( 1 4.6( 2 0.25( 0.05
nifedipine 20( 3 6.5( 1.5 13.5( 5 1.6( 0.1 24( 2 5.1( 0.4 19( 2.5 3.1( 0.2
testosterone 51( 1 12( 1 39( 2 1.7( 0.2 51( 2 6.7( 0.4 44( 3 7.9( 0.3
androstenedione 64( 3 22( 2 42( 5 1.0( 0.1 67( 2 14( 2 53( 4 7.4( 0.3
quinidine 22( 1 6.4( 0.8 15.6( 2 0.24( 0.05 16( 2 3.8( 0.6 12( 3 0.58( 0.06
a b5 is added at a 2:1 molar ratio compared to P450.b For NADPH oxidation, data were corrected to subtract background not related to P450-

dependent activity as described in Experimental Procedures.c No background of hydrogen peroxide formation exceeding the limit of detection
(equivalent to about 1 min-1 in the table) was detected with P450 free microsomes.d Water formation was deduced from the electronic balance
assuming that one atom of dioxygen was incorporated into the substrate (monooxygenase reaction).e pmol of product(s) formed (sum of substrate
metabolites) (pmol of P450)-1 and min-1. f Microsomal fractions corresponding to 50 pmol of P450 3A4 were incubated at 28°C in standard buffer
for 15 min. Incubations were performed using 100µM NADPH and 200µM substrate (testosterone, androstenedione, quinidine, and nifedipine) or
70 µM cyclosporin A.

FIGURE 1: Relationship between NADPH oxidation, uncoupled
water, and hydrogen peroxide formations and effect ofb5 on
substrate oxidation. Microsomal fractions (50µg of protein)
containing 50 pmol of P450 3A4 were incubated at 28°C (b)
without substrate and with ([) cyclosporin, (9) nifedipine, (2)
testosterone, (̀) androstenedione, and (1), quinidine in standard
buffer containing 100µM NADPH. Substrate concentration was
200 µM, except for cyclosporin (70µM). (A) The effect ofb5 on
substrate oxidation was calculated on the basis of a 15 min
incubation (linearity was checked). (B) Hydrogen peroxide forma-
tion was monitored, and the initial rate of formation was calculated
as described in Experimental Procedures on the basis of data
obtained after 0, 1, 2, 3, and 4 min of incubation. This calculation
allowed to correct for self-catalyzed or catalyzed decomposition
of accumulated hydrogen peroxide. Reported values represent only
the P450 3A4 dependent contributions. (C) The rate of uncoupled
water formation (bielectronic reduction of the ferryl-oxo complex
to water) was calculated using the electronic balance of the overall
reaction as follows: rate of formation of uncoupled water) (VNADPH
- VH2O2 - Vproduct )/2 (see text), whereVNADPH, VH2O2, andVproduct
were the rates of NADPH oxidation, hydrogen peroxide formation,
and total metabolite formation, respectively. In all panels open and
closed symbols represent experiments in the presence and in the
absence ofb5, respectively.

Scheme 1: Simplified Catalytic Cycle for P450 3A4a

a FeIII , FeIIO2, and FeVdO represent the P450 in the oxidized state,
the ferrous-dioxygen complex, and the reactive high-valent complex,
respectively.
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for all substrates and did not depend onb5. Therefore,
changes in the rate of NADPH oxidation reflected changes
in the rate of cycle initiation by ferric 3A4 reduction to the
ferrous-dioxygen complex. In contrast to substrates,b5 did
not change the rate of NADPH oxidation, suggesting that it
did not affect the rate of electron transfer from CPR to ferric
3A4. We then questioned whether theb5 enhancing effect
could result from a role on later steps in the catalytic cycle.

Modulation by b5 of Ferryl-Oxo Complex Partition
between ProductiVe and AbortiVe Reactions Could Appear
Incompatible with a Pure Redox-Based Mechanism.Forma-
tion rates and partition of the ferryl-oxo complex between
productive and abortive reactions were calculated on the basis
of the mechanism shown in Scheme 1 and electronic and
matter balances. The rate of the ferryl-oxo complex
formation can be simply deduced from the sum of rates of
product(s) and uncoupled water ((∆[NADPH] - ∆[H2O2]
- ∆[products])/2) formations. Theb5-dependent increase
(about 30%) of the rate of ferryl-oxo complex formation
(Figure 2A) resulted from a corresponding decrease in the
rate of hydrogen peroxide formation as the rate of ferrous-
dioxygen complex formation did not depend onb5 (Figure
1). Nevertheless, this limited enhancement cannot account
for the largeb5 effect (up to 7-fold) observed on the rates of
steroid oxidation. Consequently, influence ofb5 on the
partition between productive and abortive decomposition of
the ferryl-oxo complex was considered. This ratio can be
simply evaluated as PR) 2∆[product]/(∆[NADPH] - ∆-
[H2O2] - ∆[product]). Figure 2B illustrated that this ratio
highly depended on the nature of the substrate as expected
from a differential reactivity of the different substrates with
the activated oxygen species. In the presence ofb5, this ratio
was increased from 1.1- to 6.6-fold (lower and upper limits:

cyclosporin and androstenedione, respectively). Therefore,
most of the enhancing effect ofb5 appeared to be related to
a change in the partition of ferryl-oxo 3A4 between
productive (oxidation of substrate) and abortive (reduction
to water) reactions.

This result was surprising considering the postulated role
of b5 as an alternate electron donor to P450. Particularly,
reducedb5 was expected to favor reduction of the ferryl-
oxo complex to water (59) while not affecting the rate of
the active oxygen reaction with substrate. Experimental data
contrasted with this prediction and supported an alternate
scheme involving a 3A4 conformational change induced by
b5 binding and affecting reactivity of the 3A4 ferryl-oxo
complex with substrate. We attempted to reproduce in
natural membrane-bound conditions the 3A4 activation by
apo-b5 previously reported in reconstituted systems involving
purified enzymes and phosphatidylcholine micelle based
structures (31).

Redox-ActiVe b5 Was Required for 3A4 ActiVation in
Membrane-Bound Conditions, and the Redox State of b5 Was
Modulated by the P450 Catalytic Cycle.Experiments
(Figure 3A) were carried out with natural or with redox
inactiveb5 (heme free, zinc containing, or cobalt containing).
The enhancing effect ofb5 (close to 8-fold on androstene-
dione oxidation) was saturable for ab5:P450 molar ratio in
the order of 1:1. A large excess of Fe-b5 led to a slight
decrease in the activation. Surprisingly, similar experiments
with apo, zinc, or cobalt reconstitutedb5 evidenced only a
very limited, if significant effect in membrane-bound condi-
tions. Such an observation appeared inconsistent with a
redox-independent mechanism for theb5-dependent modula-
tion of ferryl-oxo complex partition (Figure 2B). Binding
of testosterone or androstenedione to 3A4 was monitored
by analysis of P450 spectral perturbation in the absence and

FIGURE 2: Effects ofb5 on the formation of the P450 3A4 ferryl-
oxo complex and on its partition between productive and abortive
decomposition. (A) Rates of ferryl-oxo complex formation were
calculated as the sum of the rates of product and uncoupled water
formations (b) without substrate and with ([) cyclosporin, (9)
nifedipine, (2) testosterone, (̀) androstenedione, and (1) quinidine.
(B) Partition ratios between productive and abortive reactions at
the level of the ferryl-oxo complex were calculated from Table 2
(rate of product formation) and Figure 1 (uncoupled water forma-
tion) data. Open and closed boxes and symbols represent experi-
ments in the presence and in the absence ofb5, respectively.
Substrates: C, cyclosporin; N, nifedipine; T, testosterone; A,
androstenedione; Q, quinidine.

FIGURE 3: Relationship betweenb5 redox properties and substrate
oxidation. (A) P450 3A4 containing microsomes were incubated
at 28 °C as described in Table 2 in the presence of increasing
concentrations of Fe-b5 (b), Zn-b5 (2), or apo-b5 (O). Rates were
calculated on the basis of the sum of all androstenedione metabo-
lites. (B) The rate of cycle initiation was calculated as the ratio
between the rate of NADPH oxidation and the average number of
electrons used per initiated cycle. The fraction of reducedb5 was
determined by differential spectrophotometry 1 min after NADPH
addition. This value was stable for 15 min. Conditions: (b) without
substrate and with ([) cyclosporin, (9) nifedipine, (2) testosterone,
(`) androstenedione, and (1) quinidine.
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the presence of Fe- or Zn-b5. Data indicated the absence of
any detectable 3A4 spin equilibrium perturbation or substrate
affinity change uponb5 binding, thus the absence of any
detectable conformational effect. These results on the
membrane-bound system contrasted with a previous report
based on experiments with purified enzymes and micelle
reconstituted systems (23, 25, 30).

To evaluate the extent of redox exchanges between 3A4
andb5 during the P450 catalytic cycle, the redox state ofb5

was analyzed in the presence and in the absence of
membrane-bound 3A4. We previously evidenced that the
presence of P450 substrates modified electron flow from CPR
to 3A4 (Figures 1 and 2). Consequently, modulation of the
b5 redox state by the presence of 3A4 substrates was expected
if b5 rapidly exchanges electrons with 3A4. The limited
reduction level ofb5 (close to 15%) was observed in aerobic
steady-state conditions in the presence of coexpressed human
CPR and NADPH. This level was found roughly equal in
membrane containing or deprived of 3A4 when no substrate
was present. Surprisingly, the presence of the 3A4 substrate
was required for the P450-dependent increase in theb5

reduction level, with a maximal reduction level reaching 45%
in the presence of a saturating concentration of androstene-
dione (Figure 3B). This phenomenon was dependent on the
substrate nature and concentration. A correlation appeared
between the extend ofb5 reduction and the rate of P450 cycle
initiation (Figure 3B) as evaluated by the ratio between the
NADPH oxidation rate and the average number of electrons
used per initiated cycle (Table 2). Controls performed with
microsomes differing only by the absence of 3A4 coexpres-
sion did not show any substrate dependence of theb5

reduction state. Furthermore, the enhancing effect ofb5 on
substrate oxidation rates was found linearly related with the
steady-state level of reducedb5 (data not shown). Together,
these results strongly suggested that electron exchanges
betweenb5 and 3A4 as well asb5 redox states were tightly
linked with activities enhancing properties ofb5 in the
membrane-bound state.

Rapid Kinetic Analysis Confirmed That Fast Electron
Exchanges Occurred between 3A4 and b5 within a Single
TurnoVer Duration. To further confirm that the observed
dependence of theb5 redox state on the 3A4 catalytic cycle
was related to electron exchange occurring within the time
range of a catalytic cycle, the course of theb5 redox state
was analyzed by rapid kinetic techniques. Experiments in
the membrane-bound system was rendered difficult by the
strong light scattering properties of natural constituents.
These problems were solved as described in Experimental
Procedures. In a first experiment, the time course ofb5

reduction following NADPH addition to membranes contain-
ing the human CPR, 3A4, and humanb5 (0.1:1:2 molar
ratios) was analyzed in air and substrate (androstenedione)
saturated conditions. We observed a rapid biphasic (rate
constants: 3.0 and 0.33 s-1) but partial reduction (about 50%)
of b5 before a stable stationary phase was reached (Figure
4A, trace a). When 3A4 was omitted (no coexpression), a
signal was still present (Figure 4A, trace b) but with a much
lower amplitude (2.5-3-fold less). This residual signal was
clearly related to 3A4-independentb5 reduction as no signal
was observed in a second control omittingb5 (Figure 4A,
trace c). Interestingly, when the 3A4 substrate (androstene-
dione) was omitted, dependence of the amplitude of theb5

reduction trace on the 3A4 presence was lost. This indicated
that although a part of theb5 reduction in membrane resulted
from 3A4-independent phenomena, the major part of the
reduction signal in the presence of androstenedione required
the presence of 3A4. The amplitudes ofb5 reduction
measured in rapid kinetic studies were found identical within
experimental error to values measured in steady-state experi-
ments by differential spectroscopy and exhibited the same
dependence on substrate nature as previously described in
Figure 3B. We concluded that a 3A4 and substrate-
dependent reduction ofb5 occurred within the first 2 s
following NADPH addition. This rate is much faster than
the 3A4-independentb5 autoxidation (0.08-0.2 s-1). Con-
sequently, the limited and substrate-dependentb5 reduction
(15-45%) at the kinetic plateau requires compensatory
electron transfers involving 3A4 as both electron donor and
acceptor forb5. In such conditions, the 3A4 substrate
dependence of theb5 redox state resulted from a substrate-
dependent modulation of the balance between the electron
source and sink by 3A4.

To further confirm that the 3A4-dependentb5 reduction
involved a direct electron transfer between 3A4 andb5 and
not a facilitated interaction betweenb5 and the reductase,
the experiment was repeated in anaerobiosis and the presence
of carbon monoxide to trap reduced 3A4 into easily observ-
able species. Deconvolution of spectrakinetic traces was
used to fully separateb5, P450, and background contributions
(control experiments not shown). In the absence ofb5, full
reduction by NADPH of 3A4 into its FeII-CO complex
occurred with rate constants of 2.6 and 0.36 s-1 (Figure 4B).
When the experiment was repeated in the presence ofb5,

FIGURE 4: Kinetics of reduction ofb5 and ferric 3A4 in microsomal
membranes. All data were processed as described in Experimental
Procedures. (A) Kinetics of reduction ofb5 (300 nM) in 3A4 (150
nM) containing membranes and air-saturated buffer in the presence
of 200 µM androstenedione (trace a). Same experiment in 3A4-
free membranes (trace b) and in 3A4 andb5-free membranes (trace
c). Reducedb5 concentrations were calculated by spectral decon-
volution. (B) Kinetics of reduction of 3A4 (150 nM) andb5 (300
nM) by NADPH in anaerobic, carbon monoxide saturated buffer.
Dotted and thin solid lines represent respectively the formation of
reduced carbon monoxide 3A4 and of reducedb5 in the same
experiment. Reduced enzyme concentrations were calculated by
deconvolution of spectrakinetic data. The dashed line represents
the sum of the two previous kinetic experiments (3A4 andb5
reductions). The bold solid line represents the formation of reduced
carbon monoxide 3A4 in a control experiment whenb5 was absent
from membranes.
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the initial rate of 3A4 reduction was found strongly reduced.
Interestingly,b5 was reduced at a rate rather similar to the
value observed for 3A4 in the absence ofb5 (with rate
constants of 2.5 and 0.33 s-1). The sum of reducedb5 and
reduced 3A4 concentrations was calculated and the resulting
trace (Figure 4B) compared to the trace in the absence of
b5. The two traces exhibited the same initial velocity within
experimental errors, consistently with a redistribution of the
electron flow between 3A4 andb5 in the 3A4-b5 complex.
In addition, the shapes of the traces were consistent with a
mechanism involving electron transfer from 3A4 tob5 with
a first-order rate constant fast enough compared to the rate
constant of 3A4 reduction by CPR, thus slowing down FeII-
CO complex formation due to electron redistribution. The
rates of reduction of both 3A4 andb5 were enhanced by the
presence of androstenedione (3A4, 300 and 89 nM s-1 with
and without substrate, respectively;b5, 320 and 147 nM s-1

with and without substrate, respectively). The correlated
increase in theb5 and 3A4 reduction rates by substrate was
not expected for a mechanism in whichb5 binding to 3A4
would favor directb5 reduction by CPR. In such a case,
increased electron flow to 3A4 would be expected to decrease
the b5 reduction rate due to competition for CPR. This
suggested that electron flow was going first from CPR to
3A4 (rate increased by substrate) and then from 3A4 tob5.
In addition, stopped-flow experiments indicated thatb5 did
not enhance the rate of reduction of membrane-bound ferric
3A4 in contrast with a previous report using a reconstituted
system (31).

Together, these experiments supported the occurrence of
extensive electron exchange between 3A4 and P450 within
a time range shorter than the one for a single turnover. These
data raised the possibility of a redox-based mechanism
explaining allb5 features, including the effect on the partition

ratio of ferryl-oxo between productive and abortive mech-
anisms. We then decided to search for a single kinetic model
accounting for all of these apparently contradictory data.

Design of a 3A4 Kinetic Model for b5 Effects. Tested
models were based on a simplified kinetic scheme for P450
involving the resting FeIII state, the ferrous-dioxygen
complex, and the iron-oxo species. The FeII intermediate
was not considered as its conversion into the ferrous-
dioxygen complex was not kinetically limiting in air-
saturated conditions. The FeIII-peroxy complex was also
masked, as this species did not belong to a critical kinetic
branch point in the oxygen-dependent mechanism. Finally,
the simplest model allowing simulation of experimental data
was presented in Figure 5. This model was constituted by
three copies (b5 free, reducedb5 bound, oxidizedb5 bound)
of the minimal kinetic scheme interlinked by binding and
electron-transfer steps involvingb5. The half-reduced fer-
ryl-oxo complex explicitly appeared on the scheme because
it belonged to cross-points in the mechanism. CPR binding
steps are not explicitly represented as the experiments
involved similar CPR to P450 ratios and thus similar
saturation. Reductase saturation status and rates of electron
transfer to 3A4 were therefore embedded into apparent
kinetic constants (this reduced the number of species from
24 to 12). An additional simplification was formation of
hydrogen peroxide only from dismutation of superoxide
released from the ferrous-dioxygen complex. Direct release
from the masked peroxy-ferric intermediate was not explicit
but again can be embedded in the model by use of a suitable
coefficient (between 1 and 2) for hydrogen peroxide forma-
tion by uncoupling. Controls indicated that the exact value
of this coefficient was without consequence on the model
prediction provided some minor readjustment of rate con-
stants.

FIGURE 5: 3A4 kinetic model forb5 effects. [P], [PO2], [PO], and [POH] represent P450 3A4 FeIII , FeIIO2, FeVdO, and FeIV-OH complexes,
respectively. Box and Brd represent oxidized and reducedb5, respectively. Complexes between 3A4 andb5 in their different redox states are
indicated by [P]Box, [PO2]Box, [PO]Box, [POH]Box, [P]Brd, [PO2]Brd, [PO]Brd, and [POH]Brd. Black and green arrows indicate kinetic steps
involving electron transfer between CPR and 3A4 and between 3A4 andb5, respectively. SOH represents product formation. Blue arrows
indicate kinetic steps not involving electron transfer, and red arrows indicate binding or dissociation steps between 3A4 andb5. Substrate
and reductase binding steps are not explicitly shown and are embedded into the apparent first-order rate constants.
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Model Adjustment to Rapid Kinetics and Simulation of
Steady-State Experimental Data.Global adjustment of the
model was performed in order to reach a minimum set of
rate constants reasonably fitting all experimental data. To
limit the number of independent constants, the following
simple rules were applied: (i) for reactions not involving
electron transfer, like ferrous-dioxygen self-decomposition
or substrate hydroxylation by the ferryl-oxo complex,
identical rate constants were taken whatever theb5 com-
plexation status; (ii) similarly,kon andkoff for b5 binding and
dissociation were taken independent of 3A4 andb5 redox
states; (iii) for electron-transfer reactions involving the CPR,
identical rate constants were taken for similar steps inb5

complexes irrespective of theb5 redox states while different
rates were allowed forb5-free and bound complexes to
account for possible steric interactions between theb5 and
reductase binding sites. Constant optimization (Table 1) was
performed to simulate experiments involving or not andros-
tenedione as substrate: the absolute order of magnitude for
k1 (reduction of ferric 3A4 by CPR) andk7 (reduction ofb5

by ferrous-dioxygen 3A4) was evaluated on the basis of
Figure 4 rapid kinetic data; thek6/k2 ratio (controlling H2O2

formation) andk5/k3 ratio (controlling product formation)
were adjusted to fit Table 1 data; thek14/k15 ratio (controlling
b5 affinity) was optimized for Figure 3A fitting; thek7/k8

ratio was adjusted for fittingb5 reduction levels;k12, k13, and
k15 were adjusted to simulate holo- and apo-b5 effects
consistent with experimental data;k16 was arbitrary chosen
equal tok13; thek11/k1 ratio was adjusted to fit variations of
NADPH oxidation rates with and withoutb5. Finally, all
constants were tuned by a trial and error method for global
simulation of all experimental data. To account for 3A4-
independentb5 redox reactions, an additional autoxidation
step (k17) was introduced in the model (not shown on Figure
5 but included in the Table 1 equations) and adjusted from
experimental data in the absence of 3A4. Similarly, to
simulate the 3A4-independentb5 reduction (Figure 4A), a
P450-independentb5 reduction step (k18) was added and
adjusted for optimal fit of theb5 reduction level in the
absence of 3A4. However, exact values or even omission

(k17 ) k18 ) 0) of these two constants were found to have
only marginal consequences on predictedb5 effects.

Except fork1 and k11 (reduction of ferric 3A4 by CPR)
that were chosen to depend on substrate presence and
saturation, the same set of rate constants was used to simulate
all conditions (plus or minus substrate and variousb5

saturation). As illustrated in Figure 6, this model (Table 1,
model 1) tightly predicted experimental NADPH, H2O2, H2O,
and product formations in the four limit conditions (with and
without substrate andb5). Interestingly, the absence of effect
of redox-inactiveb5 (apo- or zinc-b5) can be simulated simply
by zeroingk7, k8, k9, andk10 (b5-dependent electron-transfer
reactions). Whenb5 concentration was varied in the model,
saturable activation was predicted (Figure 7A) and compared
fairly well with experimental data (Figure 3A). Moreover,
the model well predicted the 3A4 and substrate dependence
of the b5 reduction level (data not shown). Therefore,
predictions were consistent with all the experimental data
within the limits of experimental errors and the rather
approximate adjustment of the model rate constants.

Analysis of Molecular Mechanisms Controlling 3A4
ActiVation by Apo- and Holo-b5. On the basis of the fairly
good fitting of experimental data by the model, we ques-
tioned the molecular phenomena controllingb5 effects and
particularly the observation of theb5-induced change in the
partition ratio at the ferryl-oxo complex level. Theb5-
induced changes in the rate of ferryl-oxo complex formation
and in the partition ratio of the ferryl-oxo complex between
productive and abortive reactions were calculated for the
model (Figure 7B,C) in the same way as for experimental
data (Figure 2A,B). While experimental and predictedb5

effects on the rate of product formation were large (up to
8-fold for androstenedione), experimentalb5-dependent
modulation of the rate of ferryl-oxo species formation was
limited (about 30%; Figure 2A). This phenomenon was
nicely reproduced by the simulation (Figure 7B). Similarly,
the increase in the partition ratio of ferryl-oxo reduction to
product compared to water was experimentally observed
(Figure 2B) and well simulated (Figure 7C). Moreover, this
change occurred experimentally without an increase in the

FIGURE 6: Comparison between experimental and simulated data for product, hydrogen peroxide, and total water formation. (A) Experimental
data obtained without substrate. (B, C) Experimental data obtained in the presence of 200µM androstenedione. (D-F) Simulated data for
the same conditions as in (A-C), respectively, using kinetic parameters from Table 1, model 1 (simulation of our experimental conditions).
(G) Simulated data obtained according to Table 1, model 2. Equivalent data of (D) and (E) were not shown for these conditions. Closed
boxes represent experiments withoutb5. Open boxes represent experiments done with iron-b5. Hatched boxes represent experiments with
redox-inactiveb5 (zinc- or apo-b5).
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absolute rate of water formation (Figure 1C), and this feature
was also simulated (Figure 6D,E). This illustrated that the
shift of ferryl-oxo partition to product oxidation can be fully
simulated by a model based on theb5 redox properties (this
effect was abolished in the simulation of the zinc-b5 effect).

Therefore, it was of interest to analyze adjusted rate
constants in model 1 to determine which kinetic steps
controlled this unexpected effect. Three major features
appeared during the trial and error adjustment process: (i)
the b5 enhancing effect was abolished whenk13 (reductase
to b5-ferryl-oxo electron transfer) was chosen to have a
nonlimiting value compared tok5 (substrate oxidation by the
ferryl-oxo complex); (ii) whenk13 was chosen limiting, not
only holo-b5 but apo- and zinc-b5 were strong activators of
3A4 provided thatk12 (electron transfer from reductase to
theb5-ferrous-dioxygen complex) was high enough com-
pared tok8; (iii) the ratio k15/k5 (k15: dissociation rate ofb5

in the 3A4-b5 complex) controlled the extent of theb5 effect
(Figure 8). Interestingly, with the parameters of Table 1,
model 1, the fraction of oxidizedb5 in the b5-ferryl-oxo
complexes was predicted to be much higher than the fraction
of oxidized b5 in the free state or bound to FeIII or FeIIO2

3A4. With androstenedione as substrate, the calculated
reduction level ofb5 bound to the ferryl-oxo complex was
8% compared to 40% for freeb5. This phenomenon was
not related to a different affinity of reduced and oxidizedb5

(these were taken identical in the model for all 3A4 species)
but to a kinetic discrimination whenk13 andk15 were limiting.
This kinetic discrimination occurred because in such condi-
tions oxidizedb5-ferryl-oxo complex mainly decomposed
via substrate oxidation (lowk13/k5 andk15/k5 ratios) whereas
the reducedb5-ferryl-oxo complex can hardly form (low
k12/k8 ratio). This caused a selective accumulation of the
oxidizedb5-ferryl-oxo complex and consequently a specific
increase in product formation without increase in water
formation. In such conditions, redox-inactiveb5 cannot be

the activator because theb5-ferryl-oxo complex cannot
accumulate whenk12 was low andk8 ) 0 (redox-inactive
b5). In contrast, assuming a situation wherek12 was
nonlimiting (Table 1, model 2), activation by zinc- or apo-
b5 could occur with an efficiency similar to that of holo-b5

(Figure 6G) as reported by Yamazaki et al. in the reconsti-
tuted system (31).

At the molecular level, a null or low value fork12 andk13

implied that reductase cannot efficiently donate an electron
to ferrous-dioxygen and ferryl-oxo complexes whenb5 was
bound irrespective of its redox state. In contrast, reduction
of the ferric 3A4 by the reductase (k11) must remain efficient
when 3A4 was bound tob5. This was suggested experi-
mentally by rapid kinetic experiments (Figure 4B), by the
absence of ab5 effect on NADPH oxidation rates (Figure
1), and theoretically by the observation thatk11 must be at
least as high ask1 (reductase electron transfer to ferric 3A4)
for acceptable simulation. Nevertheless, slight inhibition of
activity by a large excess ofb5, as shown in Figure 3A, might
indicate a partial interaction between CPR andb5. Therefore,
the model presented allowed fairly suitable simulation of all
experimental data available and gave a molecular basis for
analysis.

DISCUSSION

The present work reported a detailed analysis of the
mechanism ofb5 effects on 3A4 activities based on elec-
tronic, substrate, and oxygen balances in membranes con-
taining human P450 reductase, 3A4, and humanb5. Mem-
brane-bound tunable CPR-3A4-b5 systems were constituted
using a recombinant yeast expression. In these conditions,
3A4-dependent substrate oxidation accounted for only 1-8%
of total electron flow in the absence ofb5 and uncoupling
occurred almost equally by P450-dependent water and
hydrogen peroxide formations. The presence of a saturating
amount ofb5 increased coupling up to 7-fold when andros-
tenedione was the substrate. Results indicated that the nature
of the substrate strongly modulated 3A4-dependent rates of
NADPH oxidation. These changes resulted mainly from
modulations of the flow of the first electron transfer between
CPR and the ferric 3A4. The electron flow for this step
was independent of the presence ofb5.

Conformational effects ofb5 were suggested on the basis
of the observation that binding ofb5 induced a high-spin

FIGURE 7: Simulated effects ofb5 on substrate oxidation (A) and
on rate of formation (B) or partition (C) of the ferryl-oxo complex
in the presence of androstenedione. Simulation was performed with
the Table 1, model 1, rate constant set. Rules for calculation of
ferryl-oxo complex formation and partition were the same as those
for the experimental data in Figures 1-3.

FIGURE 8: Relationship between the values of the rate constants
for b5 dissociation (k15) and simulated iron-b5 effect on andros-
tenedione oxidation. Simulations were performed using rate con-
stants from Table 1, model 1, except for constants ofk14 andk15.
For all values ofk15 tested, the corresponding values ofk14 were
chosen in order to maintain a constantk14/k15 ratio (i.e., the same
affinity between 3A4 andb5). The X-axis was labeled as ak15/k5
ratio because this ratio and not the absolute value ofk15 was found
to be the determining parameter (practically,k5 was kept constant
for the simulation).
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shift of P450LM2 facilitating substrate binding and electron
transfers (23). Such finding was confirmed by the recent
observation that heme-depletedb5 can also strongly enhance
CPR to 3A4 electron transfer in the reconstituted system (9,
31). However, in the membrane-bound system, no detectable
effect ofb5 on steroid affinity to membrane-bound ferric 3A4
and on P450 spin state equilibrium was evidenced. Fur-
thermore, our experiments with apo-, Zn-, or Co-b5 analogues
did not show any significant enhancement of 3A4 activity
in membrane-bound conditions. These contradictory results
might relate to different P450 environments in compared
experiments; i.e., reconstituted and membrane-bound systems
but suitable molecular explanations were to date absent.

In our experimental conditions,b5 effects resulted from a
combination of an increase in the flow of ferryl-oxo
complex formation and a modulation of ferryl-oxo complex
partition. The first effect was a direct consequence of a
decrease in the rate of hydrogen peroxide formation.
Electron transfer from reducedb5 to the ferrous-dioxygen
complex favored a productive reduction of this complex
competitive with its decomposition by superoxide release and
dismutation into hydrogen peroxide. However, the observed
b5-dependent increase in the rate of ferryl-oxo complex
formation was rather limited (30%) and cannot account for
the large effect (up to 700%) observed in the rates of steroid
oxidation. In contrast, a strong increase in the partition of
the ferryl-oxo complex toward substrate oxidation was
evidenced without a significant change in the rate of water
formation. Two opposite schemes can be considered for the
molecular mechanism of partition changes: conformational
or redox-drivenb5 effects. A redox effect could appear
inconsistent with the observation thatb5 increased substrate
oxidation by ferryl-oxo complex (which did not require
electron transfer fromb5) but not water formation. However,
non-redoxb5 analogues did not enhance 3A4 activity in our
membrane-bound conditions, supporting a redox-dependent
mechanism. In fact, it can be questioned whether analogues
of b5 could induce the same conformational effects as native
b5. NMR studies revealed that apo-b5 was only partially
folded in the heme binding domain (60, 61) and may
incorrectly interact with 3A4. However, this analogue
activated 3A4 activity in reconstituted system. A better
folding was expected for Zn-b5, although the metal in this
analogue was not coordinated tob5 His-39 and His-63, due
to the zinc d-orbital saturation. Nevertheless, the absence
of the effect on 3A4 was also found with cobalt-b5 which is
hexacoordinated. The NMR structure of hexacoordinated
Mn-b5 was recently reported (62) and illustrated a quite
native structure. It was thus unlikely that impaired complex
formation with 3A4 could explain the absence of the effect
of Zn- or Co-b5 analogues in the membrane-bound condi-
tions.

A generally recognized role of reducedb5 is to act as an
electron source for ferrous-dioxygen complex reduction. In
such a mechanism, increase in the rate of P450 cycle
initiation by substrates (Table 2, Figure 1) was expected to
induce increased rates ofb5 reoxidation. Assuming a
constant rate ofb5 reduction by CPR, decreasing steady-
state levels of reducedb5 were expected for increasing 3A4-
dependent rates of NADPH oxidation. A completely oppo-
site 3A4 behavior was in fact observed, with a positive
correlation between the fraction of reducedb5 and the rate

of P450 cycle initiation. Moreover, a large part of theb5

reduction course following NADPH addition depended on
the presence of 3A4 and was ruled by the nature and
concentration of the P450 substrate. Complementary rapid
kinetic experiments showed that the 3A4-dependentb5

reduction occurred at a rate fast enough to be significant
compared to the average turnover duration. In addition,
anaerobic experiments indicated that reduction ofb5 by 3A4
was competitive with the formation of the 3A4-reduced
carbon monoxide spectra, likely due to fast electron redis-
tribution between 3A4 andb5. Finally, comparison in
aerobiosis of theb5 reduction level at the kinetic plateau to
its rate of reduction by 3A4 and to the rate of P450-
independentb5 autoxidation strongly suggested that 3A4 also
acted as an electron acceptor forb5. This 3A4 tob5 electron
shuttle was ruled by the presence of substrate and explained
the large 3A4 substrate dependence of theb5 reduction level
in steady-state conditions.

P450 ferrous-dioxygen complexes from P450LM4 and
P450LM2 were previously found to efficiently reduceb5 in
single turnover experiments (26). Comparison ofb5 reduc-
tion by 3A4 in the presence of oxygen and of carbon
monoxide was consistent withb5 reduction in aerobiosis by
an early formed 3A4 oxygenated species, likely the ferrous-
dioxygen complex. Similarly, the ferrous-dioxygen com-
plex formed by air titration of reduced P450LM2 was found
to rapidly oxidize reducedb5 in rapid kinetic experiments
with purified enzymes (26). Thus the ferrous-dioxygen
complex was at the same time a reducing agent when
involved in the FeIIO2/FeIII couple and an oxidizing agent in
the FeIIO2/FeIIIO2

2- couple. Our data were consistent with
the occurrence of a similar situation with 3A4, and this
hypothesis was used as a basis to build the simulation model
presented. In such a scheme, no P450-independent electron
source forb5 reduction was required as 3A4 acted both as
an electron source and sink. Consistently, introduction of
P450-independent sources ofb5 reduction or oxidation has
only marginal effects on simulated 3A4 activities andb5

effects. This indicated that the limited reduction ofb5

observed experimentally (and simulated) in the absence of
3A4 or substrate did not play a significant role in the
mechanism and that the 3A4-b5-CPR system was self-
sufficient. Consistently, addition ofb5 reductase and NADH
in the experimental system (data not shown) did not change
b5 effects or 3A4 activities. This suggested a major role in
the b5 effect of synchronizedb5 and 3A4 redox cycles as
illustrated in the model.

Adjustment of rate constants in the model was relatively
raw. The objective was not to determine a unique set of
microscopic constants but to show that this model allowed
semiquantitative prediction of all tested experimental be-
haviors. Analysis of the critical kinetic constants enlightens
several interesting properties intrinsic to the scheme. Par-
ticularly, the ratio between rate constants for the dissociation
of b5 from the ferryl-oxo complex (k15) and substrate
oxidation (k5) was highly critical forb5 effects. Interestingly,
simulatedb5 effects increased for decreasing values of the
b5 dissociation rate constant. This means that a limitedb5

effect was expected for a rapidly exchangingb5. This
phenomenon might explain why theb5 enhancing effect
seemed to be extremely dependent on theb5 source and why,
for example, yeastb5 was found to be fully inactive toward
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3A4 (42). This prediction could also explain whyb5

behavior appeared so contradictory in the literature, depend-
ing on experimental conditions and the reconstitution system
used (31). A second prediction of the model was the
possibility to simulate or not an effect for redox-inactiveb5,
depending on the value ofk12. This constant depended on
the efficiency of the reductase to give electrons tob5-bound
compared tob5-free ferrous-dioxygen 3A4, in other words,
on the physical overlap of theb5 binding site with the
preferential electron-transfer site for the reduction of this
complex by the reductase. Minor structural changes at the
level of the b5 structure, for example, induced by heme
removal could modify this overlap and turn on or off the
effect of apo-b5. A similar effect can also occur from a
change in the geometry of the complex, for example,
membrane-bound versus micelles in reconstituted systems.
This might explain the very contradictory results reported
in the literature for theb5 effects on 3A4 and from a more
general point of view for theb5 effects on the different P450s.

In conclusion, the model presented allowed to explain by
redox and site overlap effects all known characteristics of
3A4 activation byb5. Interestingly, some effects frequently
interpreted as unknown conformational effects can now be
interpreted without need for anyb5 induced conformational
change at the 3A4 level (except site overlap exclusions).
Moreover, the contradictory observations in the literature can
be made compatible within a single model provided modula-
tion of a unique rate constant. Several undocumented effects
were predicted and could be experimentally tested in future
experiments. On the basis of experimental data and model-
based interpretations, 3A4 activation byb5 mainly relied on
inhibition, by b5 binding, of electron transfer from CPR to
the 3A4 ferryl-oxo complex. While this mechanism was
consistent with reported 3A4 activation by redox inactive
b5 in the reconstituted system, redox-competentb5 was
strictly required for effects in the membrane-bound natural
system. A shift of a single rate constant in the model is
sufficient to explain this bimodal and apparently contradic-
tory behavior.
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