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ABSTRACT: The goal of this study was to characterize the
effects of CYP1A2·CYP2B4 complex formation on the rates
and efficiency of toluene metabolism by comparing the results
from simple reconstituted systems containing P450 reductase
(CPR) and a single P450 to those using a mixed system
containing CPR and both P450s. In the mixed system, the
rates of formation of CYP2B4-specific benzyl alcohol and p-
cresol were inhibited, whereas that of CYP1A2-specific o-cresol
was increased, results consistent with the formation of a
CYP1A2·CYP2B4 complex in which the CYP1A2 moiety has a higher affinity for CPR binding. Comparison of the rates of
NADPH oxidation and production of hydrogen peroxide and excess water by the simple and mixed systems indicated that excess
water formed at a much lower rate in the mixed system. The commensurate increase in the rate of CYP1A2-specific product
formation suggested the P450·P450 interaction increased the rate of the putative rate-limiting step of CYP1A2 catalysis,
abstraction of a hydrogen radical from the substrate. Cumene hydroperoxide-supported metabolism was measured to determine
whether the effects of the P450·P450 interaction required the presence of CPR. Peroxidative metabolism was not affected by the
interaction of the two P450s, even with CPR present. However, CPR did stimulate peroxidative metabolism by the simple system
containing CYP1A2. These results suggest the major functional effects of the P450·P450 interaction are mediated by changes in
the relative abilities of the P450s to receive electrons from CPR. Furthermore, CPR may play an effector role by causing a
conformational change in CYP1A2 that makes its metabolism more efficient.

Cytochromes P450 (P450) represent a superfamily of
enzymes that catalyze the metabolism of a wide array of

endogenous and xenobiotic substrates.1 The broad substrate
specificity of this enzyme superfamily is due to (a) active sites
that are capable of binding a wide variety of different
compounds, often in multiple orientations, and (b) the
multiplicity of P450 enzymes, with each form having its own
characteristic substrate selectivity.2

These heme-containing enzymes use the binding and
reduction of molecular oxygen to perform a mixed function
oxidation in which the oxygen−oxygen bond is cleaved so that
one atom of molecular oxygen is directly inserted into a
substrate and the other atom is reduced to form water.3 The
electrons required for this process are obtained by the physical
interaction of the P450 enzymes with a redox partner [either
NADPH-cytochrome P450 reductase (CPR) or cytochrome
b5].

4 P450-mediated metabolism is very inefficient.5 Frequently,
the reactive oxygen-bound heme intermediates in the active site
of the P450 break down to release reactive oxygen species, such
as superoxide and hydrogen peroxide. In addition, a high-valent,
iron−oxene species that is formed after heterolytic cleavage of a
peroxy−iron intermediate can be reduced with extra electrons
from CPR, resulting in the production of “excess” water.6

Most of the eukaryotic P450 enzymes and their redox
partners are embedded in the endoplasmic reticulum, with the

membrane providing a scaffold to allow for the proper
alignment and functional interaction of these enzymes.7,8 The
interaction between CPR and P450 is necessary for NADPH-
dependent transfer of an electron to the heme protein. The
ratio of P450 enzymes to CPR in the liver endoplasmic
reticulum is generally in excess of 5:1,9,10 raising the question of
how these excess P450s are organized to effectively receive
electrons from the limiting amounts of CPR. One mechanism
by which P450-mediated metabolism could be influenced by
the limiting amount of CPR involves a simple competition
between different P450 enzymes for the reducing equivalents
provided by CPR and has been documented for several P450-
mediated reactions.11−13 However, other types of interactions
between the components of the P450 monooxygenase system
allow for more complex means of altering metabolism by the
P450 enzymes, through the formation of P450·P450 com-
plexes.14

Evidence indicates that the P450 enzymes and CPR may
exist as a mixture of various complexes in the membrane,15

where both homomeric16−19 and heteromeric20−26 associations
of P450 enzymes are likely. In many of these reports, complex
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formation was shown to alter the enzyme activity for a
particular substrate. This phenomenon was originally identified
in the study of the metabolism of 7-alkoxyresorufins by
reconstituted systems comprised of a mixture of CYP1A2 and
CYP2B4.20 In these studies, the metabolism of the CYP2B4-
specific substrate, 7-pentoxyresorufin,27 was inhibited when
both P450 enzymes were reconstituted with lipid and
subsaturating concentrations of CPR, relative to that observed
in a “simple” reconstituted system containing CYP2B4 alone.
Conversely, the metabolism of 7-ethoxyresorufin, a CYP1A2-
specific substrate,27 was stimulated in the “mixed” reconstituted
system containing both CYP1A2 and CYP2B4.20,21 Overall, the
mixed reconstituted systems were shown to exhibit more
CYP1A2 character, manifesting increased CYP1A2-selective
activity and concomitantly decreased CYP2B4-selective catal-
ysis. These data could not be explained by models involving the
simple competition of the P450 enzymes for limiting amounts
of CPR and were consistent with a heteromeric CYP1A2·-
CYP2B4 complex that was associated with an increase, relative
to the individual P450 system, in the binding affinity between
CPR and the CYP1A2 moiety of the mixed P450 complex.28

The goal of this study was to examine the interactions
between CYP1A2 and CYP2B4 using toluene, a substrate that
is metabolized by both P450 enzymes. CYP2B4 is a more
effective catalyst of toluene metabolism, generating primarily
benzyl alcohol and smaller amounts of p-cresol. Although
CYP1A2 does not generate product as rapidly as CYP2B4, it is
capable of producing benzyl alcohol and unique in being able to
produce o-cresol. Therefore, toluene was used not only to
analyze changes in the substrate selectivity of the mixed
reconstituted systems but also to examine how the
CYP1A2·CYP2B4 interaction affects the efficiency of substrate
metabolism (reaction coupling) by determining the rates of
NADPH oxidation, hydrogen peroxide production, and excess
water formation associated with toluene oxidation. Our findings
demonstrate that the CYP1A2·CYP2B4 interaction inhibits
CYP2B4-mediated metabolism but stimulates CYP1A2-medi-
ated activities. The interaction between CYP1A2 and CYP2B4
increases the degree of coupling of toluene metabolism by
causing a decrease in the rate of formation of excess water.
Furthermore, the functional effects of the CYP1A2·CYP2B4
interaction require electrons to enter the heme proteins
through CPR, as peroxidative metabolism does not exhibit
functional changes resulting from the CYP1A2·CYP2B4
complex. These data not only support our previous conclusion
that CPR interacts differently with CYP1A2 and CYP2B4 when
the two P450s are in a mixed complex20−22,24 but also are
consistent with the CYP1A2·CYP2B4 interaction modifying the
CYP1A2 active site to result in an increase in the rate of the
putative limiting step of CYP1A2 catalysis.

■ EXPERIMENTAL PROCEDURES
Unless otherwise noted, all reagents used in this study were
purchased from Sigma-Aldrich (St. Louis, MO). C41 cells were
purchased through Avidis SA (Biopole Clermont-Limagne,
France). Protein extraction reagent BPER was from Pierce-
Thermo Chemical Co. (Rockford, IL).
Enzymes. Full-length cytochrome P450 2B4 (CYP2B4) was

expressed in Escherichia coli C41 and purified according to
published procedures.21 Recombinant rabbit NADPH cyto-
chrome P450 CPR [plasmid pSC-CPR, provided by L. Waskell
(University of Michigan, Ann Arbor, MI)] was expressed in E.
coli C41, solubilized, and purified following a modification of

methods described previously.29,30 Cytochrome P450 1A2
(CYP1A2) was isolated from βNF-treated rabbit liver micro-
somes as previously described.31

Preparation of Reconstituted Systems of P450
Enzymes, CPR, and Lipid. An 8 mM solution of the lipid,
dilauroylphosphatidylcholine (DLPC), in 50 mM potassium
phosphate buffer (pH 7.25) containing 20% glycerol, 0.1 M
NaCl, and 5 mM EDTA was clarified by sonication at room
temperature in a bath sonicator for 30 min. The clarified DLPC
suspension, the P450 enzymes, and the CPR were mixed at
enzyme concentrations of >10 μM and preincubated for 2 h at
room temperature. These concentrated stock solutions of
enzyme and DLPC were then diluted to the final assay
concentrations as described below.

Assays for Measuring the Metabolism of Toluene,
NADPH Consumption, and the Production of Hydrogen
Peroxide. A saturated solution of the substrate, toluene, was
made by vigorously shaking excess toluene in 100 mM
potassium phosphate buffer (pH 7.25). This saturated buffer
is stored in a Brinkman bottle-top dispenser and was added to
the reaction solution containing the reconstituted system. This
allows for the addition of toluene without the need for adding
an organic solvent to the reaction mixture. The toluene
concentration was calculated by measuring its UV absorbance
at 262 nm, using an extinction coefficient of 0.237 mM−1 cm−1

as described previously.32

The enzyme reconstituted systems described above were
made up in 7 mL glass vials. The experiments used a
DLPC:P450 enzyme ratio of 160:1 and a CPR:P450 enzyme
ratio of 1:2. The concentration of each P450 included in the
reaction mixtures was 0.2 μM. After incubation of the enzymes
and lipid for 2 h at room temperature, other assay components
were added (MgCl2, D,L-isocitric acid, and isocitrate dehydro-
genase to final concentrations of 10 mM, 6.2 mM, and 0.3 unit/
mL, respectively), and the volume was increased to 0.5 mL with
toluene-saturated potassium phosphate buffer (the final toluene
concentration in the buffer ranged from 4.5 to 5 mM).32 The
vials were immediately capped with rubber septa and placed
into a shaking water bath set at 37 °C for 5 min. The reactions
were initiated by injecting 5 μL of a 50 mM solution of
NADPH through the septa with a Hamilton (Reno, NV)
syringe at 1 min intervals, and the vials were placed back in the
water bath. After incubation for 10 min, the vials were removed
from the bath, again at 1 min intervals, and the vial contents
were distributed to measure NADPH consumption, hydrogen
peroxide production, and toluene metabolism as indicated
below.

Determination of CYP1A2 and CYP2B4 Kinetic
Constants for Toluene Metabolism. Reactions for measur-
ing the rates of metabolism as a function of toluene
concentration were conducted as described above except for
the following modifications. Higher concentrations of CYP1A2
were needed to measure the rates of toluene metabolism at low
substrate concentrations, so 0.4 μM P450 was added to the
incubations. The Km for the metabolism of toluene by either
CYP1A2 or CYP2B4 was determined as a function of toluene
concentration at a saturating level of CPR (2:1 CPR:P450).
After the 2 h preincubation period, the reconstituted systems
were mixed with increasing volumes of the saturated toluene
solution and brought to their final volume (0.495 mL) with 100
mM potassium phosphate. Reactions were then initiated as
described above (5 μL of 50 mM NADPH). The absorbance of
the toluene-saturated buffer at 261 nm was determined
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immediately before it was dispensed to the reaction vials to
precisely determine the toluene concentrations in the individual
reactions. The rates of the reactions were plotted as a function
of toluene concentration, and the kinetic constants were
determined from a nonlinear regression of the data using the
Michaelis−Menten equation in Prism version 5.0 (GraphPad
Software, San Diego, CA).
NADPH Consumption. A volume of 100 μL of the

incubation mixture was added to a microfuge tube containing
20 μL of 70% trichloroacetic acid, and the tube was then
vortexed and placed on ice. This aliquot was used to determine
the depletion of NADPH, as described previously,5 by adding
100 μL of a 1 mM solution of 2,4-dinitrophenylhydrazine (in
1.0 N HCl). The tube was vortexed and allowed to stand at
room temperature (23 °C) for 20 min. Aqueous NaOH (0.5
mL of a 10% solution) was then added, and the samples were
vortexed and incubated at room temperature for 10 min. The
tube was then centrifuged at 9500g for 5 min, and the
absorbance of the supernatant was read at 440 nm. The amount
of NADPH consumed in the reaction was determined from the
amount of α-ketoglutarate formed by the isocitrate dehydro-
genase NADPH regenerating system, and this was calculated by
reference to an α-ketoglutarate standard curve.
Hydrogen Peroxide Generation. Portions of the reaction

mixtures (200 μL) also were added to microfuge tubes
containing 400 μL of ice-cold, 4% trichloroacetic acid. These
aliquots were used for the determination of hydrogen peroxide
production.33 The tubes were then vortexed and placed on ice
for 10 min before being centrifuged at 14000 rpm for 10 min.
An aliquot of the supernatant (0.35 mL) was placed in a 13 ×
100 glass tube. An aqueous solution of ferroammonium sulfate
(0.15 mL of a 10 mM solution) and, immediately thereafter,
0.056 mL of a 2.5 M aqueous solution of KSCN were added.
The tube was vortexed and left at room temperature for 10 min,
and the absorbance at 480 nm was read. Hydrogen peroxide
standards (0−50 nmol) were processed and read with the
samples.
Product Formation. Finally, another aliquot of the reaction

mixture (150 μL) was added to a microfuge tube that contained
25 μL of ice-cold, 25% zinc sulfate. Saturated Ba(OH)2 (25 μL)
was then added immediately before the tube was vortexed and
placed on ice. After the sample had been centrifuged at 9500g
for 5 min, the supernatant was transferred to a clean microfuge
tube and stored at −20 °C until 100 μL was used for high-
performance liquid chromatography (HPLC). Toluene metab-
olites were analyzed by HPLC using the method of Nakajima et
al.34 The metabolites were separated using a Phenomenex
Primasphere C18-HCl column (250 mm × 4.6 mm, 5 μm).
The mobile phase was 35% acetonitrile in water running in
isocratic mode at a rate of 1.0 mL/min. The absorbance was
measured at 200 nm. The retention times for the metabolites
are as follows: 6−7 min for benzyl alcohol, 13−14 min for p-
cresol, and 14−15 min for o-cresol. Standards of these
metabolites were made up in the toluene reaction media and
processed along with the samples.
Peroxidative Metabolism of Toluene. When the

peroxidative metabolism of toluene by the P450s was measured,
all incubation conditions were the same except that the total
P450 enzyme concentrations were 1 and 2 μM for simple and
mixed reconstituted systems, respectively. To determine the
effect of CPR, reactions were conducted in the presence and
absence of CPR at the same relative concentrations used in the
NADPH-supported reactions. In addition, the isocitrate

dehydrogenase system was not added, and the reactions were
initiated with 5 μL of an acetonitrile stock solution of cumene
hydroperoxide (200 mM) instead of NADPH. Finally, the
reactions were conducted for only 1 min and were quenched by
adding 210 μL of the reaction mixture to a microfuge tube
containing 75 μL of ice-cold, 25% zinc sulfate. A saturated
solution of barium sulfate (75 μL) was then added immediately,
and the samples were vortexed and put on ice for 10 min.
Attempts to measure the production of both o-cresol and p-
cresol from the P450-mediated, peroxidative metabolism of
toluene were unsuccessful because these products were not
stable in the presence of the cumene hydroperoxide (data not
shown). The CYP2B4-specific production of benzyl alcohol was
quantified by HPLC as described above.

Peroxidative Metabolism of 7-Ethoxyresorufin. Be-
cause the o-cresol and p-cresol were unstable in the presence of
the peroxide, the peroxidative metabolism by CYP1A2 was
assessed by using the CYP1A2-specific substrate, 7-ethoxyr-
esorufin.27 The simple and mixed P450 assays contained 0.5
and 1.0 μM P450, respectively. Reactions were performed in
the presence and absence of CPR at the same relative
concentrations used in the NADPH-supported reactions. The
reactions (0.1 mL) were run in individual wells of a 96-well
plate and were initiated with 1 μL of 200 mM cumene
hydroperoxide. The P450-mediated formation of the fluores-
cent product, 7-hydroxyresorufin, was measured in real time
(excitation at 535 nm, emission at 585 nm), and the reactions
were typically linear for ∼1 min.

■ RESULTS
Metabolism of Toluene by Different Reconstituted

Systems of CPR, DLPC, and P450. Both CYP2B4 and
CYP1A2 are capable of metabolizing toluene. CYP2B4 is the
most active of these enzymes, primarily generating benzyl
alcohol and, to a lesser extent, p-cresol. Although significantly
less active, CYP1A2 also metabolizes toluene with a different
regioselectivity, generating roughly equal amounts of o-cresol
and benzyl alcohol. The goal of this study was to take advantage
of the differences in regioselectivity of these P450 enzymes to
determine if P450 function is affected by their co-
reconstitution. This was accomplished by comparing the rates
of formation of each toluene metabolite by simple reconstituted
systems containing a single P450 enzyme and those formed by
mixed reconstituted systems containing both CYP1A2 and
CYP2B4.20,35 Furthermore, the effects of the CYP1A2·CYP2B4
interaction on the efficiency of substrate metabolism were
assessed by measuring the rates of NADPH oxidation and
hydrogen peroxide production by the simple and mixed
reconstituted systems.
The simple, reconstituted systems of DLPC and each

individual P450 were prepared at a subsaturating CPR:P450
ratio (1:2), and the mixed reconstituted system contained both
P450 enzymes at the same concentrations (twice the amount of
total P450) and CPR at twice the concentration used in the
simple systems. Under these conditions, if the CPR and the
P450 enzymes are organized in the same manner in both the
simple and mixed reconstituted systems, then a simple additive
effect would be expected.35 In other words, the rates of
formation by the mixed reconstituted system would be equal to
the sum of the rates by the two simple systems.
The rates of formation of benzyl alcohol by the various

reconstituted systems are shown in Figure 1A. These results
demonstrate that benzyl alcohol was generated primarily by
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CYP2B4 with only minor quantities produced in the simple
CYP1A2 reconstituted system. However, production of this
CYP2B4-selective metabolite was inhibited by ∼45% in the
mixed reconstituted system containing both P450 enzymes.
Similar results were obtained with formation of p-cresol, the
other CYP2B4-specific product (Figure 1B), as the generation
of this product also was inhibited by ∼50% in the mixed
reconstituted system.
A different result was observed with the CYP1A2-selective

product, o-cresol. This product actually showed a 3.6-fold
stimulation in the mixed reconstituted system as compared to
the sum of the rates of the simple reconstituted systems. These
results demonstrate that mixing of CYP1A2 and CYP2B4 into a
single reconstituted system enhanced the “CYP1A2 character”
of the reconstituted system and simultaneously diminished its
“CYP2B4 character”.
Determination of the Km for Toluene with CYP1A2

and CYP2B4. As mentioned above, one of the objectives of

this study was to determine how the CYP1A2·CYP2B4
interaction influenced the efficiency of toluene metabolism by
the two enzymes. Because P450 enzymes can use reducing
equivalents from CPR to generate hydrogen peroxide and
excess water when the enzymes are not bound to substrate, it
was important to confirm that the substrate, toluene, was at or
near saturating concentrations under the experimental con-
ditions. Otherwise, the changes in NADPH consumption and
peroxide formation associated with the interaction of the two
P450s could have been due to the enzymes that did not contain
substrate. Therefore, we determined the kinetic constants for
toluene metabolism by CYP2B4 and CYP1A2 (Figure 2). This

information allowed for an estimation of the fraction of P450
enzyme bound by substrate in the saturated toluene solution
(∼5 mM). The analysis generated similar Km values of 1.23 ±
0.29 and 1.60 ± 0.274 mM (average ± standard error; n = 4
separate determinations) for CYP2B4 and CYP1A2, respec-
tively, whereas the corresponding Vmax values were 19.12 ±
1.74 and 0.252 ± 0.02 nmol min−1 nmol−1 for CYP2B4-
mediated production of benzyl alcohol and CYP1A2-mediated
production of o-cresol, respectively. Using the Km values to
approximate the degree of enzyme saturation under the
conditions used to measure metabolic efficiencies, it was
determined that CYP2B4 and CYP1A2 were approximately 80
and 75% saturated with toluene, respectively. Thus, the high
levels of substrate binding by both enzymes provided support
for the assumption that the differences in the rates of side
product formation by the simple and mixed reconstituted
systems were attributable to changes in the efficiencies of

Figure 1. Rates of production of toluene metabolites by simple (CPR/
CYP2B4 and CPR/CYP1A2) and mixed (CPR/CYP1A2/CYP2B4)
systems reconstituted with DLPC. The rates of production of toluene
metabolites by simple and mixed reconstituted system in addition to
the sum of the rates by the simple systems containing either CYP2B4
or CYP1A2 are shown. The bar labeled “sum” represents the sum of
the rates of the simple systems and would be expected if the
combination of P450 proteins in the mixed reconstituted system did
not lead to a significant reorganization of the proteins. (A) Benzyl
alcohol production. (B) Formation of p-cresol. (C) Formation of o-
cresol. Significant differences in the means of the rates obtained with
the mixed reconstituted system (n = 5 for each condition) when
compared to the sum of the rates from the simple reconstituted
systems are indicated (*p < 0.01; **p < 0.001).

Figure 2. Rates of metabolism of toluene by CYP2B4 (A) and
CYP1A2 (B) as a function of toluene concentration. Reconstituted
systems of DLPC, CPR, and either CYP2B4 or CYP1A2 were
prepared, and reactions were performed to measure the rates of
metabolism of different concentrations of toluene as described in
Experimental Procedures. Each data point represents the average and
standard error of four separate reconstituted systems measured on two
different days.
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substrate metabolism and not in the activities of P450s not
bound to substrate.
Effect of P450·P450 Interaction on the Efficiency of

Toluene Metabolism. Metabolism by P450 is mediated by a
multistep reaction cycle, and two of these steps require an
interaction with cytochrome b5 and/or CPR to transfer
electrons to P450.6 These electron transfer steps provide two
of three potential branch points in the catalytic cycle at which
reactive iron−oxo intermediates can either proceed through the
reaction cycle to ultimately oxidize the substrate or degrade to
produce either hydrogen peroxide or excess water as side
products. After the first electron transfer step, the resulting
oxyferrous P450 can break down to release superoxide. After
the second electron transfer step, the peroxy−heme species can
degrade to form hydrogen peroxide. However, because
superoxide rapidly dismutates into hydrogen peroxide and
molecular oxygen,36 the cumulative rate of oxyferrous and
peroxy−heme degradation also can be measured by the total
rate of hydrogen peroxide production alone. The third branch
of the catalytic cycle where reducing equivalents can be lost to
nonproductive metabolism follows the breakage of the oxygen−
oxygen bond of the peroxy−heme species, which results in the
formation of a high-valent, iron−oxene species. This reactive
form of the enzyme can either (1) abstract a hydrogen atom
from substrate and rebound to generate product or (2) be
reduced with two extra electrons from CPR to generate “excess
water”.37 The rate of excess water production can be
determined by subtraction of the sum of the rates of hydrogen
peroxide production and substrate oxidation from that of
NADPH oxidation.
Each of these three side reactions creates a futile cycle, which

results in returning the P450 catalytic cycle to the starting point
and, as a result, decreases the efficiency (or “coupling”) of
electron flow to product formation. Thus, by simultaneously
measuring the rates of NADPH oxidation, substrate metabo-
lism, and hydrogen peroxide production, we were able to assess
the effects of the P450·P450 interaction on the coupling of
P450-mediated metabolism.
We first examined the rates of hydrogen peroxide and excess

water production in the absence of substrate (Figure 3A).
Under these conditions, CPR still oxidized NADPH and
transferred electrons to the P450s to generate the side
products. These activities were very similar for the two simple
reconstituted systems of P450 in terms of the magnitudes of the
rates and the relative proportions of hydrogen peroxide and
excess water formed. CYP1A2 formed excess water at a rate
slightly greater than that by CYP2B4. The interaction of
CYP1A2 and CYP2B4 resulted in a slight but significant
decrease (as compared to the sum of the rates measured with
the two simple systems of P450) in the rate of NADPH
oxidation that was associated with a minor decrease in the rate
of excess water production (although the latter was not
statistically significant). Because the differences in rates
observed with the mixed system were minimal in the absence
of substrate, it can be assumed that any dramatic changes in the
rates of side product formation in the presence of toluene were
attributable to a change in the efficiency of substrate
metabolism and not to an effect on hydrogen peroxide and/
or excess water formation by unbound P450.
The P450-mediated metabolism of toluene was associated

with higher rates of NADPH consumption and the production
of both hydrogen peroxide and excess water (Figure 3B). The
metabolism of toluene by both CYP1A2 and CYP2B4 was

poorly coupled to the oxidation of NADPH. The metabolism
by CYP1A2 was extremely unproductive as only 1% of the
oxidized NADPH was used to form toluene metabolites.
Although the metabolism by CYP2B4 was more efficient, only
12% of the oxidized NADPH was used to form toluene
metabolites (Figure 3B). Most of the NADPH oxidation by
both of the simple reconstituted systems containing either
CYP2B4 or CYP1A2 was used in the production of excess
water. Because 2 mol of NADPH is consumed in the
production of 1 mol of excess water,6 >60% of the NADPH
oxidized by the enzymes was expended on this pathway of
reaction uncoupling (Table 1).
In addition to changing the relative levels of toluene

metabolites formed (Figure 1), the combination of P450
enzymes in the mixed reconstituted system also resulted in
changes in the coupling of the enzymatic reactions (Figure 3B
and Table 1). More specifically, the mixed reconstituted system
exhibited significant decreases in the rates of NADPH

Figure 3. Effect of CYP1A2·CYP2B4 interactions on P450 reaction
coupling. Reconstituted systems of DLPC, CPR, and the P450
enzyme(s) were prepared as described in Experimental Procedures.
The averages and standard errors (n ≥ 5) of the rates of NADPH
consumption and the formation of the products are expressed in
nanomoles per minute. The significance of the differences in the rates
by the mixed reconstituted system and the sum of those by the simple
systems are indicated for each reaction product (*p < 0.05; **p <
0.001). Panel A shows the rates of NADPH consumption and the
production of hydrogen peroxide and excess water in the absence of
substrate. Hydrogen peroxide represents the total amount of hydrogen
peroxide and superoxide (which dismutates to hydrogen peroxide and
oxygen) formed by decay of the peroxyferrous and oxyferrous
intermediates, respectively, of the P450 catalytic cycle.3 Thus, 1 mol
of NADPH is consumed for every mole of hydrogen peroxide formed.
The amount of excess water was calculated on the basis of the
NADPH consumed and the sum of the various products of these
P450-dependent reactions. Extra water is formed by two-electron
reduction of the putative, high-valent, iron−oxo intermediate (iron−
oxene species) at the third branch point of the catalytic cycle.6 The
iron−oxene species, in turn, is formed following the two-electron
reduction of molecular oxygen bound to the heme group of the P450.
Thus, the formation of a single molecule of excess water requires the
reducing equivalents from two molecules of NADPH. In panel B,
toluene metabolites include the sum of the rates of formation of o-
cresol, p-cresol, and benzyl alcohol.

Biochemistry Article

dx.doi.org/10.1021/bi400422a | Biochemistry 2013, 52, 4003−40134007



consumption and the formation of both excess water and total
toluene metabolites (i.e., the sum of the rates with the simple
systems was greater than the rates measured with the mixed
reconstituted system) (Figure 3B). Interestingly, in both of the
simple reconstituted systems, the level of formation of excess
water exceeded that of hydrogen peroxide; however, in the
mixed reconstituted system, the relative rates of formation of
these products were reversed. These results suggest that the
interaction between CYP1A2 and CYP2B4 fundamentally
changed the metabolism by one or both of the enzymes such
that the relative proportions of the metabolites and the
products formed by reaction uncoupling were altered. This
assumption is demonstrated clearly by Table 1 in which the
rates of NADPH oxidation and the formation of uncoupled
products in the mixed system were predicted (theoretical) by
using the relative changes in the rates of P450-specific product
formation observed with the mixed system as proportion
factors for the other rates in the assay. This calculation assumed
that even though the rates of substrate metabolism were altered
by the P450·P450 interaction, the relative proportions of
reaction uncoupling were the same in the mixed and simple
reconstituted systems. It could be argued that this approach is
flawed because it would be impossible to know the individual
contributions of each P450 to the total levels of NADPH
oxidation and hydrogen peroxide production in a mixed
reconstituted system containing both of the enzymes. However,
because each P450 made a specific toluene metabolite, it was
possible to determine the relative level of change of metabolism
by each enzyme in the mixed system and deduce the expected
rates of the nonspecific activities by comparison to the observed
rates in the simple reconstituted systems. More specifically, as
indicated above, CYP1A2-specific metabolism was stimulated
∼3.6-fold in the mixed system. Thus, to calculate theoretical
rates of excess water and hydrogen peroxide production by the
mixed system, the rates for these reactions (observed in the
simple system with CYP1A2) were multiplied by 3.6-fold. This
would be the expected outcome if the efficiency of CYP1A2
metabolism were unaltered by the interaction of the two P450s.
The observed differences between the experimental data and
the theoretical adjusted rates of peroxide and extra water
formation clearly show that coupling of the P450s is influenced
by the CYP1A2·CYP2B4 complex.

A comparison of the theoretical and experimental rates
catalyzed by the mixed system (Table 1) indicated that the
interaction of the two P450s caused a dramatic decrease in the
rate of excess water production by CYP1A2. This conclusion
can be surmised because the measured rate of excess water
production by the mixed system was greater than the
theoretical rate of excess water production by CYP2B4 but
dramatically less than that by CYP1A2. Thus, product
formation by CYP1A2 was much more efficient in the mixed
reconstituted system. As would be expected, the lower rate of
excess water production was also associated with a pronounced
decrease in the rate of NADPH oxidation by the mixed system.
In contrast to its effect on excess water production, the
interaction of the two P450s had no detectable effect on the
rates of hydrogen peroxide production by the two enzymes.

Peroxidative Metabolism of Toluene by Simple and
Mixed Reconstituted Systems of CPR, DLPC, and P450.
NADPH-supported toluene metabolism by a mixed recon-
stituted system containing CPR and both CYP1A2 and
CYP2B4 showed a substantial inhibition of the CYP2B4-
selective activities (benzyl alcohol and p-cresol) and a
stimulation of CYP1A2-selective o-cresol production. These
results raise the question of whether the functional changes
observed in the mixed system are due to a direct alteration in
the function of the CYP1A2·CYP2B4 complex or whether the
CYP1A2·CYP2B4 complex leads to altered electron flow
through the CPR. To distinguish between these possibilities,
toluene metabolism was measured using cumene hydro-
peroxide, rather than NADPH. In these reactions, the peroxide
provides the electrons and the oxygen molecule that are used
by the P450 to catalyze substrate oxidation, so CPR is not
required for these assays. Thus, the peroxide-stimulated P450
reactions can be used to specifically assess the effects of the
P450·P450 interaction on the latter stages of catalysis after
delivery of electrons to the active site. Cumene hydroperoxide-
supported metabolism of toluene was measured using
reconstituted systems containing (1) CYP1A2, (2) CYP2B4,
and (3) both CYP1A2 and CYP2B4 (Figure 4). The results
show that the same substrate specificity was observed for
peroxide- and NADPH-supported metabolism, as CYP2B4
generated benzyl alcohol from toluene at a rate greater than
that by CYP1A2. In contrast to the results obtained with

Table 1. Measured and Predicted Rates of P450-Mediated NADPH Oxidation and Product Formation Catalyzed by Simple and
Mixed Systemsa

product or
substrate

CYP2B4
system

CYP1A2
system

mixed system
(experimental results)

predicted contribution from
CYP2B4 to mixed RS

predicted contribution from
CYP1A2 to mixed RS

mixed system
(theoretical)b

NADPH
oxidized

12.7 ± 0.38 7.21 ± 0.23 14.14 ± 0.38 6.79 21.63 28.42

toluene
metabolites

2.61 ± 0.28 0.01 ± 0.002 1.51 ± 0.10 1.40 0.03 1.43

H2O2 formed 2.01 ± 0.63 1.20 ± 0.10 5.23 ± 0.86 1.08 3.60 4.68
excess H2O
formed

4.04 ± 1.29 3.00 ± 0.33 3.70 ± 1.34 2.16 9.00 11.16

aThe experimentally measured rates of NADPH oxidation and formation of side products and toluene metabolites by CYP2B4, CYP1A2, and mixed
CYP2B4·CYP1A2 reconstituted systems were determined as described in Experimental Procedures. The theoretical rates (expressed in nanomoles
per minute) of NADPH oxidation and formation of uncoupled products by the individual enzymes in the mixed system were predicted by using the
measured changes in the rates of formation of the P450-specific toluene metabolites by the mixed system as proportion factors for these other
parameters. More specifically, Figure 1 indicates that mixing of CYP1A2 and CYP2B4 caused a 47% decrease in the level of CYP2B4-mediated
product (p-cresol) formation and a 3.75-fold increase in the level of CYP1A2-mediated product (o-cresol) formation. To calculate the theoretical
contribution of each enzyme in the mixed system, the rates of NADPH oxidation and uncoupled product formation by the simple systems were
multiplied by 0.47 and 3.75 for CYP2B4- and CYP1A2-mediated metabolism, respectively. bThe theoretical rates of metabolism by the mixed system
are simply the sum of the “predicted contributions” by each of the enzymes. The theoretical rates are calculated from the averages of the measured
rates of metabolism and do not include margins of error.
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NADPH-supported metabolism, the rate of benzyl alcohol
production by the mixed reconstituted system was approx-
imately equal to the sum of the rates observed with the simple
systems, suggesting that benzyl alcohol production was not
affected by the combined presence of these P450s. Next, we
repeated these experiments using reconstituted systems that
also contained CPR. Although CPR was present in each of the
reconstituted systems, and potentially capable of forming a
complex with the P450s, there was no NADPH, preventing any
opportunity for the flow of electrons through the proteins.
Similar results were obtained showing that, even in the
presence of CPR, the rate of metabolism by the mixed system
was the sum of the rates of the simple reconstituted systems.
These results suggest that electron flow from CPR to CYP2B4
was affected by the interaction between CYP1A2 and CYP2B4.
Unfortunately, the peroxide used to stimulate the P450-

mediated metabolism reacted with both of the ring-hydrox-
ylation products (o-cresol and p-cresol). Therefore, another
CYP1A2-specific substrate, 7-ethoxyresorufin,27 was used to
monitor CYP1A2-specific metabolism. Again, in contrast to the
NADPH-supported reaction, the rates of metabolism catalyzed
by the mixed reconstituted system were not significantly
different from the sum of the corresponding rates by the simple
systems (Figure 5). The major implication of these findings
regarding the peroxidative reactions is that the functional effects
of the CYP2B4·CYP1A2 interaction are mediated predom-
inantly by changes in the relative abilities of the two P450s to
interact with CPR when they are bound together in a mixed
complex. Furthermore, the data indicate the functional changes
related to CYP1A2·CYP2B4 complex formation require
electrons to be flowing through CPR.
Interestingly, the CYP1A2-dependent peroxidative metabo-

lism of 7-ER was slightly stimulated by the presence of CPR
(Figure 5). Previous studies have demonstrated that CPR38 and
CYP2B424 would both disrupt the homomeric aggregation of
CYP1A2. However, stimulation of CYP1A2 activity was caused

by the interaction with only CPR and not that with CYP2B4.
Thus, these data indicate there was a minor positive effect of
the physical interaction of CPR and CYP1A2 on catalysis and
not just the delivery of an electron to the P450 active site.

■ DISCUSSION
This study furthers previous work from our laboratory and
others demonstrating that CYP1A2 and CYP2B4 physically
interact to influence the metabolism of drugs and environ-
mental compounds.14,19,20,23,24,35,39 Consistent with our pre-
vious findings using other substrates, the interaction of
CYP2B4 and CYP1A2 caused a synergistic stimulation of
CYP1A2-mediated toluene metabolism (o-cresol production)
and a marked decrease in CYP2B4-mediated production of p-
cresol and benzyl alcohol. These results are consistent with our
previous assumption that CYP1A2 and CYP2B4 form a
heteromeric complex that enhances the ability of the
CYP1A2 moiety to bind to CPR.
Studies from numerous laboratories have shown that several

P450·P450 interactions cause changes in the rates of substrate
catalysis by one or both of the enzymes. CYP2E1 and CYP1A2
interacted in a manner that influenced metabolism by both
enzymes, and the changes in metabolism were similar to those
associated with the interaction of CYP2B4 and CYP1A2 (i.e.,
CYP2E1 activity was decreased, while that of CYP1A2 was
increased).22 Similarly, the interactions between CYP2C9 and
CYP2C19,40 between CYP2C9 and CYP2D6,25 and between
CYP2C9 and CYP3A426 variably influenced the metabolism by
the individual P450s. In the case of CYP2C9, its activity was
stimulated by the interaction with CYP2C1940 but inhibited by
CYP2D625 and CYP3A4.26 Interestingly, only full-length
CYP3A4 and not the N-truncated derivative affected
metabolism by CYP2C9.
In addition to using the regioselectivity of the P450-mediated

metabolism of a single substrate to monitor the functional
effects of a P450·P450 interaction, we also ascertained the
effects of the CYP1A2·CYP2B4 interaction on the efficiency of
metabolism by the enzymes. We confirmed that the changes we
observed were attributable to the metabolism of toluene by

Figure 4. Effect of the interaction between CYP1A2 and CYP2B4 on
cumene hydroperoxide-mediated toluene metabolism. The rate of
toluene metabolism was examined using cumene hydroperoxide to
provide reducing equivalents to support the reactions in the presence
and absence of CPR. Because of the instability of the p- and o-cresols
in the presence of peroxides, only the major product of toluene
metabolism, benzyl alcohol, was measured. Assays for measuring the
peroxidative metabolism of the substrates were performed by initiating
the reactions with 2.5 mM cumene hydroperoxide instead of NADPH
as described in Experimental Procedures. The results represent the
averages and standard error of six determinations from two separate
experiments. The P450 concentrations used in the peroxidative assays
were 5-fold higher than those used in the NADPH-supported reactions
(Figure 1A).

Figure 5. Effect of the interaction between CYP1A2 and CYP2B4 on
the cumene hydroperoxide-mediated metabolism of 7-ethoxyresorufin.
The rate of 7-ethoxyresorufin metabolism was examined using cumene
hydroperoxide to provide reducing equivalents to support the
reactions in the presence and absence of CPR. The asterisk indicates
the means are significantly different (p < 0.05) for the corresponding
experiments in the absence of CPR. The results represent the averages
and standard error of six determinations from two separate
experiments.
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measuring the rates of excess water and hydrogen peroxide
production in the absence of substrate and by determining the
kinetic constants for toluene metabolism by the two enzymes.
By determining the Km of each P450 for toluene metabolism,
we confirmed that both enzymes were close to saturation with
substrate under the experimental conditions used. Interestingly,
our measurement of the Km for toluene metabolism by
CYP2B4 was ∼15-fold smaller than the value previously
reported for this substrate.41 This discrepancy is likely
attributable to (1) differences in the methods for protein
reconstitution and (2) the addition of toluene as a methanolic
solution in the previous study. Previous studies have shown that
the catalytic characteristics of the P450s are extremely sensitive
to reconstitution conditions, as one needs to preincubate the
proteins for at least 1 h to stabilize the catalytic results.42 The
duration of the enzyme/lipid preincubation is unclear from the
previous kinetic analysis of toluene metabolism.41 The second
major variant is due to the use of organic solvents as vehicles
for hydrophobic substrates. In the literature report on the Km
for toluene, the substrate was diluted in methanol at an
unreported dilution. In the study presented here (Figure 3), the
kinetics of toluene metabolism were measured in the absence of
organic solvent. It is highly likely that the methanol that was
used in the older study competed with toluene for binding to
the CYP2B4 active site, as reported for other CYP2B
enzymes.43 The presence of the substrate (with proportionally
larger quantities of the competing solvent at higher substrate
concentrations) would be expected to increase the apparent Km
for toluene. Thus, our findings indicate that the calculated Km
of toluene for rabbit CYP2B4 is in the low millimolar range.
The theoretical values calculated for hydrogen peroxide

production for the mixed reconstituted system provided
reasonable estimates for those obtained experimentally (Table
1). However, the actual rates of both NADPH consumption
and the production of excess water were much lower than those
that would be expected if the enzymes functioned independ-
ently in the mixed reconstituted system. Of course, a decrease
in the rate of production of excess water would lead to a
significant decrease in the rate of NADPH consumption
because each molecule of excess water formed requires two
molecules of NADPH (four electrons total) to be diverted
toward this pathway. In terms of the coupling of NADPH
oxidation to product formation by the P450 enzymes, the
interaction of the two enzymes in the mixed reconstituted
system resulted in a dramatic increase in the efficiency of
CYP1A2-mediated metabolism (o-cresol formation) and a
slight decrease in the efficiency of CYP2B4-mediated
metabolism (production of benzyl alcohol and p-cresol).
These data suggest that the level of futile cycling of NADPH
to form excess water from CYP1A2-related catalysis was greatly
diminished when the enzyme was bound in a mixed complex
with CYP2B4. Although the rate of excess water production is
not measured directly but inferred from the difference in the
rate of NADPH oxidation and the sum of the rates of product
and hydrogen peroxide formation, it seems unlikely, given the
magnitude of the changes associated with the P450·P450
interaction, that the results could be attributable to
experimental error.
The possibility that P450·P450 interactions can influence the

coupling of reducing equivalents to catalysis has important
implications for cellular survival as it is conceivable that a
P450·P450 interaction may also influence the generation of
reactive oxygen species. The contribution and significance of

P450 in the generation of cellular reactive oxygen species have
been discussed thoroughly in a previous review of the topic.44

Our findings suggest that the interaction of specific forms of
P450s could have a physiologic role in regulating the
production of reactive oxygen species by these heme proteins.
This possibility has been addressed in more detail in an
excellent review on the functional significance of P450
oligomerization.45

It is important to emphasize that these studies were
conducted using DLPC reconstituted systems of P450. Thus,
the effects of P450·P450 interactions may be different in the
complex lipid bilayer of the endoplasmic reticulum. Although
our lab has provided evidence of the effects of the
CYP2B4·CYP1A2 interaction on substrate metabolism in
both DLPC reconstituted systems and rabbit liver microsomes
from animals induced to express both forms of P450,46 it
remains to be determined if the same is true for the effects of
the P450·P450 interaction with respect to the efficiency of
substrate metabolism. On the basis of the steps of P450-
mediated catalysis (described in the Results), there are two
conceivable mechanisms by which the P450·P450 interaction
could have the observed effect on excess water production by
the P450s. The interaction could either decrease the rate of
electron flow from the CPR or accelerate the rate of hydrogen
radical abstraction by the reactive iron−oxene species.
Interestingly, evidence shows that the rate-limiting step of
most CYP1A2-mediated reactions is the abstraction of a
hydrogen atom from the substrate by the high-valent, iron−
oxene species (described above).47,48 Our findings are fully
consistent with this being the rate-limiting step of toluene
metabolism by CYP1A2 as the increase in the rate of o-cresol
production in the mixed system was matched by a
commensurate decrease in the rate of excess water production.
Furthermore, if the rate-limiting step was one of the electron
transfer steps from the CPR, one might expect the rate of
hydrogen peroxide production to be altered in concert with an
increase in the rate of o-cresol production. However, the rate of
hydrogen peroxide production was essentially what would be
predicted if the P450s did not interact with one another. Thus,
consistent with what has been established about catalysis by
CYP1A2, our data indicate that the effect of the P450·P450
interaction involves a step in the latter part of the catalytic cycle
(after the first two electrons have been delivered to the P450).
This line of reasoning leads to the conclusion that the

increase in the rate of o-cresol production observed in the
mixed reconstituted system was probably due to an increase in
the rate of hydrogen radical abstraction from the substrate by
the high-valent, iron−oxene species of CYP1A2. The increase
in the rate of CYP1A2-mediated hydrogen abstraction from
toluene would be expected to result in a decrease in the rate of
excess water formation because this would limit the possibility
of CPR-mediated reduction of the iron−oxene species and the
formation of excess water. In addressing the possibility that the
decrease in the rate of excess water production by the mixed
system results from a slower rate of delivery of an electron from
CPR to CYP1A2, the data comparing the rates of excess water
production in the absence of substrate are instructive. Although
there were slightly lower rates of NADPH oxidation and excess
water generation in the mixed reconstituted system in the
absence of substrate, the differences were minimal, and the
effects were greatly enhanced in the presence of toluene. This
suggests that electron flow from CPR to CYP1A2 was not
dramatically altered in the mixed system, and as a result, the
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changes were predominantly the result of an increase in the rate
of hydrogen radical abstraction from the substrate.
Conversely, the peroxidative metabolism by CYP1A2 that

was supported by cumene hydroperoxide was not appreciably
stimulated by its interaction with CYP2B4 in the mixed P450
reconstituted system in the presence and absence of CPR.
Because the stimulation of CYP1A2 in the mixed reconstituted
system relied on the presence of CPR and its ability to deliver
electrons to the P450 (NADPH was not present in the
peroxidative reactions), these results suggested that the
mechanism of stimulation involved a change in the functional
interaction of CPR and CYP1A2.
Surprisingly, the rate of peroxidative metabolism by the

simple reconstituted system with CYP1A2 was increased by the
interaction with CPR. Thus, it seems possible that the
interaction of CYP1A2 with oxidized CPR caused a conforma-
tional change in CYP1A2 that facilitated hydrogen radical
abstraction from the substrate by the iron−oxene species.
Recent studies have shown that the conformations of CPR are
dramatically different when its FMN group is oxidized (or
partially oxidized in the semiquinone form) and fully
reduced.49−51 In the oxidized or partially oxidized state, the
FMN domain of CPR interacts with the face of the FAD
domain, allowing for electron transfer between the flavins.
Once NADPH is bound to the FAD domain, electrons are
rapidly shuttled from the FAD to the FMN moiety. Continued
association of the resulting NADP with CPR causes a
conformational change in an intermediate hinge region that
turns the FMN domain outward, allowing it to interact with its
redox partners. Given the dramatic changes in CPR
conformation that result from the reduction of its FMN
group, it can be concluded that CPR with oxidized or partially
oxidized and fully reduced FMN moieties would interact
differently with CYP1A2. The fully reduced form of CPR also
may affect the rate of substrate hydrogen abstraction by
CYP1A2 when it is bound to the P450, although a distinction
between the effects of oxidized and reduced CPR on facilitating
progression through the P450 catalytic cycle has been noted
previously.52

Although the effect of CPR on cumene hydroperoxide-
mediated metabolism by CYP1A2 in the simple reconstituted
system appeared to be minor, the peroxidative reactions
required CYP1A2 to first bind and activate the hydroperoxide
group of cumene hydroperoxide; next the cumyl alcohol must
exit the CYP1A2 active site to allow the substrate to bind, and
then the iron−oxo species can abstract the substrate hydrogen.
Thus, it also is possible that the additional steps of cumyl
hydroperoxide binding, activation, and exit from the active site
may be partially rate-limiting and may obscure what otherwise
is a major effect of CPR binding on the rate of hydrogen
abstraction from the substrate.
Previously, it has been proposed that the mechanism by

which P450 metabolism is altered in the mixed CYP2B4·CY-
P1A2 interaction is one that involves changes in the CPR
binding affinity of the constituent enzymes. The results of this
study require that the putative changes in CPR binding affinity
also coincide with a conformational change that causes
CYP1A2 metabolism to be more efficient. Otherwise, CPR
binding more tightly to CYP1A2 would simply cause electrons
to flow more rapidly to CYP1A2, and as a result, the rate of
excess water generation would be increased and not decreased
by the interaction of CYP1A2 and CYP2B4.

Another mechanism for stimulation of CYP1A2 activity that
may act independently or in concert with a CYP2B4-mediated
change in the binding affinity of CPR and CYP1A2 relates to
the likelihood that CPR is sterically hindered from binding to
CYP1A2 when the P450 is in a homomeric complex. P450
complexes are characterized by heterogeneity with respect to
the position and spin state equilibria of the constituent
enzymes, and this heterogeneity has been proposed to be a
means of catalytic regulation.45 In the current instance, our
hypothesis proposes that CPR has better access to the proximal
side of CYP1A2 when it is bound in a heteromeric complex
with CYP2B4. The idea is supported by cross-linking studies
showing that CYP1A2 makes aggregates that are larger than
CYP2B424 and by a recent publication showing that the
catalytic activity of CYP1A2 is inhibited when the enzyme is in
a homomeric complex.19 P450 enzymes have a sidedness that is
common to all the members of the P450 superfamily. The
heme group is not centrally located in the interior of the
enzyme but instead is much closer to one side of the enzyme
than the other. The side that is nearest the heme group is
known as the proximal side. This also is the side to which CPR
binds to transfer electrons to the P450. The opposite, distal side
of the P450 contains the substrate access channel to the
interior, active site of the enzyme. Most P450 enzymes have
been characterized as forming distal to distal contacts (with
juxtaposed membrane binding regions) for adjacent units in
crystal structures.53−56 Interestingly, the crystal structure of
human CYP1A2 also demonstrated, in addition to distal to
distal contacts, an unusual proximal to proximal intermolecular
interaction between adjacent CYP1A2 units in the crystal.57

The membrane-spanning domains were also juxtaposed for this
type of interaction, making the alignment credible as a
functional type of complex. If this interaction prevails in simple
lipid reconstituted systems with CYP1A2, the ability of CPR to
interact with these enzymes may be limited, which may explain
why the activity of CYP1A2 is limited in its homomeric
complex. The inhibition of CYP2B4 and activation of CYP1A2
could be rationalized if some of the CYP1A2 forming a complex
where the proximal side is obstructed was replaced by CYP2B4
in the mixed system and was then freed up to bind to CPR.
There are three main conclusions that can be drawn from

this study. First, when CYP1A2, CYP2B4, and subsaturating
CPR are present in the same membrane system, the relative
ratios of toluene metabolites are affected in a manner in which
CYP1A2-selective o-cresol production is stimulated and
CYP2B4-selective benzyl alcohol production and p-cresol
production are inhibited. These results are consistent with
the formation of a CYP1A2·CYP2B4 complex, where the
CYP1A2 moiety has a higher affinity for CPR and/or has a
greater opportunity to bind to CPR. Second, the interaction
between CYP1A2 and CYP2B4 leads to significant changes in
coupling of the P450s, which are consistent with a change in
the rate-limiting step for toluene metabolism by CYP1A2.
Third, when the reaction was supported by cumene hydro-
peroxide, the interaction between CYP1A2 and CYP2B4 did
not have the same effects on substrate metabolism, even in the
presence of CPR. These results suggest that the interaction
between CYP1A2 and CYP2B4 leads to a conformational or
positional change that not only alters the ability of CPR to bind
but also fundamentally changes the efficiency by which
CYP1A2 metabolizes substrates. Taken together with other
findings, the data in this study describe an enzyme system in
which the P450s in the membrane cannot simply be considered
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as monomeric proteins that interact with CPR but function as
components of a larger system in which P450·P450 complexes
as well as interactions with other endoplasmic reticulum
constituents will influence the disposition of foreign com-
pounds.
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