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ABSTRACT: The presence of one P450 can influence the catalytic characteristics of a second enzyme through
the formation of heteromeric P450 complexes. Such a complex has been reported for mixed reconstituted
systems containing NADPH-cytochrome P450 reductase, CYP2B4, and CYP1A2, where a dramatic
inhibition of 7-pentoxyresorufin-O-dealkylation (PROD) was observed when compared to simple
reconstituted systems containing reductase and a single P450 enzyme. The goal of the present study was
to characterize this interaction by examining the potential of the CYP1A2-CYP2B4 complex to be formed
by charge-pair interactions. With ionic interactions being sensitive to the surrounding ionic environment,
monooxygenase activities were measured in both simple systems and mixed reconstituted systems as a
function of ionic strength. PROD was found to be decreased at high ionic strength in both simple and
mixed reconstituted systems, due to disruption of reductase-P450 complexes. Additionally, the inhibition
of PROD in mixed reconstituted systems was relieved at high ionic strength, consistent with disruption
of the CYP2B4-CYP1A2 complex. When ionic strength was measured as a function of CYP1A2
concentration, a shift to the right in the inflection point of the biphasic curve occurred at high ionic
strength, consistent with a loss in CYP1A2 affinity for CYP2B4. When this analysis was applied to the
same systems using a different substrate, 7-EFC, evidence for a high-affinity complex was not observed,
demonstrating that the characteristics of the CYP1A2-CYP2B4 complex are influenced by the substrates
present. These results support the role for a substrate specific electrostatic interaction between these P450
enzymes.

P4501 catalyzes the oxidative metabolism of a wide variety
of both exogenous and endogenous substrates. The enzyme
system splits a dioxygen molecule, incorporating one atom
of oxygen into bound substrate with the other atom of oxygen
forming water. The P450 enzymes involved in foreign
compound metabolism are generally found in the microsomal
fraction, and receive electrons from NADPH via the fla-
voprotein NADPH cytochrome P450 reductase (reductase)
(1, 2). Electron transfer to this hemoprotein requires the
formation of a 1:1 molar complex between the reductase and
cytochrome P450 (3, 4). The reductase sequentially transfers
two electrons to P450, one before and one after the binding
of molecular oxygen (5, 6). In some cases cytochromeb5

can transfer the second electron to selective P450s (7). Since
the identification of the components of the P450 system (8,
9), several studies have been directed toward understanding

the molecular association of P450 with its redox partners.
Interactions between P450 and redox partners, cytochrome
b5 and reductase, have been described as being predominately
electrostatic in nature (10-18). An electron transfer complex
is facilitated by the pairing of basic residues on the proximal
face of P450 with acidic residues of P450 reductase (10, 11,
19) and cytochromeb5 (20, 21). Although basic requirements
for these interactions are understood, the organization of the
P450 proteins and their redox partners remains unclear.

One of the major factors that confound our ability to
understand the interactions of the P450 microsomal mo-
nooxygenase system is the multiplicity of cytochrome P450s.
Over fifty functional P450s are expressed in human tissue
(22). Additionally, when looking at the quantities of these
proteins in their native membranes, P450s generally exist in
a large excess over reductase. P450s must effectively interact
with reductase or be metabolically silent. To further com-
plicate our understanding of P450 architecture, these limiting
concentrations of reductase are also required to transfer
reducing equivalents to other microsomal proteins such as
cytochromeb5, steroyl CoA desaturase, phospholipid de-
saturase, and heme oxygenase (23, 24). The presence of
multiple P450 enzymes among limiting levels of reductase
raises questions as to how the enzymes of the P450 system
are organized in the microsomal membrane, and whether the
presence of one P450 enzyme can affect the function of
another P450.
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Physical and functional P450-P450 interactions have
previously been described by a number of laboratories (25-
31). The potential for P450 enzymes to interact raises the
possibility that both homomeric and heteromeric P450-P450
interactions can influence the function of these enzymes. The
potential for one P450 enzyme to affect the catalytic behavior
of another P450 enzyme using reconstituted systems and in
rabbit liver microsomes has recently been examined (31-
33). Functional interactions between CYP1A2 and CYP2B4
were demonstrated by comparing catalytic behavior in simple
and mixed reconstituted systems. The results are consistent
with CYP1A2 and CYP2B4 forming a heteromeric complex.
Interestingly, the CYP1A2 moiety of this CYP1A2-CYP2B4
complex is capable of high-affinity binding with reductase
(31). The objective of the present study was to determine if
complex formation between CYP1A2 and CYP2B4 is
mediated by electrostatic interactions. Several groups have
demonstrated the modulatory effects of electrostatic charge
on various aspects of P450 metabolism, where multiple steps
in this monooxygenase electron transport chain are affected
(10, 15, 17, 18, 34-38). The effects of salt were shown to
be dependent upon the P450s selected and the concentration
of reductase (13, 14, 16). Many of these studies have focused
on the effects of increasing ionic strength on the function of
a particular P450 enzyme. The goal of the following
experiments was to test the hypothesis that the heteromeric
CYP1A2-CYP2B4 complex is governed by charge pairing
and that the complex can be disrupted by changes in ionic
strength.

MATERIALS AND METHODS

Chemicals.â-Naphthoflavone (âNF), sodium phosphate,
magnesium chloride, HEPES, EDTA, a protease inhibitor
cocktail (containing AEBSF, EDTA, Bestatin, Pepstatin A,
and E-64), and glycerol were obtained from Sigma (St. Louis,
MO). C41 cells were purchased through Avidis SA (Biopole
Clermont-Limagne, France). Plasmid Mini, Midi, and Maxi
kits were purchased from Qiagen Inc. (Valencia, CA). All
restriction enzymes were purchased from New England
Biolabs (Beverly, MA). Protein extraction reagent BPER and
alkaline phosphatase immunoblot developing kit were ob-
tained from Pierce Chemical Company (Rockford, IL).
Polyclonal Goat anti-Rabbit CYP1A2 and CYP2B4 antibod-
ies were purchased from Oxford Biomedical Research
(Oxford, MI). The substrates 7-pentoxyresorufin (7-PR) and
reference standard resorufin were purchased from Sigma (St.
Louis, MO); 7-ethoxy-4-trifluoromethylcoumarin (7-EFC)
and reference standard 7-hydroxy-4-trifluoromethylcoumarin
(7-HFC) were purchased from Molecular Probes, Inc.
(Eugene, OR).

Protein Isolation. Recombinant rabbit NADPH cyto-
chrome P450 reductase (plasmid: pSC-CPR, provided by
Lucy Waskell (University of Michigan); constructed from
plasmid pCWori-rabbit reductase and plasmid pOR263-rat
reductase, utilizing a T7 promoter) was expressed in C41
Escherichia coli, solubilized and purified according to a
modification of previously described methods (39, 40). Minor
modifications were made for the expression and purification
protocol of recombinant rabbit CYP2B4 (41) to improve
efficiency of CYP2B4 protein purification. The CM Sepharose
and Bio-beads steps of protein purification were eliminated.
A protease inhibitor cocktail solution was used during

solubilization. Alternating freeze-thaw with sonication was
used to facilitate solubilization of CYP2B4. The final
solubilized fraction from the (41) protocol was centrifuged
at 105g for 60 min rendering the supernatant clear of
particulate matter prior to application to the DE52 column.
CYP1A2 was purified from liver microsomes isolated from
âNF treated rabbits as previously described (42). CYP2B4
had a specific content of 17.1 nmol/mg protein. Two
preparations of CYP1A2 were used in this study, one of
which had a specific content of 14.2 nmol/mg protein.
Unfortunately, the supply of the other preparation was
exhausted and we had not determined its specific content.

P450 levels were determined by measuring the carbon
monoxy-ferrous complex using an extinction coefficient of
91 mM-1 cm-1 (43). The Lowry protein assay was used to
determine total protein concentration of the purified protein
preparations using a BSA standard curve (44). NADPH-
cytochrome P450 reductase content was determined from the
absolute spectrum at 456 nm, using an extinction coefficient
of 21.4 mM-1 cm-1 (45). The purity of reductase, CYP2B4
and CYP1A2 were assessed by Coomassie Blue staining and
immune blotting.

Reconstituted Systems.Catalytic activities of CYP1A2 and
CYP2B4 were determined using binary reconstituted systems
where (1) reductase and CYP2B4 or (2) reductase and
CYP1A2 were combined in DLPC with mixed reconstituted
systems containing reductase, CYP2B4, and CYP1A2. DLPC
was prepared at a stock concentration of 8 mM in 50 mM
potassium phosphate buffer, pH 7.25, containing 20%
glycerol, 0.1 M NaCl, and 5 mM EDTA. The DLPC stock
suspension was sonicated for approximately 30 min using a
bath sonicator, leading to significant clarification of the
solution. The sonicated DLPC was combined with reductase
and P450 at the concentrations described in the Results
section and preincubated for 2 h atroom temperature. Unless
otherwise stated, experiments used a DLPC:P450 molar ratio
of 160:1, except when varying the CYP1A2 concentration,
where 160:1 pertains to DLPC:CYP2B4. The optimal ratios
of phospholipid to P450 were based on previous studies (46).
After mixing the proteins with the liposomes, the reconsti-
tuted systems were preincubated at room temperature for 2
h before the addition of the other assay components. The
reductase and P450 concentrations were approximately 4µM
and 8µM, respectively, during the preincubation step. These
preincubation conditions permit the formation of stable
interactions among the liposomal proteins (46). After pre-
incubation, the reconstituted systems were diluted with buffer
and other assay components, and assayed within 30 s at 37
°C. Unless otherwise stated, the final assay conditions for
7-pentoxyresorufin-O-deethlation(PROD), and 7-ethoxy-4-
trifluoromethylcoumarin (7-EFC)deethylation were the
reconstituted system (containing 0.05µM P450, 0.025µM
reductase with a single P450, and 0.05µM for each P450
and 0.05µM reductase for the mixed reconstituted systems),
and substrate (2.5µM for 7-PR; 10 µM for 7-EFC), in
various buffers (pH) 7.4). The buffer and salt concentrations
used are described in the figure captions. Reactions were
initiated by the addition of NADPH to a final concentration
of 0.5 mM. An Aminco Bowman series 2 spectrofluorometer
(Spectrum Unicam, Rochester, NY) was used to measure
the rate of resorufin and 7-hydroxy-4-trifluoromethylcou-
marin fluorescence using excitation and emission wave-
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lengths of 559 and 585 for 7-PR, and 410 and 510 for 7-EFC.
Rates of resorufin production were determined from the real
time scans of fluorescence emission. Resorufin and 7-hy-
droxy-4-trifluoromethylcoumarin were used for generation
of standard curves.

Molecular Modeling.Experimental data were fit to two
models using the DynaFit modeling program (47). The data
were fit to a model where CYP1A2 and CYP2B4 could bind
to reductase, but could not form kinetically observable
CYP1A2-CYP2B4 complexes. This is referred to in the text
as the simple competitive model. In the other model that
was tested, CYP1A2 and CYP2B4 were able to form a
CYP1A2-CYP2B4 complex. This complex had an altered
ability to bind reductase; i.e., reductase bound to the CYP1A2
moiety of this complex with high affinity. According to this
model, reductase would selectively bind to the CYP1A2
moiety of the P450-P450 complex and not be available for
binding to CYP2B4. This model has been described in detail
in previous reports (31).

RESULTS

Effect of Ionic Strength on P450-Mediated ActiVities. As
reported previously, the combination of CYP1A2 and
CYP2B4 in a mixed reconstituted system leads to a
significant inhibition of 7-PR dealkylation at subsaturating
reductase. These results are consistent with the formation
of a heteromeric complex between these P450s (31). The
goal of this study is to determine if the interaction between
these P450s is mediated by charge pairing. As reported with
this and other enzyme systems, electrostatic interactions can
be disrupted by increasing the ionic strength of the solvent
(13-18). If CYP1A2 and CYP2B4 form charge pair
complexes, disruption of the complex would be expected as
the ionic strength is elevated. Because this P450-P450
complex inhibits 7-PR dealkylation, then reversal of the
inhibitory effect would be expected with increasing ionic
strength. However, a complicating factor is that reductase
and P450 have been shown to form charge-pair complexes.
Disruption of the reductase P450 complex would be expected
to lead to a continued decrease in monooxygenase activity.
The effects of increasing concentrations of sodium phosphate
(pH 7.4), potassium acetate (pH 7.4), and HEPES buffer (pH
7.4) on PROD in mixed and binary systems are shown in
Figure 1. As seen in Figure 1a, PROD activity of the simple
reconstituted system containing reductase and CYP2B4
reached a maximum at 50 mM sodium phosphate. In contrast,
maximal PROD activity of the simple CYP1A2-containing
reconstituted system was observed at 100 mM sodium
phosphate. These results are consistent with disruption of
the reductase P450 complexes at higher ionic strength (13-
16).

As previously reported (32), PROD activity in the mixed
reconstituted system was lower than the sum of the rates of
the binary systems. (The third bar in each group represents
the results from the mixed reconstituted system, whereas the
fourth bar represents the sum of the rates of the simple binary
systems). This inhibition in PROD was observed at both 50
and 100 mM sodium phosphate. As the ionic strength of the
buffer was increased above 100 mM, the inhibition observed
at lower ionic strengths was diminished. In fact, at elevated
buffer concentrations, the results in the mixed reconstituted

system were similar to the sum of rates of the simple binary
systems. These results are consistent with ionic strength
disrupting the CYP1A2-CYP2B4 complex. Similar results
were observed when using different ions to disrupt the
functional interaction between CYP2B4 and CYP1A2. Figure
1b shows the effects of varying potassium acetate. Potassium
acetate supports higher activities across ionic strengths
compared to sodium phosphate, whereas the effects of
HEPES (Figure 1c) are intermediate to those of sodium

FIGURE 1: Effect of CYP2B4 and CYP1A2 mediated PROD
metabolism as a function of monovalent ion concentration. CYP2B4,
CYP1A2, and reductase were reconstituted in binary (one P450
and reductase) and ternary (mixed P450s and reductase) reconsti-
tuted systems. The first and second bars in each group represent
binary CYP1A2 and CYP2B4 reconstituted activities, respectively.
The third bar represents the results from the mixed reconstituted
system, and the fourth bar represents the sum of the rates of the
binary systems (sum of the first and second bars). PROD activity
was measured under subsaturating conditions (0.5:1.0 reductase:
P450). Each binary reconstituted system contained 0.05µM P450
(CYP1A2 or CYP2B4 alone), 0.025µM reductase (CPR), and 8.0
µM DLPC. The mixed reconstituted system contained 0.05µM of
both CYP1A2 and CYP2B4, and 0.05µM CPR. Groups represent
the mean( SEM for three determinations. Significant differences
in activities between the sum of the two binary systems compared
to the mixed reconstituted system are indicated (*,p < 0.05; **, p
< 0.01; ***, p < 0.001). (a) Effect of varying sodium phosphate
on PROD activity in simple and mixed reconstituted systems. The
letter “a” above the bars in this panel represents a significant
difference from the CYP1A2 data measured at the highest activity
(i.e., 100 mM). The letter “b” above the bars represents a significant
difference from the corresponding CYP2B4 data measured at its
highest activity (i.e., 50 mM). (b) Effect of varying potassium
acetate on PROD activity in simple and mixed reconstituted
systems. (c) Effect of varying HEPES on PROD activity in simple
and mixed reconstituted systems.
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phosphate and potassium acetate. In each case, inhibition
was observed in the mixed reconstituted system at low ionic
strength. Consistent with the results in Figure 1a and Figure
1b, this inhibition in the mixed system was disrupted as ionic
strength was elevated. These results are consistent with
complex formation between CYP2B4 and CYP1A2 where
this interaction is mediated at least in part by electrostatic
attraction.

In order to determine if the valence of the cation affects
the functional interaction between CYP1A2 and CYP2B4,
we measured PROD activity when varying the divalent cation
magnesium. HEPES buffer (50 mM, pH 7.4) containing
varying concentrations of magnesium chloride was used to
test the inhibition of PROD (Figure 2). Maximal activities
for CYP2B4, CYP1A2, and the mixed system containing
both P450s were observed at the lowest concentration tested,
25 mM magnesium chloride in 50 mM HEPES. In each of
these systems, a sharp decline in activity occurred as the
salt concentration was increased, consistent with disruption
of ionic interactions between reductase and the P450s. Again,
PROD was inhibited at lower ionic strength in the mixed
reconstituted system. Consistent with the data in Figure 1,
as the magnesium chloride concentration was increased, the
inhibition of PROD in the mixed reconstituted system was
disrupted. Thus, the influence of a divalent cation on the
mixed reconstituted system containing both CYP2B4 and
CYP1A2 was similar to that of the other buffers tested. This
phenomenon was observed regardless of the ions used, and
is consistent with P450 charge pair associations not only of
reductase and P450 but also of heteromeric P450 complexes.

The high-affinity complex between CYP1A2 and CYP2B4
has been shown to be substrate-dependent (32). Therefore,
we were interested in examining the effect of ionic strength
on a substrate not exhibiting this pronounced inhibitory
response. 7-Ethoxy-4-trifluoromethylcoumarin (7-EFC) was
selected, for like PROD, CYP2B4 more effectively catalyzes
this substrate when compared to CYP1A2. The results are
shown in Figure 3. CYP2B4 activity reached a maximum at
50 mM HEPES, while CYP1A2 7-EFC activity achieved a
maximum near 100 mM, consistent with the 7-PR results.
A similar, but less dramatic, inhibition was observed with
7-EFC in the mixed system as compared to PROD (Figure
1). At low ionic strength, the mixed reconstituted system
exhibited a 40% inhibition (up to 100 mM HEPES) when
compared to the sum of the rates of the binary systems
(Figure 3). Although this effect was significant, it was not

nearly as large as that observed with PROD under similar
conditions (Figure 1c). As the HEPES concentration was
increased, inhibition of 7-EFC activity in the mixed RCS
was diminished.

CYP1A2 and CYP2B4 Interactions as a Function of
Reductase Concentration.Previous studies in our lab have
evaluated PROD activity in both simple and mixed recon-
stituted systems as a function of reductase concentration. The
goal of the current study was to examine the effect of ionic
strength on this response (Figure 4). PROD activity was
examined as a function of reductase in both simple and mixed

FIGURE 2: Effect of CYP2B4 and CYP1A2 mediated PROD
metabolism as a function of divalent cation concentration. Experi-
mental conditions are the same as described for Figure 1 with the
exception of buffer medium. Varying amounts of the divalent cation
magnesium chloride in 50 mM HEPES buffer were used to test
the effects of ionic strength on P450 metabolism in the binary and
ternary systems shown.

FIGURE 3: Effect of CYP2B4 and CYP1A2 mediated 7-EFC
metabolism as a function of ionic strength. CYP2B4, CYP1A2,
and reductase were reconstituted in binary (one P450) and ternary
(mixed P450s) reconstituted systems. Experimental conditions are
described in Materials and Methods and Figure 1. Each group
represents the mean( SEM for three determinations. Significant
differences in activities between the sum of the two binary systems
compared to the mixed reconstituted system are indicated (*,p <
0.05; **, p < 0.01; ***, p < 0.001).

FIGURE 4: Effects of ionic strength on PROD as a function of
reductase concentration. Preincubation of the binary systems
containing 0.05µM for both CYP2B4 and CYP1A2 in both the
binary and ternary systems is described in Materials and Methods.
The reductase concentration was varied as indicated. Groups
represent the mean( SEM for three determinations. The experi-
mental data were fit to a model where CYP1A2 and CYP2B4 form
a complex that influences reductase binding and are shown as a
dotted line (Scheme 2). The dashed line shows the best fit based
on model only allowing the formation of reductase-CYP1A2 and
reductase-CYP2B4 complexes (Scheme 1). (a) Effect of mixed
reconstitution of CYP1A2 and CYP2B4 on the reductase depen-
dence of PROD at 50 mM HEPES. Concentrations of reductase
were varied at the lower ionic strength (50 mM HEPES) buffer for
CYP1A2, CYP2B4, and the mixed system containing both P450
enzymes. (b) Effect of mixed reconstitution of CYP1A2 and
CYP2B4 on the reductase dependence of PROD (300 mM HEPES).
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reconstituted systems in 50 mM HEPES buffer (Figure 4a).
As mentioned previously, CYP2B4 (in the simple RCS) was
shown to be a more effective enzyme for PROD when
compared to CYP1A2. The mixed system containing both
CYP1A2 and CYP2B4 at low ionic strength (50 mM Hepes)
exhibited a substantial degree of inhibition at subsaturating
reductase, rendering “S” shaped curves, rather than the
hyperbolic shaped curves typically expected for simple
Michaelis-Menten types of interactions. These results are
similar to those published previously (31). CYP2B4 exhibited
a typical hyperbolic curve. CYP1A2 alone did not exhibit a
typical hyperbolic curve, but appeared to saturate as the
reductase concentration reached 0.15-0.2 µM. This is
consistent with our previous findings (31). When CYP2B4
and CYP1A2 were present together in the mixed reconsti-
tuted systems, a pronounced inhibition of PROD was
observed at subsaturating reductase. For example, at 0.05
µM reductase, mixed system activity was 80% inhibited
when compared to CYP2B4 alone.

The data from the mixed reconstituted systems were
analyzed using two models. In the first model, CYP2B4 and
CYP1A2 could not form a heteromeric complex, and would
compete for the available reductase (Scheme 1). Simulation
of the expected data is shown as the dashed line in Figure
4a. According to the second model (Scheme 2), CYP1A2
and CYP2B4 could form the heteromeric complex. Conse-
quently, there are several potential complexes that could
contribute to PROD, (a) reductase-CYP1A2, (b) reductase-
CYP2B4, (c) reductase-CYP1A2-CYP2B4, (d) CYP1A2-
CYP2B4-reductase, and (e) reductase-CYP1A2-CYP2B4-
reductase. This model has been described in previous reports
(31, 48). A simulation of the expected data is shown as the
dotted line in Figure 4a and fits the experimental data points
quite well.

As reported in Figures 1 and 2, increasing ionic strength
appeared to relieve the inhibition observed in the mixed
system. To determine whether ionic strength can alter the
effect of increasing reductase concentration, PROD was
measured at high ionic strength (300 mM HEPES) in both
the simple binary and the mixed reconstituted system (Figure
4b). CYP2B4 hyperbolic curves were found at both concen-
trations of HEPES (compare Figure 4a and Figure 4b). The

shape of the CYP1A2-reductase curve appeared to convert
to a hyperbolic function at the higher ionic strength (300
mM HEPES). When the mixed reconstituted systems were
examined at 300 mM HEPES, the degree of inhibition at
subsaturating reductase was attenuated in the mixed RCS
(Figure 4b). For example, activity in the mixed RCS at 0.05
µM reductase was 50% that of CYP2B4 alone at 300 mM
HEPES (Figure 4b), in contrast to the 80% inhibition
observed at 50 mM HEPES (Figure 4a). Ionic strength
appears to relieve the inhibition of PROD in the mixed
reconstituted system. Again, these results are consistent with
the ability of ionic strength to disrupt complex formation
between CYP1A2 and CYP2B4.

In a manner similar to that shown in Figure 4a, the
experimental data in Figure 4b was modeled on the basis of
(a) the model where both P450s compete for the reductase
without being able to form CYP1A2-CYP2B4 complexes
and (b) the model where CYP1A2-CYP2B4 complexes can
form. Again, the experimental data fits the model allowing
CYP1A2-CYP2B4 complexes (Figure 4b, dotted line),
whereas the simple competitive model (dashed line) exhibits
significant deviations.

The kinetic constants for fitting of the experimental data
of Figure 4 are shown in Table 1. As mentioned in our
previous report, the experimental data for 7-pentoxyresorufin
metabolism in the mixed reconstituted system is consistent
with a model where CYP1A2 and CYP2B4 are capable of
forming a heteromeric complex which binds reductase with
high affinity (31). When comparing the effects of ionic
strength on PROD, several features become evident. First,
there is a generalized increase in each of theKD values for
each of the complexes, which is consistent with ionic strength
disrupting complex formation. Second, there was a decrease
in thekcat values for the formation of the AR, BR, and RBAR
complexes. Interestingly, thekcat for product formation from
the ternary BAR complex appears to be increased with
increasing ionic strength. These data are consistent with the
sigmoidal behavior of the mixed reconstituted system being

Scheme 1: Model Describing the Interactions among
Reductase (R), CYP1A2 (A), and CYP2B4 (B) When Only
Binary Reductase-P450 Complexes Are Formed

Scheme 2: Simplified Model Describing the Interactions
among CYP1A2 (A), CYP2B4 (B), and Reductase (R) in
Mixed Reconstituted Systems Where CYP1A2-CYP2B4
Complexes Are Possible

Table 1: Kinetic Constants for the Simulated Curves for
7-Pentoxyresorufin Metabolisma

50 mM
HEPES

300 mM
HEPES

50 mM
HEPES

300 mM
HEPES

Kar 0.0017 0.0065 Kbar 0.00059 0.0024
kar 36 18 kbar 5 18
Kbr 0.0015 0.0082 Krbar

b 0.001 0.005
kbr 72 46 krbar

c 108 64
a The experimental data for the reductase titrations of the mixed

reconstituted systems (Figure 4) were simulated using (a) a model
allowing only the formation of binary complexes and (b) a model
allowing the formation of CYP1A2-CYP2B4 complexes. The equi-
librium and rate constants are based on the model described in Scheme
1, which has been detailed in a previous report (31). Data fitting for
the simpler model where both CYP1A2 and CYP2B4 compete for
reductase (without P450-P450) complex formation utilizes only the
first 4 constants (Kar, Kbr, kar, andkbr). b Under the conditions of this
experiment, the value forKrbar could not be determined. Although the
data were fit using these parameters, this value was not unique, and
could have a range over 4 orders of magnitude without significantly
affecting the values of the other rate constants.c In these simulations,
the rate constant for the RBAR complex was set as the sum of the AR
and BR complexes. This was done to constrain the simulations under
the assumption that the quaternary complex would have a rate constant
similar to the sum of the binary complexes.
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a function of both the higher affinity of the complexes and
the low kcat for the BAR complex.

In the next set of experiments, we tested the effect of
increasing reductase concentrations with 7-EFC, a substrate
for which CYP1A2 and CYP2B4 do not appear to exhibit
such a high degree of inhibition (Figure 5). 7-EFC is
predominately a CYP2B4 substrate, showing a much higher
metabolic rate, when compared to the reductase-CYP1A2
binary system. As shown in Figure 5a, CYP2B4 exhibited
simple saturation kinetics. When examining the results from
the mixed reconstituted system, 7-EFC showed a much
smaller degree of inhibition when compared to the dramatic
inhibition obtained with PROD (compare Figure 5a with
Figure 4a). In fact, the 7-EFC data could be described using
the simple competitive model described in Scheme 1 (dashed
line) where the P450s do not appear to form functionally
detectable CYP1A2-CYP2B4 complexes. These data are
consistent with the different P450 enzymes competing for
the available reductase (Figure 5a). A similar effect was
observed in both the simple and mixed systems at 300 mM
HEPES buffer (Figure 5b) as compared to the results at 50
mM HEPES (Figure 5a). Again the results were consistent
with the simple model where CYP2B4 and CYP1A2 compete
for the available reductase. Taken together, these results are
consistent with the previously reported formation of a high-
affinity CYP1A2-CYP2B4 complex that is more effective
at competing for reductase than is CYP2B4 alone when 7-PR
is used as substrate (31). In contrast, the 7-EFC data can be
described by a simple model where CYP1A2 or CYP2B4
can associate with reductase on the basis of their relative

affinities for the flavoprotein, but does not require the
involvement of the high-affinity CYP1A2-CYP2B4 com-
plex.

The kinetic constants for 7-EFC metabolism in the mixed
reconstituted systems are shown in Table 2. Although, the
data can be fit to the more complex model allowing
functionally detectable CYP1A2-CYP2B4 complexes, the
data also reasonably fit the simpler model where both
CYP1A2 and CYP2B4 both compete for NADPH-cyto-
chrome P450 reductase. This model is illustrated in Scheme
1 and can be described by the kinetic constants for the AR
and BR complexes in Table 2 (Kar, Kbr, kar, and kbr). The
equilibrium constants for the formation of the AR and BR
complexes are not affected by the increase in ionic strength,
exhibiting less than a 2-fold change. This is in contrast to
the results with 7-PR.

To further examine the effects of ionic strength on complex
formation between these two P450s, PROD activity was
measured as a function of CYP1A2 concentration. PROD
was measured in mixed RCS in both low (50 mM) and high
(300 mM) ionic strength HEPES buffer as a function of
CYP1A2 (Figure 6). Varying CYP1A2 concentrations in low
ionic strength HEPES produced a biphasic CYP2B4-medi-

FIGURE 5: Effect of ionic strength on CYP2B4 and CYP1A2
mediated 7-EFC metabolism as a function of reductase concentra-
tion. Preincubation conditions are the same as in Figure 4 described
in Materials and Methods. The final concentration of CYP2B4 and
CYP1A2 each was 0.05µM, and DLPC was 8.0µM. The
experimental data were effectively simulated using a model only
allowing the formation of reductase-CYP1A2 and reductase-
CYP2B4 complexes (dashed line). The dotted line shows a
simulation using the model described in Scheme 2 allowing the
formation of CYP2B4-CYP1A2 complexes. (a) Effect of mixed
reconstitution of CYP1A2 and CYP2B4 on the reductase depen-
dence of 7-EFC dealkylation at 50 mM HEPES. Concentrations of
reductase were varied at the lower ionic strength (50 mM HEPES)
buffer for CYP1A2, CYP2B4, and the mixed system. (b) Effect of
mixed reconstitution of CYP1A2 and CYP2B4 on the reductase
dependence of 7-EFC dealkylation (300 mM HEPES).

Table 2: Kinetic Constants for the Simulated Curves for
7-Ethoxyfluorocoumarin Metabolisma

50 mM
HEPES

300 mM
HEPES

50 mM
HEPES

300 mM
HEPES

Kar 0.004 0.0073 Kbar 0.093 0.00255
kar 56 35 kbar 434 35
Kbr 0.036 0.0177 Krbar

b 0.01 0.01
kbr 2144 1080 krbar

c 2197 1115
a The experimental data for the reductase titrations of the mixed

reconstituted systems (Figure 5) were simulated using (a) a model
allowing only the formation of binary complexes and (b) a model
allowing the formation of CYP1A2-CYP2B4 complexes. The equi-
librium and rate constants are based on the model described in Scheme
1, which has been detailed in a previous report (31). Data fitting for
the simpler model where both CYP1A2 and CYP2B4 compete for
reductase (without P450-P450) complex formation utilizes only the
first 4 constants (Kar, Kbr, kar, andkbr). b Under the conditions of this
experiment, the value forKrbar could not be determined. Although the
data were fit using these parameters, this value was not unique and
could have a range over 4 orders of magnitude without significantly
affecting the values of the other rate constants.c In these simulations,
the rate constant for the RBAR complex was set as the sum of the AR
and BR complexes. This was done to constrain the simulations under
the assumption that the quaternary complex would have a rate constant
similar to the sum of the binary complexes.

FIGURE 6: Effect of ionic strength on PROD activity was measured
as a function of CYP1A2 concentration. PROD activity was
measured in mixed reconstituted systems in both low (50 mM) and
high (300 mM) ionic strength HEPES buffer, using a fixed CYP2B4
(0.05µM) and reductase (0.025µM) concentration, while varying
CYP1A2.
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ated PROD response. PROD was dramatically inhibited by
the addition of even small amounts of CYP1A2 to the RCS
leading to 90% inhibition at 50 nM CYP1A2 consistent with
the formation of a high-affinity complex with the reductase
(32). When extrapolating the extremes of this curve (Figure
6 at 50 mM HEPES), a breakpoint was observed at about
25 mM CYP1A2. These results point to an extremely high
affinity complex between reductase and CYP1A2, similar
to previous results (31). Interestingly, varying CYP1A2 at a
higher HEPES concentration (300 mM) resulted in a shal-
lower curve with the intersection of the extremes shifted to
a higher concentration of CYP1A2. The tendency for more
curvature and the shift in the point of intersection at higher
ionic strength (indicated where the hashed lines cross) are
consistent with a decrease in the ability of CYP1A2 to
compete with CYP2B4 for reductase. Greater amounts of
CYP1A2 are required to produce the same amount of
inhibition. In other words, the high-affinity reductase-
CYP1A2-CYP2B4 complex formed at 50 mM HEPES is
disrupted at 300 mM HEPES.

To test whether a change in ionic strength can affect the
curvature in mixed reconstituted systems using a substrate
that does not appear to form this high-affinity CYP2B4-
CYP1A2 complex, 7-EFC activity was measured as a
function of CYP1A2, using a fixed CYP2B4 and reductase
concentration (Figure 7). 7-EFC dealkylation was examined
in simple and mixed reconstituted systems using low (50
mM) and high (300 mM) ionic strength HEPES buffer.
Varying CYP1A2 concentrations in both low and high ionic
strength HEPES produced a less dramatic modulation of
CYP2B4-mediated 7-EFC when compared to results with
7-PR (Figure 6). Overall 7-EFC reaction rates were lower
at higher ionic strength HEPES. Again, this is consistent with
electrostatic reductase-P450 interactions being disrupted by
increasing ionic strength solutions. Addition of CYP1A2
inhibited 7-EFC activity at both low and high ionic strength
HEPES. The breakpoint of the curve, examined at 50 mM
HEPES, was near 0.05µM CYP1A2 (Figure 7). A repeat of
this experiment at a higher HEPES concentration (300 mM)
did not appear to shift the inflection point of 7-EFC activity,
consistent with ionic strength not affecting the ability of
CYP1A2 to inhibit metabolism of this CYP2B4-selective
substrate. Collectively, these results are consistent with a
substrate-specific functional interaction between CYP2B4
and CYP1A2, where 7-PR facilitates the formation of
CYP1A2-CYP2B4 complexes. Complex formation between
these proteins appears to be disrupted by an increase in ionic

strength as evidenced by the shift in the breakpoint in Figure
6. In contrast, 7-EFC does not appear to facilitate the
formation of functionally detectable CYP1A2-CYP2B4
complexes, and although the overall activities are sensitive
to changes in ionic strength, there is no ionic strength-
dependent shift in the breakpoint (Figure 7).

DISCUSSION

Early studies using microsomal preparations showed that
steps of the P450 reaction cycle were sensitive to the
concentration of monovalent cations (34). Using a reconsti-
tuted system containing phospholipid, P450, and reductase,
Coon et al. (38) demonstrated that high ionic strength led to
a decrease in benzphetamine demethylation from phenobar-
bital-treated rabbit liver. The authors suggested a chaotropic
role for salt during complex formation between the flavopro-
tein and P450. Shortly thereafter, cytochromeb5 was shown
to be reduced by flavoprotein under high concentrations of
potassium chloride (35). It became clear from these early
studies that electron transfer among the various microsomal
cytochromes and their subsequent catalysis were modulated
by ionic strength.

Complementary charge pairing between P450 and reduc-
tase and the effects of salt on this interaction have been
reported (10-18, 30, 36, 37, 49). Both monovalent ions and
divalent cations were shown to affect overall P450 reaction
rates. Electrostatic interactions between reductase and P450
were shown to involve the pairing of positively charged
residues on the P450 with negatively charged residues on
the reductase (10, 11). The degree of stimulation at lower
ionic strength and inhibition at higher ionic strength depends
on the P450 enzyme and ion species selected.

The effect of ionic strength on mixed reconstituted systems
containing multiple P450s has not previously been shown.
In the present study, we measured the effects of salt on a
previously characterized functional interaction between
CYP1A2 and CYP2B4. Two processes in P450 metabolism
appear to be affected by ionic strength: reductase-P450 and
P450-P450 interactions. Although optimal reconstituted
activity varies for each P450 system tested, overall reaction
rates decline in higher ionic strength buffers. The decline in
overall reaction rates is consistent with a disruption in the
1:1 charge pair complex between reductase and P450
required for activity (10). In addition to reductase-P450
separation, ionic strength was shown to disrupt complex
formation between CYP1A2 and CYP2B4. Interestingly, the
pronounced inhibition in PROD activity observed when these
two P450s are present together in the ternary reconstituted
system at subsaturating reductase is relieved with increasing
concentrations of salt (Figure 1). These results are consistent
with charge pairing in the formation of the CYP1A2-
CYP2B4 complex.

Tamura et al. (50) reported that the anion in various salts
is the effective inhibitor of cytochromeb5 reduction by
NADH-cytochromeb5 reductase. Of the carboxylates and
halides tested in their study, acetate was one of the least
effective ions in disrupting this reaction. Cytochrome P450s
appear to behave similarly, for higher overall PROD activity
was found using acetate buffer in both the single and mixed
reconstituted systems in the present study, suggesting that
this buffer does not appear to disrupt reductase-P450

FIGURE 7: Effect of ionic strength on 7-EFC dealkylation as a
function of CYP1A2 concentration. Reactions for PROD using
binary and mixed reconstituted systems were carried out at low
(50 mM) and high (300 mM) ionic strength HEPES buffer, using
fixed CYP2B4 (0.05µM) and reductase (0.025µM) concentrations,
while varying CYP1A2 as described in Materials and Methods.
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complexes as effectively as other ions; however, elevated
acetate concentration did appear to be capable of disrupting
CYP1A2-CYP2B4 complexes. Several groups have inves-
tigated the effects of divalent cations on various cytochromes
and their redox partners (13, 17, 34, 50-52). Although more
pronounced, the effects of elevated concentrations of divalent
cations show the same trend as monovalent ions on relieving
the inhibition of PROD activity in this mixed reconstituted
system. Tamura et al. (52) showed that small increases in
the concentration of divalent cations inhibited cytochrome
b5 reduction by NADH:cytochromeb5 reductase more
effectively than alkali halides or phosphate buffer. However,
divalent cations were shown to activate cytochromeb5

reduction by NADPH-cytochrome P450 reductase (52). The
behavior of cytochromes within various electron transfer
complexes is clearly affected by ionic strength. Our results
support the hypothesis that CYP1A2-CYP2B4 interactions
(as shown by PROD inhibition) are also disrupted by ionic
strength, regardless of the ion used.

Recently, Yun et al. (14) showed that reductase-supported
CYP1A2 mediated EROD activity increased dramatically up
to 50 mM potassium phosphate, and declined at higher buffer
strengths. In contrast, when using cumene hydroperoxide as
an electron provider, increases in buffer concentrations led
to continually increased EROD metabolic activity. Since
cumene hydroperoxide-mediated reactions do not require a
charge-paired reductase-P450 complex, CYP1A2 peroxy-
genation is not inhibited at higher ionic strengths, as indicated
by the roughly linear increases in activity while varying
phosphate (14). However, reductase supported P450 activity
behaves quite differently. Consistent with our results, P450
activity reported by Yun et al. (14) reached a maximum at
50-100 mM buffer, followed by a decline in activity. These
results are consistent with a disruption in the charge complex
between P450 and reductase at higher ionic strengths (13-
16).

There are several lines of evidence supporting the potential
for one P450 to affect the function of another P450 enzyme.
Tan et al. (49) described substrate-induced competition
between human CYP2A6 and CYP2E1 for reductase, where
metabolism was not significantly altered by ionic strength.
Kaminsky and Guengerich (27) observed generalized inhibi-
tion with mixtures of different P450s during warfarin
metabolism that was attributed to P450 aggregation. Previous
studies by Yamazaki et al. (30) reported that testosterone
6â-hydroxylation by CYP3A4 was enhanced by the presence
of either CYP1A1 or CYP1A2, whereas other P450s did not
stimulate this reaction. Interestingly, CYP1A1 was shown
to physically interact with other P450s specifically binding
to CYP3A2 (29). In this study, CYP1A1 (P450 c) specifically
bound to CYP3A2 (P450 2a) by chemical cross-linking
methodologies. Results from our laboratory (31, 32) are
consistent with CYP1A2 and CYP2B4 being capable of
forming a heteromeric complex (in the presence of certain
substrates such as 7-PR). The CYP1A2 moiety of this
complex can bind reductase with high affinity, effectively
drawing reductase away from CYP2B4. These results support
a functional role for these interactions. Taken together, the
data support the idea that enzymes from the CYP1A
subfamily are capable of forming ternary complexes with
another P450 and reductase, and that such an interaction can
have a significant influence on P450 function.

One explanation that is currently being evaluated is that
CYP1A2 forms homomeric complexes, where the presence
of reductase disrupts self-association as demonstrated in
previous studies by Kawato’s group (53, 54). This could
explain the nonhyperbolic kinetics reported for CYP1A2 with
7-PR as substrate (Figure 4a (31)). Although higher ionic
strength solutions are predicted to disrupt CYP1A2 reductase
complex formation, CYP1A2 self-association resulting from
electrostatic interactions could also be disrupted by high ionic
strength leading to the hyperbolic dependence of reductase
observed in Figure 4b. As predicted for CYP1A2, the
potential for functional homomeric P450 complexes raises
the question as to how these proteins are organized around
reductase in the presence of multiple P450s. A disrupted
CYP1A2 homooligomer would free more CYP1A2 active
sites to pair with complementary charged reductase residues.
Increased concentrations of both ions and reductase could
facilitate dispersion of these putative CYP1A2 oligomers.

Although the working model that we are using suggests
that substrates influence the interactions among the P450s,
which in turn affects reductase binding, we are not certain
of the actual characteristics of these complexes. There are
several possible explanations for the responses reported in
this manuscript. (1) CYP1A2-CYP2B4 complexes that have
a high affinity for reductase may not exist in the absence of
substrate. In this case, different substrates could alter the
ability of the proteins to form these complexes, probably
through a conformational change, which could alter the
relative affinity for reductase binding or catalysis. According
to this model, CYP1A2 and CYP2B4 would exist as
monomers in the absence of substrate with some, but not
all, substrates promoting the formation of CYP1A2-
CYP2B4 complexes. (2) A second possibility is that the
P450s form complexes in the absence of substrate. In this
case, the binding of some substrates to one of the P450s
would lead to disruption of this complex. (3) A third
possibility is that the P450s exist as a mixture of both
homomeric and heteromeric P450-P450 complexes. Sub-
strate binding may not necessarily disrupt these complexes,
but may alter the relative ability of reductase to bind to one
of the contributing P450 “subunits”. With this model, 7-EFC
could bind to both moieties of the CYP2B4-CYP1A2
complex, but the substrate would neither disrupt the P450-
P450 complex nor alter the relative affinity of either P450
for the reductase. In contrast, the 7-PR data could be
explained by the substrate eliciting a conformational change
in one of the P450s of the CYP1A2-CYP2B4 complex (e.g.,
CYP1A2) that would lead to a decrease in both theKm and
theVmax for reductase binding to the CYP1A2 moiety of the
ternary reductase-CYP1A2-CYP2B4 complex (based on
the kinetic parameters shown in Table 1).

With the multiplicity of P450 proteins in the microsomal
monooxygenase system, differences in their quaternary
structure, overall charge, and hydrodynamic characteristics,
individual P450s may behave differently. It is well-known
that CYP1A2 and CYP2B4 exhibit different physicochemical
properties. CYP1A2 has been reported to be more hydro-
phobic (53), has a lower solubility (55), and has a tendency
to form larger aggregates (56, 57) than CYP2B4. Although
it is apparent that P450 aggregates when in solution, the
physical state of the enzyme incorporated into membranes
is less clear. The physical characteristics of P450 enzymes
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are also dependent on the solution into which these proteins
are surrounded. Several investigators have studied the effects
of concentration and ionic strength on CYP1A2 solubility
(14, 58). Yun et al. (14) reported higher aggregation, as
measured by increased light scattering, at higher CYP1A2
concentration, as well as in lower ionic strength potassium
phosphate buffer. The authors showed that conformational
changes (increased helical content) induced by ionic strength
were accompanied by increases in activity (14).

Our studies and others demonstrate that P450 activity is
sensitive to reconstitution conditions. Changes in reconstitu-
tion conditions, such as preincubation time and temperature
(5, 46), protein, detergent, and lipid-P450 ratios (5, 46, 53,
59, 60), and the buffers used (14, 16, 61), can lead to
dramatic changes in monooxygenase activities. Optimal ionic
strength relative to P450 monooxygenase activity depends
on the reaction system under which these proteins are
examined (35, 37). Because of this variability, it is often
difficult to compare results in the literature, derived from
different laboratories and their systems used. Although great
strides have been made to identify, isolate, and characterize
individual P450s, there is no consensus as to how multiple
P450s are organized in the lipid membrane, and how they
interact with their redox partners. Collectively, the studies
presented in this paper support the potential for P450-P450
interactions, and that these interactions are sensitive to
changes in ionic strength. Heteromeric assembly of P450s
has been suggested to help in the sequential processing of a
parent drug and its metabolites (29). The efficiency of drug
biotransformation may be influenced by such P450 com-
plexes.
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