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ABSTRACT. Mixed reconstituted systems containing CYP2B4, CYP1A2, and NAB&Hochrome P450
reductase were previously shown to exhibit a dramatic inhibition of 7-pentoxyresorufin O-dealkylation
(PROD) when compared to simple reconstituted systems containing reductase and a single P450 enzyme,
results consistent with the formation of CYP1ACYP2B4 complexes where the reductase binds with

high affinity to the CYP1A2 moiety of the complex. In this report, we provide evidence for an interaction
between CYP1A2 and CYP2E1. Synergism of 7-ethoxyresorufin O-deethylation (EROD) and PROD was
observed when these P450s were combined in mixed reconstituted systems at subsaturating reductase
concentrations. Higher ionic strength attenuated the synergistic stimulation of both PROD and EROD in
mixed reconstituted systems, consistent with disruption of heteromeric CYRRQER1A2 complexes.

The effect of ionic strength was further examined as a function of reductase concentration. At lower ionic
strength, there was a significant synergistic stimulation of EROD. This synergistic stimulation diminished
with increasing reductase concentration, resulting in an additive response as reductase became saturating.
Interestingly, at high ionic strength, the synergism of EROD in the mixed reconstituted system was not
observed. In contrast, mixed reconstituted systems containing CYP2E1 and CYP2B4 did not provide
evidence for the formation of these heteromeric P4B850 complexes. The synergistic stimulation
observed with the reductas€YP1A2—-CYP2E1 mixed reconstituted system is consistent with the
formation of a CYP1A2CYP2E1 complex. Taken together with the lack of a kinetically detectable
interaction between CYP2B4 and CYP2E1, and the previously reported CYRIXP2B4 interaction,

these results suggest that CYP1A2 may facilitate the formation of complexes with other P450 enzymes.

The cytochrome P450 (P43®uperfamily of proteinsis  cally silent. In some cases cytochrorgecan transfer the
functionally diverse and well distributed in nature. In addition second electron to particular P458$. (nteractions between
to their roles in the metabolism of numerous endogenous reductase and P450, reductase and cytochtmymend also
compounds, P450s are important contributors to drug me-P450 and cytochromés have been described as being
tabolism, primarily by catalyzing the insertion of an oxygen predominately electrostatic in natur@{17). The potential
atom into a substrate molecule. NADP#ytochrome P450  of reductase interacting with discrete populations of P450
reductase (reductase) is the major electron transfer partnegjusters and/or mobilizing P450 into smaller functional
and is required for the majority of NADPH-dependent oligomers (8-20) suggests the possibility of multiple
oxidation reactions. Multiple forms of cytochrome P450 exist homomeric and heteromeric P450 binding sites, in addition
in the endoplasmic reticulum in a large excess over reductasey the residues that align P450 with redox partners. Despite
(1), with the ratio of P450 to reductase dependent on the the interest in their molecular organization, many of the
induction status and the tissue examingd $ince reductase  rotein-membrane and proteirprotein interactions among
and P450 form a 1:1 molar comple, @), those P450s ot jtiple P450 enzymes and the limiting amounts of some
in an electron transfer complex with reductase are metaboli- ot the necessary electron transfer proteins remain unclear.

TThese studies were supported by a U.S. Public Health Service The presence of multiple P450 enzymes, capable of
research grant from the National Institute of Enviromental Health forming homomeric and heteromeric complexes, suggests the

tshce'egéisl’efgggésc“:nggrVgé"rfér)’(%ng 3Vp}£e)d°d°ral fellowship from ,ssipility for multiple proteir-protein interactions. The
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568-6557. Fax: 504-568-6888. E-mail: wbacke@Isuhsc.edu. catalytic characteristics of a second enzyme through the

1 Abbreviations: CYP or P450, cytochrome P450; PROD, 7-pen- ; ;
toxyresorufin O-dealkylation; 7-PR, 7-pentoxyresorufin; EROD, 7-ethox- formation of heteromeric P450 complexezlx. Such a

yresorufin O-dealkylation; 7-ER, 7-ethoxyresorufin: 7-EFC, 7- Ccomplex has been reported using mixed reconstituted systems
ethoxy-4-(trifluoromethyl)coumarin; 7-HFC, 7-hydroxy-4-(trifluorom-  containing NADPH-cytochrome P450 reductase, CYP2B4,

ethyl)coumarin; NDMAN-nitrosodimethylamine; BSA, bovine serum  gnq CYP1A2. where a dramatic inhibition of PROD was
albumin; ER, endoplasmic reticulum; NADPH, reduced nicotinamide '

adenine dinucleotide phosphate; reductase, NABBochrome P450 Obser_V?d when compared tp simple reconstituted systems
reductase; DLPQ,-a-dilauroyl-sn-glycero-3-phosphocholine. containing reductase and a single P450 enzy2te22). The
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interaction has also been reported in microsomal preparations Reconstituted SystemSatalytic activities of CYP1A2,
(293). Interestingly, the inhibition of PROD reported in these CYP2E1, and CYP2B4 were determined using binary
mixed reconstituted systems was relieved at high ionic reconstituted systems containing (1) reductase and CYP2E1,
strength, consistent with disruption of a charge-paired (2) reductase and CYP1A2, or (3) reductase and CYP2B4
CYP2B4-CYP1A2 complex 24). and mixed reconstituted systems containing (1) reductase,

The goal of the present study was to evaluate possibleCYP2EL, and CYP1A2 or (2) reductase, CYP2E1, and
functional interactions between CYP1A2 with CYP2E1 and CYP2B4 which were combined in DLPC. DLPC was
CYP2E1 with CYP2BA4. The present report demonstrates that,Prepared to a concentration of 8 mM in 50 mM potassium
when together in a mixed reconstituted system, complexesphosphate buffer, pH 7.25, containing 20% glycerol, 0.1 M
between CYP2E1 and CYP1A2 behave differently than when NaCl, and 5 mM EDTA and sonicated for approximately
present in simple binary systems containing reductase and @30 min using a bath sonicator, leading to significant
single P450. These results support the view that a ternaryclarification of the suspension. All experiments used a DLPC:
complex among reductase, CYP1A2, and CYP2E1 is formed P450 molar ratio of 160:1. The optimal ratios of phospholipid
in mixed reconstituted systems. The interaction betweento P450 were based on previous studi@S).( After the
CYP2E1 and CYP1A2 was sensitive to alterations in ionic Pproteins were mixed into the liposomes, the reconstituted
strength, consistent with complex formation being controlled Systems were preincubated at room temperature for 2 h
by charge-pair interactions and consistent with a previous before the addition of the other assay components. These
report with CYP2B4 and CYP1A224). In similar experi- preincubation conditions permit the formation of stable
ments with different P450s, functional interactions between interactions among the liposomal protei8)( The reductase
CYP2E1 and CYP2B4 were not observed, suggesting thatand P450 concentrations were approximately 4 apdvi3
some P450s may more readily form P45®450 complexes, ~ respectively, during the preincubation step. After preincu-

implicating CYP1A2 in that role. bation, the reconstituted systems were diluted with buffer
and other assay components, and enzyme activities were
EXPERIMENTAL PROCEDURES measured at 37C within 30 s. The immediate mixing of

) ) the concentrated reconstituted systems is routinely done to

ChemicalsS-Naphthoflavone ANF), 7-pentoxyresorufin - minimize the potential diffusion of any proteiipid com-
(7-PR), 7-ethoxyresorufin (7-ER), resorufif-nitrosodi- plexes that are formed during the preincubation step;
methylamine (NDMA), formaldehyde, aniling-amino-  powever, in separate experiments, these complexes have been
phenol, NADP, glucose 6-phosphate, glucose-6-phosphate shown to be stable for at least 20 min after dilution with the
dehydrogenase, magnesium chloride, potassium phosphateyiher assay components.
potassium acetate, magnesium chloride, HEPES, EDTA, a  pkoxyresorufin Actiity. Unless otherwise stated, the final
protease inhibitor cocktail (containing AEBSF, EDTA, assay conditions for 7-pentoxyresorufin O-dealkylation
bestatin, pepstatin A, and E-64), and glycerol were obtained prOD) and 7-ethoxyresorufin O-dealkylation (EROD) were
from Sigma (St. Louis, MO). C41 cells were purchased the reconstituted system (containing 008 P450, 0.025
throug_h Av_ld_|s S_A_ (Biopole C?Ier_mont-leagne, France). uM reductase, and 8M DLPC or 0.05uM each P450, 0.05
Plasmid mini, midi, and maxi kits were purchased from 1 reductase, and 8M DLPC for the mixed reconstituted
Qiagen Inc. (Valencia, CA). All restriction enzymes were systems) and substrate (2(M 7-PR and 7-ER), in either
purchased through New England Biolabs (Beverly, MA). HEPES (pH 7.5) or HEPES/acetate buffer (pH 7.5) contain-
Protein extraction reagent BPER and alkaline phosphataseIng 50 mM HEPES and potassium acetate as indicated in
immunoblot developing kit were obtained from Pierce he Results section. HEPES and HEPES/acetate buffer
Chemical Co. (Rockford, IL). systems were used to vary ionic strength because they better

Protein Isolation Recombinant rabbit NADPHcyto- supported NADPH-cytochrome P450 reductase dependent
chrome P450 reductase [plasmid pSC-CPR, provided by Dr. activities than did addition of salts such as Mg(@4). The
Lucy Waskell (Department of Anesthesiology, University of - puffer and salt concentrations used are described in the figure
Michigan)] was expressed in C4scherichia coli (E. co)i legends. Reactions were initiated by the addition of NADPH
solubilized, and purified according to a modification of to a final concentration of 0.5 mM. An Aminico Bowman
previously described method2%, 26). Minor modifications ~ Series 2 spectrofluorometer (Spectrum Unicam, Rochester,
were made for the expression and purification protocol of NY) was used to measure resorufin fluorescence using
recombinant rabbit CYP2B4 previously describeir)( excitation and emission wavelengths of 559 and 585 nm for
CYP1A2 was isolated fronNF-treated rabbit liver mi-  7-PR or 530 and 585 nm for 7-ER. Resorufin was used for
crosomes as previously describe2B) CYP2E1 was ex- generating standard curves.
pressed and purified according to Cheng et 28).( N-Nitrosodimethylamine Demethylation and Aniline Hy-

P450 levels were determined by measuring the carbondroxylation NDMA demethylation was measured using a
monoxy—ferrous complex using an extinction coefficient of modification of the colorimetric method of r&f, based on
91 mM~t cm! (30). The Lowry protein assay was used to formaldehyde production as measured by the Nash reaction
determine total protein concentration from purified protein (35). Aniline hydroxylation was measured according to the
preparations using a BSA standard cur2d)( NADPH— method of ref36. The final concentrations of assay compo-
cytochrome P450 reductase content was determined from thenents were the reconstituted systems (@\8 P450, 0.15
absolute spectrum at 456 nm, using an extinction coefficient uM reductase, and 48M DLPC for systems containing a
of 21.4 mMt cmt (32). The purity of reductase, CYP2B4, single P450 or 0.3tM each P450, 0.3M reductase, and
CYP2E1, and CYP1A2 was assessed by SDS gel electro-48 uM DLPC for the mixed reconstituted systems), substrate
phoresis with Coomassie Blue staining and immunoblotting. (2.0 mM NDMA or 5.0 mM aniline), and an NADPH
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regenerating system containing 0.5 mM NADFS mM

glucose 6-phosphate, 2.0 units/mL glucose-6-phosphate de-§ E 1.2 150'5 =
hydrogenase, and 10 mM magnesium chloride in 100 mM & =4 11252 m
potassium phosphate buffer, pH 7.25, in a final volume of 1 £ g, 10 }100 8 5
mL. £ @ 0.7 2 s
Molecular Modeling.Experimental data were fit to two & g ™23
models using the DynaFit modeling prograv,(38). The <505 1] %
data were fit to a model where CYP1A2 and CYP2E1 could 2 'i; 23
bind to reductase but did not form kinetically observable < & %2 1?5 -
CYP1A2—-CYP2E1 complexes. This is referred to in the text & : o
as the simple competitive model. In the other model that RN G R i
was tested, CYP1A2 and CYP2ELl were able to form a c&x" &'\"

CYP1A2-CYP2E1 complex. This complex had an altered ) ) )
ability to bind reductase. According to this model, reductase FIGURE 1: CYP2E1- and CYP1A2-mediatel-nitrosodimethy-

S lamine (NDMA) demethylation and 7-ethoxyresorufin O-dealky-
binding to the P456P450 complex leads to an observed |4tion (EROD) in simple and mixed reconstituted systems. As an
catalytic activity at subsaturating reducase that exceeds thainitial screening procedure to detect potential interactions between
of the reductaseCYP1A2 and reductaseCYP2E1 com- CYP1A2 and CYP2E1, dealkylation of NDMA and 7-ER was
plexes alone. This model has been described in detail inmeasured in simple reconstituted systems containing reductase and

: s ; ; a single P450 (either CYP2E1 or CYP1A2) and in mixed
previous reports21, 24), and the script files are included in reconstituted systems containing reductase and both CYP2E1 and

the Supporting Information. CYP1A2. Each binary reconstituted system contained @\%450
(CYP1A2 or CYP2E1 alone), 0.028M reductase (CPR), and 8.0
RESULTS uM DLPC. The mixed reconstituted system contained Qu05

CYP1A2, 0.05uM CYP2EL1, and 0.0%M CPR. In the event that

When combined with CYP2B4, CYP1A2 was previously the proteins in the mixed reconstituted system are organized in much

i SRt _the same manner as in the binary systems, an additive effect would
report_ed to cause a §|gnlflcant '”h'b'.“on of CYP2B4 be expected. Interactions among the proteins would produce either
selective 7-PR dealkylation at subsaturating reductase. Thesg, synergistic or inhibitory effect. Groups in the NDMA study

results are consistent with the formation of a heteromeric represent the meat: SEM for three determinations. Groups in
complex between these P45@4L), Recently, we demon-  the EROD study represent the meArSEM for four determinations.
Strated that the |nteract|0n between these P45OS Could bélgnlflcant differences in activities between the.sum of the two
disrupted by high ionic strength, results supporting an binary syssircns compared to the mixed reconstituted system are
e . indicated (***, p < 0.001).
electrostatic interaction between these P42d%. (The goal
of the current study was to determine if similar interactions functional interaction between these P450 enzymes has not
were observed with CYP2E1. Therefore, we examined the previously been reported.
functional characteristics of CYP1AZYP2E1l and The behavior of these proteins in mixed reconstituted
CYP2B4-CYP2EL1 reconstituted systems. The metabolic systems is analogous to that previously reported for CYP1A2
behavior of simple reconstituted systems containing (1) and CYP2B4 21, 22), a response that was shown to be
reductase and CYP1A2 and (2) reductase and CYP2E1 weresensitive to changes in ionic streng@d). If the functional
compared to the mixed reconstituted system containing bothcomplexes between these P450s during 7-ER turnover are
P450s. The results are shown in Figure 1. The molar ratio governed by electrostatic charge, then disruption by high
of reductase to P450 in these studies was 0.5:1, conditionsionic strength would be expected to attenuate EROD
expected to facilitate the selective association of reductasesynergism in the mixed reconstituted systems. The effects
with a particular P450 and more closely mimic the subsatu- of ionic strength on EROD and PROD in simple (CYP1A2
rating reductase levels observed in microsomes. If the with reductase or CYP2E1 with reductase) and mixed
proteins in the mixed reconstituted system were organizedreconstituted systems (CYP1A2 plus CYP2E1 with reduc-
in the same manner as in the simple reconstituted systemstase) are shown in Figure 2. When looking at the binary
then the activity in the mixed system should be roughly equal systems at low ionic strength, both CYP2E1 and CYP1A2
to the sum of the rates of the binary systems. A significant had roughly equivalent EROD activities. However, these
synergism or inhibition would point to altered interactions P450 enzymes exhibited quite different sensitivities to
among the proteind\-Nitrosodimethylamine (NDMA) is a  alteration in buffer concentration. With CYP2E1, maximal
substrate that is selective for CYP2E1 (Figure 1). In the EROD was observed at the lowest buffer concentration
mixed reconstituted system, the reaction rate was notmeasured, 25 mM HEPES, and decreased in a linear manner
significantly different from the sum of the rates of the binary as the buffer concentration was increased (Figure 2A). In
systems, in 100 mM potassium phosphate (pH 7.4). However, contrast, maximal EROD activity of the CYP1A2 system
a quite different response was observed with 7-ethoxyre-increased to a maximum at 200 mM HEPES and declined
sorufin (7-ER). 7-ER is considered to be a CYP1A2-selective with further increases in buffer concentration. Declining
substrate, although there was a significant amount of activities with increasing buffer concentrations were expected
metabolism by CYP2E1 observed in 50 mM HEPES (Figure and have been attributed to the disruption of electrostatic
1). Metabolism of 7-ER was synergistically stimulated in interactions between reductase and P450, consistent with
the mixed reconstituted system. These results are consistenprevious studies6—14, 16, 17, 24, 39). When comparing
with altered interactions among reductase, CYP2E1, andEROD in the mixed reconstituted system to the sum of the
CYP1A2 when in a mixed reconstituted system, with the rates of the binary systems (which can be seen by comparing
effect being dependent on the substrate present. Such ahe third and fourth bars from each group), a significant
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Ficure 3: CYP2EL1- and CYP2B4-mediated 7-pentoxyresorufin
. O-dealkylation (PROD) and aniline hydroxylation in simple and
3 lonic Strength mixed reconstituted systems. PROD and aniline hydroxylation were
95 120 170 270 570 measured in simple reconstituted systems containing reductase and
= 2E1 a single P450 (either CYP2E1 or CYP2B4) and in mixed
25} E1A2 reconstituted systems containing reductase and both CYP2E1 and
ES1A2+2E1| CYP2B4 in order to detect potential interactions between these P450
enzymes. Reconstitution and assay conditions are described in
Experimental Procedures and in the legend to Figure 1. Groups
represent the meast SEM for three determinations. For both
substrates, there is no significant difference between the sum of
the activities of the binary systems (first two bars) and that of the
mixed system (third bar).

25 5

(=]

100 200
[HEPES] mM

7-PR Dealkylation
pmol resorufin min.”’

CYP1A2-CYP2B4 system34) and demonstrate that re-
ductase, CYP1A2, and CYP2E1l do interact in mixed
reconstituted systems and that these interactions can be
disrupted by increasing ionic strength.

Since CYP1A2 appears to interact with both CYP2B4, (

25 50 100 200 500
[Potassium Acetate] mM

Ficure 2: Effect of ionic strength on the interactions among 23 24) and CYP2E1 in a substrate-dependent fashion, the
reductase, CYP2E1, and CYP1A2. CYP2E1, CYP1A2, and reduc- _ . :

tase were reconstituted in binary (reductase and one P450) anoaCt'VItles of CYP2B4 ar_]d CYPZ2EL in mixed reconstituted
ternary (reductase and both P450s) reconstituted systems. The firsByStems at subsaturating reductase were also evaluated
and second bars in each group represent binary CYP2E1 and(Figure 3). Simple binary and ternary reconstituted systems
CYP1A2 reconstituted activities, respectively. The third bar rep- containing these P450s were examined for 7-PR and 7-ER
resents the results from the mixed reconstituted system, and thedealkylation and aniline hydroxylation. Aniline and 7-ER

fourth bar represents the sum of the rates of the binary systems. . . -
EROD and PROD activity were measured under subsaturating &€ CYP2E1l-selective substrates, being metabolized more

conditions (0.5:1.0 reductase:P450). Each reconstituted systemf@pidly by CYP2E1 than CYP2B4, whereas 7-PR is a
contained 0.0%M P450 (CYP1A2 or CYP2E1 alone), 0.02/5/ CYP2B4-selective substrate. In each case, additive reaction

reductase (CPR), and 8/M DLPC. The mixed reconstituted  rates were observed in the mixed reconstituted systems when
system contained 0.QBV each of CYP1A2 and CYP2E1 and 0.05 compared to the sum of the binary reaction rates (Figure 3),

uM CPR. Calculated ionic strength values for each buffer system . -
are indicated as the topaxis. Groups represent the mearSEM unlike the responses seen with the CYPIA2YP2E1

for three determinations. Significant differences in activities between System.
the sum of the two binary systems compared to the mixed To test whether ionic strength had an effect on PROD in

reconstituted system are indicated |~ 0.05; **, p < 0.01; ***, the mixed system containing both CYP2E1 and CYP2B4,

p < 0.001). (A) Effect of varying HEPES on EROD activity in P : .
simple and mixed reconstituted systems. (B) Effect of varying activities were measured at varying concentrations of HEPES/

potassium acetate on PROD activity in simple and mixed recon- acetate and HEPES buffer (Figure 4). In the binary systems,
stituted systems. Each buffer contained 50 mM HEPES and the ionic strength caused a decrease in CYP2B4-mediated 7-PR

potassium acetate concentration indicated. activity as the concentration increased above- 500 mM,
whereas CYP2E1 was relatively unresponsive to changes in
synergistic stimulation of EROD was observed at lower ionic ionic strength (Figure 4). Interestingly, the reaction rates for
strength; higher concentrations of HEPES relieved this the mixed reconstituted systems were the sum of the rates
synergism. A similar result was observed with the substrate of the binary systems at each ionic strength measured. The
7-pentoxyresorufin (7-PR), which was examined as a func- only departure from additivity occurred at 200 mM HEPES,
tion of HEPES/acetate buffer concentration. The sensitivities where the rates for the mixed system containing both
of the binary systems were roughly similar to those observed CYP2B4 and CYP2E1 appeared to exhibit a significant
in HEPES. In the mixed reconstituted systems, a synergistic synergistic response. Overall, ionic strength appeared to have
stimulation of PROD was observed when compared to the little effect on additive responses between CYP2B4 and
sum of the binary systems. Again, the synergism reverted CYP2E1. These results suggest that complex formation
to a simple additive effect at high buffer concentrations. between CYP2B4 and CYP2EL1 is not a major mechanism
These results are consistent with recent results using thethat governs the activities of this enzyme pair. These and
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~ E Ficure 5: Effect of ionic strength on CYP2E1- and CYP2B4-
i i £ i mediated EROD as a function of reductase concentration. EROD
L | E == was determined as a function of reductase concentration in both

25 50

100 200 300 500 700 simple and mixed reconstituted systems. The binary reconstituted
[HEPES] mM systems contained 0.081 CYP2B4 or 0.0«M CYP2E1, whereas
the mixed reconstituted system contained @Bbeach of CYP2B4
Ficure 4: Effect of ionic strength on the interactions among and CYP2E1. The DLPC concentration wash8, and the reductase
reductase, CYP2E1, and CYP2B4. CYP2E1, CYP2B4, and reduc-was varied from 0 to 0.2M. The experimental data represem) (
tase were reconstituted in binary (reductase and a single P450) angeductase and CYP2B4@J reductase and CYP2E1, and)(
ternary (reductase and mixed P450s) systems. Significant differenceseductase, CYP2B4, and CYP2E1. The curves for the binary
in activities between the sum of the two binary systems compared systems were fit to the experimental data using a model where
to the mixed reconstituted system are indicated (*< 0.05). CYP2B4 and CYP2E1 compete for the available reductase (solid
Calculated ionic strength values for each buffer system are indicatedlines). The experimental data for the mixed reconstituted systems
as the topx-axis. PROD activities were measured at varying were fit to (1) a mathematical model only allowing the formation
concentrations of (A) HEPES/acetate and (B) HEPES buffer. of reductase CYP2E1 and reductas€CYP2B4 complexes (- - -)
Reaction conditions are the same as described in Figure 2. Barsand (2) a model that permits the formation of CYP2EIYP2B4
represent the mea#t SEM for three determinations. complexes £ —). (A) Effect of mixed reconstitution of CYP2B4
and CYP2E1 on the reductase dependence of EROD at 50 mM
previous results show that combinations of P450s can HEPES. (B) Effect of mixed reconstitution of CYP2B4 and
produce drastically different outcomes (inhibition, synergism, CYP2E1 on the reductase dependence of PROD (300 mM HEPES).

o . The experimental data for this enzyme pair (in both panels A and
or additivity) depending on the P450 enzymes and the g) couid be effectively fit using a simple model allowing the

substrates use@{—24). formation of binary complexes at both low and high ionic strength.
According to previous kinetic analyses, the mechanism
for complex formation between CYP1A2 and CYP2B4 are consistent with both P450s competing for reductase, but
affects the association of reductase with the CYP1A2 moiety without a functional interaction between the P450s. Simula-
of the P456-P450 complex, leading to the inhibition of tions of this type of behavior have been reported previously
PROD @1). The same analysis was used to evaluate the and are consistent with a simple competition between
effects of reductase concentration on binary and ternary CYP2B4 and CYP2EL for the reductasd,(24). Although
systems containing (1) reductase, CYP2E1, and CYP2B4 andoverall reaction rates were moderated by increasing ionic
(2) reductase, CYP1A2, and CYP2EL, at both low and high strength, there were no differences in the shapes of the curves
ionic strength. Figure 5 shows the effects of varying reductasefor either of the systems when comparing low (50 mM
concentration on EROD by CYP2E1 and CYP2B4 when HEPES) and high (300 mM HEPES) buffer concentration
reconstituted with reductase alone and in the mixed system(Figure 5).
containing reductase and both P450 enzymes. At subsatu- The data from the mixed reconstituted systems were
rating reductase, EROD activity in the mixed reconstituted analyzed using two models. In the first model, the different
system exhibited little or no inhibition, which became P450 enzymes cannot form heteromeric complexes and are
additive at saturating reductase (Figure 5A). These resultstreated as monomers that can compete for the available
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Table 1: Kinetic Constants of the Simulated Curves for 8 o 100+ 4
Reductase CYP2B4-CYP2E1 Reconstituted Systetns (=
1=
50 mM HEPES 300 mM HEPES E °
! L — =
Kar 0.000026 0.0036 ~ E 50 .
Kar 17 15.9 300 mM Acetate
Kor 0.016 0.0129 . ,
Kor 2.7 0.00002 . 0.1 0.2 0.3
Ebba’ (2)'4047 260524 [Reductase] uM
Kipa® 0.005 0.005 Ficure 6: Effects of ionic strength on CYP2E1- and CYP1A2-
Kepat 19.5 16 mediated EROD as a function of reductase concentration. EROD

- — ) was measured in both simple and mixed reconstituted systems
aThQ eXperlmental dat.a for the redUC'Ease tltrat|0n.5 of the mixed Containing CYP2E1 and CYP1A2 using ana|ogous procedures as
reconstituted systems (Figure 5) were simulated using (a) a model described in Figure 5 and in Experimental Procedures. The data
allowing only the formation of binary complexes and (b) a model sets are@®) reductase and CYP1A2H] reductase and CYP2E1,
allowing the formation of CYP2E2CYP2B4 complexes (see Sup-  and (a) reductase, CYP1A2, and CYP2EL. The curves for the
porting Informat_|on)._The equmbrlum_and rate constants are based_on binary systems were fit to the experimental data using a simple
the model described in Scheme 1, which has been detailed in a previous\iichaelis-Menten interaction between reductase and P450 (solid
report @1). Data fitting for the simpler model where both CYP2E1 |ines). The curves for the mixed systems are fits of the experimental
and CYP2B4 compete for reductase (without P4B@50) complex  data representing (1) a mathematical model only allowing the
formation utilizes only the first four constant€, Kor, k_ar, andky). A formation of reductaseCYP2E1 and reductas€CYPA2 com-
and B represent CYP2E1 and CYP2B4, respectivelynder the plexes (dotted line) and (2) a model that permits the formation of
conditions of this experiment, the value fd€w could not be  CYP2EL-CYP1A2 complexes (dashed line). (A) Effect of binary
determined. Although the data were fit using these parameters, this gnd mixed reconstitution of CYP2E1 and CYP1A2 on the reductase
va_tluewas_ nqt_unique and qould have a range over 4 orders of magnitudeﬁependence of EROD at 50 mM HEPES containing 50 mM
without significantly affecting the values of the other rate constants. potassium acetate. (B) Effect of binary and ternary reconstitution
¢In these simulations, the rate constant for the RBAR complex was of CYP2E1 and CYP1A2 on the reductase dependence of EROD
set as the sum of the AR and BR complexes. This was done to constraingt higher ionic strength (50 mM HEPES containing 300 mM
the simulations under the assumption that the quaternary complex wouldpotassium acetate). At higher ionic strength, the experimental data
have a rate constant similar to the sum of the binary complexes.  take on characteristics much more similar to the simple model
allowing the formation of only reductas€YP1A2 and reductase
reductase (Scheme 1). Simulation of the expected data iSCYP2E1 complexes (- - -). Although the data can still be better fit
shown as the dotted line in Figure 5A. According to the t&g‘g 22)%% l‘é?(';‘spkex )m(i)r?ve()' SHSV‘{L“‘BQ mgrfeoL“gﬁ;‘?gx‘)‘;nh:cﬁ{oomnﬁlﬂc
second quel (Scheme 2), C.YPZEl and CYP2B4 COUId. form produces a modest irﬁprovement in the reliability of the fit.
heteromeric complexes. This is shown as a dashed line in
Figure 5A and represents only a marginal improvement in  To further examine the effect of ionic strength on CYP1A2
the fit when compared to the simple competition model and CYP2EL in binary and ternary reconstituted systems,
(Table 1). These data show that 7-ER dealkylation with the EROD was measured as a function of reductase concentration
reductase CYP2E1-CYP2B4 system can be reasonably fit at low and high ionic strength (Figure 6). At low ionic
to a simple model where the different P450 enzymes simply strength (50 mM HEPES/50 mM potassium acetate), dealkyl-
compete for reductase. Qualitatively similar results were ation of 7-ER was predominately a CYP1A2 substrate,
obtained with simulations of the experimental data at 300 showing a higher metabolic rate, when compared to the
mM HEPES. The data were readily fit to the simple model reductase CYP2E1 binary system. Although the activity
described in Scheme 1. Invoking the more complex model appeared to be hyperbolic for CYP1A2, CYP2E1 exhibited
(Scheme 2) did not significantly improve the reliabil- some deviation from strict hyperbolic behavior at low
ity of the fits. reductase concentrations. The mixed reconstituted system
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Table 2 Kinetic Constants of the Simulated Curves for ties were synergistically stimulated at subsaturating reductase

Reductase CYP1A2-CYP2E1 Reconstituted Systetns when CYP1A2 and CYP2E1 were present together in mixed
50 mM HEPES/ 50 mM HEPES/ reconstituted systems. The synergism between these P450s
50 mM potassium acetate 300 mM potassium acetate was sensitive to increasing ionic strength. These results are
Ko 0.011 0.0030 consistent with previous studie24), where the combination
Kar 414 325 of CYP2B4 and CYP1A2 was shown to significantly inhibit
Ebbr 8-700013 105-812 PROD activity at low buffer concentrations, an effect that
Kt:ar 0.000011 0.00033 was relieved at high ionic strength (Figure 2). No significant
Koar 414 284 synergism was observed when examining the CYP2B4
Erbaéb g-10105 26%05 CYP2E1 mixed reconstituted system, which is consistent
bar

with a simple competition between both P450 enzymes for
aThe exp:jerimental d(ata for tr;e reductaseI titrgtions of( tl)‘le mix‘zdllimiting reductase. Unlike the CYP1AXCYP2E1 system,
reconstituted systems (Figure 6) were simulated using (a) a mode . - (O
allowing only the formation of binary complexes and (b) a model the activity as a function of reductase concentration in th.e
allowing the formation of CYP1A2CYP2E1 complexes (see Sup- CY_PZBA'_CYPZE]- system was unresponsive to Cha.nges_ln
porting Information). The equilibrium and rate constants are based on ionic strength (Figure 4). The observation of interactions in
the model described in Scheme 1, which has been detailed in a previousmixed reconstituted systems containing CYP1A2 (i.e.,
report @1). Data fitting for the simpler model where both CYP1A2  cyp1A2—-CYP2B4 and CYP1A2CYP2EL1) taken together

and CYP2E1 compete for reductase (without P4B@50) complex . . . :
formation utilizes only the first four constant€d, Ko, ke, andkoy). A with the lack of detectable interactions with the CYP2B4

and B represent CYP1A2 and CYP2EL, respectivelynder the CYP2E1 system strongly suggests that some feature of
conditions of this experiment, the value fdtma could not be CYP1A2 may facilitate the formation of functional interac-
determined. Although the data were fit using these parameters, thistions with other P450 enzymes.

value was not unique and could have a range over 4 orders of magnitude . . .

without significantly affecting the values of the other rate constants. ~ CYPLA proteins have previously been shown to interact
¢In these simulations, the rate constant for the RBAR complex was With CYP3A subfamily P450s13, 21, 24, 40). Alston et al.

set as the sum of the AR and BR complexes. This was done to constrain(40) provided evidence for a physical interaction between
the simulations under the assumption that the quaternary complex would~vp3A2 and CYP1A1 by treating liver microsomes with a
have a rate constant similar to the sum of the binary complexes. bifunctional cross-linking agent to covalently link closely

exhibited a pronounced synergism40%) at subsaturating associated proteins. Microsomal CYP1A1 was immunopu-

reductase concentrations. As the reductase concentration wadfiéd using a mon_oclonal antibody to CYP3A2. Any proteins
increased, the overall rate approximated additivity. This type that were cr_oss—l_lnked to .CYPlAl were then detecied _by
of behavior was similar to that observed with the CYPtA2 ~ Immunoblotting with an antibody specific for CYP1AL. Their
CYP2B4 reconstituted system in the metabolism of 7-ER results showed the formation of specific cross-links W|_th
(21) and is consistent with the formation of a heteromeric CYP3A2. The authors suggested that complex formation
complex that allows for selective reductase binding to the P&tween multiple P450s may exist to enhance the transfer
CYP1A2 moiety of the complex. The experimental data were ©f drugs and their metaboliteg@).
simulated using a model that permits the formation of Evidence for interactions among these proteins that can
heteromeric P450 complexes (Figure 6A, dashed line, affect metabolism has also been preser2dg41). Yamazaki
described by Scheme 2) but could not be fit to a simpler etal. @1) reported enhanced CYP3A4-mediated testosterone
model where CYP1A2 and CYP2E1 monomers compete for 65-hydroxylation in the presence of CYP1A1 and CYP1A2
the reductase (Figure 6A, dotted line, described by Schemeat saturating reductase. These results are consistent with
1). These results are similar to those reported for the complex formation between these P450s that affects the rate
CYP1A2-CYP2B4-containing reconstituted systenl,( of catalysis, possibly through a conformational change
24). Interestingly, when examined in HEPES containing 300 mediated by the P456P450 complex. Backes et aR1, 24)
mM potassium acetate, the degree of synergism at subsatuprovided support for the formation of functional complexes
rating reductase (0.0aM) was attenuated in the mixed at subsaturating reductase on both 7-PR and 7-ER metabo-
reconstituted system (Figure 6B). The significant stimulation lism. These studies showed that the interaction between
of the response in the mixed reconstituted system shown atCYP2B4 and CYP1A2 largely affects the affinity of the
low ionic strength (Figure 6A) was no longer observed CYP2B4-CYP1A2 complex, although a smaller effect on
(Figure 6B), results consistent with the simple competition ke iS also observed. The results of the present report
of CYP2E1 and CYP1A2 for reductase. The kinetic constants demonstrate that CYP1A2 also forms functional complexes
used for these simulations are shown in Table 2. The datawith CYP2E1 and that these interactions appear to be
in Figure 6B and Table 2 both show that the increase in sensitive to alterations in ionic strength.
ionic strength causes an increase inkhfor the reductase A particularly attractive feature of these results is the
_CY_P2E1 interaction. These results clea_rly demonstrat_e thatquantitative evidence supporting the conversion of the
ionic strength can attenuate the synergism of EROD in the mechanism of interaction of reductase, CYP2E1, and CYP1A2
mlx.ed_reconsututed system and are conS|stent_W|th the ability from one where heteromeric P450 complexes are present
of ionic strength to disrupt complex formation between (low ionic strength) to one where monomeric CYP2E1 and
CYP1AZ and CYP2EL. CYP1A2 simply compete for the reductase (high ionic
strength). In contrast, evidence for such interaction was not
DISCUSSION found with the CYP2B4 CYP2E1 reconstituted systems.
This report demonstrates another functional interaction With this enzyme pair, the data at both low and high ionic
between two different P450 proteins. Alkoxyresorufin activi- strength were consistent with a simple competition model
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that does not require the formation of heteromeric P450 be the result of homomeric CYP1AZYP1A2 complex
P450 complexes. formation. This possibility is currently under investigation.
Yun et al. (4) showed that the conformational structure Heterooligomers of P450 and reductase have also been shown
of CYP1A2 was sensitive to ionic strength. The authors used to form, even in the presence of various lipid8) Although
spectroscopic analysis to show that increases in activity atthe level of homomeric and heteromeric association among
higher salt concentrations were accompanied by increases?450 and reductase in their native membrane environment
in a-helical content and decreasesfsheet, along with a  is unclear, complex formation between CYP1A2 and another
greater percentage of high-spin CYP1A2. The presence ofP450 enzyme (even another CYP1A2) may be necessary for
DLPC also increased the fluorescence intensity of CYP1A2, optimal reductase-supported activity.
for which the authors suggest a correlation between changes Rotational diffusion experiments in reconstituted systems
in secondary structure and improved CYP1A2 enzymatic and in microsomes support the existence of P450s in clusters
activity in reconstituted system44). In the present study, of varying size 19). The larger immobile clusters were
CYP2E1 may act as a positive modifier of CYP1A2 activity sensitive to protein concentration, lipid/protein ratio, lipid
by forming ternary heteromeric CYP2ECYP1A2 com- composition, and temperaturdd 20). Interestingly, the
plexes with reductase, resulting in changes in the quaternarypresence of reductase and cytochrobgewas shown to
structure of the constituent proteins in a manner that improvesmobilize P450 aggregates, improving the ability of CYP1A2
coupling between reductase and P450 and, therefore, catalyto interact with reductase. CYP1A2 has distinct physico-
sis. This interpretation is consistent with the mathematical chemical properties characterized as being hydrophobic, with
model (see curves in Figure 6) showing an increased affinity low solubility, and a tendency to form large aggregats; (
of reductase for the CYP1A2CYP2EL complex. Similar ~ 49—51). Wagner et al.45) showed that aggregation has no
suggestions have been made regarding the effector role ofappreciable effect on CYP1A2 activity. Yun et all4]
cytochromebs in selective P450 reactions,(39). reported decreases in aggregation at lower CYP1A2 con-
A logical extension to the existence of heteromeric P450 centration and also at higher ionic strength. In the present
complexes is the potential for the formation of homomeric study, high ionic strength attenuated the synergism between
complexes. It is well-known that solubilized P450s aggregate CYP1A2 and CYP2E1. Comparison of the reductase depen-
in solution; however, their oligomeric state is less clear in dence showed a conversion of the mechanism of interaction
the presence of lipid. CYP2E1 was shown to exist as a 10- from one where CYP1A2 and CYP2E1 formed P4%0150
mer in solution that could not be dissociated by high complexes (low ionic strength) to one where the proteins
concentrations of deterger2). Szczesna-Skorupa et at3f behaved as monomeric proteins that could compete for the
showed that CYP2E1 does not self-associate as measuredeductase (high ionic strength). Electrostatic interactions
by fluorescence resonance energy transfer (FRET) in cellbetween CYP2E1, CYP1A2, and reductase may act to alter
culture, although CYP2E1 was shown to complex with the quaternary structure of this ternary complex in a manner
reductase. In contrast, homomeric complex formation was that improves CYP1A2 solubility, so that smaller clusters
reported for CYP2C2 using this techniqué3). Again, are able to more efficiently couple with electron providers,
complex formation between CYP2C2 and reductase waswhich are attenuated at high ionic strength.
observed. It is interesting to note that CYP2E1 appears to  The reductase titrations shown in both Figures 5 and 6
deviate from a simple hyperbolic function (Figures 5 and are consistent with high-affinity binding between CYP2E1
6). Despite the apparent lack of an interaction based on FRETand reductase, even in simple reconstituted systems, but
analysis, these deviations suggest that even the simpleshppear to deviate from the hyperbolic response expected with
reconstituted systems may, in fact, involve more complex classical MichaelisMenten kinetics. This can be seen by
interactions between these proteins. These results suggeshe deviations when comparing the fitted and experimental
not only that the ability to form complexes between different data, particularly at low reductase. The apparent non-
P450 proteins is dependent on the P450 enzyme (or enzymespMichaelis-Menten behavior with the simple binary systems
present but also that these interactions can be affected byhas also been found with CYP1A2%, 24) and suggests
the presence of substrate. the potential for more complex interactions among these
CYP1A2 has also been shown to aggregate in solution proteins. Characterization of the response of these enzymes
and that these aggregates can be disrupted by addition ofas a function of reductase concentration will require ad-
detergent. Activity is lost at detergent concentrations required ditional study.
to make CYP1A2 monomeric, even when using an alternate
electron source, such as cumene hydroperoxide 45), ACKNOWLEDGMENT
which does not require an electrostatic complex with
reductase to support monooxygenase function. Sevrukova et
al. (46) showed similar results, in which solubilized CYP1A2 SUPPORTING INFORMATION AVAILABLE
existed in populations of tetramers and 40-mers. Conditions
that disaggregated CYP1AZ2 led to decreases in activity. In  Script files for the simulation and curve fitting routines
another study, various detergents had little effect on the to be used with the Dynafit program (http://www.biokin.com/
aggregation state of CYP1A2 with a cleaved hydrophobic dynafit/) are included. These script files simulate two
N-terminus, a region thought to contribute to strong P450 different conditions. The “simple competition” mathematical
self-associatiord7). Interestingly, when the rate of CYP1A2- model assumes that CYP2E1 and CYP1A2 (or CYP2B4 and
dependent PROD was measured as a function of reductas€ YP2E1) exist as functional monomers that compete for
concentration, a classical hyperbolic response was notNADPH-—cytochrome P450 reductase, whereas the “com-
obtained 21, 24). The non-Michealis Menten results could  plete interaction” model assumes that CYP2E1 and CYP1A2

We thank Mr. George Cawley for technical assistance.
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(or CYP2B4 and CYP2E1) can form heteromeric complexes
with their own characteristics with regard to reductase
association and catalytic function. This material is available
free of charge via the Internet at http://pubs.acs.org.
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