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Background: There are multiple cytochrome P450 species co-localized in the endoplasmic reticulum.
Results: Membrane-bound cytochromes P450 3A4, 3A5, and 2E1 associate into heteromeric complexes, where the properties
of the individual enzymes are considerably modified.
Conclusion: The properties of the P450 ensemble cannot be predicted by summation of the properties of the individual
enzymes.
Significance: We disclose a mechanism of regulatory cross-talk between multiple P450 species through hetero-oligomerization.

The body of evidence of physiologically relevant P450-P450
interactions in microsomal membranes continues to grow. Here
we probe oligomerization of human CYP3A4, CYP3A5, and
CYP2E1 in microsomal membranes. Using a technique based on
luminescence resonance energy transfer, we demonstrate that
all three proteins are subject to a concentration-dependent
equilibrium between the monomeric and oligomeric states. We
also observed the formation of mixed oligomers in CYP3A4/
CYP3A5, CYP3A4/CYP2E1, and CYP3A5/CYP2E1 pairs and
demonstrated that the association of either CYP3A4 or CYP3A5
with CYP2E1 causes activation of the latter enzyme. Earlier we
hypothesized that the intersubunit interface in CYP3A4 oligo-
mers is similar to that observed in the crystallographic dimers of
some microsomal drug-metabolizing cytochromes P450 (Davy-
dov, D. R., Davydova, N. Y., Sineva, E. V., Kufareva, I., and
Halpert, J. R. (2013) Pivotal role of P450-P450 interactions in
CYP3A4 allostery: the case of �-naphthoflavone. Biochem. J.
453, 219 –230). Here we report the results of intermolecular
cross-linking of CYP3A4 oligomers with thiol-reactive bifunc-
tional reagents as well as the luminescence resonance energy
transfer measurements of interprobe distances in the oligomers
of labeled CYP3A4 single-cysteine mutants. The results provide
compelling support for the physiological relevance of the dimer-
specific peripheral ligand-binding site observed in certain
CYP3A4 structures. According to our interpretation, these
results reveal an important general mechanism that regulates
the activity and substrate specificity of the cytochrome P450
ensemble through interactions between multiple P450 species.

As a result of P450-P450 cross-talk, the catalytic properties of
the cytochrome P450 ensemble cannot be predicted by simple
summation of the properties of the individual P450 species.

The central role that cytochromes P450 play in drug metab-
olism makes these enzymes a major subject for studies of drug
disposition, adverse drug effects, and drug-drug interactions.
Although there has been tremendous success in delineating
P450 mechanisms, the concept of the drug-metabolizing
ensemble as a functionally integrated multienzyme system
remains undeveloped. A common trend is to consider each par-
ticular drug-metabolizing P450 enzyme in isolation, thus disre-
garding the cross-talk between multiple cytochrome P450 spe-
cies. However, eukaryotic cells typically possess a multitude of
different cytochromes P450 that are co-localized in the mem-
brane of the endoplasmic reticulum and share the same protein
partners, NADPH-cytochrome P450 reductase (CPR)4 and
cytochrome b5.

Competition of different P450 species for a limited amount of
CPR, which has been observed by numerous investigators
(1– 6), constitutes an important element in the inter-P450
cross-talk. However, the integrative connections in microsomal
monooxygenase go far beyond that and involve functional
effects of physical interactions of multiple P450 molecules that
result in oligomerization (7–17). Besides evidence of homo-
oligomerization of various P450 species (10, 12, 15, 17–23),
there are also multiple indications of interactions between dis-
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similar P450s in membranes of proteoliposomes (13), micro-
somes (14), and living cells (16). The body of evidence of pro-
found functional effects exerted by P450-P450 interactions
continues to grow (24, 25).

Typically, one of the enzymes of the interacting pair becomes
activated, whereas its counterpart is inhibited or unaffected.
This type of relationship is exhibited by CYP3A4/CYP1A2 (26),
CYP2C19/CYP2C9 (27), CYP2D6/CYP2C9 (28), and CYP3A4/
CYP2C9 (29) pairs. The most extensively studied P450-P450
pair is that of rabbit CYP1A2 and CYP2B4 enzymes (3, 6, 13,
30 –34). The co-presence of CYP2B4 in mixed systems with
CYP1A2 boosts the activity of the CYP1A2 (6, 30) while inhib-
iting CYP2B4 (3). Similar relationships were also demonstrated
between CYP1A2 and the rabbit CYP2E1 (34). Analysis of these
effects led Backes and co-workers (13, 30, 35) to the conclusion
that the effects of CYP2B4 and CYP2E1 on CYP1A2 are exerted
through the formation of mixed oligomers, where the interac-
tions of CPR with CYP1A2 are promoted, whereas the CPR
binding to the other P450 is inhibited. This conclusion is sup-
ported by our FRET-based studies of the interactions of CPR
with mixtures of CYP1A2 and CYP2B4 (6).

A remarkable effect of hetero-association was demonstrated
in the study of pressure-induced transitions in heterooligomers
of CYP1A2 and CYP2B4 (32). Separately, these enzymes reveal
quite distinct behavior upon increasing hydrostatic pressure.
Whereas the CYP2B4 (Fe2�)-CO complex undergoes a P4503
P420 transition at rather low pressures, the CYP1A2 (Fe2�)-CO
complex is extremely resistant to such inactivation. However,
after co-incubation with CYP1A2, CYP2B4 becomes protected
from pressure-induced inactivation and reveals attenuated
compressibility of the heme pocket (32).

Although the above observations suggest an important effect
of P450-P450 on the properties of the individual enzymes, most
of these results were obtained in non-membranous in vitro sys-
tems, and the physiological relevance remains unclear. There is
also a trend to consider the observations of functional effects in
discrete P450 pairs in isolation. These effects are often thought
to reveal the behavior of a particular P450 combination rather
than being a manifestation of a general mechanism of P450-
P450 cross-talk. Therefore, a general paradigm of the role of
P450-P450 interactions in systems biochemistry of human
drug-metabolizing ensemble is still missing.

The present study is aimed at filling this knowledge gap
through a systematic exploration of the mechanisms and func-
tional effects of P450-P450 interactions in a membrane envi-
ronment. It capitalizes on the results of our recent work (23),
where we developed a simple technique that produces catalyt-
ically competent membranous systems with variable content of
cytochromes P450 via incorporation of the purified enzymes
into insect cell microsomes containing recombinant NADPH-
cytochrome P450 reductase. This innovative approach is
further complemented by assessing the degree of P450 oligo-
merization through monitoring P450-P450 interactions with
luminescence resonance energy transfer (LRET) (23).

Our initial studies with these approaches provided compel-
ling evidence that the oligomerization of CYP3A4 is directly
related to its complex allosteric behavior. In particular, we
demonstrated that the stimulation by �-naphthoflavone

(ANF), a prototypical activator of CYP3A4, is observed only
with enzyme oligomers and becomes suppressed upon their
dissociation (23). In the present work, we apply our new meth-
ods for the analysis of interactions between dissimilar P450
enzymes. We demonstrate high-affinity interactions between
CYP3A4, CYP3A5, and CYP2E1 that lead to formation of
mixed oligomers where the catalytic properties of the individ-
ual enzymes are modified. Furthermore, we used intermolecu-
lar cross-linking with thiol-reactive bifunctional reagents as
well as the LRET measurements of interprobe distances to
probe the geometry of CYP3A4 oligomers.

Taken together, our observations provide a compelling dem-
onstration of a striking effect of P450-P450 interactions on the
catalytic properties of the drug-metabolizing ensemble in
microsomal membranes.

EXPERIMENTAL PROCEDURES

Materials—7-Hydroxy-4-(trifluoromethyl) coumarin, glu-
cose-6-phosphate, glucose-6-phosphate dehydrogenase from
baker’s yeast, protocatechuate 3,4-dioxygenase from Pseu-
domonas sp., protocatechuic acid, NADPH, DL-dithiothreitol
(DTT), L-�-phosphatidylcholine from egg yolk, and N,N�(o-
phenylene)dimaleimide (1,2-dimaleimidobenzene; o-DMB)
were the products of Sigma-Aldrich. 4,4�-Methylenebis(N-phe-
nylmaleimide) (bis(4-maleimidophenyl) methane; bMPM) was
the product of Alfa Aesar (Ward Hill, MA). L-�-Phosphatidyl-
ethanolamine from bovine liver and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphate (phosphatidic acid) were obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL). CYP2E1 and CYP3A4
Baculosomes� Plus were obtained from Invitrogen. 7-Benzy-
loxyquinoline (7-BQ), 7-hydroxyquinoline, 7-methoxy-4-(tri-
fluoromethyl)coumarin (7-MFC), CYP3A4, and CYP2E1
SupersomesTM, as well as the control SupersomesTM contain-
ing rat recombinant NADPH-cytochrome P450 reductase (cat-
alog no. 456514) were from Corning Life Sciences (Tewksbury,
MA). Erythrosine 5�-iodoacetamide (ERIA) was from AnaSpec
(San Jose, CA). Dibromobimane (bBBr) and tris(2-carboxyeth-
yl)phosphine (TCEP) were the products of Invitrogen/Molecu-
lar Probes (Eugene, OR). DY-731 maleimide (DYM) was
obtained from Dyomics (MoBiTec; Göttingen, Germany). All
other chemicals were of American Chemical Society grade and
were used without further purification.

Site-directed Mutagenesis, Protein Purification, and Mod-
ification with Thiol-reactive Probes—The cysteine-depleted
mutants CYP3A4(C58,C64) (36), CYP3A4(C468) (23) and
CYP3A4(C166) were generated using the QuikChange site-di-
rected mutagenesis kit and a template consisting of the cDNA
of the N-terminally truncated (�3–12) S18F CYP3A4 variant
with a tetrahistidine tag attached at the C terminus. This con-
struct is referred to in this work as the “wild type CYP3A4” to
distinguish it from the cysteine-depleted mutants. A similar
construct was also used for expression and purification of
CYP3A5. Both CYP3A proteins were expressed in Escherichia
coli TOPP3 cells (37) and purified following the procedure
described previously (22, 36).

The N-terminally truncated (�3–20) and C-terminally His-
tagged variant of CYP2E1 (38) was expressed in E. coli and puri-
fied following a procedure similar to that described for CYP2B6
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(39) where the ion-exchange chromatography step was omit-
ted. Modification of the proteins with thiol-reactive probes was
performed as described previously (23).

Preparation of Proteoliposomes—Proteoliposomes were obtained
by the described octyl glucoside dialysis technique with some
modifications (23). Specifically, we used a 2:1:0.6 mixture of
phosphatidylcholine, phosphatidylethanolamine, and phos-
phatidic acid. Lipids (10 mg) were mixed as chloroform solu-
tions, and the solvent was removed by evaporation. The suspen-
sion of lipids in buffer A containing 1.54% octyl glucoside was
prepared using a vortex mixer and incubated for 30 min at
room temperature under argon. The mixture was then diluted
with the same buffer containing no detergent to a final concen-
tration of octyl glucoside of 0.43%. After the addition of a con-
centrated stock (100 –200 �M) of purified cytochrome P450 to
the desired protein/lipid ratio, the mixture was dialyzed at 4 °C
under constant gentle bubbling with argon gas against three
changes of 1000 ml of buffer A, each containing 5 ml of Bio-
Beads SM-2. After 72 h of dialysis (24 h with each portion of the
buffer) the mixture was concentrated on Centrisart I 300,000
molecular weight cut-off concentrators (Sartorius AG, Göttin-
gen, Germany) to a phospholipid concentration of 8 –15 mM

and stored at �80 °C under argon.
Incorporation of CYP3A4 into Model Microsomes—Incorpo-

ration of CYP3A4 into model microsomes was performed by
incubation of an undiluted suspension (5 mg/ml protein, 2–3.5
mM phospholipid) of the CPR-containing “control” Supersom-
esTM (SS(R)) with purified CYP3A4, CYP3A5, CYP2E1, or their
mixtures added to desired lipid/P450 molar ratios (RL/P). After
incubation for 40 h at 4 °C with continuous stirring under an
argon atmosphere, the suspension was diluted 8 times with 100
mM potassium phosphate buffer, pH 7.4, and centrifuged at
35,000 rpm in an Optima XL-80XP ultracentrifuge (Beckman
Coulter Inc., Brea, CA) with an SW50L rotor for 90 min at 4 °C.
The pellet was resuspended in the same buffer (400 �l per 500
�l of initial microsomal suspension) and briefly sonicated (2 �
10 s at 40% power) with a Biologics model 30000 sonicator with
a microtip (BioLogics Inc., Manassas, VA).

Determination of P450 Concentration in Microsomal Prep-
arations—The microsomal suspensions were diluted 1:10 to
1:20 with CO-saturated membrane solubilization buffer (100
mM potassium phosphate buffer, pH 7.3, 10% glycerol, 0.5%
sodium cholate, 0.4% Igepal CO-630, 1 mM EDTA). After
recording of the 340 – 600 nm absorbance spectrum of the fer-
ric heme protein, the sample was reduced with sodium dithio-
nite, and the spectrum of the CO-bound ferrous P450 state was
recorded. For determination of the P450 concentration, each of
the two spectra was approximated with a linear combination of
appropriate prototypical spectra of P450 absorbance (40 – 42)
and a 3rd-4th order polynomial. The polynomial term was
included in the approximation to compensate for the residual
turbidity of the sample. Although the value determined from
the spectrum of the reduced CO-bound sample was usually
slightly lower that that obtained for the ferric enzyme, the dif-
ference in the two values did not exceed 20% of their average,
which was used as an estimate of the P450 content.

Determination of the Content of CYP2E1 in Its Mixtures with
CYP3A Proteins—The method for selective determination of
the concentration of CYP2E1 applied in this study is based on
our observation that, in contrast to CYP3A proteins, CYP2E1
interacts with DTT with the formation of a hyperthiolate com-
plex of the heme iron. This complex, where both axial ligands
are represented by thiolates, has a peculiar absorbance spec-
trum with a characteristic split of the Soret band into two peaks
positioned around 380 and 460 nm (43). In our assay procedure,
we diluted 5 �l of microsomal preparations containing CYP2E1
with 100 �l of the membrane solubilization buffer (see above),
placed the mixture into a quartz microcell (absorbance path
length 1 cm), and performed spectrophotometric titrations
with DTT. Typically, 8 –10 additions of 1 M stock solution of
DTT were made to reach the final concentration of 25–30 mM.
After each addition of DTT, the absorbance spectrum was
recorded in the region of 340 –700 nm. The resulting series of
spectra was subjected to the procedure of principal component
analysis combined with approximation of the spectra of princi-
pal components with the prototypical spectra of absorbance of
the ferric low-spin, ferric high-spin, and hyperthiolate states of
CYP2E1. The concentration of the hyperthiolate complex
reached at saturation with DTT was used for calculation of the
concentration of CYP2E1 in the samples. This calculation was
based on our observation that the steady-state concentration of
the hyperthiolate complex of CYP2E1 at saturation with DTT
amounts to �85% of the total enzyme concentration, either in
solution of the purified enzyme or in CYP2E1-containing
microsomes.

Cross-linking of CYP3A4 —Cross-linking of CYP3A4 with the
thiol-reactive bifunctional reagents bBBr, o-DMB, and bMPM
was carried out at a protein concentration of 5–10 �M in buffer
A. The reaction was initiated by the addition of cross-linking
reagent as a 10 mM stock solution in acetone to attain the
desired protein/reagent molar ratio (1:1 to 1:10). After incuba-
tion for 5–90 min with continuous stirring at room tempera-
ture, the reaction was terminated by the addition of 500 mM

stock solution of reduced glutathione (GSH) to the final con-
centration of 5 mM. Optimal cross-linking of CYP3A4 in solu-
tion was achieved at protein/reagent ratios of 1:1 to 1:2 and
prolonged incubation times (�45 min). In the case of the mem-
brane-incorporated proteins, the best results were obtained
with a 5-min incubation time and 10-fold molar excess of
bMPM. SDS-PAGE of the cross-linked proteins was performed
on 8 –16% gradient Ready-Gel� precast gels (Bio-Rad) at a pro-
tein load of 0.1– 0.2 nmol of P450/well. The gels were stained
with the SimplyBlueTM stain (Invitrogen).

Activity Measurements—The rates of 7-BQ O-debenzylation
and O-demethylation of 7-MFC were measured with real-time
continuous fluorometric assays (23, 44).

LRET-based Monitoring of the Formation of Mixed Oligomers
of ERIA- and DYM-labeled Proteins—This was performed as
described previously (23).

Data Analysis—Data analysis was performed with the use of
principal component analysis as described previously (23, 45).

The equation for the equilibrium of binary association
(dimerization) used in the fitting of oligomerization isotherms
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(dependences of LRET efficiency on the concentration of P450
in membranes) had the following form:

�X	 �
1

2
� KD � �E	0 � �1

4
� KD

2 � �E	0 � KD (Eq. 1)

where [E]0, [X], and KD represent the total concentration of the
associating compound (enzyme), the concentration of its
dimers, and the dissociation constant, respectively.

Alternatively, we fitted the oligomerization isotherms with
the equation for equilibrium of the formation of enzyme tri-
mers (trimerization). Derivation of the analytical solution for
this case results in a cubic equation, the solution of which with
Vieta’s trigonometric method results in the following relationship:

�X	 �
�E	0

3
�

C50

�27
� sinh
�� (Eq. 2)

where

� �
1

3
� arsinh��27 � �E	0

C50
�

Here [X] is the steady-state concentration of trimers. By the
analogy with the Hill equation, we introduce here the parame-
ter C50, which defines the concentration of E at which the
degree of oligomerization is equal to 50%. The relationship
between C50 and KD is defined as follows:

C50 � �4

3
� KD (Eq. 3)

To fit the dependences of the relative decrease in donor fluo-
rescence (A) on P450 concentration to Equations 1 and 2, we
supplemented these relationships with the parameter Amax,
which represents the amplitude of the curve extrapolated to
infinite concentration of the enzyme and is determined by
LRET efficiency in the oligomer,

A � Amax �
n � �X	

�E	0
(Eq. 4)

where n is the number of the enzyme molecules in the oligomer
(i.e. 2 and 3 for [X] calculated according to Equation 1 and
Equation 2, respectively).

Fitting of the titration isotherms to the above equations was
performed with non-linear regression using a combination of
Nelder-Mead and Marquardt algorithms as implemented in
our SpectraLab software (41).

RESULTS

Oligomerization of CYP3A4 in Microsomes; Exploring the
Architecture of CYP3A4 Oligomers with LRET and Site-directed
Mutagenesis—With the use of LRET-based detection of P450-
P450 interactions in the membranes of insect cell microsomes
containing rat recombinant CPR (“control” Supersomes,
SS(R)), we recently demonstrated that the oligomerization of
CYP3A4 plays a central role in the mechanism of activation of
the enzyme by ANF (23). We proposed that a structural expla-
nation for this finding may be provided by the observation of a

peripheral ligand binding site at the dimer interface in an x-ray
structure of the CYP3A4 complex with progesterone (Protein
Data Bank entry 1W0F (46)) and hypothesized that the inter-
subunit contacts observed in this dimer reproduce the interac-
tions taking place in the oligomer of membrane-bound
CYP3A4 (23). Here we probe this hypothesis by relocating
LRET donor and acceptor fluorophores in the CYP3A4 mole-
cule and examining the correlation between the observed dis-
tance changes and those expected according to the x-ray struc-
ture (Fig. 1).

In our initial studies, we used the single cysteine mutants of
CYP3A4 bearing the ERIA and DYM fluorophores at positions
64 and 468. The LRET efficiency specific to this pair of positions
was found to be �10% (23). Based on this value, the interprobe
distance was estimated to be 49 Å. Taking into account the large
size of ERIA and DYM probes (the distances from the sulfur
atom of cysteine to the most distant non-hydrogen atom of the
probe are 15 and 18 Å, respectively), this value is commensurate
with the distance between the sulfur atoms of Cys64 and Cys468

in the crystallographic dimer, which is equal to 67.7 Å (Fig. 1a).

FIGURE 1. Positions of cysteine residues used in labeling and cross-link-
ing of CYP3A4. a, structure of the crystallographic dimer of CYP3A4 in the
Protein Data Bank structure 1W0F (46). Yellow space-filling models show resi-
dues 64, 166, and 468 used for the attachment of fluorescent probes. Sand
color space-filling models show the two progesterone molecules bound at the
intersubunit interface. b, region of intersubunit interface in the same struc-
ture showing the positions of Cys239 residues.
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We constructed the CYP3A4(C166) mutant, where a new
cysteine residue was introduced by T166C mutation on a back-
ground of a construct depleted of all native cysteines except for
heme-ligated Cys442. As shown in Fig. 1a, the distance between
the 	-carbon atom of Thr166 and the sulfur atom of Cys468 is
equal to 46 Å. Therefore, relocation of one of the probes from
Cys64 to Cys166 is expected to increase LRET efficiency
considerably.

Fig. 2 illustrates the results of LRET experiments where we
incorporated CYP3A4(C166)DYM into SS(R) containing
CYP3A4(C468)ERIA. Consistent with expectations, the interac-
tions between the two labeled proteins resulted in the appearance
of LRET, the efficiency of which was considerably higher than that
observed with the probes located at Cys64 and Cys468.

The dependences of the LRET amplitude on P450 concentra-
tion obtained with CYP3A4(C64)ERIA/CYP3A4(C468)DYM and
CYP3A4(C468)ERIA/CYP3A4(C166)DYM pairs are shown in
Fig. 2b. The x axis of this plot represents the surface density of

P450 in the membrane calculated based on RL/P using the value
0.95 nm2 for the area of the microsomal membrane corre-
sponding to one molecule of phospholipid in a monolayer (47).
Consistent with our earlier report, the plot obtained with
CYP3A4(C64)ERIA/CYP3A4(C468)DYM was noticeably S-
shaped. The sigmoidal character of the oligomerization iso-
therm of CYP3A4(C468)ERIA/CYP3A4(C166)DYM was less
pronounced. Similar to the approach used in our previous pub-
lication (23), we employed the Hill equation in approximating
these data sets. Although not based on any rigorous formalism,
these approximations did not show systematic deviations
from the data points (
2 � 0.96). The parameters derived
from these approximations are compared in Table 1. As seen
in this table, the efficiency of LRET in CYP3A4(C468)ERIA/
CYP3A4(C166)DYM reached 27.5 � 1.7%. According to the
calculation with the Förster equation, this value corresponds to
the interprobe distance of �40 Å. Consistency of this estimate
with the expected value of 46 Å corroborates the hypothesis

FIGURE 2. Interactions of CYP3A4(C468)-ERIA with CYP3A4(C166)-DYM mutants in SS(R) microsomes studied by LRET. a, a series of spectra of delayed
emission recorded during incubation of a 3 �M suspension of CYP3A4(C64)-ERIA incorporated into SS(R) at RL/P  188 with 3 �M CYP3A4(C166)-DYM. (The RL/P
ratio after incorporation of CYP3A4(C468)-DYM is equal to 94). The inset shows the time dependences of normalized intensity of donor fluorescence obtained
in the experiments at an RL/P of 94, 667, and 1260. Solid lines, approximation of the kinetic curves with a biexponential equation. b, dependence of the LRET
amplitude on CYP3A4 concentration in the membrane (triangles). The same dependence obtained with the CYP3A4(C64)ERIA/CYP3A4(C468)DYM pair (23) is
shown in circles. Solid lines, results of the fitting of the data sets to the Hill equation. Dashed and dotted and dashed lines, approximations with Equations 1 and
2, respectively. a.u., arbitrary units.

TABLE 1
Oligomerization of CYP3A4, CYP3A4, and CYP2E1 in model microsomes studied by LRET
The values given in the table were obtained by fitting of the titration curves with the Hill equation (in the case of the interactions of 3A enzymes) or with the equation for
the equilibrium of trimerization (Equation 2) (in the cases where at least one of the interacting proteins is represented by CYP2E1). The � values show the confidence
interval calculated for p  0.05.

P450 paira �P450	50%
b (Lipid/P450)50%

c nH LRET efficiency

pmol/cm2 mol/mol %
3A4(C64) � 3A4(C468) 0.47 � 0.06 730 � 95 3.7 � 1.8 10.0 � 1.2
3A4(C468) � 3A4(C166) 0.56 � 0.07 620 � 80 2.0 � 0.6 27.5 � 1.7
3A5 � 3A5 0.13 � 0.02 2580 � 330 3.5 � 2.0 10.7 � 0.5
3A5 � 3A4(C468) 0.19 � 0.01 1830 � 110 2.0 � 0.1 17.3 � 0.7
3A4(C468) � 3A5 0.30 � 0.04 1160 � 160 2.2 � 0.6 9.8 � 0.5
2E1 � 2E1 0.16 � 0.05 2230 � 530 11.4 � 0.76
2E1 � 3A4(C64) 0.22 � 0.08 1570 � 460 5.2 � 0.5
2E1 � 3A5 0.072 � 0.048 4800 � 1920 8.4 � 0.8
3A5 � 2E1 0.15 � 0.10 2240 � 860 7.4 � 1.1

a The first P450 enzyme listed in each pair was used as a bearer of the donor fluorophore (ERIA), whereas the second one had the acceptor (DYM) probe attached.
b Surface density of P450 in microsomal membranes at which the amplitude of the titration curves reaches 50% of maximal.
c Lipid/P450 ratio at which the amplitude of the titration curves reaches 50% of maximal.
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that the orientation of the CYP3A4 molecules in the oligomer is
similar to that observed in the x-ray structure 1W0F.

Probing the Interface between CYP3A4 Subunits by Intermo-
lecular Cross-linking—The interacting surfaces in the crystallo-
graphic dimer in the structure 1W0F include residues Cys239.
The distance between the sulfur atoms of the two Cys239 resi-
dues (19.7 Å; Fig. 1b) should allow these residues to be cross-
linked with thiol-reactive bifunctional reagents of appropriate
size. As a control, we constructed the CYP3A4 C239S mutant.
This substitution results in a stable protein with unaffected spin
equilibrium and unchanged parameters of interactions with
such substrates as testosterone, ANF, and 1-pyrenebutanol.

We probed cross-linking of the wild type enzyme and the
C239S mutant in solution and in proteoliposomes with bBBr,
o-DMB, and bMPM. As seen from the SDS-PAGE images
shown in Fig. 3, incubation of the wild type enzyme in solution
with any of the three reagents resulted in the appearance of
cross-linked species.

Comparison of the results obtained with different cross-link-
ers reveals a correlation between the size of the reagent and the
degree of cross-linking. In the case of bBBr, which cross-links at
S-S distances in the range of 3.2– 6.6 Å and has maximal effi-
ciency at a distance of 5 Å (48), the total fraction of the cross-
linked protein was below 5%. Switching to the larger o-DMB
(cross-linking distance of 7.7–10.5 Å with maximal efficiency at
9.6 Å (48)) and bMPM (9.4 –17.3 Å and 15 Å, respectively (48))
increased the degree of cross-linking commensurate with the
size of the reagent.

Despite this increase, the degree of cross-linking remained
relatively low and did not exceed 30%, even in the case of
bMPM. Such results are commonly observed with thiol-reac-
tive bifunctional reagents (49 –51). The ready explanation is
that the reaction of two neighboring cysteines with one mole-
cule of bifunctional reagent always competes with modification
of each of the cysteines with separate molecules of the rea-
gent. The degree of cross-linking is thus largely determined
by the match of the length of the cross-linker with the aver-
age distance between the thiol groups. Therefore, the results
of our cross-linking experiments should be viewed in the

context of probing the protein-protein interfaces and the
size of the oligomer rather than the degree of oligomeriza-
tion, which is assessed quantitatively in our LRET titration
experiments.

As seen from Fig. 3, cross-linking of the wild type CYP3A4
resulted in two major bands of cross-linked aggregates with
molecular masses of around 120 and 190 kDa, which corre-
spond to the cross-linked dimer and trimer, respectively. Most
importantly, elimination of Cys239 caused a disappearance of
the 190 kDa band, whereas the 120 kDa band became more
intense, especially in the case of cross-linking with bMPM. Sim-
ilar results were obtained with the use of bMPM to cross-link
CYP3A4 incorporated into proteoliposomes with an RL/P ratio
of 300:1 (Fig. 3b). Although the picture in this case was more
complicated due to the appearance of several minor bands, the
positions of the major bands of the cross-links were the same as
observed in solution, and the C239S mutation resulted in a
distinct redistribution of the intensities of the bands toward the
band of dimers (Fig. 3).

These results suggest a trimer as the most likely size of the
CYP3A4 oligomers both in solution and in the membrane. The
assembly of subunits in the oligomer appears to involve two
different types of interactions. Taken together, the results of
our cross-linking and LRET experiments indicate that one of
the subunit interfaces is similar to that observed in the structure
1W0F, where two Cys239 residues are located at a distance of
19.7 Å, which is close to the cross-linking range of bMPM (9.4 –
17.3 Å), the most efficient cross-linker.

Oligomerization of CYP3A5 and Its Interactions with CYP3A4—
In order to incorporate the donor and acceptor fluorophores
into CYP3A5, we labeled the wild type heme protein with ERIA
and DYM probes and recovered the heme protein at a label/
P450 ratio of 0.9 –1.05. The modification did not cause any
heme bleaching, P450-to-P420 conversion, or any considerable
displacement of the spin equilibrium.

Incubation of CYP3A5-ERIA with SS(R)) added at the P450/
lipid molar ratio (RL/P) in the range of 200:1 to 3000:1 resulted
in efficient incorporation of the protein into the membranes. The
recovery of the labeled heme protein in microsomes after their

FIGURE 3. Results of SDS-PAGE of wild type CYP3A4 and its C239S mutant cross-linked with bBBr, o-DMB, and bMPM in solution (a) and bMPM in
proteoliposomes (b) as compared with the intact purified proteins (c). The images on the panels show the fragments of three individual gel slabs, which
were scaled according to the lanes of the molecular weight standards (lanes 0).
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sedimentation and resuspension was in the range of 65–75%. Sim-
ilar to CYP3A4 (23), the changes in the spectra of delayed fluores-
cence taken in the process of incubation of Supersomes containing
CYP3A5-ERIA with CYP3A5-DYM (Fig. 4a) are indicative of the
appearance of LRET due to the formation of mixed oligomers of
the two labeled proteins. Similar changes were also observed in the
pairs CYP3A5-ERIA/CYP3A4(C64)-DYM and CYP3A4(C64)-
ERIA/CYP(3A5)-DYM.

The plots of the steady-state LRET efficiency versus surface
density of the P450 enzymes are shown in Fig. 4b. All three
titration curves reveal noticeable sigmoidal character. Our
attempts to fit these data sets with equations for dimerization
(Equation 1, dashed and dotted lines) or trimerization (Equa-
tion 2, dashed lines) did not produce satisfactory approxima-
tions. Therefore, analogous to the approach used in the case of
CYP3A4 (Fig. 2), we approximated the oligomerization iso-
therms for CYP3A5 and CYP3A4/CYP3A5 mixtures with the
Hill equation (Fig. 4b, solid lines). The results of this arbitrary
fitting (
2 � 0.98) did not reveal any systematic deviations from
the data points. The parameters of interactions obtained in this
way are summarized in Table 1. As seen from these values, the
tendency of CYP3A5 to oligomerize in the membrane is higher
than that observed with CYP3A4, whereas the mixed CYP3A4 �
CYP3A5 system represents an intermediate case (Table 1).

Oligomerization of CYP2E1 and Its Interactions with CYP3A4
and CYP3A5—We used the unmodified truncated construct of
CYP2E1 to introduce ERIA and DYM fluorophores. Similar to
the labeling of CYP3A5, the modification of CYP2E1 by these
probes at a 1:1 molar ratio yielded �80% of the labeled protein.

The efficiency of incorporation of CYP2E1-ERIA into SS(R)
microsomes determined by the heme protein content in the
membranes after their sedimentation and resuspension was as
high as 95–98% of the amount taken for incorporation. Similar

to CYP3A enzymes, incubation of Supersomes containing
CYP2E1-ERIA with CYP2E1-DYM resulted in a considerable
decrease in the donor emission accompanied by the appearance
of the band of delayed fluorescence of the acceptor (Fig. 5a).
The dependence of LRET amplitude on the CYP2E1 concen-
tration in the membrane is shown in Fig. 4b (circles). In contrast
to the case of CYP3A enzymes, the titration isotherm of
CYP2E1 did not reveal any noticeable sigmoidal character and
could be satisfactorily approximated with the steady-state
equations for either dimerization (
2  0.933; dashed and dot-
ted line) or trimerization (
2  0.946; dashed line) (Fig. 4b).
However, the quality of approximation with the trimerization
equilibrium equation was better (Fig. 5b).

In order to probe the ability of CYP2E1 to form mixed olig-
omers with CYP3A4 and CYP3A5, we studied the interactions
of CYP2E1-ERIA with CYP3A enzymes labeled with DYM.
Whereas in the case of CYP3A5, we used the DYM-labeled wild
type enzyme, the studies of CYP2E1 interactions with CYP3A4
were performed with DYM-labeled preparations of the single-
cysteine mutant CYP3A4(C64). In both cases, we observed the
appearance of LRET between ERIA and DYM during the incu-
bations of Supersomes containing CYP2E1-ERIA with DYM-
labeled CYP3A enzymes. A similar result was also obtained in
the experiments where we incubated the Supersomes contain-
ing ERIA-labeled CYP3A5 with DYM-labeled CYP2E1. In all of
these cases, the oligomerization isotherms could be satisfacto-
rily approximated with the steady state equations of either
dimerization or trimerization (Fig. 5b). The parameters of
interactions obtained from the fitting of the oligomerization
isotherms with the equation for the trimerization equilibrium
are summarized in Table 1.

Metabolism of 7-MFC by CYP2E1-incorporated Supersomes—
As we reported previously, incorporation of CYP3A4 into

FIGURE 4. Oligomerization of CYP3A5 and its interactions with CYP3A4 in SS(R) microsomes studied with LRET. a, a series of spectra of delayed emission
recorded during incubation of a 3 �M suspension of CYP3A5-ERIA incorporated into SS(R) at RL/P  340 with 3 �M CYP3A5-DYM. (The RL/P ratio after incorpo-
ration of CYP3A5-DYM is equal to 170). The inset shows the time dependences of normalized intensity of donor fluorescence obtained in the experiments at the
RL/P of 170 and 2400. Solid lines, approximation of the kinetic curves with a biexponential equation. b, dependence of the LRET amplitude on P450 concentra-
tion in the membrane for the interactions in the pairs CYP3A5-ERIA/CYP3A5-DYM (circles), CYP3A5-ERIA/CYP3A4(C468)-DYM (squares), and CYP3A4(C468)-
ERIA/CYP3A5-DYM (triangles). Solid lines, results of the fitting of the data sets to the Hill equation (Equation 1). Dashed and dotted and dashed lines, approxi-
mations with Equations 1 and 2, respectively. a.u., arbitrary units.
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Supersomes containing recombinant rat CPR (SS(R)) resulted
in a catalytically competent system where the parameters of
CYP3A4-dependent O-debenzylation of 7-BFC were close to
those observed with human liver microsomes (23). Here we
report reconstitution of CYP2E1-dependent O-demethylation
of 7-MFC in a similar system. In our studies, we used five indi-
vidual preparations of SS(R)2E1 where the P450/lipid and CPR/
P450 molar ratios (RL/P and RR/P, respectively) varied in the
ranges 120:1 to 400:1 and 1:2.4 to 1:14.5, respectively. Thus, in
all of our preparations, the heme protein was in molar excess
over the reductase, and RR/P fell into the range typical for
human liver microsomes, where the RR/P averaged over 150
human liver samples was found to be 1:7.1 (range 1:2 to 1:27)
(52).

All preparations of SS(R)2E1 were active in the metabolism
of 7-MFC. The dependence of the reaction rate on the concen-
tration of 7-MFC obtained with SS(R)2E1 with RL/P  470 and
RR/P  4.1 is exemplified in Fig. 6a (circles). The titration curves
obtained in these experiments obey the Michaelis-Menten
equation (
2 � 0.98), and the values of Km were reproducible
from preparation to preparation (Km  9.5 � 2.2 �M). At the
same time, the values of Vmax vary proportionally to the value of
RR/P, so that the dependence of Vmax on RR/P exhibits a strict
linear correlation (Fig. 6b, circles).

We also determined the parameters of CYP2E1-dependent
O-demethylation of 7-MFC exhibited by Supersomes and
Baculosome containing baculovirus-expressed recombinant
human full-length CYP2E1 and human recombinant CPR. It
should be noted that these preparations (SS(2E1) and BS(2E1),
respectively) differ considerably from both human liver micro-
somes and our model system in the molar ratio of CPR to P450.
In order to achieve maximal activity of P450, these commercial
preparations were designed to have the RR/P ratio close to unity

or even higher. According to our determination, the RR/P ratios
characterizing the samples of Baculosomes and Supersomes
used in our study were equal to 1.8:1 and 0.6:1, respectively.

The dependences of the rate of 7-BFC metabolism on the
substrate concentration obtained with SS(2E1) and BS(2E1) are
shown in Fig. 6a (triangles and bars, respectively). Fitting these
curves with the Michaelis-Menten equation yields Km values of
14 � 2 and 22 � 4 �M for SS(2E1) and BS(2E1), respectively. As
seen from Fig. 3a, the maximal velocities obtained with both
preparations are higher than that exhibited by SS(R)2E1. This
difference reflects the differences in RR/P ratios between these
preparations. As seen from Fig. 6b, the points corresponding to
SS(2E1) and BS(2E1) fall on the same linear dependence of Vmax

FIGURE 5. Oligomerization of CYP2E1 and its interactions with CYP3A4 and CYP3A5 in SS(R) microsomes studied by LRET. a, a series of spectra of
delayed emission recorded during incubation of a 3 �M suspension of CYP2E1-ERIA incorporated into SS(R) at RL/P  300 with 3 �M CYP2E1-DYM. (The RL/P ratio
after incorporation of CYP2E1-DYM is equal to 150). Inset, time dependences of normalized intensity of donor fluorescence obtained in the experiments at the
RL/P of 150 and 3000. Solid lines, approximation of the kinetic curves with a biexponential equation. b, dependence of the LRET amplitude on P450 concentra-
tion in the membrane for the interactions in the pairs CYP2E1-ERIA/CYP2E1-DYM (circles), CYP2E1-ERIA/CYP3A5-DYM (squares), and CYP2E1-ERIA/
CYP3A4(C64)-DYM (triangles). Solid and dashed lines, results of approximation of the data sets with Equations 1 and 2, respectively. a.u., arbitrary units.

FIGURE 6. O-Demethylation of 7-MFC by CYP2E1-containing SS(R) sys-
tems and the effect of co-incorporation of CYP3A enzymes. a, depen-
dences of the reaction rate on substrate concentrations obtained with SS(R)-
2E1 (circles), SS(R)-2E1/3A5 (squares), and SS(R)-2E1/3A4 (triangles). Solid lines,
approximations of the data set with the Hill equation. b, dependence of Vmax
calculated per CYP2E1 concentration on the ratio of concentrations of CPR
and P450 in microsomal membrane obtained with a series of SS(R)-2E1 prep-
arations (circles) and the commercial preparations of CYP2E1 Supersomes�
(squares) and CYP2E1 BaculosomesTM (triangles).
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on RR/P as the values of Vmax obtained with various prepara-
tions of SS(R)2E1 (Fig. 6b, squares and triangles, respectively).
The whole data set including the values obtained with all three
kinds of preparations (SS(R)2E1, SS(2E1), and BS(2E1)) is char-
acterized by the square correlation of 0.867. The strict propor-
tionality between Vmax and RR/P indicates that actual rate of
catalysis is controlled by the concentration of CPR. Accord-
ingly, the values of kcat calculated per concentration of CPR
(which appears to be completely saturated with CYP2E1 in our
conditions) are very similar for all preparations probed in this
study (Table 2).

Effect of Interactions of CYP2E1 with CYP3A4 and CYP3A5
on CYP2E1-specific Metabolism of 7-MFC—As we demon-
strated above, membrane-bound CYP2E1 forms high-affinity
complexes with CYP3A4 and CYP3A5 in microsomal mem-
branes. In order to probe how these interactions affect the func-
tional properties of CYP2E1, we investigated the effect of co-in-
corporation of CYP3A4 or CYP3A5 together with CYP2E1 on
CYP2E1-dependent O-demethylation of 7-MFC. In control
experiments, we found that neither CYP3A4 nor CYP3A5
incorporated into SS(R) membranes exhibits any measurable
activity with this substrate, so that the metabolism of 7-MFC in
the mixed system can be completely attributed to the activity of
CYP2E1.

Co-incorporation of CYP2E1 and CYP3A4 or CYP3A5 was
achieved by incubation of a suspension of SS(R) with equimolar
mixtures of CYP2E1 and a CYP3A enzyme taken at a lipid/P450
ratio of 100:1 to 300:1 as described under “Experimental Proce-
dures.” The degree of incorporation of the heme proteins into
the membrane in this case was around 50 – 60%, which is lower
than that observed with CYP2E1 or CYP3A enzymes taken
alone (70 –95%).

In order to probe the concentrations of the individual P450
species in microsomal preparations containing CYP2E1/
CYP3A4 or CYP2E1/CYP3A5 pairs, which we designate here as
SS(R)2E1/3A4 and SS(R)2E1/3A5, respectively, we developed a
spectrophotometric method for selective determination of
CYP2E1. The method is based on our observation that CYP2E1

interacts with DTT with the formation of a hyperthiolate liga-
tion complex of the heme iron. We found that the addition of
DTT to purified CYP2E1 in solution resulted in a disappear-
ance of the Soret bands of the low- and high-spin states posi-
tioned at 418 and 396 nm and a concomitant appearance of new
bands at 371 and 454 nm. This “splitting” of the Soret band is
indicative of the formation of the so-called hyperthiolate com-
plex, where the sixth ligand of the heme iron is represented by a
thiolate group of an external ligand (43). Formation of hyper-
thiolate complexes of cytochromes P450 with such organic thi-
ols as chlorothiophenol, where the thiol group is highly ionized
at neutral pH, is well documented (43). However, thiolate com-
pounds with alkaline pKa, such as DTT, do not form this type of
complexes with most P450 enzymes. The only known excep-
tion to this rule is P450 XplA from Rhodococcus rhodochrous,
which has been reported to form hyperthiolate complexes with
both DTT and 	-mercaptoethanol (53). According to our
knowledge, CYP2E1 is the first eukaryotic P450 enzyme that
shares this unusual feature of P450 XplA.

Using this unique feature of CYP2E1 to determine its con-
centration, we found that the contents of CYP2E1 and CYP3A4/
CYP3A5 enzymes in our samples were close to equimolar. The
averaged molar fractions of CYP2E1 in five preparations each of
SS(R)2E1/3A4 and SS(R)2E1/3A5 microsomes used in this
study were estimated to be of 55 � 9 and 49 � 15%, respectively.
The RL/P and RR/P ratios characterizing these preparations var-
ied in the ranges of 140:1 to 280:1 and 7:1 to 14:1, respectively.

As shown in Fig. 6a, co-incorporation of either of two CYP3A
enzymes results in a considerable increase in the rate of
CYP2E1-dependent 7-MFC O-demethylation. The kinetic
parameters in various systems are summarized in Table 2. Acti-
vation is revealed in both the values of Vmax calculated per con-
centration of CYP2E1 and kcat, which was calculated per con-
centration of CPR. In the latter case, the variability of the values
obtained with different preparations of microsomes is consid-
erably lower because the calculation takes into account the var-
iation in the RR/P ratio between the samples.

TABLE 2
Effect of co-incorporation of CYP3A4 and CYP3A5 on CYP2E1-dependent 7-MFC O-demethylation in model microsomal systems
The values given in the table were obtained by averaging the results of 2–5 individual measurements (each with a different preparation of model microsomes), and the �
values show the confidence interval calculated for p  0.05.

System S50 or Km
a nH

b Vmax kcat
c R2E1

d

�M mol � mol(2E1) � min�1 min�1

SS(2E1)e 14 � 2 NA 0.42 � 0.25 0.23 � 0.14
SS(R)2E1 9.5 � 2.2 NA 0.040 � 0.024 0.24 � 0.02
SS(R)2E1/3A4 20 � 8 (0.01) 1.23 � 0.17 0.081 � 0.031 0.48 � 0.14 2.1 � 0.4 (�0.01)
SS(R)2E1/3A5 15 � 2 (0.08) 1.09 � 0.09 0.099 � 0.049 0.51 � 0.23 2.2 � 0.8 (0.03)
BS(2E1)e 22 � 4 NA 0.083 � 0.010 0.14 � 0.02
BS(2E1)3A4f 67 � 26 (0.13) NA 0.11 � 0.02 0.20 � 0.02 1.4 � 0.1 (0.03)
BS(2E1)3A5f 57 � 25 (0.12) 1.50 � 0.22 0.14 � 0.03 0.23 � 0.05 1.7 � 0.4 (0.11)

a The data were approximated with the Hill equation, except for the cases of BS(2E1) and BS(2E1) � 3A4, where the Michaelis equation was used. The values in parentheses
represent the p values of Student’s t test for the hypothesis of equality of the respective values of kcat measured in the microsomes containing both CYP2E1 and CYP3A
enzymes with those observed in SS(R)2E1 or BS(2E1) preparations. The p values �0.05 are underlined to emphasize the effects with high statistical significance.

b Hill coefficient. NA designates the cases where the fitting was done with the Michaelis-Menten equation.
c Turnover rate calculated per concentration of CPR.
d Relative effect of co-incorporation of the second P450 species on Vmax. The values represent the averages of the ratios of Vmax values obtained in similar conditions, on the

same date, and with the same batches of Supersomes or Baculosomes. The values in parentheses represent the p values of
Student’s t test for the hypothesis that the respective R2E1 ratios are equal to unity (i.e. that the co-incorporation of the CYP3A enzyme has no effect on CYP2E1 turnover).
The p values �0.05 are underlined to emphasize the effects with high statistical significance.

e Preparation of Baculosomes (BS) or Supersomes (SS) containing human recombinant CYP2E1 and human recombinant CPR.
f Preparation of Baculosomes containing human recombinant CYP2E1 and human recombinant CPR with a co-incorporated purified CYP3A enzyme (see “Experimental

Procedures”).
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Besides a pronounced increase in the rate of 7-MFC turn-
over, co-incorporation of the CYP3A enzymes also resulted in
an appearance of some heterotropic cooperativity with this
substrate, which is best seen in the case of SS(R)2E1/3A4, where
the approximation of the titration curves with the Hill equation
results in the nH value of 1.23 � 0.17. Additionally, co-incorpo-
ration of CYP3A enzyme also produced a moderate decrease in
CYP2E1 affinity for 7-MFC (Table 2).

We also evaluated the effect of co-incorporation of CYP3A
enzymes with commercial preparations of Baculosomes� con-
taining the recombinant human full-length CYP2E1 and the
human recombinant CPR. Incubation of these preparations

with purified CYP3A4 or CYP3A5 taken in a 1.2:1 molar ratio to
CYP2E1 enzyme allowed us to obtain preparations containing
CYP2E1 and CYP3A4 enzymes in a ratio close to equimolar. These
preparations we designate here as BS(2E1)3A4 and BS(2E1)3A4. As
seen from Table 2, the effect of CYP3A enzymes on CYP2E1-depen-
dent metabolism of 7-MFC in Baculosomes was similar to that
obtainedinourSS(R)system.Hereagain,co-incorporationofCYP3A
proteins resulted in an increase in CYP2E1 turnover and decreased
substrateaffinity.However,comparedwiththeSS(R)system,theacti-
vating effect was less pronounced, the changes in the affinity were
more prominent, and the emergence of homotropic cooperativity
was detectable only in the case of the CYP2E1/CYP3A5 sys-
tem (Table 2).

Effect of Interactions between Heterologous P450 Enzymes on
CYP3A-dependent O-Debenzylation of 7-BQ—In order to
probe the effect of formation of heterooligomers between
CYP2E1, CYP3A4, and CYP3A5 enzymes on the catalytic prop-
erties of CYP3A enzymes, we investigated the effect of co-in-
corporation of CYP2E1 on CYP3A-specific activity in model
microsomes. CYP2E1-containing microsomes (either SS(R)2E1,
SS(2E1), or BS(2E1)) exhibit detectable activity in O-debenzy-
lation of 7-BFC (up to 5% of the respective activity of CYP3A4).
However, there was no measurable activity of any of these
microsomes with 7-BQ, another CYP3A substrate.

The dependences of the rate of O-debenzylation of 7-BQ on
substrate concentration obtained with SS(R)3A4, SS(R)3A5,
and SS(R)3A4/3A5 are shown in Fig. 7. In all cases, the kinetic
profiles of the reaction reveal prominent homotropic coopera-
tivity and may be approximated with the Hill equation with the
nH value varying from 1.4 to 3. The values of kinetic parameters
obtained by averaging the results of 4 –5 individual measure-
ments are summarized in Table 3. The rate of 7-BQ metabolism
by CYP3A5 is significantly higher than that observed with
CYP3A4. However, although the addition of ANF increases
considerably the turnover in the CYP3A4-catalyzed reaction, it

FIGURE 7. O-Debenzylation of 7-BQ by CYP3A-containing SS(R) systems.
The plot shows the dependences of the reaction rate on substrate concentra-
tions obtained with SS(R)-3A4 (circles), SS(R)-3A5 (squares), and SS(R)-3A4/
3A5 (triangles). Solid lines, approximations of the data set with the Hill
equation.

TABLE 3
Effect of co-incorporation of CYP3A4, CYP3A5, and CYP2E1 on CYP3A-dependent 7-BQ O-debenzylation in model microsomal systems
The values given in the table were obtained by averaging the results of 2–5 individual measurements (each with a different preparation of model microsomes), and the �
values show the confidence interval calculated for p  0.05.

Systema S50 nH
b Vmax kcat

c RANF
d

�M mol � mol(3A) � min�1 min�1

SS(R)3A4
�ANF 46 � 11 2.05 � 0.49 0.86 � 0.65 2.9 � 0.8 1.7 � 0.2 (0.02)
�ANF 72 � 22 1.57 � 0.72 2.0 � 1.2 4.8 � 1.0

SS(R)3A5
�ANF 76 � 39 2.32 � 0.65 1.1 � 0.9 5.4 � 3.0 (0.09) 0.92 � 0.1 (0.91)
�ANF 62 � 37 2.70 � 0.63 1.3 � 0.9 5.1 � 2.3 (0.78)

SS(R)3A4/3A5
�ANF 61 � 37 2.07 � 0.54 3.1 � 2.6 8.6 � 0.1 (�0.01) 0.85 � 0.5 (0.62)
�ANF 46 � 11 2.00 � 0.74 2.2 � 0.7 7.3 � 4.4 (0.18)

SS(R)3A4/2E1
�ANF 62 � 34 1.48 � 0.30 0.40 � 0.21 2.2 � 1.6 (0.64) 2.0 � 1.0 (0.35)
�ANF 51 � 6 2.31 � 1.39 0.68 � 0.10 3.2 � 1.5 (0.06)

SS(R)3A5/2E1
�ANF 87 � 33 2.26 � 1.03 0.64 � 0.24 2.2 � 1.6 (0.37) 1.8 � 0.6 (0.44)
�ANF 82 � 49 2.80 � 1.16 0.76 � 0.80 3.7 � 1.7 (0.45)

a Shown in the absence and in the presence of 25 �M ANF.
b The data were fitted with the Hill equation, and nH represents the Hill coefficient.
c Turnover rate calculated per concentration of CPR. The values in parentheses represent the p values of Student’s t test for the hypothesis of equality of the respective values

of kcat with the value observed for SS(R)3A4. The p values �0.05 are underlined to emphasize the effects with high statistical significance.
d Relative effect of the addition of 25 �M ANF on Vmax. The values represent the averages of the ratios of Vmax values obtained in the presence and in the absence of ANF

with the same preparation of model microsomes. The values in parentheses represent the p values of Student’s t test for the hypothesis that the respective RANF ratios are
equal to unity (i.e. that ANF has no effect on the enzyme turnover). The p values �0.05 are underlined to emphasize the effects with high statistical significance.
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has no effect on the catalysis by CYP3A5. Co-incorporation of
CYP3A4 together with CYP3A5 resulted in a further increase in
the rate of 7-BQ metabolism but failed to rescue the activating
effect of ANF. Thus, the interaction of CYP3A5 with CYP3A4 is
likely to activate the metabolism of 7-BQ by the latter enzyme at
the expense of the activating effect of ANF. In contrast to the
important increase of CYP2E1-specific activity in the presence
of CYP3A reported above, co-incorporation of CYP2E1 elicits
no statistically significant effect on O-debenzylation of 7-BQ by
either of the two CYP3A enzymes.

DISCUSSION

This report presents the first systematic investigation of
interactions between dissimilar P450 enzymes in microsomes
in which the observed functional effects are correlated with the
concentration of the heterologous P450-P450 complexes in the
membrane. Capitalizing on our advances in developing model
microsomal systems and methods for detection of P450-P450
interactions, we demonstrated the high propensity of CYP3A4,
CYP3A5, and CYP2E1 to oligomerize. Furthermore, we
observed the formation of high-affinity P450-P450 com-
plexes in the pairs CYP3A4/CYP3A5, CYP2E1/CYP3A4, and
CYP2E1/CYP3A5 and demonstrated a profound alteration
of the catalytic properties of the individual P450 enzymes
involved in these interactions.

The model system with purified recombinant P450 proteins
incorporated into SS(R) microsomes introduced in our recent
study (23) and further developed here provides unparalleled
opportunities for studying P450-P450 interactions in the
microsomal membrane. It allows obtaining the membranes
with variable concentrations and isoform composition of the
P450 ensemble. The use of this system in combination with
labeling of P450 proteins with appropriate fluorescent and
phosphorescent probes allows utilization of a wide variety of
fluorescence-based techniques of detecting P450-P450 interac-
tions, probing the degree of oligomerization, and determining
the size of the oligomers.

Our comparison of P450-incorporated microsomes with
commercial P450-containing insect cell microsomes (Baculo-
somes� and SupersomesTM) suggests that the SS(R) system
provides an adequate model of the membrane-incorporated
system, even when it is used with the N-terminally truncated
P450 constructs. The comparison of the N-terminal sequences
of CYP3A4, CYP3A5, and CYP2E1 with that of CYP51 from
Saccharomyces cerevisiae, the first full-length membranous
P450 enzyme with resolved structure of the N-terminal seg-
ment (Protein Data Bank entry 4LXJ (54)), suggests that the
transmembrane helices of CYP3A and CYP2E1 are constituted
by residues 13–33 and 8 –30, respectively. Therefore, although
the whole transmembrane segment appears to be retained in
our �3–12 CYP3A constructs, the �3–20 variant of CYP2E1
retains only 11 of the 23 transmembrane residues. Despite this
partial loss of the N-terminal anchor, the truncated variant of
CYP2E1 retains its ability to be efficiently incorporated into
microsomal membranes. Moreover, comparison of the SS(R)2E1
containing the truncated enzyme with the commercial prepa-
rations of Supersomes� and BaculosomesTM containing the
full-length recombinant enzyme does not reveal any major

functional differences between the two systems (Table 2) in
terms of turnover rates and Km values in the metabolism of
7-MFC and effects of co-incorporation of CYP3A4 and
CYP3A5 on the CYP2E1 activity.

These findings suggest that the truncation of CYP2E1 does
not change the mode of the enzyme interactions with the mem-
brane or considerably modify its functional properties. This
conclusion is in agreement with the results of Baylon et al. (55),
who concluded that the membrane binding of P450 is largely
independent of the presence of the N-terminal hydrophobic
anchor. According to the current concepts, the interactions of
the microsomal P450 enzymes with the membrane are in large
part determined by the regions between the N-terminal anchor
and �-helix A (54, 56, 57) as well as by the hydrophobic surface
in the region of �-helices F� and G�(55, 58, 59). Furthermore,
according to the x-ray structure of the full-length CYP51, the
constrained orientation of the P450 catalytic domain relative to
the membrane is dictated by a network of interactions of polar
residues in the C-terminal part of the transmembrane helix and
the following proline-rich region (54), which are completely
retained in our constructs.

Importantly, our studies revealed a high degree of oligomer-
ization of all three studied P450 proteins at concentrations
similar to those in the endoplasmic reticulum of liver cells.
According to our measurements, the concentrations (surface
densities) at which 50% of the individual heme proteins are
oligomerized vary from 0.16 pmol/cm2 for CYP2E1 to 0.47
pmol/cm2 for CYP3A4. The respective values for the pairs of
heterologous P450 enzymes range from 0.07 to 0.30 pmol/cm2

for CYP3A4/CYP3A5 (Table 1). For comparison, the measure-
ments of Watanabe et al. (60) suggest that the surface density of
cytochromes P450 in the endoplasmic reticulum of mouse
hepatocytes lies in the range of 0.6 –2.8 pmol/cm2. We may
infer therefore that at physiological concentrations in the endo-
plasmic reticulum membrane, all three heme proteins are heavi-
ly oligomerized, and an important part of their pool is involved
in hetero-association between different P450 species.

Results of our cross-linking experiments with the wild type
CYP3A4 and its C239S mutant suggest that the assembly of
subunits in CYP3A4 oligomers is likely to involve two different
types of interactions, and, most probably, the number of sub-
units in the oligomer is a multiple of 3. Taken together, the
results of cross-linking and LRET studies indicate that one of
the subunit interfaces is similar to that observed in the CYP3A4
x-ray structure 1W0F, where Cys239 residues of two subunits
are located in close proximity to each other. These findings
strengthen our prior inference that the peripheral steroid-bind-
ing site in the vicinity of the F� and G� helices of two interacting
CYP3A4 molecules observed in the x-ray structure 1W0F is
physiologically relevant (23, 61). The interactions at the second
type of the intersubunit interface are also likely to bring some
cysteine residues other than Cys239 of two CYP3A4 subunits
into close proximity to each other.

Our conclusion that the minimal building block of the P450
oligomer is a trimer is in a good agreement with the results of
the measurements of the rate of rotational diffusion of mem-
brane-bound cytochromes P450 by different techniques, which
suggest a hexamer as the preferential size of the P450 oligomers
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(18, 19). Interestingly, the predominating size of the oligomers
of purified CYP2B4 (63) and CYP3A4 (64) in solution is also a
hexamer. Furthermore, according to the results of electron
microscopy, the aggregates of purified CYP2B4 in solution are
represented by hexamers organized as a two-layer dimer of
trimers (65). The close similarity of the results of our cross-
linking experiments in solution and in the membrane (Fig. 3)
indicates that the trimeric building blocks of the oligomers in
solution and in the membrane may share the same structure.

An important insight into the mechanisms of the functional
effects of P450-P450 interactions may be derived from the
results of the present study together with the prior observations
of “persistent conformational heterogeneity.” We originated
this term to designate unusual “non-equilibrating” divergence
of the pool of membrane-bound P450 proteins into functionally
distinct fractions, which has been observed in numerous stud-
ies with various techniques (see Ref. 66 for review). In particu-
lar, an oligomerization-related heterogeneity was demon-
strated in our study of dithionite-dependent reduction of
CYP3A4. Whereas the kinetics of reduction in CYP3A4 oligo-
mers in solution or in proteoliposomes obeys a triexponential
equation, the monomerization of the enzyme by its incorpora-
tion into Nanodiscs or into liposomes with high RL/P, renders
the process monophasic (67). The most remarkable finding is
that, whereas the fraction of oligomeric P450 reduced in the fast
phase is almost completely low-spin, the high-spin state
strongly predominates in the slowly reducible fraction (67).

A similar contrast between the high- and low-spin states of
P450 was also observed in the studies of NADPH-dependent
reduction. Opposite to the case of dithionite, the fast phase of
the NADPH-dependent reduction is preferential for the high-
spin heme protein. Selective reduction of the high-spin P450 in
the fast phase of the NADPH-dependent process has been dem-
onstrated with CYP2C11 (68), CYP2B4 (69), and most recently
with CYP3A4 (22, 40).

The contrast in the kinetics of reduction between the high-
and the low-spin states seemingly contradicts the very high rate
of P450 spin transitions (62, 70 –72), which implies that the
position of equilibrium between the two states must remain
unaffected throughout the reduction. This contradiction sug-
gests that the spin equilibrium in the oligomers cannot be con-
sidered as being applied to the whole P450 pool. The enzyme is
rather distributed between non-interconverting subpopula-
tions that differ in the position of spin equilibrium, affinity for
substrates, and ability to form electron transfer complexes with
the flavoprotein partner. The latter difference was best revealed
in our studies with the use of the flavin domain of cytochrome
P450-BM3 (BMR) as a soluble substitute for CPR, where we
found that only about 50% of oligomeric CYP3A4 was able to
be reduced by BMR, either in solution or in proteoliposomes.
Here again, the monomerization of CYP3A4 resulted in its
complete reducibility (22, 40).

The relevance of the functional effects of hetero-association
to differential modulation of the affinities of interacting P450
species for CPR was demonstrated in our studies with the
CYP1A2/CYP2B4 pair in a soluble reconstituted system, where
we probed the formation of P450-CPR complexes by FRET
from the CPM-labeled CPR to the heme of P450 (6). We dem-

onstrated that, whereas CPR has similar affinities for CYP1A2
and CYP2B4, titration with CYP1A2/CYP2B4 mixtures in the
presence of 7-ethoxyresorufin, a substrate of CYP1A2, reveals a
dependence of KD of the P450-CPR complex on the CYP1A2/
CYP2B4 ratio that is described by an asymmetric bell-shaped
curve (6). A multifold decrease in the apparent affinity for CPR
observed in the mixtures with a high molar fraction of 2B4
suggests that the association of 2B4 with 1A2 in the presence of
7-ethoxyresorufin “hides” 2B4 from the interactions with CPR
(6). This conclusion is in good agreement with the studies of
Backes and co-workers (13, 31).

The present study provides a plausible structural explanation
for the “persistent heterogeneity” and its relevance to the func-
tional consequences of hetero-association of dissimilar P450
species. According to our results, the oligomers of CYP3A4 in
the membrane are presumably organized as trimers or their
multiples, where the interactions between the constituting sub-
units involve two different types of protein-protein contacts.
We hypothesize that this architecture gives rise to orientational
and/or conformational dissimilarity of the subunits in the
trimer, which is likely to be organized as a dimer with an asso-
ciated third subunit. As a consequence, the formation of mixed
oligomers of multiple P450 species may result in selective acti-
vation of one enzyme and/or suppression of the activity of its
counterpart.

According to our hypothesis illustrated in Fig. 8, the two
types of subunits in P450 oligomer differ in both the propensity
to form productive electron transfer complexes with CPR and
the ability to interact with substrates. Due to this difference, the
presence of a substrate specific to one of the interacting P450
species would cause a redistribution of the multiple enzymes
between the active and “hindered” locations, so that the P450
complexed with substrate will be activated. A beneficial result
of this mechanism would be to maintain a balance between
the oxygenation of P450 substrates and the uncoupled pro-
duction of reactive oxygen species by the P450 ensemble and
ensure rapid adaptation to any changes in cellular exposure
to xenobiotics.

An important feature of this mechanism is that the degree of
activation caused by hetero-association is determined by the
disparity between the interacting enzymes in their affinities for
each particular P450 substrate. The most pronounced must be
the activating effect observed with a highly selective substrate
of one of the two interacting species, as we observed in the case
of 7-MFC and CYP2E1/CYP3A pairs. Admittedly, there is a
finite possibility that the formation of the mixed oligomers with
CYP2E1 changes the substrate selectivity of CYP3A enzymes,
so that they become capable of metabolizing 7-MFC. However,
this seems very unlikely in view of the lack of any effect of
CYP2E1 on the metabolism of 7-BQ by CYP3A enzymes. It is
difficult to imagine a situation where a stimulus that makes the
enzyme capable of metabolizing a new substrate (7-MFC)
would not affect the metabolism of other substrates (such as
7-BQ). Therefore, the activating effect of CYP2E1-CYP3A
interactions on the metabolism of 7-MFC is better explained
with the model of substrate-dependent reorganization of olig-
omers (Fig. 8b), assuming that the affinity of CYP2E1 for
7-MFC is much higher than that of the CYP3A enzymes. In
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contrast, the effect of interactions of two closely similar P450
species, such as CYP3A4 and CYP3A5, may be difficult to
detect due to their nearly matching substrate specificities.

The proposed mechanism may be further complicated by
different propensities of the interacting enzymes to occupy
active and hindered positions even in the substrate-free state.
Furthermore, oligomerization of certain P450 enzymes (such as
CYP3A4) may result in emergence of oligomer-specific effec-
tor-binding sites that may be involved in regulation of P450-
P450 interactions and control the catalytic properties of the
P450 ensemble. Although this hypothetical model requires fur-
ther rigorous examination, it provides a plausible explanation

for all known data on the functional effects of interactions
between dissimilar P450 enzymes.

Our results demonstrate a critical importance of physical
interactions between multiple cytochrome P450 species as a
major determinant of the functional properties of the human
drug-metabolizing ensemble. Further elucidation of the mech-
anistic basis of complex, non-additive behavior of P450
enzymes revealed in this study is critical for establishing a sys-
tems biology approach to human drug-metabolizing ensemble
and in depth understanding of the physiological effects of the
developmental, age-dependent, and temporal changes in the
P450 expression profile.
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