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ABSTRACT: To explore the basis of apparent conformational heterogeneity of cytochrome P450 3A4
(CYP3A4), the kinetics of dithionite-dependent reduction was studied in solution, in proteoliposomes,
and in Nanodiscs. In CYP3A4 oligomers in solution the kinetics obeys a three-exponential equation with
similar amplitudes of each of the phases. Addition of substrate (bromocriptine) displaces the phase
distribution toward the slow phase at the expense of the fast one, while the middle phase remains unaffected.
The fraction reduced in the fast phase, either with or without substrate, is represented by the low-spin
heme protein only, while the slow-reducible fraction is enriched in the high-spin CYP3A4. Upon
monomerization by 0.15% Emulgen-913, or by incorporation into Nanodiscs or into large proteoliposomes
with a high lipid-to-protein (L/P) ratio (726:1 mol/mol), the kinetics observed in the absence of substrate
becomes very rapid and virtually monoexponential. In Nanodiscs and in lipid-rich liposomes bromocriptine
decreases the rate of reduction via appearance of the second (slow) phase, the amplitude of which reaches
100% at saturating bromocriptine. In contrast, in P450-rich liposomes=L1R2 mol/mol), where the
surface molar density of the enzyme is comparable to that observed in liver microsomes, CYP3A4 behaves
similarly to that observed in solution. These results suggest that in CYP3A4 oligomers in solution and in
the membrane the enzyme is distributed between two persistent conformers with different accessibility of
the heme for the reductant (8@ anion monomer). One of the apparent conformers exists in a substrate-
dependent equilibrium between two states with different rate constants of reduction by dithionite, while
the second conformer shows no response to substrate binding.

In recent years there has been increasing interest incomplete understanding of the mechanisms of cooperativity
cooperativity of cytochromes P450. Studies of the mecha- requires consideration of divergence of the enzyme pool
nistic basis of cooperativity are especially important to between several functionally diverse, stable populatidns (
understand the functional properties of cytochrome P450 3A4 13—15). These data implicitly suggest slow transitions
(CYP3A4)! the major human P450 enzyme, which is between CYP3A4 conformers, so that the distribution of the
responsible for metabolism of a broad range of substratesenzyme between populations remains unchanged within the
of pharmacological and toxicological intere$).(Extensive time frame of the experiments. The cause of such apparent
studies of homo- and heterotropic cooperativity in CYP3A4 “freezing” of conformational states of the enzyme remains
provide convincing evidence that a single molecule of this puzzling. From our perspective, the formation of P450
enzyme is capable of binding at least two substrate moleculesoligomers in the microsomal membrane and in reconstituted
(2—6). However, as the number and complexity of observa- systems may be proposed as the most viable explanation for
tions on mutual effects of various substrates on metabolismsuch persistent heterogeneit).(
by CYP3A4 increase, it is becoming difficult to explain all
known facts with any model involving twd7¢10) or even
three 6, 6, 11, 12) substrate binding sites within the same
enzyme molecule. Rather, accumulating evidence of persis-
tent conformational heterogeneity of CYP3A4 suggests that

The ability of microsomal cytochromes P450 to form
oligomers both in solutionl6—18) and in membraned 60—
24) is well-known. Furthermore, there are several indications
of the formation of mixed oligomers of different P450 species
in the endoplasmic reticulun2®, 23). Although the coexist-
ence of different P450 species in the membrane is primarily
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dependent protein kinas&4), and interactions with sub-  resulting in inequality of the subunits in conformation and/
strates 85, 36). However, despite increasing interest in homo- or orientation ¢1).
and heterooligomerization of cytochromes PA430Q) 81, 37— As these results appear to be highly relevant to the
40), its functional importance appears to be underestimated.hypothesis on the involvement of apparent conformational
Important insight into structural and functional conse- heterogeneity in the cooperativity of CYP3A4, 13—-15),
quences of oligomerization was derived from studies on We decided to investigate the effect of the state of oligo-
pressure-induced transitions of CYP2B4 in solution and in merization of CYP3A4 on the kinetics of reduction by
membranes41—43). We found that only about 6570% of dithionite at different concentrations of substrate. Recent
the ferrous carbonyl complex of this oligomeric protein in methodological advances in biochemical spectroscopy and
solution is susceptible to a pressure-induced P45P420 nanotechnology enhance considerably the informativeness
transition. The same nonuniform barotropic behavior was and reliability of this approach. In this study we employ a
also observed for the oligomers of ferric CYP2B4, where rapid scanning stopped-flow technique to resolve the pro-
only about 36-35% of the heme protein appears to be cesses of reduction of the low- and high-spin states of the
involved in substrate binding and subsequent spin transitions,héme protein. We also take advantage of the recently
being at the same time insensitive to pressure-induceddeveloped methodology for incorporation of CYP3A4 into
inactivation @2). As these irregularities disappear upon P450 hanoscale, discoidal lipid bilayer particles (Nanodiscs), which
monomerization, we suggested that the oligomerization of Provides purely monomeric cytochrome P450 in a membrane
CYP2B4 gives rise to important differences between subunits €nvironment12), avoiding undesirable effects of detergents
in their ability to interact with substrates, water accessibility On the heme protein. To probe the relevance of our results
of the heme pocket, and sensitivity to pressure-induced t© cytochrome P450 oligomers in phospholipid bilayers, we
inactivation @2—44). Recently, we demonstrated similar also compare kinetics of dithionite-dependent reduction of
behavior for human CYP3A4 in solution and in recombinant CYP3A4 in solution and in Nanodiscs with that observed in
yeast microsomes and suggested a role in the mechanism@rge.qmlamellar proteoliposomes with various surface molar
of cooperativity in this enzyme4j. densities of the enzyme.

To explore functional consequences of oligomerization and expERIMENTAL PROCEDURES
their possible involvement in the mechanisms of CYP3A4
cooperativity, we elected to examine the kinetics of reduction ~ Materials.Bromocriptine mesylate, 3,4-dihydroxybenzoic
by dithionite. Sodium hydrosulfite, N&O,, which is (protocatechuic) acid, protocatechuate 3,4-dioxygenase from
commonly known as sodium dithionite, is a versatile reducing Pseudomonasp., 3sn-phosphatidic acid (PA) sodium salt
agent widely used to prepare the reduced forms of electronfrom egg yolk lecithin, 3sn-phosphatidylethanolamine (PE)
transfer proteins. In particular, reduction of cytochrome P450 from bovine brain, and-o-phosphatidylcholine (PC) were
by dithionite is used in routine quantitative determinations the products of Sigma Chemicals (St. Louis, MO). Emulgen-
of the heme protein. Studies of the kinetics of reduction by 913 was obtained from Kao Atlas Co. (Japan). Og¢iy-
dithionite were employed to probe apparent conformational glucopyranoside (octyl glucoside, OG) was obtained from
transitions and changes in the ligand sphere of the heme ironFluka (Switzerland). 2-Decanoyl-®-[11-[(4,4-difluoro-5,7-
in such heme-containing enzymes as bovine heart cyto-dimethyl-4-bora-3a,4a-diazaindacene-3-propionyl)amino]-
chromec oxidase 45, 46), cytochromebo from Escherichia  undecyl]sn-glycero-3-phosphocholine (BODIPY-PC) was a
coli (47, 48), and some other biological electron carriet8-¢ product of Molecular Probes, Inc. (Eugene, OR). All other
52). For most heme proteins studied it was shown that the chemicals were of ACS grade and were used without further
mechanism of reduction involves the dithionite anion mono- purification.
mer SO, as the reducing agerb3—58). Detailed analysis Expression and Purification of CYP3AAild-type CYP3A4
of the kinetics of reduction of P45%, by dithionite was was expressed as a His-tagged proteiB.inoli TOPP3 cells
published by Hintz and Peterso®9), who found the and purified using Ni-NTA metal affinity resin from Qiagen
mechanism of this reaction to involve S@as the reducing  Inc. (Valencia, CA) as described earli&?2( 63).
species. The kinetics of reduction of substrate-free R450 Preparation of Proteoliposome®roteoliposomes were
obeys simple pseudo-first-order kinetics, and the binding of prepared using the octyl glucoside/dialysis technique ac-
substrate (camphor) drastically decreases the rate constartording to the procedure described by Schwartz and coau-
of reduction. This observation was explained as evidence ofthors @4, 64) with some modifications. We used a 2:1:0.6
restricted access of the charged reducing species, themixture of PC, PE, and PA with addition of 10g of
dithionite anion monomer, to the heme iron of cytochrome BODIPY-PC/mg of lipid mixture. Lipids (10 mg) were
P450, especially in the substrate-bound state. The kineticsmixed as chloroform solutions, and the solvent was removed
of dithionite-dependent reduction of microsomal cytochrome by evaporation under a stream of nitrogen gas and subsequent
P450 2B4, both in solution and in proteoliposomes, was drying under vacuum for 2 h. The suspension of lipids in
shown to obey an equation of the sum of two exponentials 2.5 mL of 100 mM Hepes, 150 mM KCI, 0.5 mM EDTA,
with 60—70% of the heme protein reduced in the fast phase and 1 mM DTT containing 20% (v/v) glycerol, pH 7.4
(60, 61). The distribution of the phases showed no depen- (buffer A), was prepared by short and gentle sonication in
dence on temperaturél) or addition of substrate (benz- an ultrasonic bath at room temperature. After addition of a
phetamine) (D. R. Davydov, unpublished observation). As required amount of CYP3A4 (3.6 and 0.9 nmol/mg of lipid
this biphasicity disappears upon dissolution of the enzyme for sample | and sample I, respectively) and mixing on a
oligomers or proteoliposomes by detergent, it was suggestedvortex mixer, the suspension was incubated at room tem-
to reflect some peculiarities of the oligomer architecture, perature for 45 min and diluted to a final volume of 9 mL.
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Solid OG was added to a concentration of 0.43%, and the scheme, so that the time interval between the spectra
mixture was incubated at4C until complete solubilization  increased 1620 times after the first 32 measurements. All
of the lipid. The mixture was dialyzed at’€ under constant  experiments were carried out in 100 mM Na-Hepes buffer,
gentle bubbling of argon gas against three changes of 250pH 7.4, containing 1 mM dithiothreitol and 1 mM EDTA.
mL portions of buffer A, each containing 1.5 mL of The spectral baseline was recorded with the buffer in the
Calbiosorb hydrophobic adsorbent (EMD Biosciences, Inc., sample cell. The temperature was Z5 and the concentra-
La Jolla, CA). After 72 h of dialysis (24 h per each portion tion of dithionite in the stopped-flow cell was 12.5 mM if
of the buffer) the mixture was further diluted by an equal not otherwise indicated. Both cytochrome P450 and sodium
volume of the same buffer containing no glycerol and dithionite solutions were prepared using buffer saturated with
centrifuged at 45000 rpm for 5 h. The pellet was resuspendedCO by bubbling for 10 min. In the experiments on the
in 100 mM Na-Hepes buffer, pH 7.4, containing 0.5 mM dependence of the reduction kinetics on the concentration
EDTA, 1 mM DTT, and 10% glycerol and stored &80 of dithionite the medium was supplemented with an oxygen-
°C. The diameter of proteoliposomes was assessed byscavenging system consisting of 0.1 unit/mL protocatechuate
negative staining electron microscopy. The molar ratio of dioxygenase and 1 mM protocatechuic acid.
phospholipids to cytochrome P450 was determined on the Data Processingln our analysis of the series of spectra
basis of the amplitude of the absorbance peak of BODIPY- obtained in kinetic experiments we implemented principal
PC using an extinction coefficient at 506 nm of 71 mM  component analysis (PCA%2, 70) to increase the signal-
cm (65). The content of phospholipids was also determined to-noise ratio and improve the accuracy of the assay. Only
on the basis of the determination of inorganic phosphorus the signal represented by the first two principal components,
in chloroform/methanol extracts mineralized with perchloric which usually cover over 99.5% of the observed spectral
acid ©66). changes, was taken into further analysis. Higher order
Preparation of Nanodiscs Containing CYP 3/bluble components containing no detectable bands of cytochrome
nanoscale membrane bilayer particles (Nanodisc) containingP450 were discarded. To interpret the observed transitions
CYP3A4 were obtained by a detergent-removal technique in terms of the changes in concentration of P450 species,
from the mixture of CYP3A4, phospholipid, and a membrane we used a least-squares fitting of the spectra to the set of
scaffold protein (MSP1D1) as previously describ&gd 67). the spectral standards of pure high-spin and low-spin ferric
Determination of the Effect of Detergent on the Velocity P450 @) and CO-bound ferrous P450 and P420 states of
of Sedimentation of CYP3A8edimentation velocity experi- CYP3A4. The latter two spectral standards were resolved
ments were carried out using a Beckman-Coulter XL-A from experiments on pressure-induced P450-to-P420 transi-
analytical ultracentrifuge with absorbance optics and an tions in CO-bound ferrous CYP3A4, which will be described
An60-Ti rotor at 20°C and 60000 rpm and monitoring of elsewhere. This analysis gave us the curves representing
absorbance at 417 nm. The analysis were carried out in 100time-dependent changes in the concentrations of the ferric
mM Hepes, 1 mM EDTA, and 1 mM DTT at pH 7.4, with  low-spin, ferric high-spin, and the ferrous carbonyl com-
or without 0.15% Emulgen-913. Scans were analyzed with plexes of P450 and P420 states of the heme protein. These
the continuous sedimentation coefficiects]) and molecular ~ kinetic curves were fitted to a multiexponential equation:
weight (M)) distribution methods@8) using the SedFit
program (www.analyticalultracentrifugation.com). For this n
analysis we used the value of the partial specific volume of C=C,—(C.—CYYFe ™
cytochrome P450 of 0.78 cifig, as determined by Wendel 1=
and coauthors by sedimentation velocity in the variable .
density media &9). whereC,, Q qnde are the cqncentra}tlons of the cpm_ppund
ExperimentalTitration and scanning stopped-flow kinetic &t the beginning of the reaction, at timeand at an infinite
experiments were performed using a rapid scanning two- time, respectlve_IyFi andk; are the fraction and the rate
channel MC2000-2 CCD spectrometer (Ocean Optics, Inc., constant of thei-th exponential phase. The number of
Dunedin, FL) equipped with a custom-modified CUV-ALL- exponentsr) varied from 1 to 3 depending on the case. In
UV thermostated cell holder (Ocean Optics) and an OSRAM bromocrlp.tme tltratlon expgrlments _the curves reflectllng the
64614 UV-enhanced tungsten halogen lamp (OSRAM, substra;e-lr)duced spin shift were fitted to the equation for
Munich, Germany) as a light source. In the stopped-flow the_equmbr_lum of l_)lnary as_somatlon at comparable concen-
experiments this instrument was combined with a SF- trations of interacting species (see 7éf p 73, eq 1I-53). In
MiniMixer stopped-flow apparatus (KinTek Corp., Austin, all cases thg fitting was made by nonlinear regression using
TX) with a 5 mmpath length quartz cell connected to the 2 qomblnatlon of NelderMead and Marquardt algorithms
mixer with 3 cm long Teflon tubing. The dead time of the USing the SPECTRALAB progran#g). o
mixer was less then 4 ms. Computer control of the mixer, 1ne estimates of the spin state of CYP3A4 given in this
which allowed us to attain a synchronization between the Study were calculated from the amplitudes of the kinetic
mixing and scanning, was achieved using an ACL-7120 curves_of reduction _of the high-spin and low-spin P450
digital 1/0 and timing board (ADLink Technology, Taipei, détermined as described above.
Taiwan). Custom-designed software was used for dataRESULTS
acquisition. The above configuration allowed us to collect a
series of spectra in the 3400 nm range with a time Kinetics of CYP3A4 Reduction by Dithionite in Oligomers
interval >4 ms starting at the exact moment of mixing. in Solution.The process of dithionite reduction of CYP3A4
Typically, in each stopped-flow experiment we collected 96 in solution is illustrated in Figure 1. Kinetic curves of the
spectra in the 386600 nm region using a double time-based appearance of the reduced P4%0O complex were found
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Ficure 1: Kinetics of dithionite-dependent reduction of CYP3A4 in oligomers in solution. ConditiongM 3A4, 12.5 mM sodium

dithionite, CO-saturated 0.1 M Na-Hepes buffer, pH 7.4, 1 mM DTT, 1 mM EDTA, 1 mM protochatechuic acid, and 0.1 unit/mL
protocatechuate dioxygenase,®a Spectra were recorded in a stopped-flow cell with 5 mm optical path length. (a) Changes in absorbance

in the Soret region during the initi® s of reaction. The first spectrum shown corresponds to the time of 60 ms after mixing, and the
following spectra were taken in 400 ms time intervals. The spectrum measured at the time of origin is subtracted. (b) The difference spectra
of reduction measured at 250 ms (dashed line) and 42 s (solid line) after mixing. The spectra are scaled by a linear least-squares algorithm
to have similar amplitudes in the graph. (c, d) Kinetics of reduction of the total pool (filled circles, solid line), low-spin fraction (empty
circles, dashed line), and high-spin fraction (squares, solid line) of CYP3A4 in linear (c) and semilogarithmic (d) coordinates. The lines
show the results of the fitting of the data to the equation of the sum of three (total heme protein and the low-spin fraction) or two (high-spin
fraction) exponents. The data were scaled according to the fitting results to represent a percent decrease in the content of the respective
states of the ferric enzyme.

to be multiexponential (Figure 1). Three exponential terms heme protein reduced in the first phase was represented by
were needed to avoid systematic deviation of the fitting the low-spin fraction only, and the spin state of the slow-
curves from the experimental data. The square correlationreducible enzyme was shifted considerably toward the high-
coefficient for this fitting was always higher than 0.995 and spin state. The high-spin content of the total heme protein
in most cases as high as 0.9995 or above. As shown in Tablewas determined to be 142 6.8% at 25°C in the absence

1, which summarizes the kinetic parameters of reduction in of substrate, while the high-spin content in the enzyme
various systems, in solution with no substrate added each ofreduced in the slow phase was as high ast380%. This

the three phases of P450 reduction comprises about onedifference in spin equilibrium between fast- and slow-
third of the total enzyme. The kinetics of disappearance of reducible heme protein resulted in the time-dependent
the low-spin ferric heme protein in the absence of substrate displacement of the position of the trough of ferric P450 in
also obeys three-exponential kinetics exhibiting rate constantsthe difference spectra of reduction, as illustrated in Figure
similar to those deduced from reduction of the total P450 1b.

and fractions of the fast, middle, and slow phases equal to In corroboration of the validity of the three-exponential
0.424+ 0.07, 0.31+£ 0.05, and 0.2°& 0.05, respectively. In  approximation of the reduction kinetics, the distribution of
contrast, the kinetic curves of the reduction of the high-spin the phases was independent of the concentration of dithionite
fraction of the enzyme (Figure 1c,d) obey a biexponential in the range probed (0-:80 mM). All three constants are
equation with the fraction of the slow phase as high as 0.83 linearly related to the square root of the dithionite concentra-
+ 0.1 and rate constants similar to those of the second andtion in the 0.8-12.5 mM range (Figure 2). Thus, similar to
third phases of the total P450 reduction (Table 1). Thus, the P45Q.m (59), CYP3A4 is reduced by dithionite anion
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Table 1: Kinetic Parameters of Dithionite-Dependent Reduction of the Total Pool and the High-Spin Fraction of CYP3A4 in Various Systems
at No Substrate Added and in the Presence of Bromocriptine

bromo- . ) )
criptine, total CYP3A4 high-spin fraction
system uM ki, st ko, st ks, st F1 F2 F3 Kasy S°* Ksiows S7* Fsiow

oligomers in 0 3.3t 0.6 0.41+ 0.07 0.081+ 0.01 0.33+ 0.07 0.35+ 0.05 0.32+ 0.05 0.48+ 0.17 0.074+ 0.02 0.83+ 0.10
solution 32 3.5-0.4 0.23+0.10 0.043+ 0.02 0.06+ 0.02 0.37+ 0.06 0.58+ 0.07 0.29+ 0.12 0.043+ 0.02 0.71+ 0.13

monomers 0 0.440.01 1.0 0.56+ 0.17 0
(0.15% 24 0.37+0.01 1.0 0.47-0.03 0
Emulgen-913)

Nanodisc- 0 6.2206 0.59+ 0.14 0.84+ 0.03 0.16+ 0.03 6.2+ 0.6 0.72+0.30 0.3+ 0.10
incorporated 24  44+18 0.14+ 0.01 0.03+ 0.07 0.97+ 0.07 0.11+0.01 1.0
CYP3A4

P450-rich 0 8816 22+0.2 0.20£0.05 0.22+0.09 0.52+ 0.09 0.25+0.07 1.9+ 0.5 0.14+0.06 0.7+ 0.16
proteoliposomes 6 3.9+ 0.1 0.92+0.42 0.12+0.01 0.11+ 0.01 0.21+ 0.05 0.66+ 0.13 0.10+0.10 1.0
(sample 1)

lipid-rich 0 20+01 1.0 1.9+0.1 0
proteoliposomes 32 0.050+ 0.02 1.0 0.045: 0.01 1.0
(sample I1)

2 The values given in the table were obtained by averaging the resutt b2 &dividual measurements, and tievalues show the confidence
interval calculated fop = 0.05.
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Ficure 3: Effect of bromocriptine on the kinetics of reduction of

Ficure 2: Dependence of the pseudo-first-order rate constants of 1, | | nd the high-spin fraction f CYP3A4 in th
CYP3A4 reduction on the square root of dithionite concentration. glgécr)rt]aergc?g (s%)ll?tioan '?hegkir?eptic c%?r\t/gs 52,)3% ?ecorgded att r?o

Panel a shows the dependenciesKp(circles) andk, (squares). = g pqirate added (circles) and in the presence pMi(squares)
Data forks are shown in panel b. The points shown correspond to 4 6 uM (diamonds) bromocriptine. The data are plotted in

averages of three to six measurements. Error bars represent thgemiiogarithmic coordinates. Lines show the results of fitting of

confidence intervalg{= 0.05). Concentrations of dithionite varied 5 4t to the equation of the sum of three (a) or two (b) exponents.

from 0.78 to 50 mM. Other conditions are as indicated in Figure ~qnqitions: 3uM 3A4, 12.5 mM sodium dithionite, CO-saturated

1 0.1 M Na-Hepes buffer, pH 7.4, 1 mM DTT, and 1 mM EDTA,
25°C.

monomer (SO), not by the dithionite anion itself. At higher

concentrations of the reductant the valuekefbecomes  different conformers with different rate constants of reduction

independent of the dithionite concentration, thus revealing by dithionite anion radical.

a change in the rate-limiting step of the fastest phase of Effect of CYP3A4 Interactions with Bromocriptine on the
reduction. Linear approximation of the dependences shownkinetics of Reductiorin agreement with previous findings

in Figure 2 gives the values of the rate constants of 29.5 (4, 70), addition of bromocriptine to CYP3A4 caused an
1.7s*M7°5 318+ 0.18 s* M™%3 and 0.46+ 0.08 s* important increase in the content of the high-spin heme
M~05for each of the three phases, respectively. Interestingly, protein, which reaches 68 7% at saturating bromocriptine
linear approximation of the dependencekebn the square (32 uM). This substrate-induced spin shift was accompanied
root of the dithionite concentration yields an important offset by a drastic decrease in the overall rate of reduction (Figure
at zero dithionite concentration, which may indicate an 3). This effect is achieved by an increase in the amplitude
extremely slow fourth phase of reduction with a rate constant of the third phase of the reduction at the expense of the first
independent of the dithionite concentration. This putative phase, while the changes in the fraction of the middle phase
fourth phase, which cannot be resolved by our multiexpo- were marginal (Figure 4a).

nential fitting, appears to be limited by some transition in  |n contrast to important changes in the kinetics of the
the protein represented by a first-order process with the ratereduction of the total P450 pool, the effect of bromocriptine
constant of 0.03% 0.01 s. Thus, our results on the kinetics  on the reduction of the high-spin P450 was rather modest.
of dithionite-dependent reduction of CYP3A4 in solution Addition of substrate caused some decrease in the fraction
clearly demonstrate a persistent heterogeneity of the enzymeof the slow phase (Table 1). Superposition of the phase
The enzyme pool appears to be distributed between severabistribution in the kinetics of the reduction of the low-spin,
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FiGure 4: Effect of bromocriptine on the kinetics of reduction of FiGurRe5: Kinetics of dithionite-dependent reduction of monomeric
CYP3A4 in the oligomers in solution. (a) The fractions of the fast CYP3A4 in solution containing Emulgen-913 at no substrate added
phase [, circles), middle phasd, squares), and slow phade;( (circles) and in the presence of A& bromocriptine (squares) in
diamonds) are plotted versus bromocriptine concentration. (b) linear (a) and semilogarithmic (b) coordinates. Lines show the
Content of the high-spin P450 in the fractions reduced in the middle results of fitting of the data to a monoexponential equation. The
(squares) and slow (diamonds) phase. Lines shown in panels a anduffer contained 0.15% Emulgen-913. Other conditions are as
b were obtained by fitting the respective data sets to the equationindicated in Figure 3.
for the equilibrium of binary association. The values were obtained
from the fitting of the kinetic curves of dithionite-dependent
reduction. Conditions are as indicated in Figure 3.

on the kinetics (Table 1). Therefore, monomerization of the
enzyme by detergent eliminates the heterogeneity and
prevents the substrate-induced transition observed in the

high-spin, and the total heme protein allows us to calculate i H besid ati
the content of the high-spin P450 reduced in each of three ENZYME OlIJOMETS. However, besides monomerization, non-

phases in the total CYP3A4. The fraction of CYP3A4 ionic detergents may affect substrate binding, as Triton N101,

: ' : Emulgen-913, and similar detergents are metabolized by
reduced in the first (fastest) phase is represented by the low- o ; - -
spin heme protein only in the whole range of bromocriptine CYP3A4 and exhibit rather high affinity, = 39 zM for

concentrations studied. In contrast to low-spin fast-reducible Tntgn NlOl) (72,)' o )
P450, the heme protein reduced in the second and third Kinetics of Dithionite-Dependent Reduction of CYP3A4
phases revealed a substrate-dependent equilibrium betweeHcorporated into NanodiscS.o discriminate the effect of
the high-spin and low-spin states, as illustrated in in Figure Monomerization from possible specific effects of Emulgen-
4. The dependencies of the high-spin content in P450 reduced?13, it was important to probe a detergent-free monomeric
in the second and third phases may be fitted to an equation?yStem- For this purpose, we studle_d the kmeucs of dithion-
for the equilibrium of binary association at comparable ite-dependent reducuon_of CYP3A4 incorporated mas_oluble
concentrations of enzyme and substrate. This fitting gives N@noscale membrane bilayer, or Nanodis).(The Nanodisc
the values of the apparent dissociation constant of theP450 System, obtained by self-assembly from the mixture of P450,
bromocriptine complex of 1.8 0.6 M and 4.3+ 1.3uM phospholipid, and a memb_rane scaffold protein, represents
for the heme protein reduced in the second and third phases& homogeneous monomeric population of CYP3A4 embed-
respectively. ded in small discoidal lipoprotein particles of uniform size
Effect of Monomerization of the Protein by Emulgen-913 (12).
on the Kinetics of Reductiof®y analogy to suggestions in In the absence of substrate the kinetics of reduction of
earlier studies of CYP2B46(), we may assume that the CYP3A4 in Nanodiscs was extremely fast and obeys a
heterogeneity of the CYP3A4 pool revealed in the kinetics biexponential equation with 84 3% protein reduced in the
of dithionite-dependent reduction may be caused by a fast phase (Table 1, Figure 6). In much the same way as in
nonequivalency of the subunits in protein oligomers. Sedi- P450 oligomers, the fractions reduced in the fast and slow
mentation velocity experiments at-B uM CYP3A4 in the phase differed in the position of spin equilibrium. Thus, the
absence of any detergent showed large aggregates wittheme protein reduced in the fast phase contained only 15.6
sedimentation coefficients of 8:22.6 S (data not shown). £ 6% high-spin state, whereas the high-spin content in the
Continuous molecular weight distributios(§1)) analysis ~ slow phase was 48 2%.
(68) reveals at least three major sedimenting species with  Similar to oligomers in solution, addition of bromocriptine
molecular masses of 215, 290, and 450 kDa. Addition of drastically decreased the rate of reduction by increasing the
0.15% Emulgen-913 resulted in complete dissociation of fraction reduced in the slow phase (Figures 6 and 7). At 24
these oligomers, as evidenced by a single sedimentation ban@M bromocriptine, where the content of the high-spin state
centered at 3.4 S. According (M) analysis this band  of P450 reaches 6& 10%, the fraction of the slow phase
represents a species with molecular mass of 56 kDa, whichof the reduction Eg.,) became as high as 0.9% 0.07,
corresponds to a monomer of CYP3A4. Therefore, we making the kinetics essentially monoexponential. The de-
assume that addition of 0.15% Emulgen-913 results in pendence oFgy, 0N the concentration of bromocriptine fits
complete monomerization of the heme protein. the equation for the equilibrium of bimolecular association
As shown in Figure 5, the kinetics of reduction of CYP3A4 with Kp = 0.5uM (Figure 7), which is consistent with the
in the presence of 0.15% Emulgen-913 becomes monophasicyalue determined by spectrophotometric titration of CYP3A4
and addition of 24«M bromocriptine had virtually no effect  in Nanodiscs by bromocriptind&kg = 0.39+ 0.15uM). In
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Ficure 6: 6. Effect of bromocriptine on the kinetics of reduction
of the total pool (a) and the high-spin fraction (b) of CYP3A4
incorporated into Nanodiscs. The kinetic curves were recorded at a q
no substrate added (circles) and in the presenceudfl §squares) 0 é ‘; 6
and 24uM (diamonds) bromocriptine. The data are plotted in [BCT], uM

semilogarithmic coordinates. Lines show the results of fitting of
the data to the equation of the sum of two exponents (a) or the FIGURE 8: Effect of bromocriptine on the kinetics of reduction of
monoexponential (b) equation. The reaction mixture contained 2.5 CYP3A4 in P450-rich proteoliposomes (sample 1). The fractions
uM Nanodisc-incorporated CYP3A4. Other conditions are as of the fast phaseH, circles), middle phasd, squares) and slow
indicated in Figure 3. phase F3, diamonds) are plotted versus bromocriptine concentra-
tion. Lines represent the results of fitting of the respective data
sets to the equation for the equilibrium of binary association. The
values were obtained from the fitting of the kinetic curves of
dithionite-dependent reduction of a®1 suspension of the P450-
rich liposomes (sample I). Other conditions are as indicated in
Figure 3.

100

r 60

80 4

predominately low-spin substrate-free state to slowly reduc-
ible, predominately high-spin substrate-bound form.
Kinetics of Dithionite-Dependent Reduction of CYP3A4
in ProteoliposomesThe above data clearly indicate that the
oligomerization of P450 in solution results in a divergence
of the heme protein pool into two fractions differing in the
rates of dithionite-dependent reduction, position of spin
equilibrium, and response to substrate binding. To probe the
relevance of this conclusion in P450 oligomers in model
membranes, we studied the kinetics of CYP3A4 reduction
20 in proteoliposomes using two samples having a lipid-to-
0 8 s 0t protein ratio (L/P) of 112:1 and 726:1 mol/mol. These
[BCT], uM preparations are designated as ;amples I a.nd I, respectively.
Ficure 7: Bromocriptine-induced changes in the fraction of the As demonstrated by electron microscopy, in both cases the

slow phase of dithionite-dependent reductiégd, filled circles) average diameter of the liposome vesicles was around 200

and in the high-spin content (empty circles) in CYP3A4 incorpo- NM (data not shown). Assuming the partial surface of the
rated into Nanodiscs. The data on the high-spin content were lipid bilayer per one molecule of phospholipids to be of 75
obtained by titration of Nanodisc-incorporated CYP3A4 by bro- A2 (73), the number of P450 molecules per vesicle is around
mocriptine. Lines show the results of fitting the respective data 1500 in sample | and around 230 in sample Il. Assuming
sets to the equation for the equilibrium of binary association. The o S )
reaction mixture contained 2:8/1 Nanodisc-incorporated CYP3A4. that CYP_3A4 eX|s.ts In eq“"'b“!im between monomeric and
Other conditions are as indicated in Figure 3. oligomeric states in the proteoliposomal membrane, we may
expect a considerably lower degree of oligomerization in
the presence of any concentration of bromocriptine testedsample Il, compared with sample .
(1—24 uM) the kinetics of reduction of the high-spin protein The kinetics of dithionite-dependent reduction of CYP3A4
obeys a monoexponential equation with the rate constantin sample | was close to that observed in oligomers in
equal to that of the slow phase of the total reduction processsolution. In the absence of substrate kinetic curves obey an
(Figure 6). Thus, consistent with the effect of monomeriza- equation of the sum of three exponents with fractions of 0.22
tion of 3A4 by detergent, incorporation of the enzyme into + 0.09, 0.52+ 0.09, and 0.25+ 0.07 (Table 1). Addition
Nanodiscs eliminates its heterogeneity. However, in contrastof bromocriptine does not eliminate the multiphasicity but
to the behavior in the presence of Emulgen-913, the effect causes a redistribution of the fractions toward the third phase
of substrate on the kinetics of the dithionite-dependent (Table 1, Figure 8). At M bromocriptine the fraction of
reduction is retained in Nanodiscs. CYP3A4 in Nanodiscs the third phase became as high as Gt65.12 at the expense
behaves as a single population, where the interaction with of decreased fractions of the first and the second phases
bromocriptine results in a conversion from a fast-reducible, (Table 1).
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100

100 g constant equal to that of the slow phase of the total reduction

process.

DISCUSSION

The study of dithionite-dependent reduction of CYP3A4
has provided an important link between the oligomeric state
of the enzyme and its functional properties. Reduction of
CYP3A4 in oligomers in solution exhibited complex three-
exponential kinetics with similar amplitudes of the three
phases. Addition of bromocriptine resulted in the conversion
of the protein reduced in the fast phase into a slowly
A o reducible form, such that the increase in the fraction of the

Time. s slow phase appears to be proportional to the degree of
Ficure 9: Effect of bromocriptine on the kinetics of reduction of enzyme saturation with substrate. The fraction of the middle

the total pool (a) and the high-spin fraction (b) of CYP3A4 oy qq remained almost unchanged. Importantly, the fraction
incorporated into the lipid-rich proteoliposomes (sample Il). Kinetic

curves were recorded at no substrate added (circles) and in the"@duced in the fast phase was always represented by the low-
presence of 8M (squares), 16uM (triangles), and 32uM spin P450 only, and the slowly reducible fraction was highly
(diamonds) bromocriptine. The data are plotted in semilogarithmic enriched in the high-spin heme protein. These results suggest
coordinates. Lines show the results of fitting of the data to the that similar to P45Q,, (59), binding of the substrate to
equation of the sum of two exponents (a) or the monoexponential ~yp3a4 results in a transition that decreases the accessibility

equation (b). The reaction mixture contained:8 CYP3A4 in e -
lipid-rich liposomes (sample II). Other conditions are as indicated ©f the heme for the reductant, dithionite anion monomer

P450 Fe®*, %
o
. —
P450 Fe>*, %

1

T 1
40 60 4]

0

T
20 Time, s

in Figure 3. SO~,. However, this conclusion appears to be correct only
for about two-thirds of the heme protein pool, which is
100 1 o reduced in the first (fast) and the third (slow) phase. The
90 4 fraction reduced in the middle phase remains unchanged upon
addition of substrate. The substrate-induced spin shift
80 1 0 observed in this fraction suggests that it is capable of

substrate binding but does not undergo any substrate-induced
transition in accessibility of the heme moiety. Our results
60 strongly confirm the point of view that the term “spin
equilibrium” is inapplicable to the pool of CYP3A4 taken

70 4

F,, %

50 - .
as a whole but that there are several stable subpopulations
40 of the enzyme with a different position of spin equilibrium.
30 4 Abolishment of the heterogeneity of the CYP3A4 pool
upon solubilization with Emulgen-913 confirms that this
20 heterogeneity reflects a nonequivalency of the subunits in
10 4 the CYP3A4 oligomers. To discriminate the effect of
monomerization from possible specific effects of Emulgen-
0 & . . . . 913, we studied the kinetics of dithionite-dependent reduction
0 8 16 24 32 of CYP3A4 incorporated in a soluble nanoscale membrane
[BCT], uM bilayer, or Nanodisc 12). Consistent with results in the
Ficure 10: Bromocriptine-induced changes in the fraction of the detergent-containing system, incorporation of CYP3A4 into
slow phase of dithionite-dependent reductiiy,) of CYP3A4 Nanodiscs eliminated the heterogeneity of the heme protein

in lipid-rich liposomes (sample II). Lines show the results of the reyealed by dithionite reduction. The kinetics of reduction
data fitting to the equation for the equilibrium of binary association. in Nanodiscs in the absence of substrate was close to
Oth diti indicated in Fi 3. . - .
er condiions are as indicated in Figure monoexponential, and addition of bromocriptine caused the

. . . appearance of the slow phase, the amplitude of which was

The behavior of sample.ll was conS|der§1ny different. At proportional to the concentration of the enzynseibstrate
no sub_strat(_a added the kinetics of reductltin was monoex'complex (Figure 7). This behavior reveals the same regulari-
ponential with a rate constant of 20 0.1 s™ (Figure 9).  tjes as described by Hintz and Peterson for R45@vhere
Similar to Nanodiscs, the addition of bromocriptine caused the kinetics of reduction was monophasic both in substrate-
conversion to the second (slow) phase, the amplitude offree and in camphor-bound enzyme, but the binding of
which was proportional to the degree of saturation of the camphor resulted in a 4-fold decrease in the rate constant of
enzyme with substrate (Figure 10). At 8®1 bromocriptine reduction §9).
the fraction of the slow phase reached 1.0, so that the kinetics T approach the question whether the heterogeneity of

exhibited a single exponential (slow) phase (Table 1). Also, cyp3A4 observed in solution takes place in the microsomal
as in Nanodiscs, in the presence of bromocriptine the membrane as well, we studied the kinetics of dithionite-
fractions reduced in the fast and slow phases were strictly dependent reduction of the enzyme incorporated into large
different in spin state. At any concentration of the substrate unilamellar liposomes with different lipid-to-protein ratios.
probed (332 uM) the kinetics of reduction of the high- A decrease in the fraction of rotationally immobile (ag-
spin P450 followed a monoexponential equation with a rate gregated) P450 with increasing lipid-to-protein ratio in
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proteoliposomes and rabbit liver microsomes was shown by
rotational diffusion measurements in the laboratory of
Kawato @O, 74). These authors demonstrated that in pro-
teoliposomes with a L/P weight ratio of 2-60:1 mol/mol)
about 35% of the P450 had decreased rotational mobility,
while increase in the L/P ratio to 10~600 mol/mol)
decreased the immobile fraction to 720). Thus, assuming
CYP3A4 to exist in equilibrium between monomeric and
oligomeric states in the proteoliposomal membrane, we may
expect the degree of oligomerization to be considerably lower 5
in our liposomal sample Il, compared with sample I. In fact,
we observed a striking similarity between the diluted % & > % |
liposomal preparation (sample II) and CYP3A4 incorporated o/ =TT UoH| 1o lior
into Nanodiscs. We may conclude therefore that the effect Bl @ |3
of incorporation into Nanodiscs or diluted liposomal mem-
branes on the kinetics of dithionite-dependent reduction of i 344 monomers 344 oligomers
CYP3A4 is caused by elimination of oligomers. Ficure 11: A suggested scheme of conformational transitions and
Similar behavior of CYP3A4 oligomers in solution and oligomerization in CYP3A4, which explains the heterogeneity of

in P450-rich liposomes (sample I) suggests a common effectthg enzyme Obsherl"e‘j ki]” the ki”eticst ?;1 dit.rt“ort‘.ite'depe”‘tjed”t.
: TS, ; .~ reduction. The whole scheme represents the situation expected in
of P450 oligomerization in the membrane and in solution protein-rich liposomes and in microsomes. The left dashed rectangle

on the kinetics of dithionite-dependent reduction. In much qytiines the transitions taking place in a monomeric system, such
the same way as in oligomers in solution, in the liposomal as CYP3A4 incorporated into Nanodiscs and the enzyme in lipid-

sample | the kinetics of reduction in the absence of substraterich liposomes. The right rectangle outlines the states observed in
revealed three exponential phases, although the fraction ofthe oligomer in solution. Encircled digits symbolize the phase of

- : the total heme protein reduction corresponding to each conforma-
the middle phase was as high as 0:62.9 (compared to tional state of the enzyme. Letters | and h symbolize high- and

0.35+ 0.05 in CYP3A4 oligomers). The response of this |ow-spin states of P450, respectively, and the displacement of spin
liposomal system to addition of bromocriptine was more equilibrium in each of the P450 conformations is symbolized by

complex than that observed in oligomers in solution in that capitalization of these letters. Dashed arrows show slow transitions
the interactions with substrate resulted in increase in the PetWeen monomeric and oligomeric states.
amplitude of the slow phase at the expense of both the fastsimilar to that of P45Q, CYP3A4 incorporated into
and the middle phase. Nevertheless, interactions with sub-Nanodiscs, or CYP3A4 in diluted proteoliposomal mem-
strate did not abolish the multiphasicity of the reduction branes. The second population is designated by gray-filled
(Figure 8). Differences in the response of the P450-rich rectangles in Figure 11. It constitutes about one-third of the
liposomes compared with oligomers in solution may reflect total enzyme in the oligomers in solution and is represented
the effect of substrate on the equilibrium of the oligomer- by the form reduced in the middle phase [(2), Figure 11]. It
ization of the heme protein in the liposomes. Thus, in contrast is also capable of binding substrate and exhibits a substrate-
to tight and essentially irreversible aggregation (oligomer- induced spin transition but fails to undergo any change
ization) in solution, the heme protein in the membranes exists affecting the rate of reduction. In Nanodiscs and in diluted
in equilibrium between the monomeric and oligomeric states, proteoliposomal membrane the oligomers of CYP3A4 are
which may be displaced upon substrate binding. The effect absent, and the whole pool of enzyme behaves similarly to
of substrate on the oligomerization equilibrium is supported the population of the enzyme reduced in the first and third
by the observation of Greinert and co-workers that binding phases in the oligomers in solution. The postulated unequiva-
of benzphetamine to CYP2B4 in the proteoliposomal mem- lency of the subunits of the oligomer may be caused by some
brane decreases rotational mobility of the heme protein, peculiarities of their organization, causing a difference in
which is indicative of substrate-induced oligomerizati@#, ( orientation and/or conformation of the molecules of the
75). enzyme. A crucial effect of substrate binding on the kinetics
The data presented in this report are consistent with a of reduction of the first population of CYP3A4 in oligomers,
hypothetical scheme of CYP3A4 transitions shown in Figure which also affects the whole pool of the monomeric P450
11. We hypothesize that in the oligomers of CYP3A4 in in Nanodiscs and diluted membranes, indicates that the
solution and in P450-rich proteoliposomes the heme proteininteractions of the enzyme with substrate result in an
is distributed between two populations. Two forms of the important transition resulting in a restricted accessibility of
heme protein, one reduced in the first phase [designated bythe heme to SO, anion monomer. We hypothesize that,
() in Figure 11] and one reduced in the third phase [(3) in due to some steric constraints in the oligomer, the population
Figure 11], constitute the first population, which is shown of the enzyme reduced in the middle phase is incapable of
on Figure 11 by unfilled polygons. The fast-reducible state this transition.
(1) is represented by the low-spin enzyme only. The content Representation of P450 oligomers as trimers (Figure 11)
of the high-spin heme protein in the slow-reducible form provides the simplest way to explain the 1:1:1 distribution
(3) changes from 20% in substrate-free enzyme to about 75%0f the phases of reduction kinetics in CYP3A4 in solution.
in the complex with bromocriptine (Figure 4b). Binding of Trimers are also consistent with a 2:1 distribution of the
bromocriptine favors the formation of the slow form, so that exponential phases of dithionite-dependent reduction in
at the saturation with the substrate the fast form almost CYP2B4 and 2:1 distribution of apparent conformers reported
vanishes. The behavior of this population of the enzyme is in the pressure-perturbation studies of CYP2B4 and CYP3A4

+ Substrate
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(4, 41, 42). The trimeric state is also supported by electron
microscopy of the hexamers of CYP2B4 and CYP1A2,
which were shown to be organized as dimers of trim&8s ( 8
76). Nevertheless, the hypothesis that the elementary size
of the P450 oligomer is a trimer should be considered as
provisional. Other possibilities, such as representation of
P450 oligomers as a mixture of dimers of different archi-
tecture, appear to be plausible as well.

The results presented here corroborate the observation of 10-

the heterogeneity of CYP3A4 in our high-pressure spectros-
copy experiments4), where we found that only about 70%

of the heme protein in solution and about 50% in the
membrane are susceptible to a pressure-induced P450
P420 transition. Our conclusions are also in good agreement
with the results of Koley and co-workers, who demonstrated

that CYP3A4 in the microsomal membrane is represented 12.

by several populations with different accessibility of the heme
for CO and different substrate specificitt3—15). The

results of these authors suggest that the modulation of 13.

CYP3A4 distribution between these populations by allosteric
ligands, such aa-naphthoflavone (ANF), is involved in the
mechanisms of heterotropic cooperativity of CYP3A4. We
suggest that the divergence of CYP3A4 into different
populations mentioned by Koley and coauthors is caused by
the oligomerization of the enzyme in the membranes. Thus, 15
taking into account the observation that the interactions of
CYP3A4 with ANF enhance activity of the enzyme by
increasing the pool of active P450 moleculés, (14), we 16
infer that the phenomena of heterotropic cooperativity
observed with ANF may reflect an effect of this allosteric
ligand on the organization of CYP3A4 oligomers and/or the
equilibrium of CYP3A4 oligomerization in the membrane.
These effects will be considered in a forthcoming study.

-
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