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Abstract

We applied hydrostatic pressure perturbation to study substrate-induced transitions in human cytochrome P450 3A4 (CYP3A4)

with bromocriptine (BCT) as a substrate. The barotropic behavior of the purified enzyme in solution was compared with that

observed in recombinant microsomes of Saccharomyces cerevisiae coexpressing CYP3A4, cytochrome b5, (b5) and NADPH-cyto-

chrome P450 reductase (CPR). Important barotropic heterogeneity of CYP3A4 was detected in both cases. Only about 70% of

CYP3A4 in solution and about 50% of the microsomal enzyme were susceptible to a pressure-induced P450!P420 transition. The

results suggest that both in solution and in the membrane CYP3A4 is represented by two conformers with different positions of spin

equilibrium and different barotropic properties. No interconversion between these conformers was observed within the time frame of

the experiment. Importantly, a pressure-induced spin shift, which is characteristic of all cytochromes P450 studied to date, was

detected in CYP3A4 in solution only; the P450!P420 transition was the sole pressure-induced process detected in microsomes.

This fact suggests unusual stabilization of the high-spin state of CYP3A4, which is assumed to reflect decreased water accessibility of

the heme moiety due to specific interactions of the hemoprotein with the protein partners (b5 and CPR) and/or membrane lipids.
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Perturbation of chemical equilibria by hydrostatic
pressure provides a powerful technique for the study of

biochemical transitions accompanied by changes in

hydration of biological macromolecules, such as pro-

tein–protein, protein–DNA, and protein–ligand inter-

actions [1–3]. This approach is especially informative

with heme-containing proteins, where due to the pres-

ence of the heme chromophore, pressure-induced tran-

sitions can be easily detected through various
spectroscopic techniques. Some of the best examples of

successful application of hydrostatic-pressure-based

methods to mechanistic and structural exploration of
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hemoproteins involve cytochromes P450 [4,5]. These
techniques are of special value for these studies due to

the very important role played by protein-bound water

in substrate binding and catalytic mechanisms in these

heme-thiolate enzymes [6–9]. In the earliest studies,

high-pressure-induced transitions were used to study the

conformational dynamics of bacterial cytochromes

P450cam and P450lin [10–16]. High-pressure spectros-

copy has also been applied to mammalian microsomal
cytochrome P450 2B4 (CYP2B4) [17–19], P450 1A2

[19,20], P450scc [8], P450 3A4 [21], the heme domain of

bacterial P450BM3 [21,22], and cytochrome P450 119

from a thermophilic archaea [23,24]. Application of

elevated pressure to ferric cytochromes P450 induces a

displacement of the spin equilibrium towards the low-

spin state [7–10,18,22]. A second barotropic process has

been identified as the conversion of the P450 into the
inactive state known as cytochrome P420 [13,16,17].
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In the case of P450cam, this P450!P420 transition
starts at rather high pressures, when the spin shift is

nearly completed [13]. For other cytochromes P450

these two pressure-induced processes take place in

overlapping pressure ranges [14,18,22]. When applied to

the ferrous carbonyl complexes, high hydrostatic pres-

sure induces only the P450!P420 transition [13,14,17].

A remarkable observation made in our studies of

barotropic behavior of CYP2B4 was its apparent con-
formational inhomogeneity. We demonstrated that only

about 65–70% of the ferrous–carbonyl complex of

CYP2B4 is susceptible to a pressure-induced P450!
P420 transition [17], while the rest of the protein ap-

pears to be excluded from this inactivation. We

attributed this observation to the formation of P450

oligomers in solution, as the dissociation of the oligo-

mers by detergents renders all the P450 sensitive to
conversion to P420 [17]. The same non-uniform baro-

tropic behavior was also observed for the oligomers of

ferric CYP2B4, where only about 30–35% of the

hemoprotein participates in substrate binding and re-

lated spin transitions, being at the same time insensitive

to the pressure-induced inactivation. The remaining 65–

70% appears to be “frozen” in the low-spin state and is

apparently unable to bind substrates [18]. An analogous
non-uniformity of the P450 pool was also demonstrated

in proteoliposomal membranes [25]. This observation

led us to hypothesize that there may be a heretofore

unrecognized organization in the CYP2B4 oligomers

both in solution and in the membranes, where subunits

may differ in their spin equilibrium, ability to interact

with substrates, and sensitivity to pressure-induced in-

activation [18,25]. This heterogeneity was hypothesized
to play a role in the regulation of microsomal mono-

oxygenase activity [18,25].

In the current study we used high-pressure spectros-

copy to probe conformational heterogeneity in cyto-

chrome P450 3A4 (CYP3A4), the most important

human drug-metabolizing P450 enzyme [26]. This en-

zyme provides the most noteworthy example of P450

cooperativity, as reflected in its activity and substrate
interactions [27–30]. The mechanisms of P450 coopera-

tivity are usually explained by the presence of multiple

(two–three) substrate-binding sites within the same

substrate-binding pocket of the enzyme [27,29,30].

However, there is no apparent reason to exclude the

possibility that interactions between subunits in P450

oligomers, which are known to exist in the microsomal

membrane [31–36], also play a role in the allosteric
phenomena in CYP3A4. In this interpretation confor-

mational inhomogeneity of the enzyme caused by sub-

unit interactions in the oligomer leads to two or more

kinetically distinguishable pools of enzyme. The exis-

tence of multiple functionally distinct conformers of

CYP3A4 in the microsomal membrane was previously

inferred from studies of CO-binding kinetics in CYP3A4
expressed in sf9 cells [37]. In this paper we apply high-
pressure spectroscopy to probe and further characterize

conformational inhomogeneity of recombinant human

CYP3A4 in solution and in microsomes of Saccharo-

myces cerevisiae coexpressing CYP3A4, cytochrome b5
(b5), and NADPH-cytochrome P450 reductase (CPR)

(NF25-V8-W(R) microsomes [38]) with bromocriptine

as a substrate. We chose this ergopeptide alkaloid for

this study because it is known to have very high affinity
for CYP3A4 and is a potent modulator of the spin

equilibrium [38,39]. The fact that CYP3A4 reveals no

cooperativity with this substrate simplifies data analysis

and interpretation. We therefore consider this study

with bromocriptine as a necessary prerequisite for sub-

sequent investigation of the role of CYP3A4 conformers

in the mechanisms of cooperativity of this enzyme.
Materials and methods

Materials. Bromocriptine mesylate is the product of Sigma

Chemicals (USA). Emulgen-913 was obtained from Kao Atlas Co.

(Japan). All other chemicals were of ACS grade and were used without

further purification.

Expression and purification of CYP3A4. Wild-type CYP3A4 was

expressed as a His-tagged protein in Escherichia coli TOPP3 cells and

purified using Talon metal affinity resin (BD Biosciences Clontech) as

described earlier [40,41].

Yeast transformation and microsome preparation were done as pre-

viously described [38,42]. In this study we used microsomes containing

CYP3A4, reductase, and human liver cytochrome b5 (b5) in the W(R)

strain, which overexpresses endogenous yeast NADPH-P450 reductase

[42]. The CYP3A4:b5 molar ratio in these microsomal preparations

termed NF25-V8-E(R) was about 3:1.

Experimental. High-pressure spectroscopic studies and titration

experiments on purified recombinant CYP3A4 were performed using a

rapid-scanning multi-channel MC2000-2 spectrophotometer (Ocean

Optics, Dunedin, FL, USA) equipped with an L7893 UV–Vis fiber

optics light source (Hamamatsu Photonics K.K., Japan). In the high-

pressure experiments the instrument was connected by a flexible optic

cable to the high-pressure cell [11] connected to a manual pressure

generator capable of generating a pressure of 6000 bar. In the experi-

ments with CYP3A4-containing microsomes the spectra were

measured on a Cary-3 spectrophotometer (Varian, USA) with a high-

pressure cell directly placed into the sample compartment, as described

[11]. All experiments were carried out at 25 �C in 100mM Na–Hepes

buffer, pH 7.4, containing 1mM dithiothreitol and 1mM EDTA.

Data processing. To interpret the experiments in terms of pressure-

induced changes in concentration of P450 and P420 we used principal

component analysis (PCA) as described earlier [18,39]. This approach

allowed us to significantly increase the signal-to-noise ratio and to

remove the spectral perturbations due to the changes in turbidity of the

system during the experiments [39]. To interpret the pressure-induced

transitions in terms of changes in concentration of P450 species, we

used a least-squares fitting of the spectra of principal components to

the set of spectral standards of pure P450 and P420 species of the

hemoprotein [18,39]. Prior to the analysis all spectra were corrected for

the compression of the solvent, as described [17].

Analysis of pressure-induced transitions. Our interpretation of the

pressure-induced changes is based on the equation for the pressure

dependence of the equilibrium constant [43]

KeqðP Þ ¼ K0
eq � e�PDV 0=RT ¼ eðP1=2�PÞDV 0=RT : ð1Þ
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Here KeqðPÞ and K0
eq are the equilibrium constants of the reaction at

pressure P and at zero pressure, respectively, P1=2 is the pressure at

which Keq ¼ 1 (“half pressure” of the conversion), DV 0 is the molar

reaction volume, and K0
eq is the equilibrium constant extrapolated to

zero pressure, K0
eq ¼ eP1=2DV

0=RT . For the equilibrium A � B and

K0
eq ¼ ½B�=½A� Eq. (1) produces the following relationship:

½A� ¼ C0

1þ K0
eq � e�PDV 0=RT

¼ C0

1þ eðP1=2�PÞDV 0=RT
; ð2Þ

where C0 ¼ ½A� þ ½B�. The experimental data on the pressure depen-

dencies of the concentrations of P450 species were fitted to Eq. (2) with

an adjustable offset, A0, added to the right part. The fitting was made

by non-linear regression algorithm as described [17], where A0, C0, K0
eq,

and DV 0 were the target parameters of the optimization. Curve fitting

was performed using our SPECTRALAB software package [18].
Results and discussion

Interactions of CYP3A4 with bromocriptine and refine-

ment of CYP3A4 spectral standards

Binding of bromocriptine to CYP3A4 in yeast mi-

crosomes was characterized in detail in our previous

publications [38,39]. Here we studied the purified en-

zyme in solution. Spectrophotometric titration experi-

ments showed that the binding of bromocriptine to
CYP3A4 results in a type-I spectral change, revealing an

important substrate-induced high-to-low spin shift

(Fig. 1). The titration curves reveal a simple bimolecular
Fig. 1. Titration of CYP3A4 in solution with bromocriptine. The ab-

sorbance spectra of 1lM CYP3A4 recorded with no substrate added

and in the presence of 0.2, 0.4, 0.6, 0.8, 1.2, 1.5, and 1.9lM bromo-

criptine. The inset shows the titration curve obtained from the first

principal component of PCA deconvolution. The solid line shows the

results of fitting this data set with the equation for the equilibrium of

binary association with KD ¼ 0:3lM and the maximal increase in the

high-spin content of 31%.
process with no evidence of cooperativity. Interestingly,
the affinity of the enzyme for bromocriptine detected in

these experiments (KD ¼ 0:31� 0:07lM) is higher than

that reported earlier for CYP3A4 in NF25-V8-E(R)

microsomes [38,39].

The titration of CYP3A4 by bromocriptine was used

to refine the spectral standards of pure high- and low-

spin forms of the enzyme using the spectra of high- and

low-spin CYP2B4 [39] as prototypes. The procedure for
this refinement was based on the principal component

analysis, as described earlier [17,39]. The refined spec-

trum of the low-spin CYP3A4 is characterized by the

a-, b-, and Soret-absorbance bands located at 569 nm

(e ¼ 14:1mM�1 cm�1), 535 nm (e ¼ 12:0mM�1 cm�1),

and 418 nm (e ¼ 107mM�1 cm�1), respectively. High-

spin CYP3A4 has the Soret band at 391 nm

(e ¼ 93:2mM�1 cm�1); the barely resolved a- and b-
bands are located at 524–543 nm (e ¼ 8:8mM�1 cm�1)

and the charge-transfer band at 650 nm has an extinction

coefficient of 5.0mM�1 cm�1. These spectra were then

used in the analysis of pressure-induced transitions of the

enzyme.

Application of the newly refined spectral standards to

analyze the spin state of CYP3A4 showed that in the

absence of substrate this enzyme shows a spin equilib-
rium more shifted towards the high-spin state (19� 4%

high-spin P450 at 25 �C) than CYP2B4 (8–9% high-spin

at 25 �C) [17,39]. The amplitude of the bromocriptine-

induced spin shift in solution was estimated to be

31� 6%, which is similar to that reported earlier for

CYP3A4 in the microsomal membrane [39].

Pressure-induced transitions in CYP3A4 in solution

Pressure-induced changes in absorbance of CYP3A4

in solution in the absence of substrate and at a satu-

rating concentration of bromocriptine are shown in

Figs. 2A and B. These barotropic spectral changes were
quite similar to those previously observed in other cy-

tochromes P450 [5,7–22]. Application of PCA to this

spectral series resolved two distinct pressure-induced

transitions. The least prominent one, taking place at

relatively low pressures and characterized by the second

principal component, represents disappearance of the

band at 391 nm and increase in the intensity of the

418 nm band (Fig. 2C, dashed line). This transition is
readily identified as a pressure-induced high-to-low-spin

shift. Pressure-jump experiments showed this process to

be quite rapid (s < 100ms at 600 bar in the absence of

substrate). This process is clearly predominant below

1 kbar. All spectral changes observed below this pressure

were immediately and completely reversible upon

decompression.

Another pressure-induced transition, which is given
by the first principal component, reflects a decrease of

both the high- and low-spin P450 bands concomitant



Fig. 2. Pressure-induced spectral changes in CYP3A4 in solution. (A) A series of absorbance spectra of 2.5 lM CYP3A4 with no substrate present

recorded in the 1–4000 bar pressure range with 400 bar increments. (B) A series of spectra of 2.1 lMCYP3A4 in the presence of 26lMBCT recorded

in the 1–3600 bar pressure range in 400 bar increments. (C) Spectra of the first (solid line) and the second (dashed line) principal components found by

PCA of the series shown in (A). The principal component spectra were scaled to correspond to the transitions in 1 lM protein.
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with the appearance of an intense absorbance band at

426 nm (Fig. 2C, solid line). This transition, which was

reported earlier for P450cam [13,14], P450lin [14],

CYP2B4 [17,25], and P450BM3 [22], is commonly at-

tributed to the pressure-induced conversion of the
low-spin P450 into P420 [10,13,14,17]. Pressure-jump

experiments indicated that the kinetics of this apparent

P450!P420 transition in CYP3A4 is biphasic (data not

shown). The fast phase has the characteristic time (s) of
about 10 s at 1800 bar. This phase is the only one ob-

served below 1500 bar. At higher pressures this fast

process is followed by a slower transition (sP 13min at

1800 bar). The slow part of the spectral changes involves
only about 30–40% of the total CYP3A4 content. In-

terestingly, once allowed to reach its limit, the slow

phase never appears again upon further pressure in-

creases. In this case all further P450!P420 transition is

represented by the fast phase only. The fast phase of the

P450!P420 conversion was reversible upon decom-

pression. This reconversion takes about 5–10min to

complete. However, if the sample has been incubated
at high pressure long enough to allow the slow

P450!P420 conversion, the P420 fraction generated in

this phase (635% of the total CYP3A4 content) remains

in P420 state, as verified by the spectra of the ferrous–

carbonyl complex.

As evident from the above description, this apparent

P450!P420 transition of the ferric enzyme is rather

complex. It reflects at least two distinct processes in-
volving different sub-populations of the enzyme, where

only one process is reversible. The amount of P420 de-

termined from the spectrum of the ferrous–carbonyl

complex upon decompression was always proportional

to the intensity of the pressure-generated absorbance
band at 426 nm in the ferric enzyme. It should be noted,

however, that the conversion to P420 might be complex,

such that the pressure-generated band at 426 nm may

correspond to some precursor of the actual P420 state.

The series of CYP3A4 spectra obtained at increasing
pressures was then used to refine the spectral standard of

the apparent ferric P420 state of the enzyme. The spectra

of pressure-generated ferric P420 CYP2B4 [18] and

P450BM3heme domain [22] were used as prototypes. The

extinction coefficientswere adjusted from the requirement

that the total concentration of CYP3A4 be constant, at

least in the initial 0–1500 bar interval of the compression

experiments. The refined spectral standard of CYP3A4
P420 closely resembles the spectrum reported earlier

for the P420 state of the P450BM3 heme domain [22].

The a-, b-, and Soret-bands are located at 579, 553,

and 426 nm with extinction coefficients of 7.7, 11.5, and

94.4mM�1 cm�1, respectively. The amount of P450 and

P420 inCYP3A4preparations determined using the set of

refined spectral standards of the low-spin, high-spin, and

P420 states of ferric CYP3A4 was always in strict corre-
spondence with the amount determined from the spectra

of the ferrous–carbonyl complex of the enzyme.

All further experiments were designed to study the

reversible pressure-induced transitions only. The com-

bination of a rapid-scanning CCD spectrometer with the

high-pressure optical cell used in our experiments al-

lowed us to measure a series of spectra in the 1–4000 bar

range in 200 bar steps within 5min. In this experimental
setup the slow irreversible P450!P420 inactivation

could be neglected. This design allowed us to interpret all

observed pressure-induced changes as reversible,

applying the equation for the pressure dependence of the

equilibrium constant to interpret the transitions.



Fig. 3. Pressure-induced transitions in CYP3A4 in solution. (A,B) The changes in the concentration of the high-spin (triangles), low-spin (circles), and

P420 (squares) states of CYP3A4 and the total hemoprotein concentration (diamonds) with no substrate added (A) and at 23lM BCT (B). (C) The

course of the pressure-induced P450!P420 transition with no substrate added (circles), at 23 lM bromocriptine (triangles), and in the presence of

0.8% Emulgen-913 (diamonds). The results of fitting are shown by solid lines corresponding to the following sets of parameters: DV 0 ¼ �30ml/mol,

P1=2 ¼ 2790 bar, C0 ¼ 69% (no substrate); DV 0 ¼ �43ml/mol, P1=2 ¼ 2600, C0 ¼ 69% (+ bromocriptine), and DV 0 ¼ �47ml/mol, P1=2 ¼ 2020 bar,

C0 ¼ 91% (+ Emulgen).
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The pressure-induced changes in the concentration of

the high-spin, low-spin, and P420 states of CYP3A4 in

the substrate-free state and at saturation with bromo-

criptine are shown in Figs. 3A and B. Both the spin shift

and P450 P420 transitions are clearly visible in these

plots. (The pressure-induced spin transition in CYP3A4
will be analyzed in detail elsewhere.) Here we focus on

the P450!P420 transition only. Fig. 3C shows the

pressure-induced P450!P420 transition as a function

of the P420 fraction versus pressure with no substrate

present and at saturating concentrations of bromocrip-

tine. Fitting these curves to Eq. (2) shows that the total

amount of hemoprotein susceptible to this reversible

P450!P420 transition corresponds to 72� 6% of the
total P450 content, as given by the average of 12 indi-

vidual measurements. This value was not dependent on

the concentration of bromocriptine over the whole 0–

26 lM range studied. The rest of the hemoprotein ap-

pears to be excluded from this rapid reversible

P450!P420 transition. Addition of 0.8% non-ionic

detergent Emulgen-913, which is supposed to cause

dissociation of P450 oligomers [44,45], essentially elim-
inates this heterogeneity, increasing the maximal degree

of P450!P420 transition to 91% (Fig. 3C).

Interestingly, CYP3A4 interactions with bromocrip-

tine slightly enhance the sensitivity of the enzyme to

pressure-induced inactivation, increasing the absolute

value of the activation volume and decreasing in the

value of P1=2. In the absence of substrate the activation

volume of the transition (DV 0
P420) was equal to

)25� 4ml/mol with P1=2 ¼ 2710� 180 bar. At 26 lM
bromocriptine DV 0

P420 was )41� 3ml/mol, while P1=2
decreases to 2590� 30 bar. This observation contrasts

with that reported earlier for P450BM3 [22], where the

binding of substrate decreases the absolute value of

DV 0
P420 and displaces the P450!P420 transition to

higher pressures. In P450BM3 the stabilizing effect of

substrate binding was interpreted as evidence that the
P450!P420 transition ultimately requires prior disso-

ciation of the substrate complex [22]. The effect of sub-

strate on P450!P420 transition in CYP3A4 reported

above suggests that, in contrast to P450cam, P450BM3,

and CYP2B4 [18,22], hydrostatic pressure does not

cause any dissociation of the CYP3A4-substrate com-

plex, so that the substrate dissociation volume (DV 0
D) is

not negative.

Pressure-induced transitions in CYP3A4 in microsomes

Pressure-perturbation studies of cytochromes P450 in

the microsomal membrane are extremely intricate due to
high turbidity and the presence of other proteins (cyto-

chrome b5 and flavoproteins, in particular), which

absorb in the Soret region. However, application of

principal component analysis in combination with the

set of spectral standards of pure high-, low-spin, and

P420 states of CYP3A4 made it possible to analyze the

pressure-induced transition even in yeast microsomes.

Another important prerequisite for the success of this
study was our preliminary detailed thermodynamic

analysis of spin transitions and bromocriptine binding in

recombinant yeast microsomes [39]. This analysis pro-

vided us with the equilibrium constants necessary to

calculate the exact spin state of CYP3A4 in microsomes



Fig. 4. Pressure-induced spectral changes in CYP3A4 in NF25-V8-E(R) microsomes. (A) A series of spectra with no substrate present recorded in the

1–3000 bar pressure range in 300 bar increments and at 4000bar. (B) A series of spectra recorded in the presence of 26lMBCT in 1–3000 bar pressure

range at 300 bar increments. The spectra in (A) and (B) were treated by PCA-based polynomial correction algorithm [39] to suppress the turbidity of

the microsomal suspension. The absorbance of the ferric cytochrome b5 present in these preparations is also subtracted. (C) Spectra of the first

principal component found by PCA of the series shown in (A) (solid line) and (B) (dashed line). The principal component spectra were scaled to

correspond to the transitions in 1lM protein.
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at each given concentration of bromocriptine. Since the

exact spin state of P450 in each sample at room pressure

was known, the spectrum of P450 in microsomes at each

bromocriptine concentration was easily calculated as a

linear combination of the CYP3A4 high- and low-spin

spectral standards. This approach makes the procedure
of pressure correction strictly defined and reproducible.

All spectra of CYP3A4 in microsomes presented in this

publication are corrected for turbidity of microsomes

and absorbance of cytochrome b5.
Pressure-induced changes in the spectra of CYP3A4

in microsomes with no substrate added and at saturating

concentration of bromocriptine are shown in Figs. 4A

and B. Even preliminary visual analysis reveals an im-
portant difference from CYP3A4 in solution: in contrast

to the spectral series shown in Fig. 2, where no isosbestic

points were observed, the spectral changes shown in

Fig. 4 exhibit clear isosbestic points. This fact suggests

that in the microsomes all changes observed in the P450

might be described by a unique pressure-induced pro-

cess, instead of the two transitions described above for

CYP3A4 in solution. Indeed, the principal component
analysis of the series of spectra presented in Fig. 4 re-

veals only one principal component that might be rea-

sonably described by a combination of the CYP3A4

spectral standards. More precisely, a low-amplitude

second principal component, which might reflect some

spin transition, appears only when no substrate was

added. This component, covering about 2% of the total

spectral changes, corresponds to a low-amplitude pro-
cess with DV 0 ¼ �97ml/mol and P1=2 ¼ 2570 bar, sug-

gesting an equilibrium that is completely shifted towards
the high-spin state at 1 bar, which is not plausible. Since

this transition takes place at the pressures where the

P450!P420 transition is already close to completion, it

probably reflects some secondary effect of P420 inter-

actions with P450 or an effect of hydrostatic pressure on

the microsomal membrane.
Thus, the only representative pressure-induced pro-

cess observed in CYP3A4-containing microsomes cor-

responds to the P450!P420 transition. This important

peculiarity of the microsomal system considerably sim-

plifies subsequent analysis. All spectral transitions ob-

served in NF25-V8-W(R) microsomes were completely

reversible on decompression. No slow phase of the

P450!P420 transition was detected here. Control ex-
periments with W(R) microsomes lacking CYP3A4 (but

still containing CPR and b5) reveal no significant pres-

sure-induced spectral changes other than changes in the

turbidity of the microsomal suspension.

The pressure-induced changes in the concentrations of

high-spin and low-spin P450 and P420 in microsomes are

shown in Fig. 5. The pressure-related behavior illustrated

by this figure clearly demonstrates heterogeneity of the
pool of CYP3A4 in the microsomes. Only about half of

the hemoprotein exhibits a P450!P420 transition

(Fig. 5C). As evident from Fig. 5, the position of the spin

equilibrium of the P450 fraction undergoing a

P450!P420 transition is very different from the position

of the apparent “overall” spin equilibrium of the whole

pool of CYP3A4. In the presence of bromocriptine,

the low-spin P450 is almost completely excluded
from the pressure-induced transition (Fig. 5B). Fig. 6A

shows the dependence of the high-spin content in the



Fig. 6. Parameters of pressure-induced P450!P420 transitions in NF25-V8-E(R) microsomes at various concentrations of bromocriptine. (A) Effect

of bromocriptine on the content of the high-spin state in pressure-susceptible fraction of CYP3A4, as determined from the spectrum of the first

principal component. The dashed line shows the content of the high-spin state in the total pool of CYP3A4, as calculated from the equilibrium

constants of spin transition and substrate binding in CYP3A4 in NF25-V8-E(R) microsomes. (B) Effect of bromocriptine on the activation volume

(DV 0) of the pressure-induced P450!P420 transition.

Fig. 5. Pressure-induced transitions in CYP3A4 in NF25-V8-E(R) microsomes. (A,B) The changes in the concentration of the high-spin (triangles),

low-spin (circles), and P420 (squares) states of CYP3A4 and the total hemoprotein concentration (diamonds) with no substrate added (A) and at

200lM BCT (B). (C) The course of the pressure-induced P450!P420 transition with no substrate added (circles) and at 200 lM BCT (triangles).

The results of fitting are shown by solid lines corresponding to DV 0 ¼ �30ml/mol, P1=2 ¼ 1580 bar, C0 ¼ 56% (no substrate), and DV 0 ¼ �61ml/mol,

P1=2 ¼ 1410, C0 ¼ 49% (200lM bromocriptine).
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pressure-sensitive fraction of CYP3A4 (Fh1) on the con-

centration of bromocriptine. As seen from this figure, this

content is always higher than the percentage of the high-
spin state in the entire pool of CYP3A4 (Fh0). The best

fitting of this curve is given by the sum of twoMichaelis–

Menten equations with KM1 ¼ 0:52lM, KM2 ¼ 77lM,

and a 1:2 ratio of amplitudes. This may indicate the

presence of two distinct substrate binding sites, which

were not resolved in our titration experiments [38,39].
The value of DV 0
P420 is also dependent on the concentra-

tion of bromocriptine, changing from )21.5ml/mol with

no substrate present to )66.5 at 200 lM bromocriptine
(Fig. 6B). These values are in good agreement with those

reported above for CYP3A4 in solution. The dependence

of DV 0
P420 also obeys the sum of two Michaelis–Menten

equations with KM1 ¼ 0:77lM and KM2 ¼ 67lM, which

are in reasonable agreement with the values obtained

from the substrate dependence of Fh1.
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These results clearly demonstrate heterogeneity of
the CYP3A4 pool in the microsomes. Only about 50%

of the total hemoprotein undergoes a pressure-induced

P450!P420 transition. Only this fraction of the he-

moprotein is exposed to substrate-dependent spin

equilibrium, while the pressure-resistant part of

CYP3A4 appears to be represented by the low-spin

state only.
Conclusions

The data presented here clearly demonstrate confor-

mational heterogeneity of CYP3A4 both in solution and

in microsomal membranes, confirming the previous

observation of Koley et al. [37]. This inhomogeneity

closely resembles the situation reported previously for
CYP2B4 in solution and in proteoliposomal membranes

[17,18,25]. However, there are several important differ-

ences. For CYP2B4, the fraction susceptible to a pres-

sure-induced P450!P420 transition appears to be

excluded from substrate-modulated spin equilibrium

and is represented by the low-spin state only. In the case

of CYP3A4 both the P450!P420 transition and sub-

strate-sensitive spin shift are shown to take place in the
same fraction of the enzyme, while the remaining part is

represented by the predominantly low-spin state. This

latter fraction constitutes about 1/3 of the enzyme in

solution and about 50% of CYP3A4 in microsomes. In

solution it undergoes slow irreversible inactivation at

pressures higher than 1500 bar. By analogy with our

interpretation of CYP2B4 heterogeneity, we propose

that the heterogeneity in CYP3A4 is caused by the ar-
chitecture of P450 oligomers. The simplest explanation

is that the subunits in the oligomer have different ori-

entations of the substrate access channel, resulting in

different substrate and water accessibility of the heme

moiety. This interpretation is supported by the X-ray

crystal structure of the heme-containing domain of

P450BM3 (BMP). Thus, the two BMP monomers that

form the dimeric crystallization unit have significantly
different conformations, one with more open substrate

and water access to the heme moiety than the other [46].

Although P450BM3 is believed to be monomeric in so-

lution, the architecture of its dimeric crystallization unit

may be related to the architecture of oligomers of mi-

crosomal cytochromes P450.

The fact that both CYP3A4 and CYP2B4 reveal a 1:2

distribution of apparent conformers in solution seems
remarkable and might indicate the size and type of

symmetry of the oligomers in solution. Hexamers pre-

dominate in solution with both CYP2B4 and P450 1A2

[44,47], and the hexamers of CYP2B4 were demon-

strated to be dimers of trimers [48]. A 1:2 conformer

distribution shown here for CYP3A4 in solution sug-

gests a hexameric organization in this enzyme as well,
such that two subunits may have a distinct orientation
as compared to the other four.

Data presented here clearly demonstrate a remark-

able effect of the membrane environment and/or inter-

actions of CYP3A4 with CPR and b5 on water

accessibility of the heme pocket. The fact that no pres-

sure-induced spin transitions were observed in CYP3A4

in NF25-V8-W(R) microsomes may suggest that the

high-spin state of this enzyme is stabilized by interac-
tions with CPR and b5. These interactions apparently

diminish water accessibility of the heme pocket, hence

preventing the pressure-induced spin shift. Overall, our

results suggest that the heterogeneity of CYP3A4 should

be considered in further studies of the mechanisms of

cooperativity of this enzyme.
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