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Abstract

Glutathione (GSH) exerted a profound effect on the oxidation of 7-benzyloxy-4-(trifluoromethyl)
coumarin (BFC) and 7-benzyloxyquinoline (BQ) by human liver microsomes as well as by CYP3A4-
containing insect cell microsomes (Baculosomes). The cooperativity in O-debenzylation of both
substrates is eliminated in the presence of 1-4 mM GSH. Addition of GSH also increased the
amplitude of the 1-PB induced spin shift with purified CYP3A4 and abolished the cooperativity of
1-PB or BFC binding. Changes in fluorescence of 6-bromoacetyl-2-dimethylaminonaphthalene
attached to the cysteine-depleted mutant CYP3A4(C58,C64) suggest a GSH-induced conformational
changes in proximity of a-helix A. Importantly, the Kg value for formation of the GSH complex and
the concentrations in which GSH decreases CYP3A4 cooperativity are consistent with the
physiological concentrations of GSH in hepatocytes. Therefore, the allosteric effect of GSH on
CYP3A4 may play an important role in regulation of microsomal monooxygenase activity in vivo.
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Introduction

Homo- and heterotropic cooperativity in cytochromes P450 has attracted considerable attention
in the past decade. Initial “space-filling” models proposed that the large substrate-binding
pocket of microsomal drug metabolizing cytochromes P450 sometimes requires more than one
substrate molecule to assure a productive binding orientation of at least one of them [1-9].
However, this hypothesis fails to explain the entire body of observations obtained with
cytochrome P450 3A4 (CYP3A4), the principal human drug-metabolizing enzyme [10].
Although the presence of at least two substrates in the same binding pocket is well established
[7,11-16]; the additive effects of different effectors and lack of competition between certain
substrates possessing cooperativity [4,7-9,17-22] have given rise to a set of complex and
mutually incompatible models suggesting the presence of three or even more substrate-
selective binding sites per molecule of the enzyme [18,23-28].
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The major trend in much current research on CYP3A4 is to assess whether the “non-Michaelis-
Menten” behavior represents a manifestation of true allosteric regulation based on an effector-
induced conformational transition in the enzyme [29-35]. One of the first pieces of evidence
for the involvement of such changes was obtained in our studies with P450eryF, the best-
studied bacterial enzyme known to exhibit cooperativity [32,33]. An evidence of a
conformational transition in CYP3A4 caused by a-naphthoflavone (ANF), a prototypic
heterotropic activator, was obtained in our recent work using site-directed incorporation of a
fluorescent probe into a cysteine-depleted mutant bearing a fluorescent probe [34]. More
recently, the use of pressure-perturbation spectroscopy allowed us to demonstrate unusual
stabilization of the substrate-bound high-spin state and a prominent increase in the
cooperativity of CYP3A4 at elevated pressure, suggesting that allosteric mechanisms involve
decreased protein hydration [35]. Decisive support for substantial ligand-induced
conformational changes has been provided by a recently resolved crystal structure of a
ketoconazole complex of CYP3A4, which revealed two ligand molecules in the active site
[36].

An alternative to the multiple binding sites model is the concept of persistent heterogeneity of
CYP3A4 proposed by Koley and co-authors. Heterotropic cooperativity was hypothesized to
reflect modulation of the partitioning of CYP3A4 between two functionally different
conformers, which are otherwise static. This concept is supported by our studies on the
pressure-induced P450-to-P420 transition in solution and in microsomes [37] and our
investigation of the kinetics of dithionite-dependent reduction of CYP3A4 [38]. The results
suggest that the functional heterogeneity of the CYP3A4 pool may be caused by diverse
conformations and/or orientation of the subunits in the enzyme oligomer.

This high level of complexity may indicate that this finely tuned allosteric mechanism is
designed to play an important regulatory function in the cell. Therefore, the question of a
possible physiological role of CYP3A4 cooperativity is equally intriguing as the molecular
mechanisms of cooperativity. One attractive possibility is that the cooperativity of xenobiotic
oxidation by microsomal P450 enzymes may simply represent "incidental manifestations" of
an allosteric regulatory mechanism that is triggered by some physiological effector(s). With
typical turnover numbers of 5-50 min~1 the microsomal monooxygenase is fairly uncoupled
and characterized by a high rate of futile cycling and production of reactive oxygen species
(see [39,40] for review). Allosteric regulation may reflect the need to minimize uncoupling
and to coordinate P450 function with the oxidative status of the cell and the function of
metabolically related enzymes. One of possible candidates for the role of allosteric effector of
cytochromes P450 is reduced glutathione (GSH). Besides the metabolic connections between
P450 and GSH based on the role of the latter in the antioxidant system and redox signaling
[41-43], another obvious junction between P450 and GSH arises from irreversible
consumption of GSH upon the formation by glutathione S-transferases of conjugates of the
products of P450-catalysed reactions.

There are several reports that demonstrate activation of CYP3A4-dependent reactions by GSH
in reconstituted systems in vitro [44-46]. Since the maximal activation is observed immediately
after addition of GSH, GSH-dependent reduction of protein thiols does not appear to be
involved [44,46]. The effect of GSH, which apparently involves a strengthening of the
interactions of CYP3A4 with NADPH-cytochrome P450 reductase (CPR) [46], is amplified
considerably in the presence of cytochrome bs [46] and increased at high ionic strength [45].
The fact that the activating effect of GSH is eliminated in reconstituted systems containing 0.5
mg/ml CHAPS [47] also suggests an involvement of protein-protein interactions in the
mechanism.
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Although the physiological regulation of cytochromes P450 by GSH appears to be quite logical,
it has never been demonstrated or hypothesized to our knowledge. Quite the opposite, it has
been suggested that the activation of CYP3A4 by GSH may cause a disruption of regulation
of cellular GSH level due to increased production of reactive oxygen species by P450 [48].
Furthermore, the effect of GSH on CYP3A4 observed in reconstituted systems has never been
reproduced in microsomes. The only known attempt to probe such an effect showed no
modulation of the rate of oxidation 200 pM nifedipine by human liver microsomes in the
presence of 0.5 -5 mM GSH [44].

Here we undertook a rigorous investigation of the effect of GSH on activity and cooperativity
of CYP3A4 with 7-benzyloxy-4-(trifluoromethyl)coumarin (BFC) and 7-benzyloxyquinoline
(BQ) in model microsomes (Baculosomes) and in human liver microsomes. We also probed
the impact of GSH on the activation of CYP3A4-dependent O-debenzylation of BFC by a-
naphthoflavone (ANF). Our results provide the first evidence of an effect of GSH on CYP3A4
in the microsomal membrane and show that in the presence of GSH the homotropic
cooperativity with BFC and BQ is eliminated. In contrast, GSH amplifies considerably the
activation by ANF of BFC oxidation by human liver microsomes or Baculosomes enriched
with cytochromes P450 3A4 and bs. These experiments were complemented by studies of the
effect of GSH on cooperativity of substrate binding to purified CYP3A4 in solution, the
formation of spectral complexes of GSH with CYP3A4, and the effect of GSH on the
fluorescence of a BADAN fluorophore introduced at Cys-64. Our results reveal GSH as a
prominent heterotropic effector of CYP3A4 that exhibits at least two different modes of
binding, one of which involves coordination of the glutathione SH-group to the heme iron.

Materials and Methods

Materials

Expression,

Water-soluble testosterone (HPCD-encapsulated testosterone), glucose-6-phosphate,
glucose-6-phosphate dehydrogenase, glutathione, NADPH, protocatechuic acid, and
protocatechuate-3,4-dioxygenase were the products of Sigma Chemicals (St. Louis, MO). 1-
Pyrenebutanol (1-PB), 7-benzyloxy-4-(trifluoromethyl)coumarin (BFC), 7-hydroxy-4-
(trifluoromethyl)coumarin (HFC), 7-benzyloxyquinoline (BQ), 7- hydroxyquinoline (HQ) and
6-bromoacetyl-2-dimethylaminonaphthalene (BADAN) were from Invitrogen/Molecular
Probes Inc. (Eugene, CA). All other chemicals were of ACS grade and were used without
further purification. Rat liver microsomal cytochrome bsg purified from recombinant E. coli
was a generous gift of Prof. Sergei Usanov (Institute of Bioorganic Chemistry, Minsk, Belarus).
Pooled human liver microsomes (pool H0620) were obtained from XenoTech LLC (Lenexa,
KS). CYP3A4 microsomes prepared from insect cells infected with recombinant baculovirus
containing CYP3A4 and rabbit NADPH-P450 reductase (Baculosomes) were obtained from
Invitrogen (Carlsbad, CA).

purification, and chemical modification of CYP3A4

Wild-type CYP3A4 and its cysteine-depleted mutant CYP3A4 (C58,C64) [34] were expressed
as His-tagged proteins in E. coli TOPP3 cells and purified by chromatography on Ni-NTA
resin followed by ion-exchange chromatography on Macro-Prep CM Support resin (Bio-Rad
Laboratories, Hercules, CA) [34]. Modification of CYP3A4 (C58,C64) by BADAN was
performed as described earlier, except for the final step where the removal of detergent and
unreacted label was performed on Ni-NTA Agarose as opposed to CM Sepharose CL-6B
[34].
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Incorporation of purified CYP3A4 and cytochrome bs into Baculosomes

In order to better approximate the composition of the liver microsomes we incorporated
cytochrome bs and additional CYP3A4 into baculosomal membranes by incubation of
Baculosomes with the purified proteins. Stock solutions of the purified CYP3A4 (100 — 200
M) and cytochrome bg (300 M) were added directly to undiluted commercial preparation
of Baculosomes (9.3 mg protein/ml, 0.1 nmol P450 per mg of protein) to achieve 20 uM
concentration of each protein in solution. The incubation media was supplemented with an
oxygen scavenging system (5 mM protocatechuic acid and 0.3 unit/ml protocatechuate-3,4-
dioxygenase) to prevent oxidative destruction of CYP3A4 during the incubation. After 3 hours
of incubation at room temperature (22 °C) under continuous stirring in a tightly closed flask
flushed with argon gas the sample was diluted 10 times with 0.1 M Na-Hepes buffer, pH 7.4,
containing 1 mM DTT, 1 mM EDTA, and 1.15% KCI. The pellet of enriched Baculosomes
obtained by 90 min of centrifugation at 35,000 rpm was resuspended in 0.1 M Na-Hepes buffer,
pH 7.4, containing 1 mM DTT, 1 mM EDTA, and 10% glycerol. The concentration of
Baculosomes was standardized based on the activity of CPR in a cytochrome c reduction assay
[49]. This procedure resulted in preparations containing 0.7-1 nmol of each of CYP3A4 and
cytochrome bs per milligram of protein.

Activity measurements

The measurements of the rate of BFC and BQ O-debenzylation were performed by a real-time
continuous fluorometric assay. Three to six pl of the suspension of Baculosomes (1 nmol
CYP3A4 per ml) was added to 300 pl of 0.1 M Na-HEPES buffer, pH 7.4, containing 1 — 8
mM of GSH (if indicated), placed into a 5 x 5 mm quartz cell under continuous stirring, and
thermostated at 25 °C. The cocktail (9.6 pl) of NADPH, glucose-6-phosphate, and glucose-6-
phosphate dehydrogenase was added to attain the concentration of these ingredients of 200
MM, 10 mM, and 2 units/ml, respectively. After a short pre-incubation (15-20 s) the reaction
was initiated by the addition of an aliquot of a 15-20 mM stock solution of BFC or BQ in
acetone to attain a desired concentration in the range of 1 — 100 uM. This order of addition of
the reagents was chosen to avoid a pre-stationary (lag) phase observed in the case of initiation
of the reaction of BFC debenzylation by NADPH. Our control experiment showed that the
maximal stationary rate of debenzylation of both BQ and BFC was not dependent on the way
of initiating the reaction. The registration of the increase in the concentration of the product
(HFC) was performed with a computerized Hitachi F2000 spectrofluorometer equipped with
athermostated cell holder and a magnetic stirrer [50] by monitoring the increase in the emission
at500 nm or 516 nm (for BFC and BQ respectively) with excitation at 404 nm. The slit bandwith
of both excitation and emission monochromators was set to 10 and 20 nm, respectively. In the
assays with BFC the excitation light beam was passed through a long-pass 400 nm cut-off filter
to decrease photobleaching of HFC. The rate of the formation of a product was estimated by
determining the slope of the linear part of the kinetic curve recorded over a period of 2 -5 min.
Calibration of the assay was performed at the end of each day by measuring the intensity of
fluorescence in a series of 4-5 samples of the same reaction mixture containing HFC or HQ
at concentrations increasing from 0.5 to 3 pM.

In the activity measurements presented here we used two batches of Baculosomes (Lots
39195B and 283776A) characterized by an NADPH-cytochrome ¢ reductase activity of 1.1
and 3.3 pmol/min*mg and the CYP3A4 content of 82 and 100 pmol/mg protein respectively.
Assuming the turnover number of cyt. ¢ reduction for pure rat CPR to be around 4000 min—1
[51,52] we may estimate the content of reductase in these batches to be around 280 and 800
pmol/mg, which corresponds to the CPR:P450 ratio of 3.4:1 and 8:1 respectively. Because of
the considerable molar excess of reductase over CYP3A4, the latter is anticipated to be
completely complexed with the flavoprotein and the functional properties of the
monooxygenase are expected to be largely insensitive to possible variations in CPR content
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between the batches. This conclusion is supported by the observation of Yamazaki et al. that
the incorporation of exogenous CPR into CYP3A4 Baculosomes does not affect the rate of
testosterone 6B-hydroxylation [53]. It should be noted also that all experiments on BFC
debenzylation with intact Baculosomes were done with the first batch (39195B), while BQ
experiments and the experiments with BFC and enriched baculosomes were done with the
second batch.

Absorbance and fluorescence measurements

Absorbance spectra were recorded with a S2000 CCD rapid scanning spectrometer (Ocean
Optics, Inc., Dunedin, FL, USA) using an L7893 UV/VIS fiber-optics light source
(Hammamatsu Photonics K.K., Shizuoka, Japan). Fluorescence measurements were performed
with an F900 spectrofluorometer (Edinburgh Instruments Ltd., Edinburgh, UK) equipped with
a thermostated cell holder and a magnetic stirrer. In the fluorometric titration experiments the
excitation of fluorescence was performed at 402 nm with a bandwidth of 5 nm. The emission
spectra in the 420 nm — 650 nm wavelength region were recorded with a bandwidth of 2 nm.
All experiments were performed at 25 °C in 100 mM HEPES buffer, pH 7.4. 1-PB, BQ, BFC,
and ANF were added as 10-20 mM stock solutions in acetone. Testosterone was added as a
600 pM solution of water-soluble testosterone-HPCD complex in 0.1M Na-Hepes buffer, pH
7.4. The HPCD complex of testosterone was used to increase the solubility of this low-affinity
substrate in water and diminish increase of light scattering at high testosterone concentrations.
Control studies presented in our recent publication showed that replacement of the stock
solution of testosterone in acetone with its water-soluble complex with HPCD has virtually no
effect on the parameters of its interactions with CYP3A4 [35].

Data Processing

Results

The analysis of the series of absorbance and fluorescence spectra was done with our SpectralLab
program using a principal component analysis (PCA) method (also known as singular value
decomposition (SVD) technique), as described earlier [12,54,55]. To interpret the changes in
absorbance spectra in terms of the changes in the concentration of P450 species, we used a
least-squares fitting of the spectra of principal components by the set of the spectral standards
of pure high- and low-spin of CYP3A4 [37] complemented, when appropriate, with the
extinction spectra of thiol- and thiolate complexes of P450cam taken from [56]. Fitting of the
titration curves to the Hill and Michaelis-Menten equations was made by non-linear regression
using a combination of Nelder-Mead and Marquardt algorithms as implemented in our
SpectralLab program [54].

Effect of GSH on homotropic cooperativity of O-debenzylation of BFC and BQ by CYP3A4-
containing Baculosomes

As shown in Fig. 1 and Table 1, addition of 1 — 4 mM GSH results in a significant decrease in
the cooperativity of CYP3A4 with BFC as a substrate. For example, the Hill coefficient (n) of
2.0 £ 0.2 in the absence of GSH decreases to 1.1 + 0.2 at 4 mM GSH (Table 1). There is no
further decrease in n at 8 mM GSH, although k,: begins to decrease at that concentration.
Similar results were obtained using BQ as a substrate (Table 1). The dependencies of the Hill
coefficient on the GSH concentration can be fitted to a hyperbolic (Michaelis-Menten) equation
that gives the effective constant of dissociation of the GSH-CYP3A4 complex of 0.5+ 0.2 and
0.24 £ 0.2 mM for BFC and BQ debenzylation, respectively (Fig 1b).
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Effect of GSH on homotropic cooperativity of O-debenzylation of BFC by enriched
Baculosomes and human liver microsomes

It is important to note that the CYP3A4 Baculosomes used in our initial experiments differ
considerably from the membrane of the endoplasmic reticulum of human liver in the content
of the components of the monooxygenase system. As described in Matherials and Methods,
the molar ratio of CPR to CYP3A4 in the two preparations of Baculosomes used in this study
was estimated to be around 3.2:1 and 8:1, while the ratio of CPR to total P450 in liver
microsomes is known to be 1:10 [57] or even 1:50 [58, 59]. Another important difference is
that the Baculosomes do not contain cytochrome bs. In order to probe the effect of GSH on
BFC debenzylation in a system closer to the in vivo conditions we incorporated into the
Baculosomal membrane cytochrome bg and increased the concentration of CYP3A4 by
incubating Baculosomes with purified recombinant proteins. As described in Materials and
Methods, our treatment increased the concentration of CYP3A4 from 7 to 10 times, so that the
molar ratio of CYP3A4 to CPR may be estimated to be around 2:1. The molar ratio of
cytochrome bs to CYP3A4 in these preparations, which are designated here as “Enriched
Baculosomes”, was close to 1:1.

Asseen from Table 2, incorporation of additional cytochrome 3A4 decreases the k¢4 calculated
per mol of the heme protein, while the rate calculated per mole of CPR remained almost
unchanged (not shown). The effect of GSH on BFC metabolism in enriched Baculosomes was
qualitatively similar to that observed in the initial preparation, although the maximal effect of
GSH on cooperativity was observed at considerably lower concentrations of GSH. An increase
in keqt Was also revealed in enriched Baculosomes at 4 mM GSH(Table 2).

Elimination of cooperativity of BFC debenzylation in the presence of GSH was also observed
with human liver microsomes (Table 2). Similar to enriched Baculosomes, the maximal effect
on cooperativity and kg in liver microsomes was observed at 0.5-2 mM GSH, which is
considerably lower than the concentration of 4 mM necessary for the maximal GSH effect in
unenriched Baculosomes.

Effect of GSH on heterotropic cooperativity of CYP3A4 with ANF

The studies shown above demonstrate that addition of GSH eliminates homotropic
cooperativity with BFC and BQ both in human liver microsomes and in model Baculosomal
membranes containing recombinant CYP3A4. To examine a possible influence of GSH on
heterotropic cooperativity we studied the effect of ANF on O-debenzylation of BFC. Earlier
studies have shown activation of this CYP3A4-catalyzed reaction in the presence of ANF in
both a reconstituted system with DOPC [4] and in human liver microsomes [60]. Interestingly,
our pilot experiments showed no measurable activating effect of 1 — 75 uM ANF on O-
debenzylation of 30 pM BFC by CYP3A4-Baculosomes but rather a well-pronounced
inhibition of this reaction at ANF concentrations >5 uM (data not shown).

However, in both enriched Baculosomes and in human liver microsomes Fig. 2 the addition
of 25 uM ANF results in an important decrease in Sgg while greatly decreasing the homotropic
cooperativity with this substrate. Importantly, addition of ANF to both these systems does not
affect the value of kg, for BFC O-debenzylation (Table 2), in contrast to that observed in the
reconstituted micellar system [4]. Addition of GSH to human liver microsomes in the presence
of ANF, while preserving these effects, results in an increase in the ke, value, similar to that
observed in the absence of ANF, suggesting that ANF and GSH act independently of each
other.
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Interactions of GSH with CYP3A4 monitored by changes in the heme protein absorbance in
the Soret region

The above results suggest that the effect of GSH on cooperativity and ke, of BFC and BQ
oxidation by CYP3A4 is attained through formation of a complex with the enzyme. Earlier
studies showed that sulfur donor ligands, such as mercaptoethanol, 1-propanethiol, or p-
chlorothiophenol, are capable of binding to the sixth coordination position of the heme iron
[56,61,62]. The binding of the deprotonated SH-compounds (thiolates) results in unique
hyperporphyrin UV-visible spectrum with the Soret band split into two bands located around
370-380 and 455-465 nm, respectively [56]. The complexes with SH-containing compounds
in the protonated state (thiols) have absorbance spectra quite similar to those of low-spin ligand-
free enzyme but with a broader and approximately 20% less extensive Soret absorbance band
(Amax=418 nm) [56]. Since GSH exhibits a pK value of 8.7 [63], its SH-group is almost
completely protonated in the conditions of our experiments (pH 7.4). As seen from Fig. 3a, the
spectral changes observed upon addition of GSH to CYP3A4 are completely consistent with
binding of a thiol to the heme iron. The titration results exhibit weakening and broadening of
the Soret band, which is reflected in the appearance of a trough at 414 nm accompanied by two
peaks at the left and right sides (at 378 and 460 nm, respectively) of the difference spectra
shown in the inset. To interpret these changes quantitatively we used least-squares fitting of
the P450 spectra by a linear combination of spectral standards of CYP3A4 low- and high-spin
states [11] and the extinction spectra of thiol- and thiolate complexes of P450cam taken from
[56]. The consistency of this approach is demonstrated by the fact that the correlation
coefficient for the fitting of the spectra was always higher than 0.99, and the total concentration
of the heme protein derived from such fitting does not exhibit any changes during the titration
with GSH. The application of this approach shows that the addition of GSH results in a decrease
in the concentration of the low-spin ligand-free CYP3A4 due to its conversion to the thiol-
ligated state concomitant with some increase in the concentration of both high spin and thiolate-
ligated states of the enzyme (Fig. 3b). As shown in Fig. 3c at saturation of CYP3A4 with GSH
the fraction of the enzyme represented by thiol- and thiolate-complexes approaches 40%. The
dependence of the fraction of GSH-ligated CYP3A4 on the concentration of GSH may be
approximated by the Hill equation with an Sgg of 8.6 mM and Hill coeffici7ent of 2.2. Positive
cooperativity in GSH binding observed in these experiments indicates the presence of an
additional high-affinity effector binding site, saturation of which with GSH promotes the
interactions of this thiol with the heme iron.

At very high concentrations of GSH (>30 mM) the spectral changes indicating the binding of
GSH by coordination to the heme iron were followed by an extensive low-to-high spin shift
(Fig. 3a, dashed line). This GSH-induced spin shift, which was completely reversible upon
dilution of the sample, appears to signify an additional low-affinity Type-1 binding event with
a very strong cooperativity characterized by a Hill coefficient of 2.5 — 3 and Ssq value higher
than 70 mM (Fig. 3d). This additional low-affinity interaction of CYP3A4 with GSH may be
therefore responsible for some decrease in kq;; of BFC debenzylation observed at 8 mM GSH
(Table 1).

Effect of GSH on homotropic cooperativy of substrate binding to CYP3A4 in solution

A series of spectra obtained upon titration of CYP3A4 with 1-PB in the presence of GSH are
shown in Fig. 4a. Although the addition of 1-PB results in spectral changes characteristic of a
substrate-induced low-to-high spin shift, there is an important difference from the prototypical
Type | binding. As shown in the inset to Fig. 3a, the major trough of the difference spectra,
which is located at 418 nm, has a distinct shoulder at 452 nm that is apparently indicative of
the dissociation of the thiolate-ligated hyporporphyrin complex of CYP3A4 discussed above.
This observation confirms the above conclusion on the binding of GSH to CYP3A4 by
coordination of the SH-group of GSH to the heme iron. Similar spectral changes were also
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observed in the titrations of CYP3A4 with testosterone, BFC, or ANF in the presence of GSH
(data not shown). The changes in the concentration of the low-spin, high-spin, and thiol(ate)-
ligated forms of the enzyme shown in Fig. 4b confirm that the binding of 1-PB in the presence
of GSH results in the conversion of both low-spin ligand-free and thiol(ate)-ligated states of
the enzyme to the high-spin 1-PB-bound form.

Concentration dependencies of the high spin fraction of CYP3A4 obtained in the titrations of
the enzyme with 1-PB at different concentrations of GSH are shown in Fig 5a. Addition of
GSH amplifies the 1-PB-induced spin shift considerably. In addition, GSH decreases the Sgg
from 12.4 £ 4.2 to 8.8 £ 5.0 uM (Fig. 5b). The most important observation is that GSH
eliminates the homotropic cooperativity in the binding of 1-PB (Fig 5b) as evidenced by a
decrease in the Hill coefficient from 1.5 + 0.1 to 1.05 + 0.2 upon addition of 8 mM GSH.
Results of these experiments as well as those of the similar studies with three other substrates
(ANF, BFC, and testosterone) are summarized in Table 3. Similar to the results with 1-PB,
addition of 10 mM GSH completely eliminates the cooperativity of BFC binding. However,
there is no effect on the Sgq value. Most strikingly, addition of GSH has no significant effect
on the interactions of CYP3A4 with ANF or testosterone.

Effect of GSH on the fluorescence of CYP3A4(C58,C64) labeled with BADAN

In order to probe whether the interactions of CYP3A4 with GSH result in a conformational
transition similar to that described for the binding of ANF [34], we studied the effect of GSH
on the fluorescence of BADAN attached to Cys-64 in our CYP3A4(C58,C64) construct. As
shown in Fig. 6a addition of GSH results in a decrease in the intensity of fluorescence similar
to that observed earlier upon addition of ANF [34]. The dependence of the relative intensity
of fluorescence on the concentration of GSH (Fig. 6b) may be adequately approximated by a
hyperbolic (Michaelis-Menten) equation. The values of the maximal amplitude of the
fluorescence decrease and the apparent Kp of the CYP3A4-GSH complex found by averaging
the results of three individual experiments are 20 + 14% and 1.2 + 0.5 mM, respectively. The
latter value is reasonably close to the estimates of 0.5 and 1.3 mM obtained for Kp @°P for the
effect of GSH on the Hill coefficient for O-debenzylation of BFC and BQ by CYP3A4-
containing Baculosomes. We may conclude therefore that the CYP3A4 transition revealed in
the effect of GSH on the fluorescence of CYP3A4(C58,C64)-BADAN is similar or directly
related to the GSH-dependent transition that abolishes cooperativity of BFC and BQ oxidation.

In order to probe the relationship between ANF and GSH binding we studied the effect of ANF
on the fluorescence of the labeled protein in the presence of 3 mM GSH (Fig. 7). Similar to
previous results in the absence of GSH [34], addition of ANF to CYP3A4(C58,C64)-BADAN
in the presence of GSH results in a decrease in the fluorescence of the probe (Fig. 7a). The
dependence of the relative intensity of fluorescence on the concentration of ANF (Fig. 7b)
obeys the Hill equation. The values of Ssg, n, and the maximal amplitude of the fluorescence
decrease obtained by averaging the results of three individual experiments are equal to 14.2 +
4.6 uM, 1.8 £ 0.3, and 51.5 * 3.1% respectively. Since these estimates are similar to the values
obtained earlier in the absence of GSH (18.2 + 0.7 uM, 1.7 + 0.1 and 49 + 8% respectively),
we may conclude that the effects of ANF and GSH on CYP3A4 are additive, and the binding
site for GSH appears to be distinct from the low-affinity ANF-binding site. However, the
similarity of GSH- and ANF-induced changes in the fluorescence of the BADAN probe
suggests that the mechanisms of action of these effectors are closely interrelated.

Discussion

Although the activating effect of GSH on CYP3A4 catalyzed reactions in model systems has
been documented previously, the present study provides the first evidence of a role of
glutathione as an allosteric effector of CYP3A4 in microsomal membranes. We demonstrated
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here that the homotropic cooperativity of human liver microsomes with the CYP3A4 marker
substrate BFC is eliminated at low milimolar concentrations of GSH. As this effect is well
reproduced in CYP3A4 Baculosomes with BFC as well as with another CYP3A4 marker
substrate, BQ, we may conclude that the loss of cooperativity caused by GSH in liver
microsomes is determined primarily by the interactions with CYP3A4. The effect of GSH is
not limited to suppression of CYP3A4 cooperativity but also involves some increase in Kegt.
for BQ oxidation in Baculosomes and BFC metabolism in enriched Baculosomes and human
liver microsomes.

The loss of cooperativity of CYP3A4 in the presence of GSH was also revealed in our studies
of interactions with BFC monitored by a substrate-induced spin shift in the purified enzyme
in solution. This effect was found to be even more pronounced with 1-PB, another substrate
possessing homotropic cooperativity. In the case of 1-PB there was also a remarkable increase
of the amplitude of the 1-PB-induced spin shift in the presence of GSH, which may indicate
an effect of the latter on the degree of hydration and the openness of the heme pocket of the 1-
PB-bound enzyme. It seems therefore likely that the binding of GSH displaces the equilibrium
between the recently postulated “P” and “R” conformations of the enzyme [35] towards the
“P” state, where water flux into the heme pocket is hampered and the high-spin state of the
substrate-bound CYP3A4 is stabilized.

In contrast to 1-PB and BFC, interactions of CYP3A4 with GSH have virtually no effect on
the binding of testosterone or ANF, suggesting differences in the mechanisms of binding of
the substrates. This conclusion agrees with the fact that in our recent study of CYP3A4
(C58,C64) labeled with fluorescent probes, only ANF but not 1-PB or testosterone had a
pronounced effect on the fluorescence, and only testosterone but not 1-PB affected the
fluorescence in the presence of ANF.

Titration of CYP3A4 showed that GSH is capable of binding to the sixth coordination position
of the heme iron. The positive cooperativity in GSH binding observed in these experiments
indicates the presence of an additional high-affinity effector binding site, saturation of which
by GSH promotes the interactions of this thiol with the heme iron. This is also supported by
the results of our experiments with CYP3A4(C58,C64)-BADAN, which revealed a GSH
binding site with Kp2P of 1.2 £ 0.5 mM, which is consistent with its role as an effector
promoting the coordination of the second molecule of GSH to the heme iron characterized by
an Sgg of 8.6 mM and Hill coefficient of 2.2. The above Kp is also consistent with the estimates
of 0.8 — 1.2 mM for the apparent dissociation constant obtained from the dependencies of the
Hill coefficient in BFC and BQ debenzylation on GSH concentration. Therefore, we may
postulate a presence of a high-affinity effector binding site for GSH characterized with a low
millimolar Kp. The interaction of GSH with this site is likely to be responsible for the effect
on CYP3A4 cooperativity with BFC, BQ and 1-PB and also promote the binding of GSH to
the heme iron as a thiol ligand.

Importantly, the effect of ANF, a prototype heterotropic activator of CYP3A4, was found to
be additive with the effect of GSH. The effects of ANF and GSH on the fluorescence of
BADAN attached to Cys-64 were also additive. Therefore, the high affinity binding site for
GSH appears to be distinct from the effector binding site for ANF described in our recent study
with CYP3A4(C58,C64) construct [34].

Coordination of GSH to the CYP3A4 heme iron is expected to compete with the interactions
of CYP3A4 with substrates. However, the addition of 1 — 10 mM GSH results in an increased
affinity of CYP3A4 for 1-PB and does not affect the Sgq values for the binding of BFC,
testosterone, or ANF, suggesting that there is no competition between coordination of GSH to
the heme iron and the interactions of CYP3A4 with these substrates. A possible explanation
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for this observation may be provided by the concept of persistent heterogeneity of CYP3A4
[37,38,64-66] caused by dissimilarity of the orientation and/or conformation of the subunits
in the oligomers (aggregates) in solution [38,66]. Lack of competition between GSH ligation
to the heme and substrate binding may be caused by heterogeneity of oligomeric P450 in
solution, similar to that revealed in barotropic behavior of CYP3A4 [37], kinetics of the enzyme
reduction by dithionite [38], and CO-binding kinetics [64]. A suggestion that only some of the
P450 molecules constituting the oligomer in solution have an orientation permitting them to
bind GSH by ligation to the heme iron is consistent with our observation that, upon saturation
of CYP3A4 with GSH the fraction of the enzyme represented by its thiol- and thiolate-ligated
heme complexes does not exceed 40%. This is in contrast to soluble monomeric P450cam,
where the binding of thiols and thiolates was shown to be competitive with substrate binding,
and the complete conversion of P450cam to the thiol(ate)-bound forms was observed upon
saturation of this enzyme with thiols and thiolates [56]. Since the binding of GSH binding by
coordination to the heme iron reveals no competition with substrate binding in CYP3A4 in
oligomers in solution, we may infer that the CYP3A4 molecules interacting with GSH do not
participate in the interactions with BFC, 1-PB, ANF, or testosterone and/or do not respond to
substrate binding by the low-to-high spin shift.

A similar mechanism may also take place in the membrane, where microsomal cytochromes
P450 are also known to exist in equilibrium between monomers and oligomers [67-72].
However, the reversibility of oligomerization in the membrane, as opposed to virtual
irreversibility in solution, would blunt the manifestations of the proposed conformational
heterogeneity in the membrane-bound enzyme. Consistent with this inference, increasing
concentrations of GSH in Baculosomes and human liver microsomes caused an increase in
Sgo with BQ and BFC, respectively, possibly resulting from competition of GSH ligation to
the heme with substrate binding (Table 1).

Regardless of the mechanisms of GSH action, our study provides convincing evidence for the
role of GSH as a heteroropic activator and a modulator of homotropic cooperativity in
CYP3AA4. This finding may indicate that the abundant evidence of CYP3A4 homo- and
heterotropic cooperativity represent a manifestation of an allosteric mechanism designed to be
triggered by physiological effectors, such as GSH, the concentration of which in tissues is
consistent with this role. For instance, the average concentration of GSH in rat liver was shown
to be in the range of 4 — 8 mM [73]. Moreover, the GSH level in primary cultures of rat
hepatocytes is reported to be 40 — 60 nmol/10° cells [74,75], which is equivalent to a
concentration of 8 — 12 mM (calculated assuming the volume of a single hepatocyte cell equal
to 4940 ums3 [76]). This concentration is subject to substantial changes in response to various
stimuli [41,48,73,77,78]. In particular, exposure of human hepatocarcinoma Hep2 cells to
organochlorine insecticides, such as DDT, decreases the GSH concentration from 4 — 5 down
to 1.2 - 1.5 mM (calculated from [48] assuming the protein content in hepatocytes to be of 220
mg/g [79]). Therefore, the estimate of 0.5 — 1.3 mM for the concentration of GSH exhibiting
a half-maximal effect on the Hill coefficient for O-debenzylation of BFC and BQ is certainly
consistent with the physiological relevance of this newly-discovered regulatory interaction.
Moreover, an inhibition of CYP3A4 at high GSH concentrations observed in our experiments
may also be physiologically significant under certain conditions. The fact that the GSH
concentration necessary for its maximal effect on cooperativity is decreased upon incorporation
of cytochrome bs and increase in CYP3A4 concentration in Baculosomes shows that the
mechanism of action of GSH may also involve an effect on protein-protein interactions, such
as CYP3A4 interactions with cytochrome bs, CPR and/or CYP3A4 oligomerization. Therefore,
the response of the microsomal monooxygenase to GSH appears to be sensitive to the
composition of the microsomal electron transfer chain, and a regulatory action of GSH in
vivo may change upon variation of the content of cytochromes bs and P450 in the membrane.
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In view of possible physiological role of observed effect, further detailed study of the
mechanism of binding of GSH to CYP3A4 and its effect on the structure and functional
properties of the enzyme appear to be important. Of particular interest is the nature of the high-
affinity GSH binding site and its possible overlap with the effector binding site for substrates
exhibiting homotropic cooperativity. Another important question is whether the interactions
of CYP3A4 with GSH affect the stoichiometry of monooxygenation. The functional role of
CYP3A4 modulation by glutathione may be especially important if in addition to the effect on
cooperativity and turnover rate interactions with GSH modulate the coupling of NADPH
oxidation to substrate monooxygenation. A possible effect of glutathione on coupling is
supported by the observation that the addition of GSH results in a remarkable activation of
testosterone hydroxylation by cytochrome bs, [46], which is known to increase the coupling
of microsomal P450 enzymes (see [39,40] for review). Furthermore, an important practical
inference that may be derived from our study is that the effects of GSH on CYP3A4
cooperativity and the rate of monooxygenation appear to be important factors that, which must
be taken into account when extrapolating the results of in vitro studies of drug metabolism and
drug-drug interactions to the situation in vivo.
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Figure 1.

Effect of GSH on O-debenzylation of BFC and BQ by CYP3A4 in Baculosomes. Panel a shows
the dependence of the rate of oxidation of BFC on the concentration of this substrate at no
glutathione added (circles, solid line) and in the presence of 1 mM (inverted triangles, long
dash), 2 mM (squares, medium dash), 4 mM (diamonds, short dash), and 8 mM (triangles,
dash-dot) GSH. The lines represent the result of fitting of the data sets to the Hill equation.
Panel b shows the dependencies of the Hill coefficient on the glutathione concentration for
O-debenzylation of BFC (closed circles, solid line) and BQ (open circles dashed line). The
points shown on this plot represent the averages of from two to three individual measurements.
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The lines on this plot show the results of the fitting of these data sets to a hyperbolic (Michaelis-
Menten) equation with KpPP values of 0.5 + 0.2 and 0.24 + 0.2 mM, respectively.
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Figure 2.
Effect of ANF on O-debenzylation of 7-BFC by human liver microsomes and effect of GSH.
The titration curve obtained at no effector added is shown with circles, while the data obtained
at 25 pM ANF in the absence or in the presence of 1mM GSH are represented by triangles and
squares, respectively. Solid lines represent the results of the fitting of the data sets to the Hill
equation.
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Figure 3.

GSH-induced spectral transitions in CYP3A4 in solution. Panel a shows a series of spectra of
1 uM CYP3A4 in 0.1 M Na-Hepes buffer, pH 7.4 (25 °C) recorded at no GSH added and in
the presence of GSH at the concentrations of 1.8, 4.7, 8.1, 14, 22, 32 mM (solid lines) and 84
mM (dashed line). The inset shows the difference spectra obtained by subtraction of the first
spectrum of the series (no GSH added) from all subsequent spectra. Panel b illustrates the GSH-
induced changes in the concentrations of the water-coordinated low spin (circles),
pentacoordinated high-spin (inverted triangles), thiolate- (squares) and thiol-coordinated
(diamonds) states of the heme protein. The changes in the fraction of the enzyme represented
by the total of its thiolate- and thiol-coordinated states are shown in panel c. Here the solid line
represent the results of the fitting of the data set by the Hill equation (Sso = 8.6 mM, n = 2.2,
AFmax = 40 %). Changes in the high-spin fraction of the enzyme are illustrated in panel d,
where the line represent the results of the fitting of the data set by the Hill equation (Sgg = 76.5
mM, n = 2.5, AFnax = 50.5 %).
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Figure 4.

Titration of CYP3A4 with 1-PB in the presence of 10 mM GSH. Panel a shows a series of
spectraof 1.7 uM CYP3A4 in 0.1 M Na-Hepes buffer, pH 7.4, (25 °C) containing 10 mM GSH
at no substrate added and in the presence of 0.8, 2.2, 4.5, 10, 21 and 43 uM 1-PB. The inset
shows the difference spectra obtained by subtraction of the first spectrum of the series (no 1-
PB added) from all subsequent spectra. Panel b illustrates the 1-PB-induced changes in the
concentrations of water-coordinated low spin (circles), high-spin (inverted triangles), and the
thiol(ate)-corrdinate state (squares) of the heme protein. The diamonds represent the total
concentration of the enzyme.
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Figure 5.

Effect of GSH on 1-PB-induced spin shift in CYP3A4. Panel a shows the changes in the high
spin fraction of CYP3A4 upon addition of 1-PB at no glutathione added (circles) and in the
presence of 0.5 mM (inverted triangles), 4 mM (squares), and 10 mM (diamonds) GSH. The
lines represent the result of fitting of the data sets to the Hill equation. Panel b shows the
dependence of the Sgq value (circles) and the Hill coefficient (squares) on the glutathione
concentration. The points on this plot represent the averages of two to three individual
measurements. The solid lines show the fitting of these data sets with a hyperbolic (Michaelis-
Menten) equation with Kp 2P values of 1.4 + 0.9 and 1.6 + 1.4 mM, respectively.
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Figure 6.

Interaction of CYP3A4(C58,C64)-BADAN with GSH monitored by the changes in the
fluorescence of the probe. (a) A series of emission spectra of 1.5 pM enzyme recorded at 0,
0.17,0.33,0.66, 1.0, 1.5, and 2.6 mM GSH. (b) Relative fluorescence intensity versus GSH
concentration. The line shows the fitting of the data sets to a hyperbolic (Michaelis-Menten)
equation with Kp2PP = 1.6 mM and the maximal amplitude of the fluorescence decrease of
17%.
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Figure 7.

Ef?‘ect of ANF on fluorescence of CYP3A4(C58,C64)BADAN in the presence of 3 mM GSH.
(a) A series of emission spectra of 1.5 uM protein recorded at 0, 2, 5, 10, 15, 20, 25, 30, 35,
and 50 uM ANF. (b) Relative fluorescence intensity versus substrate concentration. The line
shows the fitting of the data sets to the Hill equation with S5g = 16.6 UM, n=1.7, and the maximal
amplitude of the fluorescence decrease of 56%.
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Table 1
Effect of GSH on O-debenzylation of 7-BFC and 7-BQ in Baculosomes”.
Substrate [GSH],mM Kegy Min ™t Seq, UM n
7-BFC 0 4203 16.7 2.7 2.03+0.22

Z 1 4.8 +1.1 (0.300) 19.6 +£7.7 (0.472) 1.40 +0.46 (0.044)
T 2 4.7 £1.9 (0.510) 14.7 1.7 (0.413) 1.29 +0.30 (0.020)

| 4 5.3+2.0(0.280) 24.3 0.9 (0.023) 1.11 +0.25 (0.008)
g 8 2.5+0.5 (0.002) 18.7 +12.5 (0.250) 1.19 +0.30 (0.006)
> 7-BQ 0 44.0 £3.9 24623 1.85+0.16

c 1 46.4 £7.4 (0.734) 34.7 £13.2 (0.373) 1.21 +0.20 (0.018)
= 2 56.8 +7.6 (0.140) 34.4 +19.2 (0.423) 1.03 £0.29 (0.042)
o) 4 54.6 +5.6 (0.140) 39.2#11.7 (0.138) 1.26 +0.21 (0.048)
= 8 68.1 +29 (0.253) 45.3 +27.6 (0.280) 1.09 +0.27 (0.043)

*

§ The experiments with 7-BFC were performed with Baculosomes lot 39195B, while the experiments with 7-BQ were done with the lot 283776A (see
= Materials and Methods for comparison of the CPR content between the lots). The values given in the Table were obtained by averaging the result of 24
% individual measurements and the “+” values show the confidence interval calculated for p = 0.05. The values in parentheses represent the p-values of
'e) Student’s T-test for the hypothesis of equality of the respective values with that observed at no GSH added.
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Table 3
Effect of GSH on substrate binding in CYP3A4”
Substrate [GSH], mM Sgo- UM n AFp, %2
1-PB 0 13.0+£2.6 1.51 +£0.09 49 +6
0.5 12.4 +4.2 (0.839) 1.44 +0.14 (0.791) 50 +18 (0.872)
4 9.5 +2.5 (0.204) 1.22 +0.20 (0.133) 53 +8 (0.865)
10 8.8 +5.7 (0.183) 1.06 +0.19 (0.017) 75 +20 (0.137)
ANF 0 3.87+04 2.0+0.34 39 45
0.5 4.54 +0.1 (0.085) 1.67 +0.16 (0.254) 43 +1 (0.230)
4 4,51 +0.9 (0.228) 1.75 +0.04 (0.349) 42 +2 (0.385)
10 3.59+1.9 (0.733) 1.72 +0.22 (0.327) 40 %3 (0.646)
7-BFC 0 22.8+1.9 1.48 £0.06 16 £3
0.5 14.8 +6.3 (0.137) 1.62 +0.01 (0.041) 14 +5 (0.304)
4 27.1+4.7 (0.223) 1.29 +0.08 (0.063) 21 +1 (0.097)
10 19.3 7.0 (0.430) 1.03 +0.05 (0.007) 15 +5 (0.709)
TST-HPCD? 0 108 £16 1.19 +0.09 41 19
0.5 125 +25 (0.216) 1.14 +0.10 (0.540) 33 +5 (0.300)
4 136 +14 (0.092) 1.23+0.01 (0.611) 56 +11 (0.098)
10 104 +26 (0.776) 1.34+0.13 (0.114) 47 +11 (0.479)
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*

The values given in the Table were obtained by averaging the result of 2—4 individual measurements and the “+” values show the confidence interval
calculated for p = 0.05. The values in parentheses represent the p-values of Student’s T-test for the hypothesis of equality of the respective values with
that observed at no GSH added.

a., . . . P
Maximal amplitude of the substrate-induced spin shift, in percent of the total enzyme content.

b, .
Water-soluble complex of testosterone with HPCD.
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