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Abstract

Conserved human cytochrome bg (bs) residues D58 and D65 are critical for interactions with
CYP2E1 and CYP2C19, whereas E48 and E49 are essential for stimulating the 17,20-lyase
activity of CYP17A1. Here, we show that bs mutations E48G, E49G, D58G, and D65G have
reduced capacity to stimulate CYP3A4-catalyzed progesterone and testosterone 6B-hydroxylation
or nifedipine oxidation. The bs double mutation D58G/D65G fails to stimulate these reactions,
similar to CYP2E1 and CYP2C19, whereas mutation E48G/E49G retains 23-42% of wild-type
stimulation. Neither mutation impairs the activity stimulation of wild-type bs, nor does mutation
D58G/D65G impair the partial stimulation of mutations E48G or E48G/E49G. For assays
reconstituted with a single phospholipid, phosphatidyl serine afforded the highest testosterone 6f3-
hydroxylase activity with wild-type bs but the poorest activity with bg mutation E48G/E49G, and
the activity stimulation of mutation E48G/E49G was lost at [NaCl] > 50 mM. Cross-linking of
CYP3A4 and bs decreased in the order wild-type > E48G/E49G > D58G/D65G and varied with
phospholipid. We conclude that two bg acidic surfaces, primarily the domain including residues
D58-D65, participate in the stimulation of CYP3A4 activities. Our data suggest that a minor
population of CYP3A4 molecules remains sensitive to bg mutation E48G/E49G, consistent with
phospholipid-dependent conformational heterogeneity of CYP3A4.
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Introduction

Cytochrome P450 3A4 (CYP3A4) constitutes 30 and 70% of the total CYPs in human liver
and intestine, respectively, and metabolizes nearly 60% of the drugs currently in use (1). In
addition to its important function in xenobiotic metabolism, CYP3A4 also metabolizes
endogenous steroids, including cortisol, testosterone, 17p-estradiol, progesterone, and
androstenedione (2-6). The ability of CYP3A4 to interact simultaneously with multiple
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substrate molecules and its conformational heterogeneity leads to non-Michaelis-Menten
kinetics (6,7). Crystallographic studies of human CYP3A4 in complex with ketoconazole
and erythromycin (8) have shown that the protein undergoes dramatic conformational
changes upon ligand binding and have revealed the remarkable flexibility of CYP3A4 active
site, which provides a structural basis for its substrate promiscuity. Furthermore, significant
progress has been made recently (9-11) to confirm a pivotal role of CYP3A4
oligomerization in its functional heterogeneity.

One particular feature rather unique to CYP3A4 is the “Phe-cluster” of seven phenylalanine
residues, which form a hydrophobic core pointing towards the active site (12). Interactions
with redox partners (12,13) might trigger conformational movements in the Phe-cluster,
including substrate recognition sequence 1 (SRS-1) residue Phe-108 and SRS-4 residue
Phe-304. The challenge in understanding the catalytic mechanisms of such a promiscuous
enzyme as CYP3A4 requires a description of how these structural elements mediate the
interactions with redox partners and substrates.

Cytochrome bg (bs) is an important component in most CYP3A4-catalyzed reactions,
including testosterone 63-hydroxylation and nifedipine oxidation. In reconstituted assays
with purified proteins, bs stimulates these activities 4-5 fold (14,15). Perret et al. (16)
demonstrated electron shuttles between CYP3A4 and bs and reported the critical roles of the
structure and dynamics of the CYP3A4¢PORebs; complexes on catalysis. Furthermore,
studies of 7-benzyloxyquinoline debenzylation in the presence of a-naphthoflavone have
identified 2 pools of CYP3A4 conformers with different susceptibility to H,O,-dependent
heme loss in the presence of bs (17). Comparable results using holo-bg and redox-inactive
apo-bs in several studies suggest that an allosteric effect on the CYP3A4<POR complex
dominates the stimulatory mechanism over influence on electron transfer steps (5,18).

Despite great interest and considerable progress in the allosteric modulation of CYP3A4, its
specific interaction sites of bg are yet to be determined. Cross-linking studies have identified
residues on CYP3A4 and bs, which come into close proximity in vitro (19); however, the
contributions of these interactions to substrate oxidation are not known. Our previous study
of bg mutations with CYP17A1, CYP2E1, and CYP2C19 has generated a model in which bg
interacts with P450 or P450.POR complexes via at least two critical surface domains, which
incorporate the acidic residues E48-E49 for CYP17A1 or D58-D65 for CYP2E1 and
CYP2C19 (20,21). Because CYP3A4 exhibits a broad substrate profile, high conformational
flexibility, cooperative kinetics, and prominent sensitivity to phospholipid and buffer
conditions (22), its interactions with bs might be more complex than these other P450s.
Consequently, we assessed bg stimulation of CYP3A4 catalysis in reconstituted assays with
POR and various phospholipids.

Material and methods

Materials

PMSF, 5-aminolevulinic acid, Nonidet P-40, DTT, ampicillin, isopropyl-B-D-
thiogalactopyranoside (IPTG), 1,2-didodecanoyl-sn-glycero-3-phosphocholine (DLPC), 1,2-
diacyl-sn-glycero-3-phosphoethanolamine (PE), 1,2-diacyl-sn-glycero-3-phospho-L-serine
(PS), were obtained from Sigma (St. Louis, MO). 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) was obtained from Cayman (Ann Arbor, MI). Brain PC L-a-phosphatidylcholine
(PC(mix)) was from Avanti Polar Lipids (Alabaster, AL). Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) was obtained from Pierce (Rockford, IL), PVDF
membrane was obtained from Millipore (Billerica, MA), Clarity Western ECL reagent was
obtained from Bio-Rad (Richmond, CA), and Blue Devil autoradiography film was acquired
from Genesee Scientific (San Diego, CA). The antibodies rabbit anti-human CYP3A4 was
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obtained from Enzo Life Sciences (Farmingdale, NY) and used at 1:1500 dilution; rabbit
anti-cytochrome bs was used at 1:9000 dilution; and secondary antibody goat anti-rabbit
IgG-HRP conjugate was used at 1:9000 dilution. Complete mini-protease inhibitor was
obtained from Roche Diagnostics (Indianapolis, IN). Bactotryptone and yeast extract were
purchased from Difco (Detroit, MI). Molecular biology reagents, including restriction
enzymes, ligases, and Phusion polymerase, were obtained from New England BioLabs
(Beverly, MA). Progesterone was obtained from Calbiochem (San Diego, CA). Control
yeast microsomal lipid (CYMS) was prepared as described (23).

The expression plasmids were generous gifts obtained from the following investigators:
human CYP3A4 in pKK3A4HIS from Professor James R. Halpert (University of California,
San Diego, CA); human POR in pET22 from Professor Walter L. Miller (University of
California, San Francisco, CA); human bg in pLWO01-b5H4 from Professor Lucy Waskell
(University of Michigan). The bg mutation plasmids were prepared as described previously
(20).

Expression and purification of recombinant proteins in E. coli

The plasmids encoding modified CYP3A4 (24), POR (25), or bg protein were individually
transformed in E. coli strain C41(DE3) cells (OverExpress, Lucigen, Middleton, WI). For all
cases, 1 liter of Terrific Broth (supplemented with 0.5 mM 5-aminolevulinic acid for
CYP3A4) and ampicillin was inoculated with 20 mL of an overnight pre-culture. The cells
were grown at 37 °C with shaking at 250 rpm until the Aggg reached 0.6-1.2 AU, at which
time the culture was induced with IPTG (0.4 mM for CYP3A4 and POR, 10 .M for bg) and
grown for 48 h at 25-27°C. After cell lysis with a French Press, the recombinant proteins
were solubilized using mild non-denaturing detergents: 0.5% Nonidet P-40 for CYP3A4 and
0.2% cholate/0.2% Triton X-100 for POR (25). After centrifugation at 100,000 x g for 45
min, the supernatant was mixed with Ni-NTA affinity resin and purified to homogeneity in a
single step upon elution with 300 mM imidazole, followed by buffer exchange using PD-10
columns. Yields averaged approximately 100 nmol pure protein per liter of culture. The
protocol for expression and reconstitution of recombinant human b was based on the
procedure of Mulrooney and Waskell (26). Control microsomes without human P450
enzymes were prepared from strain YiV(B) transformed with native V60 plasmids as
described (23).

Reconstituted enzyme assays

In a 2 mL polypropylene tube, purified human CYP3A4 (30 pmol) was mixed with a 2- or
3-fold molar excess of POR, various amounts of bg, and CYMS (20 pg protein) or other
specified phospholipid (10 ng, prepared using a probe Sonifier, Branson Ultrasonics
Corporation, Danbury, CT) in less than 10 pL volume and incubated for 5 min. The reaction
mixture was then diluted to 0.2 mL with 40 mM HEPES buffer (pH = 7.4), 30 mM MgCl,,
2.4 mM glutathione, and substrates progesterone (50 pM), testosterone (50 M), or
nifedipine (200 ;.M) added from methanol stock solutions diluted to 0.5-2%. Amber vials
were used for nifedipine oxidation assay as described (27) because nifedipine is light
sensitive. The resulting mixture was pre-incubated at 37 °C for 3 min before adding NADPH
(1 mM) and incubating at 37 °C for another 20 min. The reaction mixture was extracted with
1 mL methylene chloride (with 5% 1M Na,CO3 buffer containing 2M NacCl for nifedipine),
and the organic phase was dried under nitrogen flow.
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Chromatography, data acquisition, and determination of kinetic constants

Reaction products were analyzed using the Agilent 1260 Infinity HPLC system with UV
detector. Incubation extracts were dissolved in 20 pL of methanol, and 2-5 pL injections
were resolved with a 50 x 2.1 mm, 2.6 um, Cg Kinetex column (Phenomenex, Torrance,
CA) equipped with a guard column at a flow rate of 0.4 mL/min. Aqueous methanol linear
gradients were employed as follows: for progesterone and testosterone 6B3-hydroxylation
assay, 27% methanol from 0 to 0.5 min, jump to 39% methanol, and gradient from 39% to
75% methanol over 30 min; for nifedipine oxidation assay, 50% methanol for 4 min,
gradient to 100% methanol over 1 min. Products were identified by retention times of
external standards chromatographed at the beginnings and ends of the experiments using
absorbance at 254 nm (Ays4) for progesterone and testosterone and 230 nm (Ap3q) for
nifedipine. The data were processed with Laura4 software (LabLogic) and graphed with
GraphPad Prism 6 (GraphPad Software, San Diego, CA).

Each experiment was performed at least three times, and all data are presented as mean *
standard deviation. Kinetic analysis of CYP3A4 oxidations was done using a allosteric
sigmoidal model (Graphpad Prism 6 software). Values of v at various substrate
concentrations were fitted by nonlinear regression to the equation:

0=V max - [S]"/ [[S]’%L(Ko.fs)h}

where h is the Hill coefficient, Vi, is the maximal velocity, and Kg 5 is the substrate
concentration that gives the half-maximum velocity.

Spectroscopic methods

UV/Vis spectra were recorded on a Shimadzu UV-Vis spectrophotometer (UV-2600) with
UV-Probe software using a quartz cuvette with a path length of 10 mm. Circular dichroism
(CD) spectra were recorded on an Aviv Model 202 spectrometer. Cell path length was 10
mm for measurements above 240 nm and 0.5 mm for measurements in the 190-240 nm
regions.

Cross-linking and immunoblot experiments

Purified human CYP3A4 (40 pmol), bs (WT or variants) and phospholipids were
reconstituted at a molar ratio of 1:10:100. After incubation for 30 min at 25°C, freshly
prepared EDC was added to a final concentration of 2 mM in a total volume of 30 pl
containing 50 mM potassium phosphate (pH 7.0). The mixture was shaken gently at room
temperature for 2 h, followed by adding an equal volume of Laemmli sample buffer and
boiling for 5 min. Control incubations without EDC were conducted in parallel. The cross-
linked proteins were resolved by electrophoresis with 7.5% SDS-polyacrylamide gels and
electroblotted onto PVDF membrane. The membranes were blocked for 1 h at room
temperature in PBS containing 5% skim milk plus 0.1% Tween-20 and was incubated
overnight at 4°C with rabbit anti-human CYP3A4 antibody or rabbit anti-human bs,
followed by incubation with secondary antibody for 1 h at room temperature. The blots were
incubated for 1 min with ECL reagent and exposed to photographic film. Immunoblot
species were quantified by measuring the scanned band intensities using ImageJ software
(http://rsb.info.nih.gov/ij/index.html).
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Results

Progesterone 6B-hydroxylation

To probe the interaction of CYP3A4 with bg, a series of bg mutations was generated,
expressed, and purified as previously (20,21). All mutations displayed absorption spectra
comparable to that of the wild-type bg in the reduced and oxidized state (not shown),
indicating structural and electronic integrity.

Each bs mutation was tested for its capacity to increase the rate of progesterone 6p3-
hydroxylation (Figure 1A). In a reconstituted system containing purified CYP3A4, POR and
CYMS as lipid source, the presence of wild-type bs increased the rate of progesterone
metabolism 5-fold, with P450:POR:bs molar ratio of 1:3:3. The activity in the presence of bsg
mutations E48G, E49G, D58G, and D65G was reduced to less than 60% that observed with
wild-type bs, suggesting that acidic residues at these positions might be important for the
association of bs with the CYP3A4+<POR complex. In contrast, all other mutations
stimulated progesterone 6p-hydroxylation similar to wild-type bs (Figure 1A). To further
assess the interaction between adjacent residues on the surface of bg, we tested the capacity
of double mutations E48G/E49G and D58G/D65G to stimulate CYP3A4-catalyzed
progesterone 6p-hydroxylation. The double mutation D58G/D65G did not enhance
CYP3A4-catalyzed progesterone 68-hydroxylation with P450:POR:bg molar ratio of 1:3:3
or 1:3:10 (Figure 1B). The bs double mutation E48G/E49G minimally stimulated activity
with a P450:POR:bgs molar ratio of 1:3:3, and a 2-fold stimulation was observed when the
P450:bs molar ratio was increased to 1:10. This shift in the dose-response relationship and
reduction in maximal stimulation suggests that either the affinity of the E48G/E49G
mutation for the CYP3A4+POR complex is lower than for wild-type bs and/or that this
mutation acts on only a subpopulation of CYP3A4 molecules.

Testosterone 6B-hydroxylation and nifedipine oxidation

In the reconstituted system, wild-type bg increased the rate of testosterone metabolism up to
12-fold with a P450:POR:bg molar ratio of 1:2:3. Similar to results with progesterone, the
same four mutations E48G, E49G, D58G, and D65G afforded lower activity compared to
wild-type bs (Figure 2A). The double mutation D58G/D65G completely abolished the
ability of bs to enhance CYP3A4-catalyzed testosterone 6p-hydroxylation, whereas E48G/
E49G retained only 25% of wild-type activity (Figure 2A). The 6B-testosterone
hydroxylation in the presence of mutation E48G/E49G was not increased at higher P450:bsg
molar ratios (Figure 2C). An equivalent decrease in function of double mutations D58G/
D65G and E48G/E49G was also observed for nifedipine oxidation with a P450:POR:bs
molar ratio of 1:2:4 (Figure 2B). These data show that bs residues D58 and D65 are critical
for stimulating these CYP3A4-catalyzed oxygenations, while residues E48 and E49 also
contribute significantly.

The bg double mutations E48G/E49G and D58/D65 both exhibit visible absorption and
circular dichroism (CD) spectra in the far UV and near UV range indistinguishable from
wild type bs, which indicates that these mutations do not introduce gross changes in
polypeptide backbone or tertiary structure (Figure 3A, 3B). CD spectra in the visible range
are also equivalent, which indicates that these mutations do not significantly alter the
environment around the heme center (Figure 3C). These CD spectra, however, do not
exclude subtle changes in unstructured regions or altered conformational dynamics in these
bs mutations.
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Kinetics and influence of ionic strength

For most activities, the presence of bg increases Vimax of CYP3A4, but bg can also change
Km, as observed for some CYP2E1-catalyzed reactions (28,29). Because CYP3A4 activity
obeys sigmoidal rather than Michaelis-Menten kinetics, v vs. [S] data were fit to an
allosteric sigmoidal model, to determine changes in Vinay and Ko 5. Vimax values in the
presence of the wild-type bs and E48G/E49G were approximately 5.5-fold and 2.1-fold
greater than assays conducted in the absence of bs. In contrast, the Kq 5 value decreased
slightly for wild-type bg and did not change for mutation E48G/E49G (Figure 4A). The
CYP3A4 kinetic constants with bs mutation D58G/D65G were indistinguishable from
control assays without bs. Thus, we found that wild-type bs and mutation E48G/E49G
increased Vmnax but did not change K 5 for testosterone 63-hydroxylation.

The effects of ionic strength on the CYP3A4 activity in the presence of wild-type bs or
mutation E48G/E49G are shown in Figure 4B. The loss of activity observed with both bg
species at high NaCl concentrations suggests that electrostatic forces contribute to these
interactions; however, the activity stimulation with bs mutation E48G/E49G is much more
sensitive to salt disruption than with wild-type bg. With bs mutation E48G/E49G, CYP3A4-
catalyzed testosterone 6B-hydroxylation is reduced to basal values at NaCl concentrations
above 50 mM, whereas 200 mM NaCl reduces wild-type bs stimulation only ~50%, with
slight further loss at higher NaCl concentrations. These results suggest that wild-type bg
interactions with the CYP3A4«POR complex are more stable and therefore more
catalytically productive than for bs mutation E48G/E49G, possibly due to greater
hydrophobic interactions, which high ionic strength conditions do not disrupt.

Competition assays using wild-type bg and mutations in CYP3A4 testosterone 6B-
hydroxylation

To determine whether bs mutation D58G/D65G binds poorly to the CYP3A4+POR catalytic
complex or binds similarly to wild-type bg but fails to elicit the conformational changes
necessary to form a fully functional catalytic complex, we performed competition assays as
described previously (20). In the first experiment, the concentration of wild-type bg was held
constant at the optimum 3:1 bs:CYP3A4 molar ratio, and increasing amounts of mutation
D58G/D65G were added. As shown in Figure 5A, bs mutation D58G/D65G did not decrease
testosterone 6f-hydroxylation activity until a 4-fold molar excess was added and the total
bs:CYP3A4 molar ratio reached 15:1. Turnover also declined when the molar ratio of wild-
type bg to CYP3A4 reached 12:1, consistent with competition between bg and the P450 for
limiting POR, as we have suggested previously (20,21). In the reverse scenario, the presence
of mutation D58G/D65G did not impair the capacity of wild-type bg to stimulate CYP3A4-
catalyzed testosterone 6p-hydroxylation at wild-type bs/CYP3A4 molar ratios as low as
0.3:1 (Figure 5A).

Competition experiments between wild-type bs and mutation E48G/E49G yielded
qualitatively similar results, except that mutation E48G/E49G stimulated testosterone 6f3-
hydroxylation activity 2-fold over baseline (Figure 5B). The bs mutation D58G/D65G did
not compromise the residual stimulation of testosterone 6B-hydroxylation activity using bg
mutations E48G and E48G/E49G, similar to results with wild-type bs (Figure 5C, 5D).
These data suggest that bg interacts with the CYP3A4¢POR complex using binding sites that
include residues D58 and D65 and that the majority of these complexes also require E48 and
E49 for productive interactions.

Effect of phospholipids on bg stimulation of CYP3A4 activities

Prior reports found that maximal catalytic activity of purified CYP3A4 was obtained when
the P450 is reconstituted with redox partners in the presence of specific anionic
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phospholipids (20-22) and ionic detergents (22). To explore the contributions of individual
phospholipids to b action on the CYP3A4¢POR complex, experiments were carried out
with the purified proteins reconstituted with various phospholipids. Wild-type bg stimulated
CYP3A4-catalyzed testosterone 6p3-hydroxylation when reconstituted with all phospholipids
in the order PS > PE > PC(mix), and poor activity was seen only with DLPC (Figure 6).
Combinations of two phospholipids gave similar or higher activity than either phospholipid
alone. Consistent with previous reports, reconstitution with PC+PS gave the highest
testosterone 6f-hydroxylation activity with wild-type bs, about 4-fold higher than assays
using PC alone (Figure 6). Neither CHAPS nor sodium cholate at 0.1 pg/pl influenced
CYP3A4 catalysis (data not shown) in our experimental conditions.

In marked contrast to results with wild-type bs, the bs mutation E48G/E49G did not
stimulate CYP3A4-catalyzed testosterone 63-hydroxylation in assays reconstituted with PS
but gave similar activity with all other lipids and combinations (within a factor of 2), except
for being inactive with DLPC (Figure 6). Finally, bs mutation D58G/D65G failed to
stimulate testosterone 6p-hydroxylation activity in assays reconstituted with any
phospholipids alone or in combination, as observed with yeast microsomal lipids. These data
support the model that bg residues D58 and D65 are essential for stimulating CYP3A4-
catalyzed testosterone 6B-hydroxylation, whereas residues E48 and E49 are dispensable
under some conditions or for a subpopulation of CYP3A4 molecules, which might reflect
the conformational flexibility and heterogeneity of CYP3A4 and/or bs.

Cross-linking CYP3A4 with wild-type bg or bg mutations

Previous studies using cross-linking, mass spectrometry, and computer modeling have
suggested that the a2-loop—a3 and a4-loop—a5 segments of bg including residues E61 and
E42 or E48 (human bs numbering) interact with CYP3A4 (19). The contributions of bs
residues D58 and D65, however, were not explored, and these interactions were not
investigated in different lipid environments. EDC, a zero-length cross-linker, covalently
links the amino groups of lysines to the carboxyl groups of aspartic or glutamic acids. The
amount of cross-linked complex between bs and CYP3A4 correlates with the capacity of
each bg species to stimulate CYP3A4 activity: wild-type = E48G/E49G > D58G/D65G in
the presence of all phospholipids studied (Figure 7). Immunoblot analyses demonstrate that
the formation of CYP3A4-bg cross-links is phospholipid-dependent. CYP3A4 forms cross-
links with wild-type bs and bs mutation E48G/E49G in all phospholipid conditions studied,
but the degree of complex formation varies in the order DLPC > PC+PE > PS > PC+PS
(Figure 7A, B), which does not match the pattern of activity stimulation. The inactive bg
mutation D58G/D65G only forms cross-links with CYP3A4 during incubations with DLPC
and to a lesser extent in PC+PE, despite the fact that this mutation fails to augment CYP3A4
activity under all conditions. These results indicate that not all interactions between bg and
CYP3A4 lead to activity stimulation, particularly those in the presence of DLPC.
Nevertheless, reduced complex formation appears to be the primary reason why bs mutation
D58G/D65G fails to stimulate CYP3A4 activities. In contrast, bs mutation E48G/E49G
interacts productively with at least a subset of CYP3A4+<POR complexes.

Discussion

Our previous mutagenesis studies have identified two anionic surfaces of bs, which are
required for stimulation of specific cytochrome P450 activities. The bs residues E48 and
E49 are essential for the bg stimulation of CYP17A1-catalyzed steroid 17,20-lyase activity
but not for CYP2E1-catalyzed chlorzoxazone 6-hydroxylation or for CYP2C19-catalyzed
(9-mephenytoin 4-hydroxylation and progesterone 21-hydroxylation. Conversely, the bg
residues D58 and D65 are required for the bs stimulation of these CYP2E1 and CYP2C19
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activities but not for CYP17Al-catalyzed steroid 17,20-lyase activity. The major finding of
this study is that the promiscuous enzyme CYP3A4, which catalyzes many bs-stimulated
reactions, also requires the bs residues D58 and D65, similar to CYP2E1 and CYP2C19
(Figures 1 and 2). In contrast, the bg double mutation E48G/E49G stimulates progesterone
or testosterone 6f3-hydroxylation and nifedipine oxidation with 23-42% the effect of wild-
type bs. The inactive or less active bs mutations do not impair stimulation of wild-type bs or
active bg mutations (Figure 5), consistent with poor competition for binding to the
CYP3A4+POR complex. Several interpretations of these data are plausible, including a
model in which bg residues D58 and D65 participate directly in a critical and catalytically
relevant interaction with CYP3A4 and that bg residues E48 and E49 are required for
productive interactions with most but not all CYP3A4 molecules. Our data do not exclude
additional mechanisms or alternative explanations, such as a weaker effect of bs mutation
E48G/E49G on the rate-limiting step (keat) than for wild-type bs.

Further support for this model derives from the known conformational flexibility of the
CYP3A4 protein and from the influence of phospholipid on catalysis. Whereas the bg double
mutation D58G/D65G fails to stimulate any of the assayed CYP3A4 activities under all
reconstitution conditions tested, the action of the bs double mutation E48G/E49G is highly
dependent on phospholipid composition. When assays are reconstituted with PC+PE, the bsg
double mutation E48G/E49G supports CYP3A4-catalyzed testosterone 6p-hydroxylation at
a rate 74% that of the reaction with wild-type bs. In marked contrast, for assays reconstituted
with PS alone, CYP3A4-catalyzed testosterone 6B-hydroxylation activity with wild-type bg
is even higher than in PC+PE, but the by double mutation E48G/E49G affords negligible
stimulation with PS alone (Figure 6).

The phospholipid composition markedly influences P450 turnover and bg stimulation
(30,31), and CYP3A family activities are highest when reconstituted with acidic
phospholipids such as PS (22,32). PS with unsaturated fatty acids improves interactions
between the P450 and POR (32-34) and binds to CYP3AI, which alters its conformation
(35). In our assay system, CYP3A4-catalyzed testosterone 6p-hydroxylation decreases with
phospholipids in the order PS > PE > PC. This pattern of activity is similar to the
phospholipid effect we observed for CYP17A1, CYP2E1, and CYP2C19 stimulation with
wild-type bs (21). In contrast, the influence of different phospholipids on CYP3A4 activities
in the presence of partially active bs mutation E48G/E49G is variable and unpredictable.
Phospholipid membranes are known to influence the tertiary structure of the heme-binding
domain of soluble bs (36), and the membrane-spanning C-terminal helix of bs—which also
interacts with phospholipids—is required to influence P450 activities (37). Consequently,
the influence of these phospholipid interactions with not only the P450 and POR but with bg
as well is undoubtedly critical for regulation of the activities of these complex catalytic
systems.

Our data suggest that CYP3A4 molecules are conformationally heterogeneous and
differentially responsive to bs mutations, as was suggested from studies of a-naphthoflavone
influence on CYP3A4 chemistry (17). The major CYP3A4 species under most conditions
require bs residues E48 and E49 for activity stimulation, but the minor species are
insensitive to glycine substitutions at these positions. The compaosition of phospholipid, in
addition to regulating global activity, might also shift the proportion of these two
conformational variants and thus the fractional stimulation afforded by bs mutation E48G/
E49G (Figure 6). Our results cannot distinguish whether the influence of substitutions at bg
residues E48 and E49 derive from changes in direct interactions with CYP3A4 and/or POR
or from transmission of conformational changes to other parts of the bs molecule.
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Our data are consistent with the studies of Zhao et al (19), in which acidic residues within a-
helix 4 are critical for binding to CYP3A4, as we found for CYP2E1 and CYP2C19. Using
EDC and mass spectrometry, lysine residues 96, 127 and 421 on the proximal surface of
CYP3A4 were cross-linked primarily with bg residues E56 and E43 (19), which correspond
to E61 on a-helix 4 and E48 in our numbering. We interpret our cross-linking data
cautiously, because a chemical cross-link implies only a close proximity between 2 side-
chains but not necessarily a catalytically important interaction. In our hands, cross-linking
was most efficient in assays reconstituted with DLPC, in which CYP3A4 activities were
lowest. Furthermore, the bs mutation E61G stimulates CYP3A4-catalyzed reactions
equivalent to wild-type bs, even though E61 engages in cross-linking chemistry with
CYP3A4 (19).

The lack of competition with wild-type bs stimulation by mutations D58G/D65G and E48G/
E49G and the loss of E48G/E49G stimulation at [NaCl] > 50 mM are consistent with loss of
electrostatic forces generated by these surface regions, which are involved in stabilizing the
binding of by to CYP3A4+POR complexes. The contribution of residues E48 and E49 on the
surface of the adjacent a-helix 3 appears to be minor, unlike the case for CYP17A1 (20).
The involvement of two acidic surfaces of bg in CYP3A4, whose relative importance varies
with phospholipid, appears to reflect the large and plastic active site of CYP3A4 and the
existence of functionally significant conformational variants (12). Among all the human
P450 enzymes, CYP3A4 features the most diverse and complex interactions among ligands,
substrates, and effectors, which all regulate CYP3A4 activity (6,11,38,39).

Several lines of evidence support a variety of mechanisms with which bg might enhance
P450-catalyzed reactions, including: (i) direct transfer of a rate-limiting electron, (ii)
complexing with P450 to facilitate a two-electron transfer during a single interaction with
POR, (iii) decreasing the extent of uncoupling or (iv) direct effector actions, enhancing
product formation without redox changes of bg (40). Since these proposed actions are not
mutually exclusive, it is likely that several mechanisms contribute, depending on the specific
substrates, enzymes, and assay conditions. In this study, we found that two surface domains,
which incorporate the critical residues D58-D65 and E48-E49, contribute to bg stimulation
of CYP3A4 catalysis. Our findings are consistent with two populations of CYP3A4
molecules with distinct conformations and physical properties, but we cannot exclude other
mechanisms, including differential participation of these bs surfaces in the diverse actions of
bs on CYP3A4. Given the prominence of CYP3A4 in the metabolism of xenobiotics and
steroids, further biochemical and biophysical studies to define these protein-protein
interactions in relevant phospholipid environments might reveal additional mechanisms
regulating the metabolism of drugs and endogenous lipids.

Conclusions

Cytochrome bs residues D58-D65 are critical for stimulating CYP3A4 chemistry; while the
contribution of resides E48-E49 varies with phospholipid. These findings suggest the
existence of two subpopulations of CYP3A4 molecules which differentially responsive to bg
mutations and phospholipids.
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Abbreviations

bg cytochrome bs

CYMS control yeast microsomes

CYP3A4 cytochrome P450 3A4

PS 1,2-diacyl-sn-glycero-3-phospho-L-serine

DLPC 1,2-didodecanoyl-sn-glycero-3-phosphocholine

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

PC L-a-phosphatidylcholine

PE 1,2-diacyl-sn-glycero-3-phosphoethanolamine

IPTG isopropyl-B-D-thiogalactopyranoside

POR cytochrome P450 oxidoreductase

EDC ethyl-3-(3-dimethylaminopropyl) carbodiimide
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FIGURE 1.

Stimulation of CYP3A4-catalyzed progesterone 653-hydroxylation by bg and bs mutations.
(A) Effect of bg and bs mutations on catalytic activities of CYP3A4 in the presence of
CYMS as lipid for reconstitution. Incubations contained 50 1M progesterone and a molar
ratio of P450:POR:bs at 1:3:3. Results are shown as the percentage activity compared to
wild-type bs values (=100%) from triplicate determinations, means + standard deviations.
(B) Comparison of wild-type bs and selected b mutations on CYP3A4 catalysis with molar
ratio of P450:POR:bs at 1:3:3 (black bars) or 1:3:10 (white bars). Results are shown as the
percentage activity compared to wild-type bg values with 1:3:3 ratio of P450:POR:bg
(=100%) from triplicate determinations, means * standard deviations.
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FIGURE 2.

Stimulation of CYP3A4-catalyzed testosterone 6p-hydroxylation and nifedipine oxidation
by bs and bs mutations. Purified CYP3A4 (30 pmol) was reconstituted with POR, various bs
mutations, and CYMS as lipid for reconstitution. Catalytic activities toward (A) testosterone
at 50 pM substrate concentration at a P450:POR:bs molar ratio of 1:2:3 and (B) nifedipine at
200 pM substrate concentration at a P450:POR:bs molar ratio of 1:2:4 were analyzed by
HPLC. Results are shown as the percentage activity compared to wild-type bs values
(=100%) from duplicate determinations, means + standard deviations. (C) Titration of
CYP3A4-catalyzed testosterone 6p3-hydroxylation with human cytochrome bs mutation
E48G/E49G. The stimulation of activity with P450:POR molar ratio of 1:2 reaches a
maximum at a 3-5 molar excess of the bs mutation and does not increase further.
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FIGURE 3.

Circular dichroism (CD) spectra of cytochrome bs and mutations. CD spectra in (A) the far-
UV, (B) the near UV, and (C) visible range for wild-type, D58G/D65G, and E48G/E49G
double mutations are shown. Samples contained 10 M bg in 200 mM potassium phosphate,
pH 7.4.
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FIGURE 4.

(A) Steady-state kinetics of testosterone 6p-hydroxylation by CYP3A4 in the absence or
presence of wild type bs or mutations. Incubations contained 20 to 600 1M testosterone and
a molar ratio of P450:POR:bg at 1:2:3. The allosteric sigmoidal model was fit to the data
points as described under Material and Methods. Kinetic parameters for CYP3A4 with wild-
type bg: the Hill coefficient h=1.7 £ 0.2, Vjjax = 8.3 £ 1.0 nmol/min/nmol, and K 5 = 284 +
52 pM; with bs mutation E48G/E49G, h=1.4 £ 0.2, Vijax = 3.2 £ 0.8 nmol/min/nmol, and
Ko.5 =467 + 174 uM; with bs mutation D58G/D65G, h = 1.8 + 0.2, Vipax = 1.1 £ 0.1 nmol/
min/nmol, and Kq 5 = 215 + 26 uM; without bg, his 1.4 £ 0.3, Vipax = 1.5 £ 0.3 nmol/min/
nmol, and Kg 5 =409 £ 170 uM. (B) Effect of [NaCl] on CYP3A4 testosterone 6f3-
hydroxylation in the presence of wild-type b or bs mutation E48G/E49G. Reaction
conditions were equivalent to those described in (A) with 200 pM testosterone.
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FIGURE 5.

Competition assays. CYP3A4-catalyzed formation of 63-hydroxytestosterone in the
presence of (A) wild-type bg and D58G/D65G double mutation or (B) wild-type bg and
E48G/E49G double mutation. Reactions were conducted with a constant P450:POR molar
ratio of 1:2 in the presence of constant wild-type bg and varying amounts of double
mutation, or in the presence of constant double mutation and varying amounts of wild-type
bs. Competition experiments using bs mutations E48G (C) and E48G/E49G (D) show no
inhibition by double mutation D58G/D65G. Error bars indicate means * standard deviations
of triplicate assays. Due to low conversion, experiments for panels C and D used tracer [3H]-
testosterone as in ref. 21.
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Effect of phospholipids on bs-stimulated catalysis of CYP3AA4. Purified CYP3A4 (30 pmol)

and POR were reconstituted with wild-type bs or mutations D58G/D65G and E48G/E49G in
the presence of various phospholipids at a P450:POR:bs molar ratio of 1:2:3. Activities with
reconstituted assays using two types of purified phosphatidyl choline (DLPC and DOPC)
and three types of natural phospholipids (PC from porcine brain, containing fatty acyl
groups 18:1 (33%), 16:0 (31%) and 18:0 (17%); PE from bovine brain, containing fatty acyl
groups 18:1 (24%), 20:4 (19%) and 18:0 (16%); and PS from bovine brain, containing fatty
acyl groups 18:0 (40%) and 18:1 (29%)) are shown. Incubations were carried out with 50
1M testosterone, and the formation of 6p-hydroxytestosterone was determined by HPLC
analysis. Results are shown as the percentage activity compared to wild-type bg values in PC
+PS (=100%), means + standard deviations from triplicate determinations. In the absence of
bs, conversion to 63-hydroxytestosterone is 0.4+0.1% under these conditions.
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Immunoblot analysis of CYP3A4 and bg cross-linked with EDC, and the effect of
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phospholipid on the complex formation. Reactions were performed in 50 pumM potassium
phosphate buffer pH 7.0, containing 2 uM CYP3A4, 20 pM bs, 200 1M phospholipid, and 2
mM EDC. (A) CYP3A4 (50 kDa) and wild-type bs or mutations (16 kDa) incubated with PS
or PC+PE (1:1) in the absence of presence of EDC (B) CYP3A4 and bg incubated with PC
+PS (1:1) or DLPC in the absence of presence of EDC. (C) The immunoreactive bands
corresponding to CYP3A4-bs (1:1) complex were quantified by densitometric scanning. The

bar graphs show the relative densities of bands for two experiments expressed as a
percentage of the condition with wild-type bs. Mean + standard error, **, p < 0.01.
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