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Abstract
Design of a partially cysteine-depleted C98S/C239S/C377S/C468A cytochrome P450 3A4 mutant
designated CYP3A4(C58,C64) allowed site-directed incorporation of thiol-reactive fluorescent
probes into α-helix A‥ The site of modification was identified as Cys-64 with the help of CYP3A4
(C58) and CYP3A4(C64), each bearing only one accessible cysteine. Changes in the fluorescence
of CYP3A4(C58,C64) labeled with 6-bromoacetyl-2-dimethylaminonaphthalene (BADAN), 7-
diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (CPM), or monobromobimane (mBBr)
were used to study the interactions with bromocriptine (BCT), 1-pyrenebutanol (1-PB), testosterone
(TST), and α-naphthoflavone (ANF). Of these substrates only ANF has a specific effect, causing a
considerable decrease in fluorescence intensity of BADAN and CPM and increasing the fluorescence
of mBBr. This ANF-binding event in the case of BADAN-modified enzyme is characterized by an
S50 of 18.2 ± 0.7, compared with the value of 2.2 ± 0.3 for the ANF-induced spin transition, thus
revealing an additional low affinity binding site. Studies of the effect of TST, 1-PB, and BCT on the
interactions of ANF monitored by changes in fluorescence of CYP3A4(C58,C64)-BADAN or by
the ANF-induced spin transition revealed no competition by these substrates. Investigation of the
kinetics of fluorescence increase upon H2O2-dependent heme depletion suggests that labeled
CYP3A4(C58,C64) is represented by two conformers, one of which has the fluorescence of the
BADAN and CPM labels completely quenched, presumably by photoinduced electron transfer from
the neighboring Trp-72 and/or Tyr-68 residues. The binding of ANF to the newly discovered binding
site appears to affect the interactions of the label with the above residue(s), thus modulating the
fraction of the fluorescent conformer.
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A number of recent studies on the mechanisms of function and regulation of microsomal
monooxygenase systems have focused on the importance of homo- and heterotropic
cooperativity exhibited by various mammalian drug-metabolizing cytochromes P450 (1–8).
Cooperative behavior has been reported for such enzymes as P450 1A2 (9), 2C9 (10–12), 2C5
(13), 2B6 (14), and 2B4 (15). However, the most prominent cases of P450 cooperativity are
found in cytochrome P450 3A4 (CYP3A4), the principal drug-metabolizing enzyme in humans
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(16). In addition to the homotropic cooperativity observed with a wide variety of substrates
(1,4,16–18), CYP3A4 also provides important examples of heterotropic activation (19–22), of
which the most known instances are observed with α-naphthoflavone (ANF). This flavonoid
typically attenuates homotropic cooperativity observed with other substrates (18,23), while
stimulating their metabolism (23,24). Another representative heterotropic activator and
inhibitor of CYP3A4 is quinidine (22,25–27).

During the last decade our understanding of the mechanisms of CYP3A4 cooperativity has
progressed from a static model with multiple binding sites (8,18,20,23,28) to more complex
dynamic models suggesting effector-induced conformational rearrangements of the enzyme
along with multiple ligand binding (18,28–32). The recent advances in X-ray crystallography
of mammalian cytochromes P450 provide us with important evidence of a vast conformational
mobility of these proteins. The structures of substrate-free and ligand-bound cytochrome P450
2B4 (CYP2B4) recently resolved in this laboratory (33–35) depict an impressive large-scale
substrate-induced conformational transition, which changes considerably the openness of the
heme pocket. Recently resolved structures of the complexes of CYP3A4 with ketoconazole
and erythromycin (36) demonstrate that this heme protein also exhibits substantial
conformational plasticity. At the same time, our recent studies on CYP3A4 emphasize an
important role of persistent conformational heterogeneity in the mechanisms of interactions
with substrates and allosteric ligands (30,37). Recently we proposed that this heterogeneity,
which was first reported by Koley et al. (21,38,39), may originate from differences in
conformation and/or orientation of the subunits in P450 oligomers (37). We also suggested
that the mechanism of action of heterotropic activators, such as ANF, may result from
modulation of the architecture of the oligomer, which changes the partitioning between
different conformers of the enzyme (30,37). It seems likely that the conformational difference
reflected in the heterogeneity of CYP3A4 is closely related to the conformational dynamics
observed in CYP2B4 and now in CYP3A4 itself. Therefore, we in the present study we sought
to probe a substrate-induced large-scale rearrangement in CYP3A4, which may be related to
the mechanisms of cooperativity.

The main premise of this study was to utilize the fluorescence of a covalently attached,
environment-sensitive probe capable of FRET to the heme of CYP3A4 to monitor possible
structural rearrangement upon substrate binding. For this purpose we elected to utilize a thiol-
reactive fluorescent probe attached to an appropriate cysteine residue in the enzyme. The wild
type CYP3A4 possesses six cysteines that are potentially accessible for modification, namely
Cys-58, Cys-64, Cys-98, Cys-239, Cys-377, and Cys-468.

In order to incorporate thiol-reactive labels into desired regions of the enzyme we initially
sought to design a completely cysteine-depleted variant of the enzyme. This report represents
a key interim step in this direction. Here we employ the mutant with four cysteine-depleting
replacements, where residues 98, 239 and 377 are replaced with serine and residue 468 with
alanine. The resulting quadruple mutant C98S/C239S/C377S/C468A designated here as
CYP3A4(C58,C64), possesses only two closely-located potentially reactive cysteines in □-
helix A. This location appears to be favorable for probing substrate-induced conformational
rearrangements in P450. For instance, the transition between the closed structure of CPI-bound
CYP2B4 (34) to the more open conformation of the BIF-bound enzyme (35) changes the
distance between Ser-54 at the N-terminal part of helix A and the heme iron from 27.1 to 24.3
Å. This change is large enough to be detected by the modulation of the efficiency of FRET
from an appropriate fluorophore to the heme. At the same time, an important conformational
change in the loop preceding helix A detected upon the binding of bifonazole to CYP2B4
(35) shows that substrate-induced local conformational changes in this region are also possible.
Thus, we decided to probe the effect of substrates on the fluorescence of the thiol-reactive
fluorescent probe 6-bromoacetyl-2-dimethylaminonaphthalene (BADAN) incorporated into
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this partially cysteine-depleted mutant. The chosen dye is known to exhibit an ample
solvatochromic shift in the position of its emission band (40–42), which is useful in probing
conformational transitions in proteins (40,43). Moreover, a broad emission band of the probe
overlaps considerably with the heme absorbance bands of P450.

In this study we explore the changes in the fluorescence of BADAN-labeled CYP3A4
(C58,C64) caused by its interactions with bromocriptine (BCT), ANF, 1-pyrenebutanol (1-
PB), and testosterone (TST). While the interactions of BCT with CYP3A4 exhibit no
cooperativity (44), prominent homotropic cooperativity is observed with 1-PB, TST, and ANF
(17,18,45–47), and ANF represents heterotropic cooperativity (vide supra). The studies of
substrate-dependent changes in the fluorescence of the probe were complemented by
monitoring of the changes in the spin state of the heme iron, which reflect the formation of a
functional enzyme-substrate complex. Our results indicate that addition of ANF results in a
substantial decrease in BADAN fluorescence, in contrast to 1-PB, BCT and TST. A similar
effect of ANF was observed in the protein labeled with another probe, 7-diethylamino-3-(4'-
maleimidylphenyl)-4-methylcoumarin (CPM). Our observations suggest the presence of an
additional binding site for ANF that is distinct from those revealed by the substrate-induced
spin shift.

Experimental Procedures
Materials

1-PB, BADAN, CPM, and monobromobimane (mBBr) were from Invitrogen/Molecular
Probes (Eugene, OR). ANF was from Indofine Chemical Company (Hillsbrough, NJ), and
bromocriptine (BCT) mesylate was from Sigma Chemicals (St. Louis, MO). The QuikChange
site-directed mutagenesis kit was from Stratagene (La Jolla, CA). All other chemicals were of
ACS grade and were used without further purification.

Site-Directed Mutagenesis
C98S was generated using the QuikChange site-directed mutagenesis kit and a template
consisting of the N-terminally truncated (Δ3–12) and tetrahistidine-tagged CYP3A4 wild type
cDNA. CYP3A4(C58,C64) was generated by consecutive single-cysteine replacements of
C98S, C98S/C239S, and C98S/C239S/C377S. The following PCR primers were used:

C98S 5`- CAGTGCTAGTGAAAGAATCTTATTCTGTCTTCAC-3`
5`- GTGAAGACAGAATAAGATTCTTTCACTAGCACTG-3`

C239S: 5`- AATATCTCTGTGTTTCCAAGAGAAG-3`
5`- CTTCTCTTGGAAACACAGAGATATT-3`

C377S: 5`- GAGAGGGTCAGCAAAAAAGATG-3`
5`- CATCTTTTTTGCTGACCCTCTC-3`

C468A: 5`- CCTTCAAACCTGCTAAAGAAACACAGATCCCCC-3`
5`- GGGGGATCTGTGTTTCTTTAGCAGGTTTGAAGG-3`

CYP3A4(C58) and CYP3A4(C64) quintuple mutants were obtained using the above CYP3A4
(C58,C64) as a template. To generate these constructs we used the following primers

C58T: 5`- CCATAAGGGCTTTACTATGTTTGACATGG -3`
5`- CCATGTCAAACATAGTAAAGCCCTTATGG -3`

C64A: 5`- GTTTGACATGGAAGCTCATAAAAAGTATGG -3`
5`-CCATACTTTTTATGAGCTTCCATGTCAAAC -3`

All constructs were sequenced to verify that only the desired mutations were present (Protein
Chemistry Core Laboratory, The University of Texas Medical Branch, Galveston, TX).
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Protein expression, and purification
CYP3A4 and CYP3A4(C58,C64) were expressed as the His-tagged protein in Escherichia
coli TOPP3 cells and purified by a combination of metal-affinity and ion-exchange
chromatography. Cell growth and protein extraction were performed as previously described
(17,48), except for replacement of the 100 mM MOPS buffer with 100 mM Na-Hepes. The
supernatant was diluted to a P450 concentration of 1 µM with 100 mM Na-Hepes buffer, pH
7.4, containing 10% glycerol (v/v) (Buffer A) containing 0.5% CHAPS, and 0.5 M KCl.
Starting at this step all buffers contained 2 mM mercaptoethanol unless indicated. The protein
was loaded onto a column of Ni-NTA Agarose (Qualigen Inc., Valencia, CA) using 1 mL gel
per 60 nmol P450. The column was subsequently washed with 3 bed volumes of buffer A
containing 20 mM imidazole and 0.5 M KCl, 30 bed volumes of buffer A containing 0.5 %
Igepal CO-630 and 0.5 M KCl, and 10 bed volumes of Buffer A containing 0.2% Igepal CO-630
(Buffer B). Protein was eluted with 200 mM imidazole in Buffer B. The pooled fractions were
diluted with 20 volumes of Buffer B and applied to a column of Macro-Prep High S Support
resin (Bio-Rad Laboratories, Hercules, CA) equilibrated with buffer B (1 mL of resin per 100
nmol P450). The column was washed with 30 volumes of the same buffer, and the protein was
eluted with 150 mM KCl in buffer B. In some instances we used CM Sepharose CL-6B (GE
Biosciences, Piscataway, NJ) in place of Macro-Prep High S resin, in which case the
concentration of KCl in the elution buffer was increased to 180 mM. The pooled fractions
eluted from the ion-exchange column were applied onto the second column of Ni-NTA agarose
(1 mL per 100 nmol of protein) to wash out the detergent. The column was washed with 30–
50 bed volumes of buffer A containing 3 mM TCEP, which replaces the mercaptoethanol used
in prior steps. The protein was eluted with the same buffer containing 150 mM histidine-HCl.
The fractions containing P450 were pooled, concentrated to 80 – 120 µM, and dialyzed against
two changes of Buffer A containing 1 mM EDTA and 3 mM TCEP. In all cases the protein
preparations were characterized by a ratio of optical densities at 418 and 280 nm of 1.4 or
higher. The protein was stored at −80 °C as a 80–120 µM solution.

Modification by thiol-reactive probes
An appropriate amount (40 – 60 nmol) of protein was diluted to a concentration of 10 µM with
argon-saturated buffer A. TCEP was removed from the sample by dialysis under constant
bubbling with argon or by two repetitive dilution/concentration cycles with a Sartocon-1
(MWCO 100,000) concentrator (Sartorius AG, Goetingen, Germany). A 5% stock solution of
Igepal CO-630 was added to a final concentration of 0.2%. An appropriate thiol-reactive probe
(BADAN, CPM or mBBr) was added at 1.2-fold molar excess to the protein as a 2–3 mM stock
solution in 1:1 acetone:methanol. After incubation at 25 °C under argon saturation and constant
stirring for 30–60 min (depending on the probe) the reaction was stopped by addition of a 1 M
stock solution of DTT to a final concentration of 2 mM. The time course of modification was
monitored by an increase in the fluorescence of the probe. The detergent (Igepal CO-630) and
the unbound probe were removed from the sample by washing on a column of CM Sepharose
CL-6B. The degree of protein modification was determined from a series of spectra of
absorbance (340–700 nm wavelength region) obtained in the process of H2O2-dependent heme
depletion (49) of the labeled protein. The spectrum of the P450 absorbance bands derived from
this series was used together with the standard absorbance spectrum of a glutathione adduct of
the probe for the least-squares fit deconvolution of the spectrum of modified protein. In our
calculations of the degree of modification we assumed the extinction coefficients of BADAN,
CPM and mBBr at their respective absorbance maxima to be of 21, 33 and 5.0 mM−1cm−1

respectively (50).
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Absorbance and fluorescence measnurements
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 Edinburgh Instruments F900 spectrofluorometer (Edinburgh Instruments Ltd.,
Edinburgh, UK) equipped with a thermostated cell holder and a magnetic stirrer. In all our
fluorometric titration and H2O2-dependent heme depletion experiments the excitation of
fluorescence of the probes was performed at 402 nm with a bandwidth of 5 nm, if not otherwise
indicated. This wavelength of excitation was selected to minimize excitation of ANF. The
emission spectra in the 420 nm – 650 nm wavelength region were recorded with a bandwidth
of 2 nm.

The experiments on the effect of heme depletion on the fluorescence of the probes were
performed with simultaneous registration of the absorbance and fluorescence spectra. This was
achieved using a custom-designed remote cell holder connected to both a F900 fluorometer
and S2000 spectrometer with flexible liquid light guides. Change of the light sources was
achieved with a computer-controlled beam switch. This design was similar to that described
earlier for our variable pathlength titration method (44).

All experiments were performed at 25 °C in 100 mM HEPES buffer (pH 7.4), containing 1
mM DTT and 1 mM EDTA. The series of absorbance and fluorescence spectra obtained in
titration experiments were analyzed using principal component analysis method (PCA) as
described previously (44,51,52). All data treatment procedures and curve fitting were
performed using our SPECTRALAB software package (51).

Results
Construction, expression, purification and labeling of a cysteine-depleted quadruple mutant
of CYP3A4

Our preliminary studies showed that the wild type CYP3A4 may be labeled by such thiol-
reactive probes as CPM or N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-yl)
methyl) iodoacetamide (BODYPY-FL iodacetamide) at a molar ratio of label:enzyme up to 2
without any protein precipitation or decrease in the heme protein content, which would be
indicative of protein denaturation. Incorporation of a third probe molecule causes some loss
of the heme protein, while further labeling results in massive precipitation of the enzyme (data
not shown). The kinetics of labeling of the wild type CYP3A4 by CPM is unusually rapid. At
10 µM protein and 12 µM dye the modification of the wild type enzyme at 25 °C takes less
then 10 minutes to complete, suggesting the presence of a highly reactive and easily accessible
cysteine residue(s) in the enzyme.

A recent study (53) identified residues 96 and 468 as the sites of modification of CYP3A4 by
the photoreactive label lapachenole. Analysis of X-ray structures of the enzyme (54,55) suggest
that Cys-239, and, to a lesser extent, Cys-377 are also readily accessible to modification by
SH-reactive probes. Therefore, in order to direct the labeling to Cys-58 and Cys-64, as desired,
it appeared necessary to eliminate all the above cysteine residues. Appropriate amino acids for
these substitutions were chosen based on the sequence alignment of a series of 25 P450 enzymes
representing families 1, 2, 3, 4, 11 and 52. This analysis suggested serine or threonine as
adequate substitutes at positions 98, 239 and 377, while alanine, glycine or proline residues
were expected to be more appropriate at position 468. Based on this analysis we constructed
and generated the C98S/C239S/C377S/C468A quadruple mutant (CYP3A4(C58,C64)). The
expression level and the yield upon purification of this protein were similar to those of the wild
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type enzyme, indicating that the substitutions implemented in this construct do not affect
protein folding, stability, or incorporation into the membrane.

Incubation of CYP3A4(C58,C64) with BADAN or CPM showed that the reaction of both
labels with the protein is quite rapid. The modification of CYP3A4(C58,C64) by these probes
at 10 µM protein and a 1.2 label:protein molar ratio requires 20–30 minutes to complete. Our
procedure of modification (see Materials and Methods) allowed us to recover >70% of the
initial amount of P450 taken into the experiment. The recovered protein was completely labeled
in a 1:1 molar ratio. Attempts to incorporate a second molecule of the probe into the protein
resulted in its precipitation.

The spectra of emission and excitation of CYP3A4(C58,C64) labeled with BADAN are shown
in Fig. 1. The emission spectrum shown in Fig. 1a (solid line) was obtained upon excitation at
260 nm. As the tryptophan residues of the protein are also fluorescent upon excitation at this
wavelength, an extensive tryptophan emission band around 330 nm is also present here. The
excitation spectrum of CYP3A4(C58,C64)-BADAN (Fig 1a, dashed line) is shown in
comparison with the excitation of the glutathione adduct of BADAN (Fig. 1a, dashed-and-
dotted line). In addition to the main excitation bands centered at 250–260 and 380–385 nm,
which are represented in both spectra, the spectrum of excitation of CYP3A4(C58,C64)-
BADAN has an additional band positioned around 290 nm, which may reflect the excitation
of the label through FRET from tryptophan. Interestingly, the exact position of the emission
maximum of CYP3A4(C58,C64)-BADAN was dependent on the wavelength of excitation (fig.
1b). Upon excitation at 385 nm the emission maximum is positioned at 488 nm, which is
indicative of an apolar environment of the probe (40,41). However, upon excitation at 280 nm,
when extensive FRET from tryptophan may complement direct excitation of the probe, the
emission band becomes broader and is displaced to 496 nm. Upon excitation at 315 nm, which
corresponds to the minimum of the excitation spectrum of BADAN itself, the emission band
exhibits a further red-shift – in this case to around 507 nm. This observation may suggest
conformational heterogeneity of the protein so that a conformer with more efficient FRET from
tryptophan to BADAN has the probe exposed to a more polar environment.

Effect of cysteine substitutions and labeling on the interactions of CYP3A4 with substrates
To assess the effect of cysteine depletion and labeling on CYP3A4 interactions with substrates
we studied the formation of the complexes of CYP3A4, CYP3A4(C58,C64) and their BADAN-
labeled derivatives with BCT, 1-PB, and ANF by monitoring the substrate-induced spin shift.
In these experiments a series of absorbance spectra in the 340–700 nm wavelength region
recorded at increasing concentrations of substrate was interpreted in terms of the changes in
concentrations of P450 low-spin, P450 high-spin, and apparent P420 states of the protein
(44,51). These experiments are exemplified in Fig. 2, which shows the results obtained with
wild type CYP3A4 and ANF. Consistent with earlier results (30,44,47), all three substrates
tested in this study displace the spin equilibrium toward the high-spin state, which is indicative
of Type-I binding.

Plots of the high-spin content in CYP3A4, CYP3A4(C58,C64), and their BADAN-labeled
derivatives upon ANF binding are shown in Fig. 3. For all four enzyme variants the titration
curves obey the Hill equation with the values of the Hill coefficient (n) in the range of 1.5 –
2.0, which is indicative of positive homotropic cooperativity (Table 1) and consistent with
earlier findings (46,47). The S50 values obtained in these experiments were in the range of 2.2
– 4.8 µM (Table 1), which is consistent with the value of 5.7 ± 1.9 µM obtained by Hosea and
co-authors (47). The difference from the S50 value of 17 µM (46) may reflect different
experimental conditions, as Domanski and co-authors examined ANF binding in the presence
of 0.1 mg/mL dioleylphosphatidylcholine and 0.05% CHAPS.
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All four enzyme variants also exhibited cooperativity in their interactions with 1-PB, while
showing no cooperativity with BCT, which is also consistent with our earlier results (30,44,
45). As shown in Table 1, the parameters of the interactions of CYP3A4, CYP3A4(C58,C64),
and their BADAN-labeled derivatives with substrates show no significant effect of cysteine
depletion of the enzyme or modification with BADAN.

Substrate-induced changes in the fluorescence of BADAN incorporated into CYP3A4
While addition of TST caused virtually no effect on the fluorescence of CYP3A4(C58,C64)-
BADAN, interactions of the enzyme with BCT or 1-PB caused a 5–10% increase in the
fluorescence intensity of the probe (data not shown). However, the low amplitude of these
changes makes them poorly reproducible and allows no interpretation in terms of the changes
in the concentration of the enzyme-substrate complex. Importantly, no substrate-induced
displacement of the position of the BADAN fluorescence band was observed with any of these
substrates, indicating no changes in the polarity of the probe environment upon substrate
binding.

In contrast to the other substrates, addition of ANF to CYP3A4(C58,C64)-BADAN resulted
in a substantial decrease in the fluorescence intensity (Fig.4). Similar to the observations with
BCT, TST, and 1-PB, the position of the band remains unchanged upon ANF binding. The
dependence of the intensity of fluorescence of BADAN on the concentration of ANF can be
approximated with the Hill equation (Fig. 4b) with the values of S50 and Hill coefficient of
18.2 ± 0.7 µM and 1.7 ± 0.1, respectively and the maximal amplitude of the fluorescence
decrease of 49 ± 6 % (Table 2).

Thus, the concentration dependence of the effect of ANF on BADAN fluorescence is clearly
different from that on the spin state of CYP3A4. The substrate-induced spin shift was almost
complete upon addition of 10 µM ANF and remained unchanged at ANF concentrations higher
than 15 µM (Fig. 2, Fig. 3). In contrast, the most prominent effect of ANF on the fluorescence
of BADAN is exerted in the range of 10 – 30 µM. Therefore, ANF-induced changes in BADAN
fluorescence reveal an additional binding process, which is silent in terms of the modulation
of the spin equilibrium of the enzyme.

Importantly, with all four substrates studied here the changes in the fluorescence of the wild
type CYP3A4-BADAN were quite similar to those observed in BADAN-labeled CYP3A4
(C58,C64). The effect of 1-PB, BCT, and TST on the fluorescence of the probe in CYP3A4-
BADAN was negligibly small (data not shown). In contrast, addition of ANF resulted in an
important decrease in the intensity of fluorescence, revealing a process which obeys the Hill
equation with an S50 of 13.0 ± 1.0 µM and n value of 1.8 ± 0.1.

It should be noted, however, that the cooperativity observed in the fluorometric titration of
BADAN-labeled enzyme with ANF may be apparent. Since the fluorescence of BADAN is
lessened by FRET to the heme, displacement of the Soret absorbance band of CYP3A4 due to
the substrate-induced spin shift, which reduces the overlapping of the emission band of the
donor (BADAN) with the absorbance band of acceptor (heme), would cause an increase in the
intensity of fluorescence of the donor due to decreased efficiency of FRET. This effect is likely
to be responsible for the low-amplitude increase in the intensity of BADAN fluorescence
caused by 1-PB and BCT. Therefore, it seems likely that the S-shape of the plot of the
fluorescence of CYP3A4(C58,C64)-BADAN or CYP3A4-BADAN vs. ANF concentration is
caused by overlapping of the above effect of spin-state-modulating binding events with a
decrease in fluorescence caused by ANF-specific low affinity binding.
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Effect of TST and 1-PB on the interactions of BADAN-labeled CYP3A4(C58,C64) with ANF
The data presented above indicate the presence of an additional binding site for ANF, which
is silent in terms of the substrate-induced spin shift, and raise the question whether other
substrates can bind at this presumed “effector” site, despite exerting no effect of their own on
BADAN fluorescence. To address this question we performed a fluorometric titration of
CYP3A4(C58,C64)-BADAN with ANF in the presence of TST or 1-PB. The concentrations
of these compounds (100 µM and 15 µM respectively) were chosen to be above their respective
S50 values. The presence of these substrates does not affect the interactions of ANF with its
putative low-affinity binding site (Table 2, Fig. 4b), as indicated by a lack of any significant
effect of TST or 1-PB on the S50 or n values derived from the changes in fluorescence observed
in the titrations of CYP3A4(C58,C64)-BADAN with ANF in the presence of 1-PB (Fig. 4b,
squares) or TST (Fig. 4b, diamonds). However, TST but not 1-PB decreased the amplitude of
ANF-induced fluorescence change from 42 ± 8 % to 32 ± 12 %.

These results lead to a conclusion that ANF possesses at least three different binding sites in
CYP3A4. Two of these sites are involved in the cooperative binding reflected in ANF-induced
spin transition and at least one additional site is revealed in the low-affinity interactions
detectable by the fluorescent probes. In this context it is important to note that absorbance
titration experiments also revealed no competition of TST and 1-PB with ANF, as the addition
of these substrates had no significant effect on the S50 or n value characteristic of the ANF-
induced spin transition (data not shown). Therefore, none of the three implied ANF-binding
sites appear to overlap with those involved in the interactions of the enzyme with 1-PB and
TST.

The effect of ANF on the fluorescence of the probe in CYP3A4(C58,C64) labeled with CPM
and mBBr

One of possible mechanisms of the decrease of the intensity of BADAN fluorescence without
any solvatochromic shift of the emission band may be based on the changes in the efficiency
of FRET from BADAN to the heme of the enzyme. In this case similar changes should occur
with other probes capable of FRET to the heme. Therefore, we studied the effect of ANF on
the fluorescence of two other labels - CPM and mBBr attached to CYP3A4(C58,C64).

The CPM-labeled protein (CYP3A4(C58,C64)-CPM) has an extensive fluorescence band
centered at 462 nm, which undergoes a considerable decrease in amplitude upon the interaction
of the enzyme with ANF (Fig. 5). Titration curves obtained in these experiments obey the Hill
equation with an S50 value of 13.7 ± 4.0 µM and Hill coefficient of 1.1 ± 0.25 (Fig. 5, Table
2). The lack of cooperativity of ANF binding to the low affinity site in CYP3A4(C58,C64)-
CPM supports our interpretation that the apparent cooperativity of the interactions with
CYP3A4(C58,C64)-BADAN observed in fluorometric titrations with ANF is due to the
displacement of the P450 absorbance band upon the ANF-induced spin shift. Since the
fluorescence band of CPM is shifted by ~30 nm towards shorter wavelength, the change in the
overlapping of the emission band of the probe with the absorbance band of P450 upon low-to-
high spin transition is considerably less important in this case.

CYP3A4(C58,C64) labeled with mBBr has a fluorescence intensity close to that of CYP3A4
(C58,C64)-BADAN, which was quite unexpected, as bimane-based probes are known to have
considerably lower fluorescence than dimethylaminonaphthalene-based labels (50). A broad
fluorescence band of mBBr in CYP3A4 is positioned around 480 nm and has considerable
overlapping with the absorbance band of the heme. Thus, if the effect of ANF on the
fluorescence of CYP3A4(C58,C64)-BADAN and CYP3A4(C58,C64)-CPM reflects changes
in the efficiency of FRET, a similar result should occur with CYP3A4(C58,C64)-mBBr.
However, addition of ANF to CYP3A4(C58,C64)-mBBr resulted in ~25% increase in the
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fluorescence of the label. The titration curves observed in this case reveal no cooperativity
(n = 1.1 ± 0.3) and were characterized by an S50 value of 12.3 ± 1.4 µM (Fig. 6), which is
consistent with that determined with two other labels. Therefore, although the experiments
with CYP3A4(C58,C64)-mBBr confirmed the presence of an additional ANF binding site,
they oppose the suggestion that the effect of ANF is based on the modulation of FRET to the
heme.

Effect of ANF on the interactions of CYP3A4 with TST and 1-PB
The low-affinity ANF-binding site in CYP3A4 appears to be specific for ANF, as no
competition with 1-PB and TST was observed in our fluorometric titration experiments. To
explore the relationship between this site and heterotropic activation of the enzyme, it was
important to probe the effect of the binding of ANF to the low-affinity site on CYP3A4
interactions with other substrates.

Although TST alone showed virtually no effect on the intensity of BADAN fluorescence, its
addition to CYP3A4(C58,C64)-BADAN preincubated with 25 µM ANF resulted in a
considerable increase in the intensity of fluorescence of the probe, which was accompanied by
a distinct shift of the fluorescence maximum by up to 6–7 nm towards shorter wavelengths
(Fig. 7). The TST-dependent changes in the intensity of BADAN may be approximated with
the Michaelis-Menten equation with the maximal amplitude of the fluorescence increase of 34
± 7% and Km of 42 ± 9 µM, which is consistent with the values determined earlier from
absorbance titration experiments with the wild type enzyme (47).

We also studied the effect of increasing concentrations of ANF on the interactions of the wild
type CYP3A4 with 1-PB monitored by absorbance spectroscopy (Fig. 8). We chose 1-PB for
these experiments, as it exhibits considerably higher affinity to CYP3A4 and higher amplitude
of the substrate-induced spin shift than TST. Importantly, the affinity of the enzyme for 1-PB
is clearly increased in the presence of ANF, and the dependence of S50 on the concentration
of ANF may be approximated by a hyperbolic equation with the apparent KM value of 2.6 µM
(Fig. 8a), which is close to the value of S50 characteristic for the binding of ANF to CYP3A4
detected by a substrate-induced spin shift. At the same time, the Hill coefficient for 1-PB
binding remains almost unaffected at up to 10 µM ANF but decreases when the concentrations
become close to the S50 characteristic of the low-affinity binding site revealed in our
fluorescence studies (13 – 18 µM, Table 2). The homotropic cooperativity with 1-PB is
completely abolished (i.e., n = 1) at 30 µM ANF.

Assessing the efficiency of FRET from CPM and BADAN to the heme by H2O2-dependent
heme depletion

In order to probe more thoroughly how FRET to the heme may affect the bound probe we
studied the changes in fluorescence upon heme destruction in CYP3A4(C58,C64)-BADAN,
CYP3A4(C58,C64)-CPM and CYP3A4(C58,C64)-mBBr. Mild treatment of P450 enzymes
with hydrogen peroxide may be used for quantitative removal of the heme from the protein,
while having minimal impact on the polypeptide chain (56,57). Therefore, an increase in the
intensity of fluorescence of the probes in the course of heme depletion by hydrogen peroxide
may be used to probe the efficiency of FRET to the heme of the enzyme. We monitored the
changes in the absorbance of P450 and in the fluorescence of the label simultaneously, which
was possible due to a custom design of a remote sample chamber of the fluorometer and
implementation of a rapid scanning CCD spectrometer in combination with a computer-
controlled beam switch (see Materials and Methods).

The time course of the changes in the fluorescence of the probe and the content of heme protein
after addition of 60 mM H2O2 to a solution of CYP3A4(C58,C64)-CPM is shown in Fig. 9.
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Consistent with our earlier results (58), the kinetics of heme depletion in CYP3A4 was bi-
exponential. The two phases of the process exhibited rate constants differing by an order of
magnitude, with the fast phase constituting about 60% of the total reaction amplitude (Fig.
9;Table 3). The kinetic parameters of the heme depletion in the labeled CYP3A4(C58,C64)
were similar to those determined earlier for the wild type enzyme (58) and showed no
dependence on the nature of the label (BADAN, CPM, or mBBr). Therefore the biphasicity of
the heme depletion appears to represent an inherent feature of the enzyme rather than being
induced by incorporation of the label.

Surprisingly, the kinetics of the changes in the fluorescence of the probes was considerably
different from the kinetics of the heme loss. In contrast to the biphasic kinetics of heme
depletion, the increase in fluorescence of CYP3A4(C58,C64)-CPM (Fig. 9b) and CYP3A4
(C58,C64)-BADAN upon heme removal was monoexponential. In the case of the enzyme
labeled with mBBr, which revealed an increase rather than decrease in fluorescence intensity
of the label upon titration with ANF, the kinetics of H2O2-dependent fluorescence increase
was bi-exponential, but the amplitude of the fast phase was considerably lower than that
observed in the kinetics of heme depletion (Table 3). As shown in Fig 9b, complete heme
depletion in resulted in ~4-fold increase in the intensity of fluorescence of CYP3A4(C58,C64)-
CPM (Fig. 9b). Correspondingly, apparent efficiency of FRET to the heme in this case was
calculated to be of 69 ± 9 %. Similar values of the FRET efficiency were determined for
CYP3A4(C58,C64)-BADAN and CYP3A4(C58,C64)-mBBr (Table 3).

Addition of 50 µM ANF had no significant effect on the kinetics of heme depletion and
fluorescence increase (Table 3). Moreover, ANF had no effect on the amplitude of FRET
determined from these experiments (Table 3). Therefore, in agreement with the conclusion
made above, these experiment show that the modulation of the efficiency of FRET from the
probe to the heme of the enzyme is not involved in the mechanism of ANF-induced changes
in the fluorescence of the probes. Furthermore, these results are consistent with distribution of
the pool of the enzyme between two different fractions. One of these fractions in CYP3A4
(C58,C64)-BADAN and CYP3A4(C58,C64)-CPM appears to have the fluorescence of the
label completely quenched. The bimane probe in CYP3A4(C58,C64)-mBBr appears to be
fluorescent in both subpopulations, although these fractions reveal considerably different
quantum yield of the fluorescence of the probe.

Probing the location of the label in CYP3A4(C58,C64) by constructing cysteine-depleted
quintuple mutants

Mechanistic interpretation of the ANF-dependent changes in the fluorescence of the probes
introduced into CYP3A4(C58,C64) mutant requires identification of the exact position of the
labeling. To identify this position we created two quintuple mutants - CYP3A4(C58) and
CYP3A4(C64), each bearing only one potentially accessible cysteine residue. In both cases
expression and purification of the mutants resulted in yields comparable to the wild-type
enzyme. Both mutants exhibited Soret region absorbance spectra similar to the wild type
enzyme and did not reveal any considerable P420 content. While the kinetics of labeling of
CYP3A4(C64) by BADAN was similar to that observed with CYP3A4(C58,C64), the
modification of CYP3A4(C58) was considerably slower (Fig. 10). Recovery of the protein
after modification of CYP3A4(C58) by BADAN was as low as 25%, as compared to 75%
recovery observed with both CYP3A4(C64) and CYP3A4(C58,C64) mutants. We attribute
this loss of labeled CYP3A4(C58) to a denaturation of the enzyme caused by modification of
Cys-58. Moreover, as revealed by the spectra of the CO-complex of the ferrous enzyme,
BADAN-modified CYP3A4(C58) contained ~75% of the inactivated P420 form of the
enzyme, while CYP3A4(C64)-BADAN contained only ~12% P420, which is similar to
CYP3A4(C58,C64)-BADAN. Furthermore, while the position of the emission band of
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CYP3A4(C64)-BADAN was similar to that observed with the quadruple mutant (488 nm with
excitation at 385 nm), the band of CYP3A4(C58) is shifted to 496 nm, which is indicative of
a more polar environment of the label in this case.

Titration of CYP3A4(C64)-BADAN with ANF and TST showed that, while TST has no effect
on the fluorescence of the probe, the addition of ANF resulted in a considerable decrease in
the fluorescence intensity, similar to CYP3A4(C58,C64)-BADAN. Dependence of the
intensity of fluorescence of BADAN on the concentration of ANF obeys the Hill equation with
S50 = 20.6 ± 3.7 µM, Hill coefficient of 1.7 ± 0.4, and maximal amplitude of fluorescence
decrease of 40 ± 11% (the values represent the averages of four repetitive measurements).
Similar to the quadruple mutant, addition of TST to CYP3A4(C64)-BADAN in the presence
of 25 µM ANF resulted in up to a ~25% increase in the fluorescence of the probe, which reveals
a testosterone binding process obeying the Michaelis-Menten equation with KM of 30 µM.
Furthermore, the results of experiments on H2O2-dependent heme depletion of CYP3A4(C64)-
BADAN were also similar to those obtained with the BADAN-modified quadruple mutant.
Specifically, the kinetics of the fluorescence increase upon H2O2-dependent heme depletion
of CYP3A4(C64)-BADAN was monoexponential (k = 0.04 s−1), in contrast to bi-exponential
kinetics of the heme loss. The apparent efficiency of FRET from BADAN to the heme in
CYP3A4(C64)-BADAN was around 62%.

Therefore, the remarkable similarity in the behavior of CYP3A4(C64)-BADAN to that of
CYP3A4(C58,C64)-BADAN, together with the slow rate of modification of CYP3A4(C58)
by BADAN and instability of the resulting adduct provides convincing evidence that Cys-64
is the site of preferential modification of CYP3A4(C58,C64) by BADAN and presumably the
other labels.

Discussion
In this study we employ modification of CYP3A4 with thiol-reactive fluorescent probes in
combination with cysteine-depleting mutagenesis as a versatile strategy to explore substrate-
induced conformational transitions and their possible involvement in the mechanisms of
cooperativity. In a recent study of P450eryF we successfully applied a FRET-based version of
this approach to elucidate the mechanisms of the substrate-induced spin shift and cooperativity
(49). In contrast to P450eryF, which has only one cysteine residue (Cys-154) accessible to
modification with thiol-reactive probes, CYP3A4 possesses six potentially reactive cysteines,
namely Cys-58, Cys-64, Cys-98, Cys-239, Cys-377 and Cys-468. The CYP3A4(C58,C64)
variant of the enzyme bearing C98S, C239S, C377S and C468A substitutions described here
was obtained in the course of our work targeted to engineering an enzyme completely depleted
of reactive cysteines, which would represent a useful template for further site-directed
mutagenesis and chemical modification. In our follow-up studies to CYP3A4(C58,C64) we
also elaborated CYP3A4(C58) and CYP3A4(C64) quintuple mutants, which are also described
in this report.

The two potentially reactive cysteines, Cys-58 and Cys-64, in CYP3A4(C58,C64) are both
located in α-helix A. Based on analysis of the CYP3A4 crystal structure (54,55) these cysteine
residues might be expected to be less accessible than the four that were deleted, suggesting
that the reactivity of CYP3A4(C58,C64) with thiol-reactive compounds would be abolished
or considerably lower than the wild type. However, the rate of modification of the quadruple
mutant with CPM, BADAN or BODYPY-FL iodacetamide was comparable to that of the wild
type. At the same time, incorporation of more than one molecule of a thiol-reactive probe into
this mutant results in its denaturation. Therefore, we conclude that one of the two remaining
reactive cysteine residues in the mutant is readily accessible to modification. According to
CYP3A4 crystal structures we suggest that the modification of CYP3A4(C58,C64) occurs at
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Cys-64, which is oriented towards the surface of the protein and has neighboring aromatic rings
of Phe-60, Tyr-68, and Trp-72, which may facilitate accommodation of a hydrophobic dye
(Fig. 11). In contrast, modification of Cys-58, which is oriented towards the protein core and
faces the loop preceeding β1–4, appears to be impeded by steric constrains and is likely to result
in protein denaturation. In agreement with this inference, we demonstrated that the
modification of CYP3A4(C58) with BADAN is accompanied by a loss of ~75% of the protein
during purification due to denaturation. Furthermore, the low amounts of CYP3A4(C58)-
BADAN that can be recovered show ~75% conversion to the P420 state, which was not
observed with the quadruple mutant. In contrast, the properties of CYP3A4(C64)-BADAN
were similar to those observed with CYP3A4(C58,C64)-BADAN. Therefore, the modification
of CYP3A4(C58,C64) with SH-reactive probes may be identified with confidence as taking
place at Cys-64 .

Interestingly, the interaction of CYP3A4(C58,C64)-BADAN with TST, BCT, or 1-PB has no
substantial effect on either the amplitude or position of the fluorescence band of BADAN. This
observation suggests the absence of significant conformational changes in the protein, since
virtually any transition in the proximity of the label would change the polarity of its
environment and inevitably result in displacement of the emission band of BADAN (40–43).
In contrast to TST, BCT, and 1-PB, addition of ANF caused a 40% decrease in the fluorescence
of BADAN, although the position of the band remains unchanged (Fig. 4). This observation
reveals a binding site for ANF, which is characterized by an S50 value around 18 µM. This
value is considerably higher than that associated with the ANF-dependent spin transition (2.2
µM), which shows prominent cooperativity. The presence of this low-affinity binding site for
ANF is also confirmed in our experiments with two other labels – CPM and mBBr. Thus,
CYP3A4 appears to possess two binding sites revealed in the ANF-induced spin shift and a
distinct low-affinity binding site, any or all of which may be involved in the heterotropic
cooperativty observed with this compound.

The existence of multiple ANF-binding sites has been proposed in many studies (46–48,59,
60), although direct evidence for a third ANF-binding site in CYP3A4 was lacking.. As the
most important increase in the affinity of CYP3A4 for 1-PB is observed at concentrations of
ANF below 5 µM (Fig. 8a), this effect may be attributed to ANF binding to the high-affinity
site(s). However, a further increase in ANF concentration caused a considerable decrease in
the Hill coefficient for 1-PB binding (Fig. 8b), such that the homotropic cooperativity of 1-PB
binding is abolished at concentrations of ANF >30 µM. This range of concentrations of ANF
is consistent with a role of the third (low-affinity) binding site. Thus, the effects of ANF on 1-
PB binding to CYP3A4 suggest that all three ANF-binding sites may be pertinent to
heterotropic cooperativity, but that the role of the newly discovered low-affinity site is distinct
from that of the sites revealed in the ANF-induced spin shift

The involvement of the low-affinity ANF binding site in the modulation of interactions of
CYP3A4 with substrates is also confirmed by the results of our fluorometric titrations of
CYP3A4(C58,C64)-BADAN with TST. In contrast to the interactions of CYP3A4(C58,C64)-
BADAN with TST alone, which have no effect on BADAN fluorescence, the binding of TST
in the presence of ANF causes an increase in fluorescence of up to 34%. At the same time TST
does not compete for the low-affinity ANF binding site, as the presence of TST has no effect
on S50 and n values for the binding of ANF determined in our fluorometric titrations. These
results imply therefore that the binding of TST induces additional rearrangement in the
structure of the ANF-bound enzyme, which causes an increase in the intensity of fluorescence
of the probe, while the binding of TST alone is incapable of inducing these changes.

Further insight into the mechanism of action of ANF requires understanding of the physical
nature of the effect of this substrate on the fluorescence of BADAN and CPM. Theoretically,
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this effect may be caused by a direct interaction of ANF with the probe. However, according
to the known crystal structures of CYP3A4 (36,54,55), the highly ordered and tightly packed
protein structure around the site of modification (Fig. 11) imposes important steric constraints
on ANF binding in this region, especially once the cysteine residue is modified with a
fluorescent probe. Another explanation is that the binding of ANF induces a long-range
perturbation of the protein structure, resulting in increased efficiency of FRET from BADAN
to the heme due to changes in the distance between the label and the heme and/or in the
orientation of the label relative to the heme ring. Although the effect of ANF observed in
CYP3A4(C58,C64)-BADAN is reproduced in CYP3A4(C58,C64)-CPM (Fig. 5), ANF
increases rather than decreases the fluorescence intensity of the protein labeled with mBBr
(Fig. 6). This finding and results of experiments on the effect of heme depletion on the intensity
of fluorescence of the three labels disproves the modulation of the efficiency of FRET as a
basis for the ANF-induced changes in fluorescence intensity. Although the intensity of the
fluorescence of all three labels is increased upon destruction of the heme moiety by H2O2, and
the efficiency of FRET calculated from these experiments (Table 3) is consistent which the
expected values according to the Förster equation, addition of ANF does not exert any effect
on the efficiency of FRET to the heme (Table 3).

Nonetheless, the heme depletion experiments provide crucial mechanistic insights. Consistent
with our earlier observation (58), biexponential kinetics of heme destruction suggests persistent
conformational heterogeneity of CYP3A4, such that the protein appears to be distributed
between two populations with different accessibility of the heme moiety to H2O2. Furthermore,
the striking difference between the time course of heme depletion and of the fluorescence
increase (Fig. 9) suggests that the fraction of the protein undergoing heme depletion in the fast
phase has the label completely quenched, so that the fast phase is not reflected in the kinetics
of the fluorescence increase. Inspection of the closest neighborhood of Cys-64 provides a
possible source for this quenching. As illustrated in Fig. 11, Cys-64 is surrounded by three
aromatic residues – Phe-60, Tyr-68, and Trp-72. The effect of quenching of fluorescence by
the interactions of fluorophores with tyrosine and, most importantly, tryptophan due to
photoinduced electron transfer (PET) from these aromatic amino acid residues is well
documented (61–63). Functionality as electron acceptors in PET has been demonstrated for
both coumarins (64), dimethylaminonaphthalene (65), and bimane (66). Therefore, we suggest
that the fraction of labeled CYP3A4(C58,C64) represented in the fast phase of the heme
depletion has the fluorescent probe quenched due to PET from Trp-72 or, less likely, Tyr-68.
Importantly, in the case of mBBr this effect is partially abolished (Table 3). That may indicate
that the distance between Trp-72 and the bimane label, which is the smallest label used in this
study, may be too large for efficient PET, and that the fluorescence of the sample reflects the
emission from both fractions of the enzyme (though to different extents). This also explains
why the ANF-induced decrease in the fluorescence of the probe with CPM and BADAN was
not reproduced with mBBr.

Close proximity between Trp-72 and the fluorescent probe also suggests that CPM, BADAN
or mBBr could serve as extremely efficient acceptors for FRET from this tryptophan residue.
Consistent with this expectation, the spectrum of excitation of CYP3A4(C58,C64)-BADAN
reveals a clear maximum at 278, indicating the excitation of the label through FRET from
tryptophan (Fig. 1). Importantly, the position of the maximum of the emission of the probe
exhibits clear dependence on the wavelength of excitation. Excitation at the maximum of its
longer-wavelength band (384 nm) results in an emission maximum of BADAN at 488 nm.
However, in the case of excitation at 280 nm, where both tryptophan and BADAN have
comparable extinction coefficients, the emission band becomes broader and is displaced to 496
nm. A maximal red shift of the emission band of BADAN (to 507 nm) is observed upon
excitation around 310 – 315 nm, which corresponds to the position of the minimum in the
spectrum of direct excitation of the BADAN probe. Therefore, we conclude that the fraction
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of the enzyme, which has the fluorescence of the label quenched due to PET from tryptophan,
has the label in a more polar environment than the highly fluorescent fraction.

Our results clearly demonstrate the presence of an additional ANF-binding site that is distinct
from the two sites reflected in the ANF-induced spin shift. Our results are consistent with the
involvement of the changes in the efficiency of PET to CPM and BADAN probes incorporated
at Cys-64 from the neighboring Trp-72 and/or Tyr-68 residues. In addition, we demonstrated
that two stable conformers of the enzyme revealed in the biphasic kinetics of H2O2-dependent
heme depletion show a dramatic difference in the intensity of the fluorescence of the probe
incorporated at Cys-64. Therefore, the pool of CYP3A4 appears to be distributed into two
persistent conformers that differ in conformation in the region of α-helix A and its surroundings,
which is reflected in different polarity in the environment of BADAN introduced in this region
and also apparently affects the interactions of this label with neighboring aromatic tryptophan
and/or tyrosine residues.

The above evidence suggests the involvement of conformational heterogeneity of CYP3A4 in
the observed effect of ANF. One possible mechanism of the ANF-mediated decrease in
fluorescence of the BADAN and CPM probes is modulation by this effector of the partitioning
between two conformers of the enzyme. This interpretation is consistent with the hypothesis
of Koley and co-authors that the mechanism of action of ANF involves redistribution of the
protein between two conformers with different substrate specificity and different accessibility
of the heme pocket (21,25,38). Another possibility is that the binding of ANF quenches the
fluorescence of the label in the fluorescent conformer by some local changes in the proximity
of the label that increase the probability of PET from Trp-72 and/or Tyr-68 to the label without
any changes in the partitioning of fluorescent and completely quenched conformers.

It should be noted that none of the three putative ANF-binding events reveal competition for
the sites involved in the interactions of the enzyme with 1-PB or TST. This leads to the
suggestion the ANF-binding sites are all distinct from those involved in 1-PB and TST binding.
It appears improbable that one and the same molecule of CYP3A4 possess more than three
distinct binding sites for substrates and effectors. To our understanding, our observations are
best explained by the suggestion that at least some of these sites are located in distinct subunits
of a CYP3A4 oligomer, and that the mechanism of action of ANF involves modulation of
subunit interactions. This hypothesis is consistent with our earlier conclusion that the oligomers
of CYP3A4 consist of distinct conformers having different position of spin equilibrium and
possessing different substrate binding properties (37). Therefore, the low-affinity ANF-binding
site discovered in this study may be located either on the same molecule of the enzyme as the
other two ANF-binding sites, or situated on another subunit of the oligomer. Moreover, this
binding site may be formed by the interface of interactions of two subunits in the oligomer.
The latter possibility is favored by a recent X-ray structure of a CYP3A4 dimer crystallized in
the presence of TST, which shows the binding of two molecules of testosterone in the
dimerization interface (67), and earlier obvservation of two molecules of palmitic acid in the
dimerization interface of P450 2C8 (68). Therefore, we believe that further insight into the
mechanisms of heterotropic cooperativity with ANF requires consideration of the oligomer of
CYP3A4 as a functional unit of substrate binding.

ABBREVIATIONS AND TEXTUAL FOOTNOTES
CYP3A4, cytochrome P450 3A4
ANF, α-naphthoflavone
BADAN, 6-bromoacetyl-2-dimethylaminonaphthalene
CPM, 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin
mBBr, monobromobimane
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BCT, bromocriptine
TST, testosterone
CHAPS, 3-[(3-cholamido-propyl)dimethylammonio]-1-propanesulfonate
DTT, dithiothreitol
Hepes, N-[2-hydroxyethylpiperazine-N'-[2-ethanesulfonic acid]
1-PB, 1-pyrenebutanol
CYP3A4(C58, C64), a C98S/C239S/C377S/C468A quadruple mutant of CYP3A4 bearing two
accessible cysteines; CYP3A4(C58) and CYP3A4(C64) quintuple mutants obtained by adding
to CYP3A4(C58, C64) the C64A and C58T replacements, respectively.
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Figure 1.
Spectra of fluorescence emission and excitation of CYP3A4(C58,C64)-BADAN (10 µM
solution in 100 mM Na-Hepes puffer, pH 7.4, 1 mM EDTA, 1mM DTT). Panel a shows the
spectra of emission (excitation at 260 nm, solid line) and excitation (emission at 490 nm, dashed
line) The excitation spectrum of a gluthatione adduct of BADAN (emission at 490 nm) is shown
for comparison by a dashed-and-dotted line. Panel b shows the spectra of emission of CYP3A4
(C58,C64)-BADAN recorded with excitation at 280 nm (solid line), 315 nm (dashed line) and
385 nm (dashed-and-dotted line). All spectra were recorded at 25 °C in a 5×5 mm quartz cell
with emission and excitation bandwidths of 2 nm. The spectra were corrected for the spectral
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response of the detector. The amplitudes of all spectra were normalized to fit into 0 – 100 units
scale.
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Figure 2.
ANF-induced changes in the absorbance spectra of CYP3A4. (a) A series of absorbance spectra
of 1.5 µM enzyme recorded at 0, 1.2, 2.5, 3.7, 6.2, 8.7, 12, and 30 µM ANF. The inset shows
the spectrum of the first principal component. (b) ANF-induced changes in the concentration
of the high-spin (triangles), low-spin (circles), P420 (squares), and total enzyme (diamonds).
Experimental conditions: 100 mM Hepes buffer, pH 7.4, 1 mM DTT, 0.2 mM EDTA, 25 °C.
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Figure 3.
Interactions of ANF with CYP3A4, CYP3A4(C58,C64), and their BADAN-modified
derivatives monitored by the substrate-induced spin shift. A series of absorbance spectra of 1
µM heme protein were recorded at different ANF concentrations, and the percent of high spin
content versus the substrate concentration was plotted. The lines show fitting of these data sets
to the Hill equation with S50 = 3.7 and n = 2.2 for CYP3A4 (a, circles, solid line), S50= 4.2 and
n = 1.7 for CYP3A4-BADAN (a, squares, dashed line), S50= 2.9 and n = 2.0 for CYP3A4
(C58,C64) (b, circles, solid line), and S50 = 2.0 and n = 1.6 for CYP3A4(C58,C64)-BADAN
(b, squares, dashed line). Experimental conditions as indicated in Figure 1.
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Figure 4.
Interaction of CYP3A4(C58,C64)-BADAN with ANF monitored by the changes in the
fluorescence of the probe. (a) A series of emission spectra of 3 µM enzyme were recorded at
0, 1.3, 3.3,, 6.5, 9.8, 13, 16, 20, 23, 26, 31 and 49 µM ANF. (b) Relative fluorescence intensity
versus substrate concentration for CYP3A4(C58,C64)-BADAN and for the enzyme pre-
incubated with 1-PB or TST. The lines show fitting of the data sets to the Hill equation with
S50 = 18.8 µM and n = 1.8 for CYP3A4(C58,C64) (circles, solid line), S50 = 20.5 µM and n =
1.8 for the enzyme pre-incubated with 15 µM 1-PB (squares, dashed line), and S50 = 25 µM
and n = 1.7 (diamonds, solid line) for the enzyme pre-incubated with 100 µM TST.
Experimental conditions as indicated in Figure 3.
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Figure 5.
Interaction of CYP3A4(C58,C64)-CPM with ANF monitored by the changes in the
fluorescence of the probe. (a) A series of emission spectra of 1.5 µM CYP3A4(C58,C64)-CPM
recorded at 0, 0.4, 1.2, 2, 3, 4, 5, 8, 10, 12, 16 and 24 µM of ANF. (b) Relative fluorescence
intensity versus substrate concentration. The lines show the fitting of the data sets to the Hill
equation with S50 = 13 µM and n = 1.1. Experimental conditions as indicated in Figure 3.
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Figure 6.
Interaction of CYP3A4(C58,C64)-mBBr with ANF monitored by the changes in the
fluorescence of the probe. (a) A series of emission spectra of 1.5 µM enzyme recorded at 0,
2.4, 6, 12, 24, and 38 µM of ANF. (b) Relative fluorescence intensity versus substrate
concentration. The lines show the fitting of the data sets to the Michaelis-Menten equation with
KM = 12 µM. Experimental conditions as indicated in Figure 3.
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Figure 7.
Effect of TST on the fluorescence of CYP3A4(C58,C64)-BADAN in the presence of 25 µM
ANF. (a) A series of emission spectra of CYP3A4(C58,C64)-BADAN (3 µM) in the presence
of 25 µM ANF recorded at 0, 10, 20, 30, 40, 66, and 92 µM TST. (b) Changes in the relative
intensity of fluorescence of CYP3A4(C58,C64)-BADAN upon addition of testosterone in the
presence of 25 µM ANF. The line show the fitting of the data set to the Michaelis-Menten
equation with KM = 38 µM and the maximal amplitude of fluorescence increase of 37 %.
Experimental conditions as indicated in Figure 3.
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Figure 8.
Effect of increasing concentrations of ANF on the parameters of CYP3A4 interactions with 1-
PB monitored by the substrate-induced spin shift. Each data point shown on the graphs
represents an average of the results of 2–6 individual experiments. The typical confidence
interval (p = 0.05) calculated for these estimates was about ± 20% of the respective values.
Solid lines shown in panels a and c represent the results of the fitting of the data sets to the
Michaelis-Menten equation (KM values of 2.5 µM and 18 µM, respectively). The line in panel
b represents the fitting of the data set by a third-order polynomial. The curve is given solely to
visualize the general trend of the points and has no conceptual meaning.
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Figure 9.
Kinetics of H2O2-dependent heme depletion (circles) and the corresponding changes in the
intensity of fluorescence of the label (squares) in CYP3A4(C58,C64)-CPM in linear (a) and
semi-logarithmic (b) coordinates. Conditions: 1.5 µM CYP3A4(C58,C64)-CPM and 60 mM
H2O2 in 0.1 M Na-HERES buffer, 1mM DTT, 1mM EDTA.
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Figure 10.
Kinetics of modification of CYP3A4(C58,C64) (circles, solid line), CYP3A4(C58)
(rectangles, solid line) and CYP3A4(C64) (triangles, dashed line) by BADAN. Conditions: 10
µM heme protein and 12 µM BADAN in 0.1 M Na-Hepes buffer, pH 7.4, 10% glycerol, 0.2%
Igepal CO-630 under Argon atmosphere and a constant stirring. The reaction was monitored
by increase in fluorescence at 500 nm (excitation at 400 nm). The lines show the approximation
of the experimental results with a second order kinetic equation with the rate constants of 18.0,
10.0 and 17.8 mM−1 min−1 for CYP3A4(C58,C64), CYP3A4(C58), and CYP3A4(C64),
respectively.
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Figure 11.
Fragment of structure of cytochrome P450 3A4 (PDB entry 1TQN) (54) illustrating the
neighborhood of Cys-58 and Cys-64.
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Table 1
Parameters of the interaction of CYP3A4 and its derivatives with substrates

Protein Parameter
Substrate

BCT 1-PB ANF

CYP3A4
S50 or KD, µM 0.65 ± 0.33 13.2 ± 2.9 4.8 ± 2.2

n n/a 1.6 ± 0.20 1.9 ± 0.3
ΔFh(%)a 40 ± 15 40 ± 8 36 ± 8

CYP3A4-BADAN
S50 or KD, µM 0.68 ± 0.48 8.0 ± 0.3 4.7 ± 0.9

n n/a 1.4 ± 0.3 1.5 ± 0.5
ΔFh(%)a 30 ± 8 42 ± 7 30 ± 6

CYP3A4(C58,C64)
S50 or KD, µM 0.71 ± 0.34 8.7 ± 2.7 2.7 ± 0.5

n n/a 1.6 ± 0.2 2 ± 0.1
ΔFh(%)a 39 ± 7 36 ± 7 32 ± 9

CYP3A4(C58,C64)-BADAN
S50 or KD, µM 0.62 ± 0.13 7.5 ± 1.6 2.2 ± 0.3

n n/a 1.7 ± 0.6 1.5 ± 0.2
ΔFh(%) 40 ± 8 31 ± 2 28 ± 4

a
The amplitude of the substrate-induced changes in the high-spin content. In the absence of substrate the content of the high-spin state was within the

range of 12–18% for all enzyme variants.

The values shown in the table are determined from the fitting of the titration curves to the Hill equation (for 1-PB and ANF) or to the equation for the
isotherm of bimolecular association (for BCT). The results represent the averages of two to four individual measurements. The deviations correspond to
the confidence intervals calculated for p = 0.05.
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Table 2
Interactions of ANF with CYP3A4 modified with BADAN, CPM or mBBr monitored by the fluorescence of the probe

Protein Parameter
Added compound

none 1-PB, 15 µM TST, 100 µM

CYP3A4(C58,C64)-BADAN
S50, µM 18.2 ± 0.7 23.7 ± 3.5 21.4 ± 7.2

n 1.7 ± 0.1 1.8 ± 0.3 1.6 ± 0.2
Δ I, %a − 49 ± 8 − 55 ± 6 − 32 ± 12

CYP3A4(C58,C64)-CPM
S50, µM 13.7 ± 4.0 n/d n/d

n 1.1 ± 0.25 n/d n/d
Δ I, %a −60 ± 10 n/d n/d

CYP3A4(C58,C64)-mBBr
S50, µM 12.3 ± 1.4 n/d n/d

n 1.1 ± 0.3 n/d n/d
Δ I, %a 25 ± 16 n/d n/d

a
Maximal relative change in the intensity of fluorescence of the probe.

All parameters given in the table represent the averages of two to four individual measurements. The deviations represent the confidence intervals calculated
for p = 0.05.
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