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Abstract
1. The basis of decreased cooperativity in substrate binding in the cytochrome P450 3A4 mutants
F213W, F304W and L211F/D214E was studied with fluorescence resonance energy transfer
(FRET) and absorbance spectroscopy.

2. Whereas in the wild type enzyme the absorbance changes reflecting the interactions with 1-
pyrenebutanol exhibit a Hill coefficient (nH) around 1.7 (S50 = 11.7 μM), the mutants showed no
cooperativity (nH ≤ 1.1) with unchanged S50 values.

3. Contrary to the premise that the mutants lack one of the two binding sites, the mutants exhibited
at least two substrate binding events. The high affinity interaction is characterized by a
dissociation constant (KD) ≤ 1.0 μM, whereas the KD of the second binding has the same
magnitude as the S50.

4. Theoretical analysis of a two-step binding model suggests that nH values may vary from 1.1 to
2.2 depending on the amplitude of the spin shift caused by the first binding event.

5. Alteration of cooperativity in the mutants is caused by a partial displacement of the “spin-
shifting” step. Whereas in the wild type the spin shift occurs in the ternary complex only, the
mutants exhibit some spin shift upon binding of the first substrate molecule.
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Introduction
The major human drug-metabolizing enzyme, cytochrome P450 3A4 (CYP3A4), represents
the most prominent example of homo- and heterotropic cooperativity among cytochromes
P450 (see (Davydov and Halpert, 2008; et al., 2009) for review). Cooperativity was
originally explained assuming that a single ligand molecule is only loosely bound in the
active site, making it necessary for multiple ligands to bind before efficient catalysis can
occur (Harlow and Halpert, 1998; Korzekwa et al., 1998). Although simultaneous
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occupancy of the active site by multiple ligands is now well established (Cupp-Vickery et
al., 2000; Hosea et al., 2000; Dabrowski et al., 2002; Baas et al., 2004; Ekroos and Sjogren,
2006), there is increasing evidence that the mechanisms of cooperativity are more complex
and involve a ligand-induced conformational transition and possible alteration of P450
oligomerization in the membrane (see (Davydov and Halpert, 2008; Denisov et al., 2009)
for review).

Previous studies in this laboratory involved construction and characterization of a series of
CYP3A4 mutants that were designed to alter cooperativity (Domanski et al., 1998;
Domanski et al., 2001). Of particular interest are the mutants F213W, F304W, and L211F/
D214E. These lack homotropic cooperativity of progesterone hydroxylation yet still exhibit
activation of both progesterone and testosterone hydroxylation by α-naphthoflavone (ANF).
The larger side chains of the substituted residues were originally proposed to mimic effector
binding and result in a loss of cooperativity (Harlow and Halpert, 1998; Domanski et al.,
2000; Domanski et al., 2001). However, subsequent crystal structures (Williams et al.,
2004) indicate that these residues generally point away from the active site. The residues
substituted in F213W and F304W are involved in the formation of the so-called
phenylalanine cluster at the proximal surface of CYP3A4 that involves Phe213, Phe215,
Phe219, Phe220, Phe241, and Phe304. The finding that this cluster is disrupted in the complex
of CYP3A4 with ketoconazole (Ekroos and Sjogren, 2006) suggests that this region is
involved in the substrate-induced conformational transitions of the enzyme.

Detailed exploration of the altered cooperativity in the mutants F304W, F213W and L211F/
D214E may provide important information on the role of the phenylalanine cluster in the
molecular mechanisms of cooperativity and related conformational dynamics in CYP3A4.
Therefore, in the present study we probe the interactions of these mutants with the substrates
ANF, bromocriptine, and 1-pyrenebutanol (1-PB). For this purpose we employed a
combination of detection of substrate binding by fluorescence resonance energy transfer
(FRET) or absorbance spectroscopy with a “titration-by-dilution” approach (Fernando et al.,
2006). This allowed us to probe the effect of the mutations on the individual substrate-
binding events in the interactions of these mutants with 1-PB, a substrate exhibiting
prominent cooperativity with the wild type enzyme.

Our results indicate that, contrary to the initial premise that the mutants lack one of the two
substrate binding sites, the mutants exhibited at least two substrate binding events.
Alteration of cooperativity in the mutants is caused by a partial displacement of the “spin-
shifting” step from the final step of the formation of ternary complex, as it takes place in the
wild type, to intermediate step of the binary complex formation.

Materials and Methods
Materials

1-PB was from Invitrogen/Molecular Probes (Eugene, OR), ANF was from Indofine
Chemical Company (Hillsbrough, NJ), and bromocriptine mesylate and 2-hydroxypropyl-β-
cyclodextrin were from Sigma Chemicals (St. Louis, MO). All other chemicals were of the
highest grade available from commercial sources and were used without further purification.

Expression and purification of the CYP3A4 mutants F213W, L211F/D214E and F304W
The enzymes were expressed as the His-tagged protein in Escherichia coli TOPP3 (Harlow
and Halpert, 1998). The proteins were purified with a three-column procedure, which
includes ion-exchange chromatography on Macro-Prep CM Support as previously described
(Tsalkova et al., 2007; Davydov et al., 2010).
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Experimental setup
The fluorometric measurements were performed with a combination of either an Edinburgh
Instruments FLS920 (Edinburgh Instruments, Edinburgh, UK) or a computerized Hitachi
F-2000 spectrofluorometer (Hitachi Ltd., Tokyo, Japan) with an S2000 fiber optic CCD
spectrometer (Ocean Optics, Dunedin, FL), which was used to monitor the changes in the
transmittance of the sample during the experiment. Both Hitachi and Edinburgh Instruments
spectrofluorometers were equipped with a custom-made thermostated cell holder with a
direct-path window used to attach the CCD spectrometer via a fiber-optic light guide. This
design permitted instant correction of the spectra of fluorescence to compensate for the
internal filter effect. The excitation wavelength was set to 331 nm. The spectra of
absorbance were measured with an S2000 rapid scanning CCD spectrometer (Ocean Optics,
Inc., Dunedin, FL, USA) equipped with an L7893 UV-VIS fiber-optics light source
(Hamamatsu Photonics K. K., Hamamatsu City, Shizuoka, Japan) and a custom-made
thermostated cell holder with magnetic stirrer. In fluorescence dilution experiments, a 100-
μl aliquot of enzyme-substrate mixture of desired stoichiometry was placed in a fluorescence
quartz ultra-micro cell with 2 × 10 mm optical chamber (HELLMA GmbH, Müllheim,
Germany, Product #105.250). Small aliquots of the buffer were added to the cell up to the
maximal volume of the cell (1600 μl). The spectra were recorded after each addition. The
experiments were performed at 25° C in 0.1 M Na-Hepes buffer, pH 7.4. All experiments
with 1-PB were carried out in the presence of 0.6 mg/ml 2-hydroxypropyl-β-cyclodextrin
(HPCD), which was used to increase the solubility of this substrate and prevent the
formation of the pyrene excimers. Control experiments showed that the addition of HPCD
resulted in a modest increase (~30%) in the values of S50 or KD observed in the absorbance
titration experiments but had no effect on the cooperativity (Hill coefficient), spin state of
the substrate-free enzyme, or amplitudes of the substrate-induced spin shift (data not
shown).

Data Processing
The series of absorbance and fluorescence spectra obtained in titration experiments were
analyzed using principal component analysis (PCA) as described previously (Davydov et al.,
1995; Renaud et al., 1996). To interpret the spectral transitions in terms of the concentration
of P450 species we used a least-squares fitting of the spectra of principal components to the
set of spectral standards of pure low-spin, high-spin and P420 species of CYP3A4
(Fernando et al., 2006). Application of PCA to the series of emission spectra obtained in
FRET experiments resulted in the first principal component corresponding to the changes in
substrate fluorescence and covering over 99% of the total spectral changes. The changes in
the loading factor of the first principal component during the experiment were used to
calculate the relative changes in the intensity of fluorescence of the substrate. All data
treatment procedures and curve fitting were performed using our SPECTRALAB software
package (Davydov et al., 1995).

The dependence of the fraction of the high spin heme protein (in absorbance titration
experiments) or the loading factor of the first principal component (in FRET studies) on the
substrate concentration was used to determine the parameters of the interactions from the
fitting of these curves to an appropriate equation using a combination of Marquardt and
Nelder-Mead non-linear least squares algorithms as described previously (Davydov et al.,
1995). To analyze the results of titration and dilution experiments in those cases when the
interpretation of the results did not require an assumption of the involvement of multiple
binding events, we used the equation for the equilibrium of bimolecular association ((Segel,
1975), p 73, eq. II-53):
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(1)

Results
Spin state of the substrate-free F213W, L211F/D214E and F304W mutants

Relative to wild type CYP3A4, all three mutants were characterized by slight displacement
of the spin equilibrium of the heme iron towards the high-spin state. Accordingly, the high-
spin content in F213W, F304W and L211F/D214E mutants at 25 °C was 16.3 ± 1.7%, 24.2
± 4.0%, and 24.2 ± 4.0% respectively, compared with 10.9 ± 0.5% in the wild-type.
Furthermore, in contrast to what was previously observed with the triple mutant L211F/
D214E/F304W (Fernando et al., 2007), the position of the spin equilibrium of the substrate-
free F213W, F304W and L211F/D214E mutants did not exhibit any considerable
displacement toward high-spin with increasing content of the apo-protein in the enzyme
preparations (data not shown).

Interactions of F213W, F304W and L211F/D214E with bromocriptine, 1-PB, and ANF
Similar to observations with the wild type enzyme (Fernando et al., 2007; Tsalkova et al.,
2007), the interactions of the mutants with all three substrates resulted in a Type I spectral
transition corresponding to a shift to high spin. Importantly, all three mutants exhibit a
prominent decrease in the homotropic cooperativity with 1-PB, whereas the cooperativity
observed with ANF is retained (Fig. 1, Table 1). The interaction of the enzyme with the non-
allosteric substrate bromocriptine is not altered in F213W or F304W, whereas the mutant
L211F/D214E exhibits decreased affinity and lowered amplitude of the spin shift with this
substrate (Table 1).

Resolution of individual substrate-binding events in the interactions of 1-PB with CYP3A4
and its mutants in “titration-by-dilution” experiments with substrate binding monitored by
FRET

Our approach to studying the individual steps involved in the mechanism of cooperativity is
based on examining the dissociation of the enzyme-substrate complex upon dilution of
enzyme-substrate mixtures of various stoichiometry (Davydov et al., 2006; Fernando et al.,
2006). In the present study, substrate binding was determined either by FRET from 1-PB to
the heme of the enzyme, or by the substrate-induced spin shift monitored by absorbance
spectroscopy.

As demonstrated earlier (Fernando et al., 2006), the formation of the complexes of CYP3A4
with 1-PB resulted in a considerable decrease in the intensity of fluorescence of the substrate
due to FRET to the heme. Similar behavior is observed in our experiments with the F213W,
F304W, and L211F/D214E mutants. The dependence of the normalized intensity of
fluorescence on the concentration of equimolar mixtures of 1-PB with either wild type
CYP3A4 or its mutants obeys the equation for the equilibrium of bimolecular association (1)
(Fig 2a). Although the values of the dissociation constant (KD1) obtained from these
experiments were in all cases considerably lower than the corresponding S50 values, the
values of KD1 exhibit considerable variation among the mutants. The KD1 of L211F/D214E
for 1-PB was notably higher than the value obtained with the wild type enzyme, whereas
F213W exhibited a decreased KD1 value (Table 2).
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Results of FRET dilution studies performed at excess substrate (Fig 2b) do not exhibit any
qualitative difference between the wild type and the mutants. In all four cases the titration
curves obey equation 1 with values for the dissociation constant (KD2) about one order of
magnitude higher than those found in 1:1 dilution experiments (Table 2). However, as with
KD1, the KD2 observed with L211F/D214E was notably higher than the estimates obtained
with either the wild type or the F213W and F304W mutants. It is also noteworthy that in all
four cases the fitting of titration curves to equation 1 results in an apparent efficiency of
FRET slightly exceeding 100% (Table 2). These anomalously high values may be caused by
incomplete resolution of the two substrate binding events, as far as a decrease in the degree
of saturation of the high-affinity binding site at low concentrations of the enzyme-substrate
mixture may affect the apparent FRET amplitude.

“Titration-by-dilution” experiments at excess substrate with monitoring of the substrate-
induced spin shift

The formation of the final, productive complex of CYP3A4 with 1-PB is evidenced by the
spin-shift and may therefore be detected by absorbance spectroscopy in dilution experiments
at excess substrate. Results of these experiments are shown in Fig. 2c. The data points
shown in this figure represent the difference between the high-spin content at each
concentration of the enzyme-substrate mixture and the value that would be observed at
infinite dilution according to the extrapolation of the fitting curves. Similar to the curves
obtained in FRET titrations at excess substrate, these data sets may be adequately
approximated by equation (1) with the values of dissociation constant (KD2) over an order of
magnitude higher that the values of KD1 found in 1:1 dilution experiments. In all cases
except for the L211F/D214E mutant, the estimates of KD2 found here were approximately 2-
times higher than the values deduced from FRET experiments. However, the mutant L211F/
D214E represents the opposite case, with the FRET-based estimate being higher that the
estimate found in spin-shift experiments (Table 2).

Analysis of the amplitudes of the substrate-induced spin shift observed in these experiments
reveals an important difference between the wild type and the mutants. In the case of the
wild type, the amplitude estimated from dilution experiments (50 ± 7%) is similar to the
value observed in absorbance titrations (47 ± 5%). In contrast, the amplitudes obtained in
dilution experiments with the mutants are lower than the corresponding values found in
titration experiments (cf. Table 1 and Table 2). This difference is especially important in the
case of L211F/D214E, where the amplitude found in dilution titration (18 ± 7%) is
approximately 2-times lower than the value found in absorbance titrations (40 ± 3%). This
finding may suggest that the requirement of the binding of the second substrate molecule for
spin shift to occur in the ternary complex only, according to our initial sequential model of
interactions (Fernando et al., 2006) is compromised in the mutants. In particular, an initial
spin shift which may take place in the mutants upon formation of the 1:1 complex would not
be detected in dilution curves measured at excess substrate, inasmuch as the high affinity
binding site would be substrate-saturated throughout these experiments. In the following
section we probe the hypothesis that explanation of altered cooperativity may be found if we
allow for displacement of the spin equilibrium in both the ES and SES complexes, although
not necessarily to the same extent.

Analysis of the substrate-induced spin shift in the mutants with a two-step sequential
model

According to the sequential model (Fig. 3) introduced in our earlier study (Fernando et al.,
2006), the binding at one of the two substrate binding sites in the enzyme requires a prior
substrate association at another, higher-affinity site. This property results in cooperativity in
the formation of the final ternary complex (SES). It was also hypothesized that modulation
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of the spin equilibrium is observed only in the ternary complex, so that . To probe
the applicability of this scheme to the interactions of F213W, F304W, and L211F/D214E
with 1-PB we attempted to fit the absorbance titration curves with the relationship
describing the formation of the ternary complexes SES. In the general case, when the
concentration of the enzyme is comparable with the concentrations of the substrate and
changes in free substrate concentration cannot be neglected, the two-step sequential
mechanism (Fig. 3) may be described with the following relationships (Fernando et al.,
2006):

(2)

Although the explicit analytical solution of this system is intricate, the concentrations [ES]
and [SES] may be found from a numerical solution of (2), as previously described (Davydov
et al., 2005; Fernando et al., 2006). In the case when the spin shift is observed only upon the
formation of the complex SES, the spin state of the heme protein at each given concentration
of substrate (Fh

s) is determined as:

(3)

where h0 is the fraction high spin in the substrate-free enzyme, Δhmax is the maximal
amplitude of the spin shift, [SES] is determined according to (2), and [E]0 is the total
concentration of the heme protein. In our fitting of the titration curves to this equation with
the non-linear least-square regression (see Data Processing in Materials and Methods) we
optimized the values of h0, Δhmax and KD2, while the KD1 was fixed to the experimentally
determined value of this constant (Table 2) (Davydov et al., 2005;Fernando et al., 2006).
The results of this fitting are shown in Fig. 4 in dashed lines. Similar to the previous study
(Fernando et al., 2006), the sequential model (Fig. 3) adequately describes the titration
curves reflecting the interactions of 1-PB with wild type CYP3A4. The fitting shown in Fig.
4 (circles, dashed line) is characterized by the square correlation coefficient (ρ2) of 0.9984
and yields the estimates of KD2, h0 and Δhmax of 12.6 μM, 12.6%, and 51.1%, respectively.
At the same time, the fitting of the data sets obtained with the three mutants reveal an
important systematic deviation from the experimental results. As seen from the Fig 4b, these
deviations are especially important at low concentrations of the ligand.

Therefore, the initial model, where the spin shift takes place upon the formation of SES
complex only, is insufficient to explain the altered cooperativity in the mutants. The
attempts to use the parallel model, where the binding of the substrate is allowed to either of
the two binding sites in the substrate-free enzyme (Fernando et al., 2006), the
experimentally determined values of KD1 and KD2 were found incompatible with this
mechanism (data not shown). Accordingly, we analyzed the behavior of the sequential
model with the additional allowance for displacement of the spin equilibrium in both the ES
and SES complexes. In this case the increase in the fraction of the high-spin enzyme
observed in the titrations would reflect a combination of the concentrations of ES and SES:

(4)
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Here  and  are the amplitudes of the spin shift (relative to the substrate-free state)
observed upon the formation of the complexes ES and SES respectively,

. The concentrations [ES] and [SES] are determined according to (2),
and the parameter FES is equal to the ratio of the amplitude of the spin shift exerted by the
complex ES to the total spin shift amplitude, :

This parameter signifies the fraction of the total signal that is caused by the displacement of
the spin equilibrium in the binary complex. The case when FES=0 corresponds to the initial
model, where the spin shift is observed in the ternary complex only. The situation when the
full-amplitude spin shift takes place upon the formation of the complex ES and the binding
of the second molecule has no further effect on the spin state corresponds to FES =0.5. The
intermediate situation, when the binding of the first substrate molecule results in some
partial spin shift, although the full amplitude requires the formation of the ternary complex,
is observed when 0 ≤ FES ≤ 0.5. The case when FES>0.5 represent the situation where the
formation of the ternary complex results in a backward (high-to-low) displacement of the
spin equilibrium relative to that observed in the binary complex.

To probe how the change in the parameter FES may affect the experimentally determined
values of the Hill coefficient and S50 we built a series of modeling curves for FES changing
from 0 to 0.5. In these calculations we used a linear combination of the concentrations of ES
and SES as determined by the expression (4) in (Fernando et al., 2006) and substituted KD1
and KD2 with the values of 0.25 μM and 7.5 μM respectively, which were chosen according
to the estimates found for the wild type enzyme. The calculated data sets along with the
results of their fitting are shown in Fig. 5a. Although the increase in FES results in a
significant alteration of the shape of the curves, the quality of their fitting to Hill equation
remains appropriate (ρ2 of 0.997 – 0.9998). As illustrated in Fig. 5b, the initial increase in
FES results in a decrease in the Hill coefficient (nH) from 1.54 to 1.097 and the minimal
value of nH is observed at FES =0.25. Further increase in FES boosts nH up to value of 2.21,
which is observed at FES =0.5.

Fitting of the absorbance titration curves obtained with mutants with the improved
sequential model is shown on Fig. 4 in solid lines. Here again we fixed the value of KD1 at
the experimentally determined estimate and allowed the program to optimize the values of
KD2, h0, Δhmax, and FES. The changes in the value of KD2 in the optimization procedure
never exceeded 30% of the initial estimate, which was set to the mean of the values found
by two different experimental approaches (see Table 2). As seen from Fig 4, the
modification of the model increased the quality of fitting dramatically. No systematic
deviations were observed in this case (ρ2 >0.996). The values of the parameter FES obtained
for F213W, F304W, and L211F/D214E comprise 7.9 ±1.0%, 15.1 ± 0.8% and 21.0 ± 5.7%
respectively. At the same time, the fitting of the titration curve obtained with the wild type
enzyme results in FES =0, confirming that the substrate-induced spin shift in the wild type is
observed in the ternary complex only.

Discussion
Our studies of the binding of three substrates to the CYP3A4 mutants F304W, F213W, and
L211F/D214E revealed no considerable effect on the spin shift caused by bromocriptine, a
non-allosteric substrate, or any substantial decrease in the cooperativity with ANF, a
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heterotropic activator. Strikingly, although homotropic cooperativity with 1-PB is abolished
(Table 1), according to the results of our dilution experiments, none of the substitutions
eliminates either binding site for 1-PB (Table 2). Our analysis of these results in terms of the
two-step sequential model (Fig. 3) suggests that the probed mutations do not affect
formation of the enzyme-substrate complexes but rather alter how the individual substrate
binding events affect the spin equilibrium. This finding contradicts the initial premise that
one binding site is lacking in the mutants. Our results are consistent with a model where the
substrate-induced spin shift occurs in the ternary complex for the wild type enzyme, but the
mutants reveal some partial spin shift upon the interactions with the first substrate molecule.
We also demonstrate that variation in the fraction of the total signal that is caused by the
displacement of the spin equilibrium in the binary complex (FES) can account for variation
of the experimentally determined values of the Hill coefficient from ~1.1 to ~2.2 without
any modification of the number of binding sites or the sequence of binding events. This
observation indicates that the two-step sequential model complemented with the allowance
for the substrate-induced spin shift in both ES and SES complexes may explain other cases
of homotropic cooperativity in CYP3A4.

The discussed mechanisms may also explain the loss of cooperativity in steroid
hydroxylation observed in the mutants (Domanski et al., 1998; Domanski et al., 2001).
Although the interrelationship between the substrate-induced spin shift and the efficiency of
P450-catalysis is not straightforward, a conversion from the hexa-coordinated low-spin to
the penta-coordinated high-spin state has an important impact on the catalytic efficiency and
coupling of the P450 (see (Hlavica, 2007) for review). This link is demonstrated clearly, for
example, in studies with CYP2B4 and a series of benzphetamine analogs (Blanck et al.,
1983; Schwarze et al., 1985; Blanck et al., 1991). Those results reveal a strict correlation
between the rate of substrate N-demethylation and its coupling to NADPH oxidation with
the amplitude of the substrate-induced spin shift. Furthermore, the low-to-high spin
transition is known to increase the rate of electron transfer to cytochromes P450 (Tamburini
et al., 1984; Backes et al., 1985; Backes and Eyer, 1989) due to a considerable decrease in
the reorganization energy associated with the reduction process (Honeychurch et al., 1999;
Denisov et al., 2005) along with a positive displacement of the P450 redox potential (Fisher
and Sligar, 1985). This has been demonstrated with CYP3A4 (Das et al., 2007) in particular.
Therefore, mechanisms of the cooperativity in the substrate-induced spin shift and substrate
hydroxylation are tightly interrelated, so far as the spin state of the enzyme in the complex
ES is commensurate to the rate of hydroxylation observed in this complex. Our analysis also
suggests that, contrary to common expectations (see (Denisov et al., 2009) for discussion),
cases of P450 interactions with substrates where the Hill coefficient exceeds 2 (Domanski et
al., 2001; Davydov et al., 2002; Baas et al., 2004; Jushchyshyn et al., 2005; Davydov et al.,
2010) do not necessarily suggest an involvement of more than 2 substrate binding sites in
the mechanism.

There might be at least two fundamentally different mechanistic bases for the variation in
the effect of the first substrate binding event on the amplitude of the spin shift. If, following
the long-established hypothesis (Domanski et al., 1998; Korzekwa et al., 1998), we assume
that the two binding sites are both located in close proximity of the heme and the
cooperativity mechanism does not involve any effector-induced conformational changes, the
variation may simply reflect some (possibly quite subtle) changes in the geometry of the
active site. These changes may augment the ability of the first bound substrate molecule to
displace the water that serves as a heme ligand in the low-spin state.

A completely different mechanism may take place if the cooperativity mechanism involves a
remote binding site, where interaction with the substrate triggers a conformational transition
(see (Davydov et al., 2008) for review). In this case, although the high affinity binding event

Fernando et al. Page 8

Xenobiotica. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may reflect the binding of the substrate in close proximity to the heme, the second (remote)
binding is required for the wild type enzyme to adapt an active conformation, where the
substrate-induced spin shift (and the catalysis) takes place. Accordingly, the probed
mutations may compromise this modulatory mechanism by partial displacement of the
conformational equilibrium towards the “activated” conformer even without effector bound
at the second site.

Discrimination between the two possibilities requires use of advanced methods for detection
of enzyme-substrate interactions, which would allow us to locate the position of the
respective substrate binding sites in CYP3A4. In particular, these studies may utilize site-
directed modification of the enzyme with a fluorescent probe in order to establish a FRET
donor/acceptor pair with an appropriate substrate fluorophore.
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Fig. 1.
Interactions of CYP3A4 wild type (circles), and its F213W (triangles), F304W (squares),
and L211F/D214E (diamonds) mutants with ANF (a), 1-PB (b) and bromocriptine (c)
monitored by a substrate-induced spin shift. Solid lines show the results of fitting of the data
sets with the Hill equation (panels a and b) or the equation for the equilibrium of binary
association (equation (1), panel c). Conditions: 1-1.5 μM cytochrome P450 in 0.1 M Na-
Hepes, pH 7.4, 25 °C. In the experiments with 1-PB (a) the buffer also contained 0.6%
HPCD.
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Fig. 2.
Interactions of 1-PB with CYP3A4 wild type (circles) and its F213W (triangles) and F304W
(squares) and L211F/D214E (diamonds) mutants in dilution experiments. Changes in the
normalized intensity of fluorescence upon dilution of a 1:1 mixture of 1-PB and enzyme are
shown in panel (a). The results of a similar set of experiments performed at excess substrate
are shown in panel (b). In the experiments with F304W and L211F/D214E the
enzyme:substrate ratio was equal to 1:6, while the data sets shown for the wild type enzyme
and F213W were obtained with a ratio of 1:4 and 1:5 respectively. Panel (c) illustrates the
dilution experiments performed at 1:5 enzyme:substrate ratio with registration of
absorbance. Solid lines represent the results of fitting of the data set to equation (1).
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Fig. 3.
Sequential two-state binding mechanism of substrate binding with two substrate binding
sites and linked spin equilibria.
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Fig. 4.
Approximation of the results of the absorbance titration experiments of CYP3A4 mutants
F213W (triangles) F304W (squares) and L211F/D214E (diamonds) with the sequential
model of substrate binding (Fig. 3). The data points represent the same data sets as shown in
Fig. 1b. Dashed lines show the results of approximation of the data sets with the initial
sequential model, where the spin shift is observed in the ternary complex only. The solid
lines represent the results of fitting to improved sequential model, where the substrate-
induced displacement of the spin equilibrium in the complex ES is allowed. The fitting of
the data set for the wild type enzyme with improved model is not shown, as it yields FES = 0
and results in the approximation identical to that given by the initial model (dashed line).
Panel b shows the initial part of the same curves zoomed in.
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Fig. 5.
The effect of the parameter FES on the behavior of the improved sequential model and the
effective values of nH and S50 determined from the fitting of the simulated titration curves to
the Hill equation. Data sets shown in the panel a were calculated for KD1=0.25 μM, KD2=7.5
μM, the enzyme concentration of 1.5 μM and FES equal to 0 (circles), 0.05 (inverted
triangles), 0.1 (squares), 0.2 (diamonds), 0.3 (triangles), 0.4 (hexagons) and 0.5 (circles).
The dashed line shows the dependence calculated for FES =1 (i.e., reflecting the changes in
the concentration of the binary complex only). Solid lines show the fitting of the calculated
data sets to the Hill equation. The effect of FES on the values of nH and S50 found from this
fitting is illustrated on the panels b and c. The solid lines shown on these panels represent
the approximation of the dependencies with a third-order polynomial. These approximations
have no interpretative meaning and are shown only to illustrate the general trend.
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