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Allosteric Transitions in Cytochrome P450eryF Explored with Pressure-Perturbation
Spectroscopy, Lifetime FRET, and a Novel Fluorescent Substrate, Fluorol-7GA"
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ABSTRACT: To establish a direct method for monitoring substrate binding in cytochrome P450eryF applicable
at elevated hydrostatic pressures, we introduce a laser dye Fluorol-7GA (F7GA) as a novel fluorescent
ligand. The high intensity of fluorescence and the reasonable resolution of the excitation band from the
absorbance bands of P450 allowed us to establish highly sensitive binding assays compatible with pressure
perturbation. The interactions of F7GA with P450eryF cause an ample spin shift revealing cooperative
binding (S50 = 8.2 & 1.3 uM; n = 2.3 4= 0.1). Fluorescence resonance energy transfer (FRET) experiments
suggest the presence of at least two substrate binding sites with apparent Kp values in the ranges of
0.1—0.3 and 6—9 uM. Similar to that observed earlier with CYP3A4, increasing hydrostatic pressure
does not cause either a complete dissociation of the substrate complexes or a displacement of the spin
equilibrium toward the low-spin state. Rather, increased pressure enhances the cooperativity of the F7GA-
induced spin shift, so that the Hill coefficient approaches 3 at 2 kbar. Lifetime FRET experiments revealed
an important increase in the affinity of the enzyme for F7GA at elevated pressures, suggesting that the
binding of the ligand induces a conformational transition associated with an important increase in the
level of protein hydration. This transition largely attenuates the solvent accessibility of the heme pocket

and causes an unusual stability of the high-spin, substrate-bound enzyme at elevated pressures.

Homo- and heterotropic cooperativity have emerged as
important properties of a number of cytochrome P450
species, including human 3A4, 2C9, 1A2, 2D6, and 2B6 (see
ref / for a review). The most prominent cooperative behavior
is exemplified by P450 3A4, the predominant drug-
metabolizing cytochrome P450 in human liver. Despite
extensive studies, a thorough understanding of P450 coop-
erativity mechanisms remains elusive. The initial hypothesis
was based on the presumption that cytochrome P450 species
exhibiting cooperativity accommodate multiple substrate
molecules in one large binding pocket. A loose fit of a
substrate molecule requires the binding of a second ligand
for efficient catalysis (2, 3). Soon after these initial publica-
tions set the stage for rigorous studies of P450 cooperativity,
the first X-ray structures showing two substrate molecules
in a P450 binding pocket were reported by Cupp-Vickery
and co-authors (4). This work was done on cytochrome
P450eryF,' an enzyme from the actinomycete bacterium
Saccaropolyspora erthrea that is involved in biosynthesis
of the macrolide antibiotic erythromycin. The fact that two
molecules of androstenedione or 9-aminophenanthrene bind
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in the cavity normally occupied by the natural substrate
6-deoxyerythronolide B prompted the authors to postulate
that cooperativity in P450 involves no “major conformational
changes” (4).

This seminal publication encouraged us (5—38) and others
(9) to use the water soluble and monomeric P450eryF as a
model of P450 cooperativity. This approach avoids some of
the complications inherent in studies of membranous cyto-
chrome P450 species from eukaryotes. However, our studies
on the effect of ionic strength in P450eryF and its
mutants (5, 6) showed that the cooperativity is associated
with a conformational transition in the enzyme and therefore
represents a case of classical allostery. In particular, binding
of the first substrate molecule was found to induce a
transition that apparently involves dissociation or rearrange-
ment of a charge-pairing bundle among helices C, D, E, and
G. This conformational change was assumed to be essential
for the substrate-induced spin shift and cooperativity in
P450eryF (5). The possibility that P450 cooperativity is
associated with effector-induced conformational transition
and may involve an effector binding site located remote from
the substrate binding pocket (/0, 11) has been discussed
extensively (I, 12—14). Important support for these more
dynamic models of P450 cooperativity derives from the
profound conformational mobility suggested by recently
determined X-ray crystal structures of mammalian cyto-
chrome P450 species (11, 15—17). In particular, the structure
of ketoconazole-bound CYP3A4 revealed two ligand mol-
ecules in the active site and demonstrated impressive
conformational changes caused by ligand binding (/6). Our
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studies of the effect of substrates on the pressure-induced
P450 — P420 transition (/8) and spin shift (/9), as well as
the kinetics of dithionite-dependent reduction (5) in CYP3A4,
also suggest a crucial role of allosteric transitions in P450
cooperativity. Moreover, site-directed incorporation of a
fluorescent probe into a cysteine-depleted mutant of CYP3A4
revealed an additional o-naphthoflavone (ANF) binding site.
ANF binding at this new site, which is distinct from the two
involved in the ANF-induced spin shift, affects the confor-
mation in the vicinity of a-helix A (/3). The concept of P450
cooperativity has thus progressed from a static model with
multiple binding sites to more dynamic schemes suggesting
effector-induced conformational transitions.

The involvement of large-scale conformational changes
in the mechanisms of ligand binding in cytochrome P450
species emphasizes the importance of the dynamics of
protein-bound water. Changes in hydration of protein cavi-
ties, solvation of hydrophobic patches on the protein surface,
and dynamics of hydrogen-bonding networks in the protein
interior and around the protein molecule play a crucial role
in the conformational dynamics. Initial interest in hydration
of the active site focused on the role of water as the
replaceable sixth ligand of the P450 heme iron (20, 21), the
dissociation of which is promoted by substrate binding (22).
The degree of hydration of the heme pocket is known to be
pivotal in determining the degree of coupling and efficiency
of P450 catalysis (23).

Because of such functional importance, dynamics of
protein-bound water in P450 has attracted continuous
attention (23—29). This interest triggered extensive use of
elevated hydrostatic and osmotic pressures as tools for
exploring changes in protein hydration in ligand binding and
protein—protein interactions (/8, 19, 25, 27, 30—36). El-
evated hydrostatic pressure induces a displacement of the
spin equilibrium in cytochrome P450 species toward the low-
spin state (25, 27, 30, 32—34). A second barotropic process,
which usually takes place at higher pressures (>2000 bar),
was identified as the conversion of P450 into the inactive
P420 state (33, 37, 38).

Pressure-induced changes in the content of high-spin P450
in the presence of substrates reflect both the dissociation of
the enzyme—substrate complex and the changes in the spin
equilibrium of either substrate-free or substrate-bound en-
zyme. Advanced methods of spectral analysis allowed us to
resolve the standard volume changes associated with each
of these processes in P450cam, PA5S0 BM3,and CYP2B4 (25, 33).
The substrate-free states of all three heme proteins exhibited
a volume change in the low-spin to high-spin transition
(AV°gin = 21—23 mL/mol), consistent with expulsion of one
water molecule per molecule of enzyme. However, the
AV°gin of the substrate-bound P450cam, P450 BM3, and
CYP2B4 revealed important differences among these en-
zymes. While in P450 BM3 the value of AV°y, is unaltered
by substrate binding, CYP2B4 and P450cam exhibited a
considerable increase in AV°;, upon formation of the
substrate complex. The enzymes also exhibited differences
in the volume changes of the dissociation of the substrate
complexes. Consistent with the initial assumptions (30, 32),
increasing hydrostatic pressure caused a dissociation of the
complexes of P450cam and P450 BM3. In contrast, forma-
tion of the complex of CYP2B4 with benzphetamine was
slightly promoted by pressure (AV°4 = 8.1 mL/mol). This
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unexpected effect of pressure in the microsomal heme protein
may reflect substrate-induced conformational changes as-
sociated with an increase in the level of protein hydration.

Our recent studies with CYP3A4 (19) also showed that
an increase in hydrostatic pressure does not cause dissociation
of the substrate complexes. Moreover, these studies revealed
a pressure-sensitive equilibrium between two states, desig-
nated the R and P conformers for “relaxed” and “pressure-
promoted” states, respectively. In contrast to other P450
enzymes, the complexes with allosteric ligands reveal neither
pressure-induced substrate dissociation nor a displacement
of the spin equilibrium in the pressure-promoted state of the
enzyme. We hypothesize, therefore, that the allosteric ligands
of CYP3A4 displace a system of conformational equilibria
toward the state(s) with decreased solvent accessibility of
the active site. Due to this transition, the flux of water into
the heme pocket becomes impeded, and the high-spin state
of the heme iron is stabilized. Importantly, displacement of
this conformational equilibrium with hydrostatic pressure was
associated with an important increase in the cooperativity
in interactions of CYP3A4 with 1-pyrenebutanol (1-PB) and
testosterone. These results suggest that allostery in CYP3A4
involves a major ligand-induced transition, which is associ-
ated with an important change in protein hydration.

To further unravel the mechanisms of substrate-induced
changes in P450 hydration, it is essential to implement a
direct method for monitoring substrate binding, which would
be applicable at elevated hydrostatic pressures. To establish
such an approach, we screened a series of potential fluores-
cent substrates and identified a laser dye Fluorol-7GA
(F7GA) as an allosteric ligand with a high affinity for both
P450eryF and CYP3A4. The high intensity of fluorescence
and the reasonable resolution of the excitation band of F7GA
from the absorbance bands of P450 allowed us to establish
highly sensitive substrate binding assays applicable at
elevated hydrostatic pressures. The approach used to study
F7GA binding is based on monitoring of FRET from F7GA
to the P450 heme. In addition, application of FRET detection
by time-resolved fluorescence spectroscopy (TRFES) allowed
us to avoid the complexity in the interpretation of pressure-
induced changes in the intensity of fluorescence. These
complications often arise from the changes in the interactions
of the free dye with solvent and/or modulation of the
formation of excimers, as in the case of pyrene derivatives.
The combination of pressure perturbation with TRFS is
widely used to study the conformational dynamics of proteins
by monitoring the changes in the fluorescence lifetime of
tryptophan residues or covalently attached fluorescent probes
(see ref 39 for a review). However, this study of F7/GA
binding to P450eryF represents the first example of applica-
tion of TRES in studying the effect of pressure on a ligand
binding equilibrium.

MATERIALS AND METHODS

Chemicals. Fluorol-F7GA (also known as Fluorol-555)
was the product of Exciton (Dayton, OH). Hydroxypropyl-
pB-cyclodextrin (HPCD) was obtained from Sigma Chemicals
(St. Louis, MO). All other chemicals were of ACS grade
and used without further purification.

Protein Expression and Purification. In this study we used
the S93C/C154S mutant of P450eryF (5) which was ex-
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pressed and purified on a metal affinity column as described
previously (40). Protein was stored at —80 °C in 0.1 M Na-
Hepes buffer (pH 7.4), 1 mM EDTA, and 1 mM DTT
containing 10% glycerol.

EXPERIMENTAL SETUP

(i) Conditions of the titration and pressure-perturbation
experiments were as follows: 0.1 M Na-Hepes (pH 7.4)
containing 1 mM EDTA, I mM DTT, and 0.6 mg/mL
HPCD. Ambient-pressure measurements were performed
with continuous stirring. All experiments were conducted at
25 °C with a use of a refrigerated water circulating bath.
We used an 8—15 mM stock solution of F7GA in acetone.
The concentration of F7GA in acetone solutions was
determined by the absorbance at 440 nm using an extinction
coefficient of 14.1 mM™! cm™! (41).

(ii) Absorbance spectra were recorded with a MC2000-2
CCD rapid scanning spectrometer (Ocean Optics Inc.,
Dunedin, FL). In the experiments at ambient pressure, this
instrument was equipped with a custom-made thermostated
cell chamber with a magnetic stirrer and a L7893 UV —vis
fiber optics light source (Hamamatsu Photonics K.K.).

(iii) Pressure-perturbation studies were performed using
a custom-built high-pressure optical cell (3/) connected to
a manual pressure generator (High Pressure Equipment, Erie,
PA) capable of generating a pressure of up to 6000 bar. In
these studies, we used a custom-made light source with an
OSRAM 64614 UV-enhanced tungsten lamp (OSRAM,
Germany). Both the ambient-pressure cell chamber and the
high-pressure optical cell were connected to the spectrometer
with a 100 nm core optical fiber (Ocean Optics Inc.). The
light source connection was made with a 3 mm core liquid
light guide (Newport Inc., Stratford, CT). The control of the
spectrometer and data acquisition were performed with
custom-made software written in Borland Delphi 7 from
Borland Corp. (Scotts Valley, CA) and Win32Forth Public
Domain Forth interpreter (www.win32forth.org) using a
High-Speed Driver Library (HDL) from Ocean Optics, Inc.

(iv) Time-resolved fluorescence spectroscopy (TRFS) stud-
ies were performed in a 100 uL of 10 mm x 2 mm
ultramicro fluorescence cell (Hellma GmbH & Co. KG,
Miillheim, Germany, product 105.250) with a FLS 920 time-
resolved fluorescence spectrometer from Edinburgh Instru-
ments (Edinburgh, U.K.). The spectrometer was equipped
with a PDL 800-D pulsed diode laser driver and a LDH405
pulsed diode laser head from Picoquant GmbH (Berlin,
Germany) as a light source. Fluorescence excitation was
performed at 405 nm, and fluorescence decay curves were
monitored at 545 nm with a time span of 100 ns. In the case
of titration-by-dilution experiments, the amplitude of the
decay traces was corrected for the internal filter effect. For
this purpose, we normalized all the decay traces to the
corresponding transmittance calculated for a 5 mm light path
(assuming that the source of fluorescence is located in the
center of a 10 mm fluorescence cell). The transmittance
values were calculated using the concentrations and extinc-
tion coefficients of F7GA and P450eryF at 405 nm. Since
this wavelength is very close to the isosbestic point between
the spectra of high- and low-spin P450eryF (7), the transmit-
tance at 405 nm is essentially unaffected by a substrate-
induced spin shift. In our calculations, we used an extinction
coefficient for P450eryF of 74 mM~! ¢cm™!, which is the
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mean of the coefficients of the high- and low-spin states of
the enzyme (76 and 72 mM~! cm™!, respectively). According
to our determination, the extinction coefficient of F7GA at
405 nm is 4.95 mM~! cm™!. It should be noted that the
correction for the internal filter effect affects only the
measurements of the intensity of fluorescence in dilution
experiments. No correction was necessary in the analysis of
the changes in the fluorescence lifetime in either dilution or
pressure-perturbation studies. In the dilution experiments, the
traces were normalized to the fluorophore concentration, so
that the amplitude of the traces reflected the integral intensity
of the specific fluorescence. In the high-pressure TRFS
experiment, we used the same high-pressure cell as described
above for the absorbance experiments. In these studies, the
laser light source was directly connected to the input window
of the cell via a 3 mm core liquid light guide (Newport Inc.).
Another liquid light guide of similar type was used to connect
the fluorescence (orthogonal) window of the cell with the
emission monochromator of FLS 920 through a light guide
adapter (Edinburgh Instruments).

DATA PROCESSING

(i) Analysis of the series of spectra obtained in our
absorbance spectroscopy experiments was conducted using
a principal component analysis (PCA) method, which is also
known as a singular-value decomposition (SVD) technique,
as described previously (33, 42). To interpret the spectral
transitions in terms of the changes in the concentration of
P450 species, we used a least-squares fitting of the spectra
of principal components by the set of the spectral standards
of pure high-spin, low-spin, and P420 species of P450eryF
(7). All data treatment and fitting, as well as the data
acquisition, were performed using our custom-designed
software (33).

(ii) Analysis of the series of decay traces obtained in
dilution and pressure-perturbation experiment was performed
using a principal component analysis procedure applied to
series of decay traces resampled with a 0.5 ns time interval.
In our analysis, we used 50 ns wide fractions of the decay
traces. The initial 2.0 ns following the point of maximal
intensity of the flash was excluded from the analysis to
minimize the influence of the instrument response function.
Our use of PCA decomposition complemented by the
biexponential approximation of the principal vectors is
described in detail in the Supporting Information. The results
of this procedure were used to calculate the changes in the
fraction of the fast phase of the decay, which was used as a
measure of the changes in the averaged lifetime of the excited
state.

(iii) Fitting of the titration curves obtained in our absor-
bance titration and pressure-perturbation experiments was
done with the use of the Hill equation. To analyze the results
of our dilution experiments, we used the approximation by
the equation for the isotherm of bimolecular association (43,
p 73, eq II-53), which is also known as “tight binding” or
“square root equation”.

(iv) Interpretation of the effect of pressure on spin
equilibrium and substrate binding was based on the canonical
equation for pressure dependence of the constant of chemical
equilibrium. Our interpretation of the pressure-induced
changes is based on the equation for the pressure dependence
of the equilibrium constant (44) (eq 1):
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d(n K )/dp=—(AV°)/RT (1)
or (in integral form) (45, p 212, eq 9):

_ g° —PAVIRT _ _(P1p—P)AVIRT
K., =K.e =e 2)

where K¢, is the equilibrium constant of the reaction at
pressure P, Py, is the pressure at which Keq = 1 (“half-
pressure” of the conversion), AV° is the standard molar
reaction volume, and KZq is the equilibrium constant ex-
trapolated to zero pressure (K., = e/2AV°/RT. For the
analysis of the effect of pressure on the equilibrium of F7GA
binding studied by FRET, we used eq 2 combined with the
equation for the isotherm of bimolecular association (see
above).

All data processing procedures, including principal com-
ponent analysis and curve fitting with nonlinear least-squares
optimization algorithms, were performed using our custom-
designed software (33).

RESULTS

Finding an Appropriate Fluorophore for the Studies of
the Effect of Pressure on Ligand Binding Monitored by
FRET. In our search for an appropriate fluorescent substrate-
like ligand compatible with both absorbance UV—vis and
FRET-based binding studies using a pressure-perturbation
approach, we explored a variety of commercially available
laser dyes (41). Our requirements for an appropriate fluo-
rophore were (1) high-affinity binding to both P450eryF and
CYP3A4, (2) a high amplitude of the spin shift and
prominent homotropic cooperativity with both enzymes, (3)
minimal overlap of the absorbance/excitation band of the
dye with the absorbance bands of P450, (4) a high intensity
of fluorescence emission with a reasonable spectral overlap
with the a and 8 bands of P450 absorbance, and (5) a
minimal effect of solvent on the lifetime, intensity of
fluorescence, and the position of the emission band. Most
of the laser dyes where the fluorescence band overlaps with
the P450 a and S bands are derivatives of coumarin,
rhodamine, fluorescein, or pyromethene (BODIPY). The last
three classes of substances have virtually no affinity for
P450eryF. Coumarins are known to be P450 substrates and
exhibited modest affinity for P450eryF and CYP3A4 (typical
Sso values of approximately =50 uM). However, the
combination of high extinction coefficients and a low
amplitude of the ligand-induced spin shift makes the cou-
marins poorly suitable for UV —vis absorbance studies.

Among the other dyes, Fluorol-7GA (Fluorol-555) and
Phenoxazone 9 (Nile Red) appear to be the most appropriate
as potential P450 substrates. Nile Red has already been
shown to be a high-affinity substrate of CYP3A4. Binding
of Nile Red induces a high-amplitude spin shift and reveals
a prominent cooperativity in CYP3A4 (46). Our preliminary
experiments showed that Nile Red is a good ligand for
P450eryF (Sso = 3.2 £ 0.2 uM; n = 1.6 £ 0.2), where it
induces a spin shift with the maximal amplitude (AF,™**) of
35%. However, the solvatochromic shift of the emission band
and strong dependence of the fluorescence intensity on the
polarity of the environment complicate the use of Nile Red
in FRET studies.

In contrast, the features of Fluorol-7GA, a quinoline
derivative, are very favorable for our intended use. The
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FIGURE 1: Structure and spectral properties of Fluorol-7GA [2-butyl-
6-(butylamino)-1H-benzo[de]isoquinoline-1,3(2H)-dione; see the
structure shown as an inset]. Spectra of molar absorbtivity in 0.1
M Na-Hepes buffer (pH 7.4) containing 0.6 mg/mL HPCD and in
methanol are shown as solid and dashed lines, respectively. The
spectrum of emission (excitation at 405 nm by a diode laser) is
shown as a dashed—dotted line.

chemical structure of this compound along with its spectra
of absorbance and fluorescence is shown in Figure 1. The
main absorbance band, which is positioned at 440 nm in
methanol and ~465 nm in aqueous solution, is characterized
by an extinction coefficient of 14.1 mM~! cm™! in methanol
(41) and 11.4 mM™"' cm™! in water (our results). This is
sufficiently low to permit monitoring of P450 spectral
changes in the Soret region. A broad emission band is
centered around 550 nm (in aqueous solution) and exhibits
a modest solvatochromic blue shift (<20 nm) upon transition
to a more hydrophobic environment, while the fluorescence
intensity remains virtually unaffected. An increase in F7GA
concentration in water to >25 uM results in a blue shift of
the emission band, which may reflect aggregation. This effect
can be prevented by addition of 0.6 mg/mL HPCD. In the
presence of HPCD, the position of the emission maximum
is shifted to 540 nm, and the concentration-dependent blue
shift is not observable (data not shown).

As illustrated in Figure 2, the interactions of F7GA with
P450eryF result in a high-amplitude spin shift, which reveals
high-affinity binding with distinct homotropic cooperativity.
Averaging the parameters obtained from three independent
titration experiments gives an Sso value of 8.2 + 1.3 uM, a
Hill coefficient of 2.3 £ 0.2, and a maximal amplitude of
the spin shift of 55 £ 6%. It should be noted that our
preliminary studies with CYP3A4 showed that F7GA
interacts with this human enzyme with parameters close to
those cited above for P450eryF (data not shown).

Interactions of F7GA with P450eryF Studied by Lifetime
FRET. Due to an overlap of the fluorescence emission band
of F7GA with the o and f absorbance bands of P450eryF,
the binding of F7GA is expected to cause an efficient FRET
from the dye to the P450 heme. This would allow us to detect
the binding of F7GA by monitoring a decrease in the
fluorescence intensity and/or decrease in the fluorescence
lifetime due to FRET. To exploit this possibility, we
performed a series of titration-by-dilution experiments and
monitored the fluorescence decay traces. In these experi-
ments, a solution of P450eryF and F7GA taken at either a
1:1 or 1:3 molar ratio was gradually diluted from an enzyme
concentration of 10—15 uM to a concentration of 0.1—1 uM.
A series of decay traces obtained in a 1:1 P450eryF:F7GA
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FIGURE 2: Titration of P450eryF (1.8 uM) with Fluorol-7GA. (a) A series of absorbance spectra recorded at increasing concentrations of
Fluorol. (b) The same series of spectra with the Fluorol absorbance subtracted. The inset shows the difference spectra. (c) Changes in the
P450 spin state. The solid line shows the data fitting with the Hill equation [Sso = 8.7 uM; n = 2.3, AF(high spin)m.x = 46%].

dilution experiment is shown in Figure 3a. The traces in the
main panel are normalized to the fluorophore concentration,
so that the amplitude of the traces is the integral intensity of
the specific fluorescence. The traces may be approximated
by a combination of two exponential terms with characteristic
times of 1.2 and 6.25 ns. The square correlation coefficient
(p?) for such a fitting was greater than 0.999 in the whole
range of the concentrations studied. As seen from Figure
3a, the specific amplitude of the traces decreases at increasing
concentrations of reactants. This decrease in the amplitude
is accompanied by an increase in the rate of the fluores-
cence decay (see the inset of Figure 3a). This concomitant
decrease in the intensity of fluorescence and the fluorescence
lifetime are indicative of FRET from F7GA to the P450
heme. The fitting of the titration curves obtained from the
analysis of the fluorescence intensity [Figure 3b (O)] and
the fluorescence lifetime [Figure 3b (O)] to the equation of
binary association gives nearly similar values of the Kp of
the complex. The estimates obtained by averaging the results
of five individual experiments are equal to 0.14 £ 0.06 uM
(lifetime) and 0.10 £ 0.06 (intensity). These values are lower
than the Sso determined by spectrophotometric titration by
more than 1 order of magnitude, suggesting a multisite
binding mechanism. We may conclude, therefore, that the
binding of F7GA to the high-affinity binding site detected
in these experiments does not result in the displacement of
the spin equilibrium of the enzyme. This conclusion is in
agreement with our earlier findings on the interactions of
P450eryF with 1-PB (7, 13). As judged from the amplitude
of the curves reflecting the decrease in the intensity of F7GA
fluorescence, the efficiency of FRET from F7GA to the heme
is close to 100%.

The behavior of the system observed in the dilution
experiments at excess substrate (P450:F7GA molar ratio of
1:3) is qualitatively similar to that described above for the
equimolar mixture of reactants. Here again, an increase in
the concentrations of the reactants resulted in a decrease in
the specific intensity of fluorescence [Figure 3c (O)] con-
comitant with a decrease in the fluorescence lifetime
{increase in the fraction of the fast decay phase [Figure 3c
(O)]}. However, the fitting of these titration curves gives
values for the dissociation constant that are more than 1 order
of magnitude higher than those obtained with the equimolar

mixture of reactants, namely, 13.6 = 5.5 and 20.1 &+ 16.5
uM for the analysis of the fluorescence lifetime and intensity,
respectively (from three independent experiments).

The difference in the Kp values determined at two enzyme:
substrate ratios suggests the presence of two distinct substrate
binding sites in the enzyme. In the case of a sequential
mechanism with two binding sites, the studies of enzyme—
substrate interactions by dilution of a 1:1 enzyme/substrate
mixture are specific for determination of the Kp at the first
(higher-affinity) binding site, provided that the affinities of
the two sites are considerably different (6, 47). On the other
hand, dilution experiments with excess substrate can be used
to resolve substrate binding at a lower-affinity site when the
higher-affinity site is already saturated (5). Assuming the
dissociation constant for the first binding site is equal to 0.15
uM, as determined above, at a 3-fold molar excess of
substrate the saturation of the higher-affinity site will reach
90% at an enzyme concentration of 0.67 uM. At higher
enzyme concentrations, the high-affinity binding site may
be considered completely saturated, and the titration-by-
dilution experiments will reflect the binding at the second
(lower-affinity) site only. Therefore, the results described
above are consistent with a sequential binding mechanism
with (at least) two substrate binding sites, as suggested earlier
for the interactions of P450eryF with 1-PB (6, 7) and
testosterone (9).

General Characterization of Pressure-Induced Transitions
in P450eryF Studied by Absorbance Spectroscopy. The effect
of hydrostatic pressure on the absorbance spectra of P450eryF
in the absence of F7GA and at a saturating concentration is
illustrated in Figure 4 along with the changes in the
concentrations of the high-spin, low-spin, and apparent P420
states of the enzyme. The transitions observed here are
qualitatively similar to those reported in our studies with
CYP3A4 (18, 19). As seen in the inset of Figure 4a, the
spectra of the first two principal components given by PCA
may be adequately approximated by a combination of
standards of pure high-spin, low-spin, and apparent
P420(Fe*) states of P450eryF (18). These two components
account for more than 99.9% of the total spectral changes
observed with a pressure increase. While the second principal
vector corresponds to a pressure-induced displacement of the
spin equilibrium toward the low-spin state, the first compo-
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FIGURE 3: Interactions of Fluorol-7GA with P450eryF studied by
the lifetime FRET assay. Panel a shows a series of fluorescence
decay traces (excitation at 405 nm by a pulsed diode laser) registered
in a titration-by-dilution experiment at a 1:1 enzyme:substrate ratio.
The amplitudes of the traces are normalized to the concentration
of Fluorol and corrected for the internal filter effect, as described
in Materials and Methods. The inset shows the same decay traces
normalized to the amplitude in semilogarithmic coordinates. All
the curves of the set may be approximated by a sum of two
exponents with characteristic times of 1.2 and 6.25 ns (p> > 0.999).
Panel b shows the titration curves deduced from the above data set
by analyzing the fraction of the fast decay phase [Fi, (O)] and the
specific amplitude of the decay trace (O, ordinate on the right).
Results of the fitting of these dependencies with the equation of
bimolecular association (Kp = 0.132 + 0.008 and 0.135 + 0.003
uM, respectively) are shown as solid lines. Panel ¢ shows the
titration curves obtained in a similar experiment at a 1:3 enzyme:
substrate ratio. Here the fitting of the concentration dependencies
of Fp and the specific amplitude results in Kp values of 18.1 £
0.3 and 25.6 & 0.6 uM, respectively.

nent reflects a displacement of the Soret band from 417 to
~426 nm. This transition, which has already been reported
for P450cam (37, 48), P450lin (48), CYP2B4 (33, 398),
P450BM3 (25), and CYP3A4 (I8, 19), is commonly at-
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tributed to the pressure-induced conversion of the low-spin
P450 into P420 (25, 30, 37, 38, 48). The plots of the
concentrations of the three P450 states versus pressure
(Figure 4b) show that at pressures below 1000 bar the main
transition of the protein is represented by a spin shift, whereas
at higher pressures, a considerable conversion into the
apparent P420 state is observed.

The plots of the fraction of P420 of the total enzyme
content in the absence of F7GA and at a saturating
concentration are shown in Figure 4c (O, ———). As seen
from these plots, the P450 — P420 transition in P450eryF
comprises 90 + 5% of the enzyme pool, regardless of the
substrate concentration. In this regard, P450eryF closely
resembles monomeric CYP3A4 incorporated into Nano-
discs (CYP3A4ND) (/9) and is distinct from CYP3A4 or
CYP2B4 oligomers, where only approximately two-thirds
of the total heme protein was susceptible to this
process (I8, 33, 38). Also similar to CYP3A4ND, we
observed no slow, irreversible P450 — P420 conversion
in P450eryF of the kind noted with CYP3A4 oligomers
(18). The partitioning between P450 and P420 states of
P450eryF reaches its steady state in less than 30 s after a
pressure increase. The parameters of this pressure-induced
inactivation reveal no dependence on the substrate con-
centration and are similar (AV°® = —94.7 £+ 5.7 mL/mol;
P = 2052 £ 60 bar) to those observed with CYP3A4ND.
The close resemblance of the properties of P450eryF to
those of CYP3A4ND is consistent with our conclusion
that the functional heterogeneity of CYP3A4 in solution
(18, 47, 49) is due to the oligomerization of the enzyme.

Pressure-induced changes in the high-spin content of
the substrate-free enzyme and P450eryF saturated with
F7GA shown in Figure 4c (O, —) provide an additional
indication of the similarity between the barotropic proper-
ties of P450eryF and those of CYP3A4. Thus, high
pressure induces a complete displacement of the spin
equilibrium in P450eryF toward the low-spin state only
in the absence of substrate. In the presence of a saturating
concentration of F7GA, an allosteric substrate, the maxi-
mal amplitude of the pressure-induced high-spin to low-
spin conversion does not exceed one-third of the initial
high-spin content.

As in earlier reports on CYP3A4 (19) and CYP2B4 (33),
the pressure-induced changes in the position of spin equi-
librium of P450eryF were completely reversible upon
decompression. The apparent P450 — P420 transition was
also partially reversible upon decompression from pressures
below 2500 bar. However, the reverse transition was slow,
taking ~15—20 min after decompression to reach the 80%
level of P450 recovery. Decompression from pressures higher
than 2500 bar resulted in an important decrease in the heme
protein concentration due to apparent heme loss (data not
shown).

Analysis of the Effect of Hydrostatic Pressure on the Spin
Equilibrium of P450eryF in the Presence of Increasing
Concentrations of F7GA. For in-depth analysis, it was
necessary to resolve the barotropic parameters of the spin
transitions of the substrate-free and F7GA-bound P450eryF
from those of the dissociation of the F7GA complex with
the enzyme. For this purpose, we studied pressure-induced
spin transitions of P450eryF at a series of F7GA concen-
trations ranging from 0 to 50 uM. As seen from Figure
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increasing substrate concentrations. This behavior, which
is similar to that observed with CYP3A4 in the presence
of 1-PB or testosterone (/9), represents a sharp contrast

5a, although addition of F7GA increases the high-spin
content of the enzyme, the amplitude of the pressure-
induced high-spin to low-spin shift tends to decrease at
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with other bacterial enzymes, such as P450cam (37, 48),
P450lin (37), and the heme domain of P450 BM3 (25).

The dependencies of the high-spin content of P450eryF
on F7GA concentration (e.g., binding isotherms) at variable
pressure are shown in Figure 5b. These curves were analyzed
by fitting them to the Hill equation (—). As seen from the
inset of Figure 5b, an increase in hydrostatic pressure results
in increased homotropic cooperativity, similar to the effect
of pressure on interactions of 1-PB or testosterone with
CYP3A4.

The effect of hydrostatic pressure on the values of the
constant of spin equilibrium of substrate-free (Kjfre.) and
F7GA-bound enzyme (Kyy) is illustrated in Figure 6a. The
logarithm of the constant of spin equilibrium in the substrate-
free enzyme reveals a canonical linear dependence on
pressure (1) expected for a simple reversible transition (see
eq 2) and exhibits AV° and K, values of 30.9 + 0.7 mL/
mol and 0.19 =+ 0.01, respectively. However, the dependence
of In(K,s) on the pressure of the F7GA-bound enzyme
reveals a break at ~1300 bar. This break signifies a change
in the AV® from 8.2 £ 0.2 mL/mol to approximately zero
(0.1 £ 0.16 mL/mol), while the value of K°, s changes from
0.71 &£ 0.01 to 0.45 £ 0.01. Therefore, as in CYP3A4 with
allosteric substrates (/9), an increase in hydrostatic pressure
appears to displace a conformational equilibrium in P450eryF
from a conformation predominating at ambient pressure (R
state) to a pressure-promoted conformation (P state). The
latter is characteristic of an extreme stabilization of the
substrate-bound high-spin state.

Interestingly, changes in Sso represent a nearly mirror
image of those observed with K°, . The dependence of In(Sso)
on pressure exhibits a break at around 1200 bar. This
behavior signifies a transition from a state with an apparent
molar volume change in substrate complex dissociation
around zero (AV°gissapp. = —1.3 £ 0.5 mL/mol; S°5 = 8.9
£ 0.2 uM) to a state characterized by AV®gigapp = —8.0 £
0.1 mL/mol (S5° = 6.4 + 0.02 uM). It should be noted,
however, that due to a complex nature of Ssy, the quantitative
interpretation of which largely depends on the mechanistic
interpretation of cooperativity, precludes any straightforward

analysis of the apparent values of AV°s discussed here.
Such quantitative analysis was made possible through a
combination of pressure perturbation with direct monitoring
of F7GA binding utilizing the lifetime fluorescence of
enzyme/substrate mixtures as described below.

Effect of Hydrostatic Pressure on the Interactions of F7GA
with P450eryF Studied with Lifetime FRET Detection. Our
control experiment revealed no considerable pressure-induced
changes in the fluorescence decay curves of Fluorol in
solution in the presence of HPCD. Therefore, lifetime
fluorescence detection study interactions of F7GA with
P450eryF at ambient pressure may also be applied to study
the effect of hydrostatic pressure on ligand binding. To
resolve the volume changes in two apparent consecutive
substrate binding events, we performed these studies in
mixtures of P450eryF with F7GA taken either at an equimo-
lar concentration or with excess substrate (1:3 molar ratio).
As shown in Figure 7, increasing hydrostatic pressure results
in an increase in the fraction of the fast exponential phase
(Frast) of the decay at both molar ratios that were probed.
All pressure-induced changes in the decay traces were
completely and immediately reversible upon decompression,
provided the pressure did not exceed 2500 bar (see the inset
of Figure S1 in the Supporting Information). The shortening
of the average lifetime of the excited state of the probe is
indicative of an increase in the efficiency of FRET, which
signifies a displacement of the equilibrium of substrate
binding toward the substrate-bound state. This interpretation
of the changes is confirmed by the fact that, for both of the
reactant ratios, the increase in the concentrations results in
a decrease in the amplitude of pressure-induced changes in
Fras (Figure 7).

Approximation of the series of pressure dependence curves
obtained at a 1:3 molar ratio (Figure 7b) with an equation
for the pressure dependence of bimolecular association (see
Materials and Methods) results in a satisfactory fit (o> =
0.978) and gives the estimates for Kp° and AV°g of 7.7 £
1.5 uM and 61.3 £ 1.0 mL/mol, respectively. This value of
Kp° appears to be in reasonable agreement with the values
of 10—15 uM obtained from the fluorescence lifetime
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dilution experiments at excess substrate performed at ambient
pressure (see above). Therefore, our results demonstrate that
the binding of F7GA to P450eryF detected in the dilution
experiments at excess substrate is promoted by increased
hydrostatic pressure. The decrease in volume of the system
observed upon the binding of F7GA to P450eryF may
indicate that the formation of the complex induces an
important hydration of the enzyme.

In the case of the experiments performed at a 1:1 molar
ratio (Figure 7a), the situation appears to be more complex.
The qualitative behavior of the system is also consistent with
pressure-induced association of the enzyme—substrate com-
plex. However, our attempts to fit the whole data set to the
equation for the pressure dependence of bimolecular as-
sociation result in considerable systematic deviations of the
experimental results from the fitting curves (data not shown).
Individual fitting of the curves results in an adequate fitting
(0*> > 0.985), which shows no significant changes in the
estimate of AVy;s with enzyme concentration. This value was
found to remain equal to 56 £ 10 mL/mol in the whole range
of concentrations probed. Averaging of the estimates of Kp°
values found by individual fitting gives a value of 0.09 +
0.05 uM. This value is also in reasonable agreement with
the value determined in our dilution titration at ambient
pressure (0.15—0.17 uM). However, the estimate of Kp°
exhibits a well-defined dependence on concentration, as it
changes from 0.016 uM at 0.16 uM P450eryF to 0.18 uM
at 9 uM enzyme (Figure 7a, inset). Therefore, although these
results clearly indicate that the interactions of F7GA with
P450 are promoted by pressure, they also suggest that the
sequential scheme of P450eryF cooperativity with two
consecutive binding events (6, 7, 9) is significantly over-
simplified. As a result, the resolution of the first (highest-
affinity) binding event in the dilution experiments at 1:1
molar ratios is essentially incomplete. Moreover, in contrast
to large positive values of AV°; determined in our
fluorescence lifetime experiments, the estimates of apparent
AV®4s deduced from the effect of pressure on Ssp values

are negative and rather insignificant (see above). This
contradiction may suggest the involvement of an additional
(third) substrate binding event in the cooperativity mechanism.

DISCUSSION

In this study, we used pressure perturbation in conjunction
with TRES to study the mechanism of substrate binding in
P450eryF. This innovative combination provides a powerful
approach for studying protein—ligand interactions and ligand-
induced changes in the protein. To make this approach
feasible, we utilized a novel high-affinity fluorescent ligand,
Fluorol-7GA. This laser dye was found to bind with high
affinity to cytochromes P450eryF and CYP3A4, revealing
prominent cooperativity and a high amplitude of the substrate-
induced spin shift. F7GA exhibits a favorable combination
of such properties as the high intensity of fluorescence, the
appropriate position of the excitation and emission bands, a
low extinction coefficient, and a high affinity for P450eryF.
These features allowed us to combine steady-state and time-
resolved fluorescence detection of ligand binding with
conventional monitoring of substrate interactions by changes
in P450 absorbance (substrate-induced spin shift). The lack
of any significant effect of hydrostatic pressure on the
fluorescence lifetime of F7GA in solution makes this probe
perfectly suitable for pressure-perturbation studies with TRFS
detection.

Studies of the effect of pressure on the F7GA-induced spin
shift in P450eryF were carried out in a fashion very similar
to our recent study with CYP3A4, where we employed
bromocriptine, 1-PB, and testosterone as substrates. Our
current results demonstrate that the unusual barotropic
behavior of CYP3A4, which distinguishes this enzyme from
other cytochrome P450 species studied so far, is also
characteristic of P450eryF. In particular, an increase in
hydrostatic pressure fails to induce a complete high-spin to
low-spin shift in the enzyme complex with allosteric
substrates (such us F7GA in this study or 1-PB and
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testosterone in our study with CYP3A4). Moreover, the
pressure-dependent equilibrium between two P450 confor-
mations (R and P conformations, according to the designation
used in ref /9) that was proposed to account for the
nonlinearity of the plots of In(K}) and In(Kp) versus pressure
(i.e., a pressure-induced change in AV° of substrate binding
and spin transitions) observed with CYP3A4 (/9) is also
applicable to P450eryF. Interestingly, in CYP3A4, this
apparent R — P transition was observed in both substrate-
free and substrate-bound enzyme. In contrast, in P450eryF
this transition is characteristic solely of the ligand-bound
enzyme, where it decreases the value of AV®, from 8.2 mL/
mol to zero and causes the unusual stability of the high-spin
state at high pressures. Importantly, together with the change
in AV®, discussed above, the R — P transition also results
in an increase in the Hill coefficient, which suggests that
this apparent pressure-dependent conformational equilibrium
is directly involved in the mechanism of cooperativity.

Concomitant with the increase in cooperativity, elevated
pressures above 1300 bar also enhance the apparent molar
volume change of F7GA binding, as determined from the
pressure dependence of the S5y value. Whereas at low
pressures this value remains almost insensitive to pressure
increase, raising the pressure above ~1300 bar results in an
Sso increase (see Figure 6b). Interestingly, the direction of
this change is opposite to that observed with CYP3A4, where
there is a pressure-induced decrease in S5 at pressures above
1500 bar (19). However, due to the complex nature of S,
which does not represent any particular equilibrium constant,
it does not seem possible to draw any direct mechanistic
conclusions from this difference.

Analysis of barotropic behavior of the individual substrate
binding events is essential for any mechanistic interpretation
of the effect of pressure on cooperativity in substrate binding.
To approach this analysis, we employed FRET from F7GA
to the P450 heme monitored by TRFS to monitor the
interactions of F7GA with P450eryF directly. Analysis of
the interactions of F7GA at ambient pressure confirmed that
binding results in an efficient FRET from F7GA to the heme.
This effect may be detected by either a decrease in the
intensity of fluorescence or a decrease in the average lifetime
of the excited state.

Dilution experiments at two different molar ratios of the
reactants allowed us to resolve two apparent F7GA binding
events with dissociation constants of 0.1—0.2 and 10—15
uM. At first glance, these results are consistent with a simple
sequential mechanism with two binding sites hypothesized
earlier for the interactions of the enzyme with 1-PB and
testosterone (6, 7, 9). However, our pressure-perturbation
experiments with TRFS showed that the mechanism of
cooperativity may be considerably more complex. Both
apparent association processes are promoted by hydrostatic
pressure, so that their characteristic AVy;s values are large
positive values (60—100 mL/mol). On the other hand, the
apparent value of AV°4s of F7GA binding determined from
the pressure dependence of Ssy, and, therefore, characteristic
of the overall sequence of binding events resulting in a spin
shift, is close to zero (—1.3 mL/mol for the R state and —8.0
mL/mol for the P state). To resolve this discrepancy, we have
to infer that the sequence of binding events that causes a
spin shift includes one additional step beyond the two binding
processes revealed in our 1:1 and 1:3 dilution experiments.

Biochemistry, Vol. 47, No. 43, 2008 11357

To explain an overall apparent AV°4g value close to zero,
as deduced from the effect of pressure on Sso, this third
binding process would have to exhibit a large negative AV°gs
to compensate for the large positive values observed in our
TREFES studies.

This conclusion is also consistent with the fact that the
Hill coefficient for F7GA binding at ambient pressure is as
high as 2.3 £ 0.2 and approaches a value of 3 at 2000 bar.
The value of the Hill coefficient may be considered as an
estimate of the minimal number of individual binding sites
involved in the cooperativity mechanism (see, for example,
ref 50). Therefore, we may hypothesize the involvement of
at least three substrate binding events in the mechanism of
F7GA cooperativity.

Furthermore, the set of pressure dependencies of the
fluorescence lifetime of F7GA for a series of 1:1 enzyme/
substrate mixtures (Figure 7a) cannot be fitted globally to
an equation of binary complex formation with a single
pressure-dependent Kp, value. Fitted individually, these curves
reveal the values of Kp° increasing from 0.016 to 0.17 uM
at concentrations increasing from 0.16 to 9.5 uM. This
irregularity suggests that the dilution experiments performed
at a 1:1 enzyme:substrate ratio reflect more than one substrate
binding step. One of the simplest possible mechanisms of
this kind may be a “three-site semi-ordered binding mech-
anism”, which involves two independent (parallel) substrate
binding processes and a subsequent binding of the third
substrate molecule:

S SE ~S

E Kop Ko, SES s SESS
r\ A D3

S ES %S

Another equally possible, simple mechanism may involve
two binary (1:1) enzyme—substrate complexes (SE and ES)
connected via an intermediate (unstable) ternary complex
(SES):

S S S S
ES‘=‘SE$=‘SESv—?-‘- ES 5’=‘ESS

Km KDZ KDJ

In this scheme, which we may designate as a “three-site
sequential ping-pong mechanism”, the binding of the first
(“starter”) substrate molecule to the enzyme with the
formation of complex SE is followed by the second binding
event, which results in the formation of intermediate complex
SES. Dissociation of this hypothetically unstable complex
releases the starter substrate molecule and results in the
formation of complex ES, which precedes the formation of
stable complex ESS.

In both cases, the results of dilution experiments at a 1:1
enzyme:substrate ratio would represent a superposition of
two 1:1 binding processes, even in the case where only one
of the two binary complexes (either SE or ES) can be
detected in TRFS measurements (i.e., exhibits FRET from
F7GA to the heme). If the difference between the constants
Kp; and Kpy; is not significant, the presence of two different
types of binary complex may be masked in simple dilution
experiments. However, any difference in barotropic param-
eters of the two binding processes would cause an anomalous
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behavior of the system in pressure-perturbation experiments,
as observed in our experiments.

Further elaboration of the mechanistic scheme is not
possible at this stage due to uncertainty about the exact nature
of the complexes revealed in our TRFS experiments.
Differentiation between the proposed mechanisms would
require additional studies. In particular, important information
may be obtained from continuous variation (Job’s titration)
studies, which would determine the stoichiometry of ligand
binding. These studies are now in progress and will be
presented in a forthcoming report.

It should also be noted that the observation that at least
one of the two initial F7GA binding events is characterized
by a large positive AV®gs value (i.e., promoted by pressure
increase) is quite unexpected. Increasing hydrostatic pressure
is usually thought to cause dissociation of enzyme—
substrate complexes (25, 29, 30, 44) due to displacement of
the substrate molecule from the binding site upon pressure-
promoted protein hydration. The opposite effect of pressure
may signify a substrate-induced conformational change in
the enzyme, which is associated with an important protein
hydration. The volumetric effect of this hydration appears
to be, however, compensated in the overall reaction mech-
anism by a large volume change of the opposite sign in a
subsequent (final) substrate binding event. This compensation
results in an unusual stability of the eventual enzyme—
substrate complex, which is presumably characterized by
decreased water accessibility of the heme pocket of the
pressure-promoted conformation of P450eryF and CYP3A4
compared with those of other P450 enzymes studied so far.
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