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ABSTRACT: Pressure-induced transitions in the heme domain of cytochrome P450BM3 (P450BMP) were
studied versus the concentration of palmitic acid. An increase in hydrostatic pressure causes a high- to
low-spin shift and subsequent P450 to P420 transition. Conversion of P450BMP to P420 is associated
with important conformational and hydration changes of the protein. Treating the pressure-induced changes
in the high-spin content in P450 in terms of the four-state model of spin transitions and substrate binding,
we evaluated and compared the barotropic parameters of these transitions for P450MBP, P450cam, and
P450 2B4 (2B4). In the current study, the pressure-induced transitions in P450cam were reinvestigated
versus the concentration of camphor. The interactions of 2B4 and P450BMP with their substrates
(benzphetamine and palmitic acid) were accompanied by larger changes in the partial volume of the
proteins (+267 and+248 mL/mol, respectively) than the interactions of P450cam with camphor (+106
mL/mol). For 2B4 and P450BMP, substrate binding apparently requires hydration of regions outside the
active site. The reaction volumes of the low- to high-spin transitions of the substrate-free cytochromes
(20-23 mL/mol) are consistent with the displacement of one water molecule. The volume changes in the
high- to low-spin transition of the substrate-bound P450cam, 2B4, and P450BMP (-90, -49, and-16
mL/mol correspondingly) reveal a linear relationship with∆G° of the spin transition, suggesting that
modulation of the spin state by substrate binding is driven by a common mechanism in all three heme
proteins.

Protein-bound water is extremely important for inter-
molecular interactions and conformational transitions
(1-6). Study of the role of water in the reaction cycle of
P450s initially focused on water as the replaceable sixth
ligand of the P450 heme iron (7, 8). NMR spectroscopic
examination of the relaxation of bulk solvent protons by
P450cam1 in the absence and presence of the substrate
camphor indicated first and most surprisingly that solvent
protons were in rapid exchange with protons on a ligand of
the heme iron (7). Distance calculations indicated that solvent
protons exchanged with protons that were approximately 2.6
Å from the heme iron, indicating that water was the
replaceableZ-axis ligand of the heme iron. Camphor binding
blocked the rapid exchange of solvent protons consistent with
displacement of the axial water molecule from the heme iron
accompanied by the low- to high-spin transition of the iron
(7). With the solution of the crystal structure of P450cam in

both the substrate-free and substrate-bound forms, the
presence of water as theZ-axis ligand of the heme iron in
the absence of the substrate camphor was confirmed (9).
Substrate binding resulted in displacement of the heme-bound
water (10). The presence of water molecules in the active
site and their role in the reaction cycle has been of continuing
interest (11-16).

A very specific mechanism for the regulation of water
access to the heme moiety by substrate binding was recently
suggested for P450cam and P450BM3 (17). This mechanism
involves the movement of the side chain of arg299 of
P450cam (arg319 of BM3) between “open” and “closed”
conformations. However, there is direct communication
between the substrate binding site and bulk solvent over the
I-helix past asp267 in molecule B of the P450BM3 dimer in
the X-ray crystal structure (18). The analogous amino acid
residue (asp251) in P450cam has been shown to participate
in salt bridge-triggering of the substrate access channel and
plays an important role in proton delivery and the catalytic
cycle of this cytochrome (19-21). Substrate binding in
P450cam is accompanied by changes in the arg186-asp251
and lys178-asp251 salt bridges as well as transient changes
in protein hydration (22). Thus, the delivery of protons, via
protein-bound water, to the heme moiety is important for
preventing the uncoupling of the electron flow in cyto-
chromes P450 (14). A detailed knowledge of the mechanism
of proton delivery is necessary to understand the reasons for
relatively low coupling in the eukaryotic monooxygenases
(23) compared with their bacterial counterparts.

† This research was supported in part by a National Institutes of
Health Research Grant GM43479 to J.A.P., a North Atlantic Treaty
Organization Travel Grant SA 11-1-05-OUTREACH to J.A.P. and
D.R.D., a Research Grant RFBR 97-4-49132 from the Russian
Foundation of Basic Research to D.R.D., and INSERM Est/Ouest
cooperation program (Contract 94EO3) to D.R.D. and G.H.B.H.

* To whom correspondence should be addressed. E-mail: Bill@
P450BM3.swmed.edu.

§ Institute of Biomedical Chemistry.
| INSERM Unité310.
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The displacement of the equilibrium of chemical reactions
by hydrostatic pressure is widely used to determine reaction
volume changes (∆V°) (24-27). Among the factors deter-
mining ∆V°, the changes in the hydration of the reacting
molecules play the most important role (28, 29). The partial
volume,V°, of a protein in solution can be approximately
described by the sum of three terms, namely, the intrinsic
molar volume, VM, the “thermal volume”,VT, and the
“interaction volume”, VI (30, 31). The thermal volume may
be thought of as an “empty” domain around the solute
molecule resulting from mutual thermal motions, while the
interaction volume represents the solvent volume change due
to hydration that is determined by negative contributions from
the solvent-exposed charged and polar surfaces of the solute,
which cause adjacent water molecules to form a local tightly
packed network (32, 33). The combination ofVT and VI

reflects the fact that the volume occupied by water molecules
is larger near apolar atoms on the protein surface and smaller
near charged atoms, in comparison to “bulk” water molecules
(32, 34).

Recently Chalikian and Breslauer (35) have determined
that, on average, the exposure of 1 Å2 of hydrophobic surface
of protein to the water phase results in an increase of the
sum of theVT andVI terms by 0.67 mL/(mol‚Å2). In contrast,
the average contribution of polar and charged surfaces to
these terms was found to be equal to-0.47 mL/(mol‚Å2).
Tightening of water packing near surface charges is known
as “electrostriction” (27, 32, 36). The partial volume of
electrostricted water is estimated to be about 15 mL/mol (36),
which is 3 mL/mol smaller than the 18.1 mL/mol value
characteristic for “bulk” water (37, 38). Thus, hydrophobic
hydration and electrostriction affect the density (partial molar
volume) of bound water as compared to bulk solvent

AlthoughVT andVI terms are very important in the volume
changes in protein transitions, the changes in the intrinsic
volume of the protein,VM, cannot be neglected. These
changes are due mainly to the changes in hydration of protein
cavities, which are nearly always present in proteins greater
than 100 residues in size (39). Changes in hydration of
protein cavities often accompany the processes of protein-
ligand and protein-protein interactions, especially if the
cavity constitutes a part of the intermolecular interface (4,
5, 40, 41).

The importance of protein-bound water in the catalytic
cycle of P450-dependent monooxygenases has been exam-
ined for P450cam and P450 2B4 (14, 15, 42-44). Osmotic
and hydrostatic pressure effects on substrate binding to
P450cam (11, 13, 15) implicate more water molecules in
this process than are found in the active site of substrate-
free P450cam (9). Exposure of camphor-bound P450cam to
high hydrostatic pressure was shown to cause a shift of the
spin equilibrium toward the low-spin form. This transition
is characterized by a∆V°spin in the range of-20 to -100
mL/mol, depending on the nature of the substrate and the
experimental conditions (11, 13). A decrease in intrinsic
volume (VM) of the heme protein resulting from water
penetration into the heme moiety and the substrate pocket
is believed to be the reason for the pressure-induced high-
to low-spin shift (11, 15, 43). In their study of pressure-
induced transitions in P450cam, Fisher et al. (42) reported
that saturating levels of camphor completely prevented the
pressure-induced high-spin to low-spin transition at pressures

below 800 bar. This observation convinced the authors that
the pressure-induced spin transition is due solely to substrate
dissociation from the enzyme. Notwithstanding this conclu-
sion, the later studies have demonstrated that the pressure-
induced spin-shift in P450cam takes place even at camphor
saturation, but it requires pressures over 800 bar to be applied
(11, 43, 45). However, a quantitative analysis of this
transition is complicated by its overlapping with P450
conversion to P420, taking place in the same pressure range.

Studies of the effect of osmotic pressure on the interactions
of P450cam with substrate (fenchone) and subsequent spin
transitions of the heme protein (15) suggested that the volume
changes in P450cam in these transitions could not be
explained simply by changes in hydration of loosely bound
water in the vicinity of the heme moiety. In these studies,
19 water molecules were implicated in the interactions of
P450cam with fenchone and in the spin transition of the heme
protein (15). The magnitude of this change is much higher
than suggested from the degree of hydration of the substrate
binding pocket near the heme moiety, where from six to nine
crystallographically ordered water molecules were found in
substrate-free P450cam (10). Thus, the interaction of P450cam
with substrate and spin transitions of the heme protein were
speculated to involve water bound at sites other than the
substrate-binding site and the heme moiety (15). However,
the technique employed in these studies with hydrostatic (11,
43) and osmotic (15) pressure did not permit determination
of whether solvent displacement was due to substrate binding
or the subsequent low- to high-spin transition of the heme
iron. Reaction volume changes derived from these experi-
ments represent the overall values and include contributions
from several elementary transitions, which may involve
various types of waters of hydration (electrostricted, loosely
bound in the protein cavities, etc.).

We have recently used the principal component analysis
(PCA) technique for deconvolution of the spectra of P450
to resolve individual transitions in the heme protein (44, 46).
When used in high-pressure experiments, this permits the
resolution of the reaction volume changes of the individual
contributing processes, such as spin transitions and substrate
binding (44). In our studies of rabbit liver microsomal P450
2B4 oligomers in solution (44) and in proteoliposomal
membranes (47), we found that the pressure increase does
not result in dissociation of the complex of P450 2B4 with
benzphetamine. The effective volume changes on binding
of benzphetamine to low-spin P450 2B4 were negligibly
small. Instead, the low- to high-spin transition of the substrate
complex was accompanied with an important positive volume
change, which apparently indicates a dehydration of the
protein (44, 47). Another important conclusion from these
studies is that P450 2B4 exhibits barotropic inhomogeneity
in the oligomeric state. The two pressure-induced processes
in P450 2B4, namely, the spin shift and conversion of P450
to P420, appear to occur in two different fractions of the
heme protein. While approximately 65% of P450 2B4
molecules were always low-spin and could be converted from
P450 to P420, the rest of the heme protein was not
susceptible to pressure inactivation. Approximately 35% of
the heme protein participated solely in the substrate- and
pressure-dependent spin equilibria. This inhomogeneity of
the heme protein apparently results from the organization
of P450 oligomers, as it disappears on monomerization of
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P450 2B4 by detergent (44). As eukaryotic cytochromes
P450 are known to form oligomers not only in solution but
also in membranes, this oligomerization-induced inhomo-
geneity of the heme protein may play an important role in
the function and regulation of the monooxygenase. In the
present paper, we describe pressure effects on the heme
domain of P450BM3 (P450BMP), the bacterial heme protein
which has the highest homology with microsomal P450s. In
addition, the effect of hydrostatic pressure on cytochrome
P450cam fromPseudomonas putidawas reexamined at
variable concentration of camphor. The barotropic parameters
of substrate binding and spin transitions in P450BMP are
compared with those obtained for P450cam and rabbit liver
microsomal P450 2B4.

EXPERIMENTAL PROCEDURES

Materials. All chemicals were of ACS grade and were
used without further purification. The purification of the
heme protein domain of P450BM3 (P450BMP), fromE. coli
clones containing a plasmid encoding this protein, has been
described previously (48). Purification of P450cam was done
by a published procedure (49, 50).

Experimental Spectral Measurements.The spectra were
measured on a Cary-3 spectrophotometer (Varian, USA) in
the 340-600 nm region with a 1 nmdigitizing step. The
computer-controlled optical pressure system, capable of
generating a pressure of 7000 bar, has been described
previously (51). After each adjustment of pressure, the system
was allowed to stabilize for 3 min before measurement of
the spectrum. At each pressure, at least 2 spectra were
measured and averaged. All experiments with P450BMP
were carried out at 25°C in 100 mM Na-HEPES buffer,
pH 7.4, containing 1 mM dithiothreitol and 1 mM EDTA.
The experiments with P450cam were done in 100 mM Tris-
HCl buffer (pH 7) containing 240 mM KCl at 4°C.

Data Processing.To interpret the experiments in terms
of pressure-induced changes in concentration of P450BMP
species (high- and low-spin P450, and P420), a mathematical
method based on principal component analysis (PCA) was
used (44). This method is designed to resolve the optical
changes in multicomponent systems into the separate com-
ponents reflecting the concentration of each component in
the system. It was also used to remove the spectral perturba-
tions due to the changes in turbidity of the system during
the experiments. Correction for turbidity was especially
important in the presence of palmitic acid, which forms
micelles whose size appears to be pressure-dependent. A
minor component of the turbidity change was denaturation
of some of the protein at high pressure. To interpret the
pressure-induced transitions in terms of changes in concen-
tration of P450 species, we used a least-squares fitting of
PCA-decomposed spectra to the set of the spectral standards
of high-spin, low-spin, and P420 forms of the heme protein
(see “Results”). This approach was described in detail earlier
(44, 46).

Analysis of Pressure-Induced Transitions.The interpreta-
tion of pressure-induced changes is based on the equation
for the pressure dependence of the equilibrium constant (26)
(eq 1) whereKeq(P) andK°eq are the equilibrium constants
of the reaction at pressureP and at zero pressure, respec-
tively, P1/2 is the pressure at whichKeq ) 1 (“half-pressure”

of the conversion), and∆V° is the molar reaction volume.
Control of the instruments, data acquisition, and fitting were
done using our SPECTRALAB software package (44).

RESULTS

Pressure-Induced Spectral Changes in P450BMP. A series
of spectra of substrate-free P450BMP recorded as a function
of increasing hydrostatic pressure is shown in Figure 1. In
the initial stage (below 1.5 kbar), the difference spectra show
a disappearance of the Soret band of high-spin P450BMP
(λmax ) 396 nm) concomitant with an increase in absorbance
at the position of the absorbance band of the low-spin heme
protein (λmax ) 418 nm). This behavior was expected because
a pressure-induced high- to low-spin shift of other P450s
had been previously reported for P450cam (15, 45), P450lin
(45), and P450 2B4 (44, 47). In the case of microsomal P450
2B4, the shift was observed even in the absence of substrate
(44, 47). A further increase in pressure results in the red
shift of the P450BM3 Soret band from 418 to 425-426 nm.
By analogy with that shown for P450cam (45) and P450
2B4 (44, 47), this shift was attributed to the conversion of
P450 to P420. These changes are complete at about 3500
bar. A further increase in pressure had no effect on the
absorbance of P450BMP. When the system was decom-
pressed from pressures below 1.5 kbar, where no conversion
from P450 to P420 was observed, the changes (spin shift)
were immediately and totally reversible. When the decom-
pression was done from the higher pressures, the changes
were also mostly reversible, but the conversion from P420
to P450 was slow. Depending on experimental conditions,
the conversion required from 5 to 10 min to several hours
(see below).

On completion of the process the maxima of the Soret
band andR- andâ-bands returned to the initial position, but
the amplitude of the spectrum was in some cases consider-
ably less than the initial level (Figure 1a, dotted line). Thus,
the conversion of P450 to P420 caused by hydrostatic
pressure was accompanied by some irreversible bleaching
of the heme. This phenomenon had been observed earlier
for P450 2B4 (44). While the bleaching of P450BMP was
significant (20-30%) in the absence of substrate, addition
of palmitic acid was shown to protect the protein. At
saturating concentrations of palmitic acid (100µM), no
bleaching of the protein was observed and the pressure-
induced changes appeared to be totally reversible.

For quantitative analysis of the pressure-induced changes,
a set of standard spectra (high-spin, low-spin, and P420) is
required. An attempt to use the set employed earlier for P450
2B4 (44, 46) showed that the spectra of this mammalian
heme protein do not fit the spectral changes in P450BMP.
The most important difference was observed in the region
of the Soret band of the spectra of the P420 heme proteins.
To obtain the spectral standards of P450BMP, the procedure
of backward fitting of the given spectra by the results of
PCA of the experimental data was employed (23, 44). A
series of spectra measured at normal pressure at various
concentrations of palmitic acid were used to obtain the

Keq(P) ) K°eqe
-P∆V°/RT) e(P1/2-P)∆V°/RT (1)

K°eq ) eP1/2∆V°/RT
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standards of high- and low-spin states. To produce a spectrum
of pure P420BMP, we used a series of spectra measured
versus time at normal pressure during the conversion of P420
to P450 after a high-pressure experiment. The extinction
coefficients for the high- and low-spin forms were verified
by measurements of the total P450 concentration by the
method of Omura and Sato (52). The extinction coefficient
for P420 was evaluated from the requirement of conservation
of the total heme protein concentration during recovery. The
resulting spectra of the high- and low-spin forms of
P450BMP are shown in Figure 2a. One can see that the
spectra of P450BMP are similar to those of P450cam (45,
53) and P450 2B4 (44, 46). A minor difference between the
spectra of P450BMP and P450 2B4 is observed in the
structure ofR- andâ-bands of the low-spin heme proteins,

which were found to be broader in the case of P450BMP.
In contrast, there is a significant difference between P450BMP
and P450 2B4 in the spectra of the P420 state (Figure 2b).
Although the position of the maximum of the Soret band
(425 nm) of P420BMP is close to that of P420 2B4 (427
nm) (11, 53), the band is broader and the extinction
coefficient at the maximum was only 105 mM-1 cm-1

compared with 128 mM-1 cm-1 for P420 2B4 (46). TheR-
andâ-bands of P420BMP are also broader than those of P420
2B4. Despite these differences, the area under the spectrum
in the 340-600 nm region remains unchanged.

Pressure-induced changes in the concentration of high-,
low-spin, and P420 states of P450BMP in the absence of
substrate and in the presence of 32µM palmitic acid are
shown in Figure 3. These results correspond to the above
qualitative description. Exposure of P450BMP to high
pressures induces a high- to low-spin, shift and a subsequent
P450 to P420 transition, which is almost complete (more
than 80% P420) at 4000 bar both in the presence and in
absence of substrate. The whole pool of substrate-free
P450BMP undergoes this transition in contrast to that shown
for P450 2B4, where only about two thirds of the heme
protein could be converted to the P420 state by high pressure
(44, 47, 54).

To confirm the reliability of our spectral standards used
in the treatment of the spectra of oxidized P420BMP, we

FIGURE 1: Pressure-induced changes in the absorbance spectra of
P450BMP in the absence of fatty acid substrate. Conditions: 100
mM Na-Hepes buffer, pH 7.4, 1 mM EDTA, 1 mM dithiothreitol,
25 °C. The optical path length was 5 mm. (a, top): 30µM
P450BMP, no substrate present. Absolute spectra measured at 1,
1200, 2400, 3000, 3400, and 4500 bar, at 1 bar immediately after
decompression from 5 kbar (dashed line), and 12 h after decom-
pression (dotted line). The inset shows the results as the difference
between the spectra at a particular pressure and the initial spectrum
(at 1 bar). The difference between the spectra measured at normal
pressure 12 h after decompression and prior to pressurization is
shown by a dotted line. (b, bottom): 2.1µM P450BMP, 8µM
palmitic acid. Absolute spectra were measured at 1, 800, 1200,
2000, 3200, and 4000 bar (solid lines), at 1 bar immediately after
decompression from 5 kbar (dashed line), and at 20 min after
decompression (dotted line). The inset shows the results as the
difference between the spectra at a particular pressure and the initial
spectrum at 1 bar (solid lines), the difference between the initial
spectrum and the spectrum measured at normal pressure im-
mediately after decompression is shown by a dashed line, and 30
min after decompression is shown by a dotted line.

FIGURE 2: Standard spectra of pure high- and low-spin and P420
states of P450BMP deduced by PCA from the results of palmitic
acid titration and pressure perturbation experiments. (a, top) Spectra
of the low-spin (solid line), high-spin (dotted line), and P420
(dashed line) states of P450BMP; (b, bottom) spectra of P420BMP
(solid line) and P450 2B4 (46).

754 Biochemistry, Vol. 38, No. 2, 1999 Davydov et al.



have also determined the concentration of P420 and P450
forms of the heme protein during the process of conversion
from the absorbance spectra of the reduced carbonyl complex
of the heme protein mixture (54, 55). This technique yields
the same estimate of P420 content as derived from the spectra
of oxidized heme protein. This agreement supports the
identification of the pressure-induced red shift of the Soret
band as the P450 to P420 transition of the heme protein. It
also illustrates the applicability of the set of spectral standards
for quantitative interpretation of the observed spectral
changes. The calculation of the concentrations from the
spectra of the reduced carbonyl complex also supports our
conclusion regarding the reversibility of the P450-to-P420
conversion upon incubation after decompression. However,
at the end of the process, when the spectra of the oxidized
heme protein indicates no P420 present, the spectra of the
reduced carbonyl complex still indicate that there is up to
40% of P420-like material in the samples. This suggests the
presence of some form of P450BMP that has a Soret band
of reduced carbonyl complex at 420 nm that is almost
indistinguishable from the P450 state in the oxidized form.
This result is in agreement with our observation of the
multiplicity of P420 forms of P450BMP. A close examina-
tion of the spectra of P450BMP after recovery reveals a slight
blue shift (1-2 nm) of the Soret maximum compared with
the initial P450 state. Thus, the P420 state of P450BMP with
P450-like spectral characteristics appears to have the Soret

band blue-shifted compared to the position of the band of
the “normal” P450 heme protein (418 nm).

Analysis of Substrate Binding and Spin Transitions of
P450BMP. To perform an analysis of the pressure-induced
changes in P450BMP substrate-binding and spin equilibria,
we have used a four-state model of the transitions shown in
Scheme 1, where “P” and “PS” correspond to P450 and its
complex with the substrate, respectively. The subscripts “l”
and “h” designate respectively the low- and high-spin states
of the heme protein. To simplify the analysis, the two
independent substrate binding equilibria of high- and low-
spin P450 can be replaced by a single equilibrium character-
ized by an apparent dissociation constant,Ks (56), as shown
in Scheme 2. These two schemes are formally equivalent,
and the values of the parameters of the Scheme 2 can be
used to calculate the parameters of the Scheme 1:

To estimate the values of the equilibrium constants and
the molar volume changes, a series of high-pressure experi-
ments were performed at various concentrations of palmitic
acid. The results were used to determine the dependence of
the high-spin content of P450BMP as a function of pressure.
These results were fit as a whole to the combination of the
steady-state equilibrium equation corresponding to Scheme
2 with eq 1. The fitting gives the values ofKh

s, Kh, andKs

and the corresponding molar volume changes. The values
of the constantsKdl andKdh were then calculated using eq
2. In combination with the equation in Scheme 2, these
relationships allow us to calculateKdl andKdh as a function
of pressure. Then, the slopes of the plots of ln(Kdl) and
ln(Kdh) versus pressure give the corresponding molar volume
changes.

The experimental data and the fit to the proposed model
shown in Figure 4 indicate that P450BMP behaves as a single
entity that can undergo both spin equilibria and conversion
from P450 to P420. This is in contrast to P450 2B4 in

FIGURE 3: Pressure-induced changes in the concentrations of the
high-spin (open circles), low-spin (filled circles), P420 (filled
triangles), and the total heme protein (open triangles) in the absence
of substrate (a, top) and in the presence of 8µM palmitic acid (b,
bottom). Other conditions were as those indicated for Figure 1.

Scheme 1

Scheme 2

Kdl )
Ks(1 + Kh

s)

(1 + Kh)
; Kdh )

Kdl‚Kh

Kh
s

(2)
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solution where the fraction undergoing the P450 to P420
transition was found to exclude the fraction that underwent
the substrate-dependent spin transition (44, 47).

The values of the constants of the elementary transitions
and the corresponding∆V° values are compared with those
found for P450 2B4 (44) in Table 1. The conversion of both
substrate-free and substrate-bound P450BMP from the high-

to low-spin state is accompanied by a volume decrease (-23
and-16 mL/mol, respectively). Dissociation of the substrate
complex of both low- and high-spin P450BMP is also
characterized by a negative volume change (-20 and-13
mL/mol correspondingly).

Analysis of the P450 to P420 Transition of P450BMP.
The pressure dependence of the P420 content in P450BMP
at several concentrations of palmitic acid is shown in Figure
5a. The parameters of the pressure-induced P450 to P420
transition of P450BMP exhibits clear dependence on the
concentration of substrate. In the case of P450BMP, the
molar volume change for the conversion of P450 to P420 in
the absence of substrate was-99 mL/mol. This value is
decreased to-42 mL/mol by the addition of palmitic acid
(32µM). The decrease in the reaction volume is accompanied
by an increase in theP1/2 value from 2.1 kbar in the absence
of substrate to 3.1 kbar with 32µM palmitic acid. However,
since pressure induces a dissociation of the substrate complex
of P450BMP (see above), these∆V° andP1/2 values for the
P450 to P420 transition in the presence of substrate should
be considered as “apparent”. The pressure dependence of
the P420 content in P450BMP in the presence of substrate
should not fit eq 1 precisely, since the reaction is composed
of at least two distinct pressure-dependent processes (dis-
sociation of the substrate complex and the P450 to P420
transition of substrate-free enzyme). If dissociation of the
substrate complex of P450BMP is required for conversion
of P450BMP into P420, the behavior of the system can be
predicted from the values shown in Table 1 and the
parameters of the P450 to P420 transition of substrate-free
heme protein (∆V° ) -99 mL/mol, P1/2 ) 2.1 kbar).
Although the modeling curves built in this way (Figure 5b)
do not fit the experimental data precisely, the qualitative
behavior of the model is very similar to that observed in the
experiment (Figure 5). Thus, the above hypothesis can be
taken as a rough estimate of reality. For example, fitting of
the modeling curve for 32µM palmitic acid by the equation
in Scheme 1 gives values of∆V° andP1/2 of -47 mL/mol
and 2.7 kbar, which are close to experimentally determined
values (-42 mL/mol and 3.1 kbar, respectively). Thus, an
apparent decrease in∆V° for the P450 to P420 transition in
the presence of substrate is explainable by the fact that in
the latter case the inactivation is preceded by pressure-
induced dissociation of the P450BMP-substrate complex.

Table 1: Equilibrium Constants and Reaction Volumes of Substrate Binding and Spin Transitions of P450BMP (with Palmitic Acid as
Substrate), P450cam (with Camphor as Substrate), and P450 2B4a (with Benzphetamine as Substrate)a,b

equilib const at zero pressure ∆V°,d mL/mol

transitionc BMP P450cam 2B4 BMP P450cam 2B4

Pl T Ph (Kh) 0.19 0.013 0.32 23 20 21
PlS T PhS (Khs) 1.2 62 8.3 16 91 49
PST P + S (Ks) 2.1µM 4.4 µM 130 µM -25 -48 8.1
PlS T Pl + S (Kdl) 3.9µM 280 µM 930 µM -20 42 5.3
PhS T Ph + S (Kdh) 0.61µM 0.047µM 36 µM -13 -29 -23

a The values given for P450 2B4 are from our previous publication (44). The original paper contains only the values for the transition calculated
for the simplified model (Scheme 2). The values ofKdl andKdh (lower portion of the table) were calculated from the original values as described
in the text.b The values given for P450 2B4 and P450BMP were determined at 25°C, while those of P450cam were measured at 4°C. The
estimates of the equilibrium constants and reaction volumes given in this table are characterized by standard deviations of no more than 12% of
their values, except for the estimates ofKdl andKdh and corresponding reaction volumes (lower portion of the table) whose standard deviations are
higher (20-40% of the values).c The designations used here correspond to those used for Schemes 1 and 2.d The sign of the reaction volume
corresponds to the low- to high-spin and substrate complex dissociation reactions.

FIGURE 4: Effect of pressure on the high-spin content in P450BMP
as a function of the concentration of palmitic acid. The same data
set is shown as follows: (a, top) a series of the palmitic acid-
titration curves measured at 1, 200, 400, 600, 800, 1000, 1200,
1400, 1600, 2000, 2400, 2800 and 3200 bar; (b, bottom) a series
of the pressure dependencies measured in the absence of substrate
and at 1, 6, 8, 16, 32, and 100µM palmitic acid. Solid lines show
the results of the fitting of this data set to the equation for the
pressure dependence of the system in Scheme 1 with the parameters
shown in Table 1.
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As described above, the pressure-induced conversion of
P450BMP to P420 is partially reversible. The kinetics of
the P420 conversion to P450 after decompression are shown
in Figure 6 at two different concentrations of P450BMP. The
kinetics show a clear dependence on P450BMP concentra-
tion. At 8.5 µM P450BMP the recovery took about 12 h,
while at 0.5µM P450BMP there was an almost complete
recovery in a few minutes after decompression from 5 kbar.
To explain this dependence, we assume that P420BMP forms
aggregates with aKd in the range of 0.5 and 7µM and that
aggregation stabilizes P420 and prevents it from recovery
to P450.

Analysis of Substrate Binding and Spin Transitions in
P450cam.As it was stated above, despite extensive studies
of pressure-induced transitions in P450cam, the barotropic
parameters of the individual transitions of the four-step
equilibrium model (Scheme 1) had not been determined. All
previous experiments were done in the absence or at
saturating concentrations of substrates, which did not permit

us to resolve the volume changes in the spin transition from
those of dissociation of the substrate complex. To fill that
gap, we have studied pressure-induced transitions in P450cam
as a function of the concentration of camphor. The pressure-
induced spectral changes of P450cam are very well docu-
mented, and our results are completely consistent with
previous observations (11, 27, 43). Similar to that reported
here for P450BMP, an increase in hydrostatic pressure results
in a high- to low-spin transition of P450cam followed by
the pressure-induced formation of the P420 state of the heme
protein. In agreement with earlier data for P450cam (11, 27)
and in contrast to that observed here for P450BMP, the
pressure-induced inactivation of P450cam was almost ir-
reversible. To simplify the interpretation of the results and
to improve the resolution of the pressure-induced spin
transitions from the inactivation of the heme protein, all
experiments with P450cam were carried out at 4°C. At this
temperature the overlapping of pressure-induced spin shift
and inactivation was minimal. In agreement with previous
observations, pressure-induced inactivation of P450cam was
accompanied by prominent bleaching of the Soret band
concomitant with the appearance of spectral bands near 365
and 454 nm (11, 27). To increase the accuracy of the
determination of the spin state in our experiments with
P450cam, the weighting coefficients for the spectral regions
of these bands (355-375 and 435-465 nm) were set to
minimum when fitting the data by the spectral standards of
P450ls, P450hs, and P420 states.

The series of pressure dependencies of the spin state of
P450cam measured at various concentrations of camphor is
shown in Figure 7. As can be seen in that figure, our results
fit the four-equilibrium model (Scheme 1). The values of
the barotropic parameters derived from this fitting are shown
in Table 1.

DISCUSSION

Despite the differences in the gene and protein sequences
of members of the P450 gene superfamily, the structures of
the five that are published (57-60) are remarkably similar
in the structural core. Although the structure of the heme

FIGURE 5: Pressure-induced conversion of P450BMP into P420.
(a, top) The dependencies of the P420 content on pressure are shown
at no substrate present (closed circles) and at 6 (open circles), 16
(closed triangles), and 32µM (open triangles) palmitic acid. Solid
lines show the results of the fitting of these data to the equation of
pressure dependence of the equilibrium of a single transition (eq
1). (b, bottom) Modeling of the pressure-induced P450 to P420
transition in P450BMP by the combination of the equilibrium
system of Scheme 1 with a single reversible P450-to-P20 transition
of the substrate-free heme protein (i.e. from the assumption, that
the substrate-bound P450BMP does not undergo the inactivation).
The experimentally obtained parameters for the substrate binding,
spin transitions (Table 1), and P450-to-P420 conversion of the
substrate-free P450BMP (∆V° ) -99 mL/mol, P1/2 ) 2.1 kbar)
were used in the modeling. The curves were calculated for 0, 6,
16, and 32µM palmitic acid.

FIGURE 6: Kinetics of the conversion of pressure generated
P420BMP back to the P450 state after decompression. Curves were
recorded at 0.5 (open circles) and 8.5µM (filled circles) P450BMP.
The inset shows the initial portions of the same curves. Solid lines
represent the results of data fitting. The curve measured at 0.5µM
P450BMP obeys a single-exponential equation with a kinetic
constant of 0.26 min-1. The curve for 8.5µM P450BMP was fit to
the equation of the sum of two exponents with kinetic constants of
0.27 min-1 and 0.23 h-1 and the 45% fraction of the fast phase.
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moiety of the cytochromes P450 is well-characterized, the
nature of the P420 form of these enzymes is almost unknown.
The process of conversion of “P450” to “P420” is poorly
understood, and no unifying concepts are currently available
to account for this conversion. The pressure-induced transi-
tion of P450BMP into the P420 state and P450 2B4 into its
P420 state is distinctly different for these heme proteins. In
the oligomers of P450 2B4, the maximal ratio of the
conversion to P420 is never higher than 65-70% due to the
presence of two independent populations of the heme protein
that undergo substrate- and pressure-dependent equilibria
(44). In contrast, soluble monomeric bacterial P450cam and
P450BMP behave as single entities undergoing both spin
equilibria and the P450 to P420 transition (44, 47). Our
present data on P450cam and P450BMP support the prior
conclusion that the apparent heterogeneity of P450 2B4 in
its barotropic behavior is due to the oligomeric nature of
this membrane-bound protein.

The very high∆V° for the P450 to P420 conversion of
P450BMP suggests some important hydration of the protein
accompanies this transition. This hydration is difficult to
explain only by the water flux into the heme moiety. A∆V°
this large can only result from an increase of the water-
accessible surface of the protein. The broad absorbance bands

both in the Soret and visible regions of the spectrum of
P420BMP suggest some multiplicity of this state and
apparently reflects a very flexible conformation of this P420
heme protein. The dependence of the kinetics of the
backward conversion of P420 to P450 on the initial
concentration of P450BMP indicates that the P420 form of
P450BMP tends to aggregate and this aggregation stabilizes
the enzyme in the P420 state. This conclusion also suggests
that the transition between P450 and P420 states of P450BMP
requires a rearrangement of the protein involving surface-
exposed regions. These surface-exposed residues create
P420-P420 interaction sites, promote aggregation, and
appear to stabilize the heme protein in the P420 state. The
results presented here and our previous results make studies
of the effects of pressure-induced transitions on the secondary
structure of P450 heme proteins important for understanding
the nature of the P420 state and the mechanisms of
aggregation.

Our prior studies of pressure effects did not include a
detailed analysis of the volume changes for substrate binding
and the spin transitions of P450 2B4 due in part to the fact
that only the values for the transitions in the simplified three-
equilibrium model (Scheme 2) were determined. In the
present paper, we have described a simple way to deduce
the volume changes for the four-state equilibrium model
(Scheme 1). Also, in the present study we have for the first
time resolved the volume changes in P450cam into the values
for each step of the four-state equilibrium model. The newly
obtained values of volume changes in substrate binding and
spin-state transition in all three P450s are presented in Table
1. If the values of∆V° for spin-state transitions allow direct
comparison, the analysis of the values of∆V° for substrate
dissociation requires the differences in the partial volumes
of the substrates to be taken into account.

Dissociation of the substrate complex of P450cam was
assumed to be accompanied by a negative volume change
because of water penetration into the vicinity of the heme
moiety and the substrate pocket. Despite these expectations,
our analysis shows that the volume change in the dissociation
of the low-spin form of the camphor-bound heme protein is
positive. Therefore, an increase in hydrostatic pressure
induces formation of the substrate complex and, simulta-
neously, shifts the spin state of the camphor-bound P450cam
toward the low-spin form. These results are in contrast with
the previous conclusion of Fisher et al. (42) that the pressure-
induced spin shift in P450cam reflects the pressure-induced
dissociation of the substrate complex. This conclusion was
based on the observation that hydrostatic pressure has almost
no effect on the spin state of the substrate-saturated enzyme.
However, as can be seen in Figure 7, the pressure region
(1-800 bar) used in this analysis is not enough to probe
pressure-induced spin transitions. Our analysis clearly shows
that the conclusion of Fisher et al. is incorrect and the
pressure-induced spin shift in P450 is due to the displacement
of the spin equilibrium of the substrate-bound enzyme and
not to the dissociation of the complex.

The volume changes measured by pressure perturbation
represent a bulk effect over the whole system; therefore, the
volume decrease due to removal of the substrate molecule
from solution must also be considered. The volume changes
upon the interactions of the heme protein with the substrate
are composed of the changes in the partial volume of the

FIGURE 7: Effect of pressure on the high-spin content in P450cam
as a function of the concentration of camphor. Conditions: 3µM
P50cam in 100 mM Tris-HCl, pH 7.4, 240 mM KCl; 4°C. The
same data set is shown as follows: (a, top) as a series of the
camphor-titration curves measured at 1, 150, 300, 450, 600, 750,
900, 1050, 1200, 1400, 1600, 1800, and 2000 bar; (b, bottom) a
series of the pressure dependencies measured in the absence of
substrate and at 0.33, 0.7, 2.6, 4.2, 5.2, 6.25, 8.2, and 400µM
camphor; solid lines show the results of the fitting of this data set
by the equation for the pressure dependence of the system illustrated
by the Scheme 1 with the parameters shown in Table 1.
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protein as well as the volume change due to incorporation
of the substrate molecule into the substrate pocket. Thus,
the interpretation of the values of∆V°diss requires the partial
volume (V°) of the substrate to be taken into account.

The values ofV° for small organic solutes can be estimated
using a semiempiric equation proposed by Kharakoz (30).
This equation was implemented here in the following form:

This equation was obtained by substitution of the thermal
volumeVT term by its empirical approximation,VT ) aSSM

+ bS, whereSM is the surface of the molecule. The values
of aS andbS were estimated to be 0.249 mL/(mol‚Å2) and 4
mL/mol correspondingly, if the “van der Waals” volume and
surface values are used forVM andSM (30). The interaction
volumeVI might be estimated as a sum of the contributions
of -6 mL/mol per each polar atom in the molecule (30).
The “ideal term”,âΤ0RT, was taken as 1 mL/mol (30, 31).
To calculate the van der Waals volume and surface we used
the “SPACEFILL” utility from “TINKER” molecular me-
chanics software toolkit (61), which is available from Prof.
J. W. Ponder at http://dasher.wustl.edu/tinker.

Using the method above (62), the partial volume of
camphor in water solution was calculated to be about 148
mL/mol. Therefore, the volume changes due to incorporation
of camphor into the substrate pocket could account for
approximately-148 mL/mol. However, the experimental
value of the reaction volume of complex formation (the
negative of∆V° for substrate binding given in Table 1) was
determined to be-42.2 mL/mol. Therefore, the changes in
partial volume of the protein on camphor binding may be
determined as the difference between this value and the
partial volume of camphor giving an estimate of+106 mL/
mol.

It is assumed that as the compressibility of the protein
core is rather small and the intrinsic volume (“van der Waals
volume”) of the protein core can be considered constant, the
changes in the protein partial volume reflect primarily the
changes in the protein hydration (28, 29). At first glance,
we can consider the changes inV° as the bulk effect of the
hydration/dehydration of the protein cavities (VM term) and
the changes in the water density around the protein molecule
due to the exposition of its hydrophobic and polar regions
to the water phase (VT andVI terms). Due to the complex
nature of the∆V° values, they cannot be used to make any
definitive conclusion on the hydration changes. However,
for the qualitative analysis we can apply an oversimplified
suggestion that all changes in the partial volume of the
protein are due to the hydration/dehydration of the protein
cavities. Assuming the volume change due to the penetration
of one water molecule into the protein cavity of 18.1 mL/
mol, which is the partial volume of water in the bulk solvent
(37, 38), one can estimate the minimal number of waters
implicated in the transition. The estimates obtained in this
way should be considered as a very coarse approximation
of the minimal number of water molecules employed in the
changes of the protein hydration. This approach can be used
to judge whether the observed volume changes are explain-
able only by water penetration into the active site of P450,
or we can assume some other regions of the protein to be
involved in the hydration changes. If we assume that the

above calculated volume change of+106 mL/mol ise due
solely to dehydration of the heme moiety and the substrate
pocket, we should expect that formation of the substrate
complex of low-spin P450cam requires expulsion of at least
six water molecules from the protein.

A subsequent transition of the low-spin P450cam complex
with camphor into the high-spin form is characterized by a
volume change of 90.6 mL/mol (Table 1). The sum of this
value with the above estimate of+106 mL/mol gives a value
of about 197 mL/mol for the total volume change in the
transition of low-spin substrate-free P450cam into the high-
spin camphor-bound form. If the reported change in the
partial volume of P450cam results solely from the hydration
of empty cavities in the molecule of protein, then this
transition has to be accompanied by expulsion of at least 11
water molecules. This number is almost two times lower than
the estimate of 19 molecules derived from osmotic stress
studies (15). Our estimate is not too far from the maximal
changes in the hydration of the active site of P450cam from
theoretical considerations. Examination of the X-ray structure
shows that substrate-free P450cam contains six crystallo-
graphically ordered water molecules in the immediate vicinity
of the heme moiety (10). Molecular mechanics calculations
show the possible locations for up to three additional water
molecules in the active site of P450cam (12). It is suggested,
that two to three water molecules displaced from the active
site by substrate binding occupy the substrate-access channel;
the rest of the displaced water molecules have to be excluded
to bulk solvent (11, 15, 43). Therefore, the total changes in
the active site hydration on the substrate binding and spin
shift in P450cam are expected to be in the range of 3-7
water molecules (54-137 mL/mol), which is not dramatically
lower than the estimate of 197 mL/mol derived from the
present study. Thus, the changes in the partial volume of
P450cam on camphor binding and spin transition are
explainable from the suggestion that they are due solely to
the changes in the hydration of the active site of P450.
However, we cannot completely exclude the possibility that
the formation of the complex of P450cam with substrates
also involves dehydration of some loci outside of the active
site of the heme protein (15).

The ∆V° for dissociation of the benzphetamine complex
of low-spin P450 2B4 is positive and differs from the value
found for P450cam by 37 mL/mol (Table 1). The volume
change on dissociation of the low-spin P450BMP-palmitic
acid complex is negative, and its difference from the value
found for the P450cam complex with camphor is 62.3 mL/
mol. It should be noted that camphor is the smallest of the
three substrates. Calculation of the partial volumes for
benzphetamine and palmitic acid using eq 3 (62) as described
above yields volumes of 263 and 268 mL/mol, respectively.
Taking into account these volumes and using the values of
∆V° for dissociation of the substrate complexes presented
in Table 1, we estimated the changes in the partial volume
of the proteins on their interactions with substrates to be
about 267 mL/mol for the P450 2B4-benzphetamine pair
and 248 mL/mol for P450BMP interactions with palmitic
acid. These changes are considerably larger than the value
of 106 mL/mol calculated above for the interactions of
P450cam with camphor. In contrast with P450cam, the
volume changes in 2B4 and BMP are too large to be
accounted for solely by changes in hydration of the active

V°) VM + aSSM + bS + VI + âΤ0RT (3)
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site. These results suggest that the interactions of P450BMP
and P450 2B4 with their substrates induce important
dehydration of sites other than the heme moiety and the
substrate pocket. Thus, structural rearrangements in both
P450 2B4 and P450BMP on substrate binding appear to be
more profound than in the case of P450cam. This conclusion
is in agreement with the data on the high flexibility of
P450BMP (63) and important structural rearrangements in
this heme protein caused by interactions with the substrates
(64-66). This comparison also suggests that the mechanism
of substrate-induced transitions in P450 2B4 is more similar
to those in P450BMP than in P450cam.

All three heme proteins have similar values for∆V° of
the spin transition of the substrate-free enzyme (20-23 mL/
mol). This volume change is consistent with expulsion of
one water molecule (18.1 mL/mol) from the protein. This
result appears to be reasonable in view of the fact that the
transition of low- to high-spin P450 is accompanied by
dissociation of the sixth water ligand from the heme iron
(7). Expulsion of this water ligand from the heme moiety of
P450BMP was recently shown by NMR experiments (65).

While all three heme proteins show similar values of∆V°
for the spin-state transition in the substrate-free state, there
are important differences in this value when determined for
their complexes with substrates. Both substrate-free and
substrate-bound P450BMP shows similar values of∆V° for
the spin-state transition (16-23 mL/mol), and this volume
is consistent with a release of one water molecule from the
substrate pocket. However, in the case of P450cam, binding
of camphor results in an increase of∆V° for the spin-state
transition from 20 to 91 mL/mol. It suggests that the
transition of the camphor-bound heme protein into the low-
spin state requires significant hydration of the protein when
compared to the substrate-free enzyme. This difference of
71 mL/mol is consistent with additional occupancy of four
water molecules in the heme moiety of the substrate-free
high-spin P450cam compared with the high-spin form of the
camphor-bound heme protein. The complex of P450 2B4
with benzphetamine has an intermediate position between
P450cam-camphor and P450BMP-palmitic acid complexes
by the value of∆V° for the spin-state transition.

In a recent study of the interactions of P450cam with a
series of analogues of camphor, a linear relationship between
∆V° and∆G° for the spin-state transition was demonstrated
(67). In these experiments, the concentration of camphor and
its analogues was kept at 400µM, in the presence of 240
mM KCl, and the spectral changes below 1500 bar were used
to determine∆V° values for the spin-state transition (67).
Using the data presented in Table 1, we can calculate that
in these experiments the degree of saturation of P450cam
with substrates was always higher than 80% and pressure-
induced changes in the concentration of the substrate-bound
heme protein could be neglected. Therefore, the effective
values of∆V° for the spin-state transition determined by
Helms et al. (67) may be interpreted as volume changes in
the spin transition of the substrate-bound P450cam. Compar-
ing our results with their data (67), we have found that the
whole series of∆V°/∆G° data pairs for the spin-state
transition obey the same linear dependence. The points
obtained in both studies fall around the same straight line
(Figure 8). Therefore, the linear relationship between∆V°
and∆G° for the spin-state transition appears to be a general

feature of P450 heme proteins and suggests a common
mechanism of the shift of spin equilibrium by substrate
binding for the three heme proteins studied here. The
transition of the substrate-bound P450 from the high- to low-
spin state (without release of the substrate) requires more
hydration than in the case of the substrate-free heme protein,
where only one water molecule apparently enters the heme
moiety on this transition.∆G° of the spin shift may be
thought of as linearly connected with the number of water
molecules required to enter the heme moiety for the transition
of the substrate-bound heme protein into the low-spin form.
This finding may be important in understanding the mech-
anism of interaction of cytochromes P450 with their sub-
strates and the substrate-induced spin shift.
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