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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 camphbog
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 P450BBIR, {49, and—16

mL/mol correspondingly) reveal a linear relationship witls® 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- both the substrate-free and substrate-bound forms, the
molecular interactions and conformational transitions presence of water as tt#eaxis ligand of the heme iron in
(1—6). Study of the role of water in the reaction cycle of the absence of the substrate camphor was confirfaed (
P450s initially focused on water as the replaceable sixth Substrate binding resulted in displacement of the heme-bound
ligand of the P450 heme iror7,(8). NMR spectroscopic  water (L0). The presence of water molecules in the active
examination of the relaxation of bulk solvent protons by site and their role in the reaction cycle has been of continuing
P450cam in the absence and presence of the substrateinterest (1—16).
camphor indic_ated _first and most_surprisingly that.solvent A very specific mechanism for the regulation of water
protons were in rapid exchange with protons on a ligand of 5ccess to the heme moiety by substrate binding was recently
the heme iron¥). Distance calculations indicated that solvent suggested for P450cam and P450BNIZ)( This mechanism
protons exchanged with protons that were approximately 2.6 volves the movement of the side chain of arg299 of
A from the heme iron, indicating that water was the P450cam (arg319 of BM3) between “open” and “closed”
replaceabl&-axis ligand of the heme iron. Camphor binding  conformations. However, there is direct communication
blocked the rapid exchange of solvent protons consistent with peryeen the substrate binding site and bulk solvent over the
displacement of the axial water molecule from the heme iron |_j,qjix past asp267 in molecule B of the P450BM3 dimer in

accompanied by the low- to high-spin transition of the iron o X-ray crystal structurel@). The analogous amino acid
(7). With the solution of the crystal structure of P450cam in  (aqique (asp251) in P450cam has been shown to participate
in salt bridge-triggering of the substrate access channel and
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The displacement of the equilibrium of chemical reactions below 800 bar. This observation convinced the authors that
by hydrostatic pressure is widely used to determine reactionthe pressure-induced spin transition is due solely to substrate
volume changesA\V°) (24—27). Among the factors deter-  dissociation from the enzyme. Notwithstanding this conclu-
mining AV°, the changes in the hydration of the reacting sion, the later studies have demonstrated that the pressure-
molecules play the most important roR8( 29). The partial induced spin-shift in P450cam takes place even at camphor
volume, V°, of a protein in solution can be approximately saturation, but it requires pressures over 800 bar to be applied
described by the sum of three terms, namely, the intrinsic (11, 43, 45). However, a quantitative analysis of this
molar volume, Vy, the “thermal volume”,Vr, and the transition is complicated by its overlapping with P450
“interaction volume”, \ (30, 31). The thermal volume may  conversion to P420, taking place in the same pressure range.
be thought of as an “empty” domain around the solute  Studies of the effect of osmotic pressure on the interactions
molecule resulting from mutual thermal motions, while the of P450cam with substrate (fenchone) and subsequent spin
interaction volume represents the solvent volume change dueransitions of the heme proteih3) suggested that the volume
to hydration that is determined by negative contributions from changes in P450cam in these transitions could not be
the solvent-exposed charged and polar surfaces of the solutegxplained simply by changes in hydration of loosely bound
which cause adjacent water molecules to form a local tightly water in the vicinity of the heme moiety. In these studies,
packed network 32, 33). The combination ofVr andV, 19 water molecules were implicated in the interactions of
reflects the fact that the volume occupied by water molecules P450cam with fenchone and in the spin transition of the heme
is larger near apolar atoms on the protein surface and smalletprotein (L5). The magnitude of this change is much higher
near charged atoms, in comparison to “bulk” water molecules than suggested from the degree of hydration of the substrate
(32, 349). binding pocket near the heme moiety, where from six to nine

Recently Chalikian and Breslaue35) have determined  crystallographically ordered water molecules were found in
that, on average, the exposure of 2ok hydrophobic surface  substrate-free P450cartQj. Thus, the interaction of P450cam
of protein to the water phase results in an increase of thewith substrate and spin transitions of the heme protein were
sum of theVy andV, terms by 0.67 mL/(meR2). In contrast, speculated to involve water bound at sites other than the
the average contribution of polar and charged surfaces tosubstrate-binding site and the heme moidi§)(However,
these terms was found to be equalt6.47 mL/(motA2). the technique employed in these studies with hydrostatic (
Tightening of water packing near surface charges is known 43) and osmotic 15) pressure did not permit determination
as “electrostriction” 27, 32, 36). The partial volume of  of whether solvent displacement was due to substrate binding
electrostricted water is estimated to be about 15 mL/i3@)l, ( or the subsequent low- to high-spin transition of the heme
which is 3 mL/mol smaller than the 18.1 mL/mol value iron. Reaction volume changes derived from these experi-
characteristic for “bulk” water37, 38). Thus, hydrophobic ~ ments represent the overall values and include contributions
hydration and electrostriction affect the density (partial molar from several elementary transitions, which may involve
volume) of bound water as compared to bulk solvent various types of waters of hydration (electrostricted, loosely

AlthoughVr andV, terms are very important in the volume  bound in the protein cavities, etc.).
changes in protein transitions, the changes in the intrinsic We have recently used the principal component analysis
volume of the protein Vi, cannot be neglected. These (PCA) technique for deconvolution of the spectra of P450
changes are due mainly to the changes in hydration of proteinto resolve individual transitions in the heme protel#, 46).
cavities, which are nearly always present in proteins greaterWhen used in high-pressure experiments, this permits the
than 100 residues in size89). Changes in hydration of  resolution of the reaction volume changes of the individual
protein cavities often accompany the processes of pretein contributing processes, such as spin transitions and substrate
ligand and proteirrprotein interactions, especially if the binding @4). In our studies of rabbit liver microsomal P450
cavity constitutes a part of the intermolecular interfa¢e (  2B4 oligomers in solution 44) and in proteoliposomal
5, 40 41). membranes47), we found that the pressure increase does

The importance of protein-bound water in the catalytic not result in dissociation of the complex of P450 2B4 with
cycle of P450-dependent monooxygenases has been exanbenzphetamine. The effective volume changes on binding
ined for P450cam and P450 2B#4( 15, 42—44). Osmotic of benzphetamine to low-spin P450 2B4 were negligibly
and hydrostatic pressure effects on substrate binding tosmall. Instead, the low- to high-spin transition of the substrate
P450cam 11, 13, 15) implicate more water molecules in  complex was accompanied with an important positive volume
this process than are found in the active site of substrate-change, which apparently indicates a dehydration of the
free P450camq). Exposure of camphor-bound P450cam to protein @4, 47). Another important conclusion from these
high hydrostatic pressure was shown to cause a shift of thestudies is that P450 2B4 exhibits barotropic inhomogeneity
spin equilibrium toward the low-spin form. This transition in the oligomeric state. The two pressure-induced processes
is characterized by AV°gy in the range of-20 to —100 in P450 2B4, namely, the spin shift and conversion of P450
mL/mol, depending on the nature of the substrate and theto P420, appear to occur in two different fractions of the
experimental conditions1{, 13). A decrease in intrinsic  heme protein. While approximately 65% of P450 2B4
volume (/) of the heme protein resulting from water molecules were always low-spin and could be converted from
penetration into the heme moiety and the substrate pocketP450 to P420, the rest of the heme protein was not
is believed to be the reason for the pressure-induced high-susceptible to pressure inactivation. Approximately 35% of
to low-spin shift (1, 15, 43). In their study of pressure- the heme protein participated solely in the substrate- and
induced transitions in P450cam, Fisher et 4R)(reported pressure-dependent spin equilibria. This inhomogeneity of
that saturating levels of camphor completely prevented thethe heme protein apparently results from the organization
pressure-induced high-spin to low-spin transition at pressuresof P450 oligomers, as it disappears on monomerization of
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P450 2B4 by detergentd{). As eukaryotic cytochromes K q(P) =K° g PAVRT= &Pz PAV QT 1)
P450 are known to form oligomers not only in solution but © ©
also in membranes, this oligomerization-induced inhomo- Ke = gfuAVoipT

geneity of the heme protein may play an important role in &

the function and regulation of the monooxygenase. In the of the conversion), and\V® is the molar reaction volume.

present paper, we describe pressure effects on the hem%ontrol of the instruments, data acquisition, and fitting were
domain of P4A50BM3 (P450BMP), the bacterial heme protein 40 using our SPECTRALARB smgtware p;ickagd)( g
which has the highest homology with microsomal P450s. In

addition, the effect of hydrostatic pressure on cytochrome ReSULTS

P450cam fromPseudomonas putidavas reexamined at

variable concentration of camphor. The barotropic parameters Pressure-Induced Spectral Changes in P450BKBeries

of substrate binding and spin transitions in P450BMP are Of spectra of substrate-free PA50BMP recorded as a function

compared with those obtained for P450cam and rabbit liver of increasing hydrostatic pressure is shown in Figure 1. In

microsomal P450 2B4. the initial stage (below 1.5 kbar), the difference spectra show
a disappearance of the Soret band of high-spin P450BMP
EXPERIMENTAL PROCEDURES (Amax= 396 nm) concomitant with an increase in absorbance

) ) at the position of the absorbance band of the low-spin heme
Materials All chemicals were of ACS grade and were  protein gy, = 418 nm). This behavior was expected because
used without further purification. The purification of the 4 pressure-induced high- to low-spin shift of other P450s
heme protein domain of P450BM3 (P450BMP), frémcoli had been previously reported for P450cdr8, é5), P450lin
clones containing a plasmid encoding this protein, has been(45)’ and P450 2B444, 47). In the case of microsomal P450
described previously}g). Purification of P450cam was done 24, the shift was observed even in the absence of substrate
by a published procedureg, 50). (44, 47). A further increase in pressure results in the red
Experimental Spectral Measuremerithe spectra were  shift of the PA50BM3 Soret band from 418 to 42426 nm.
measured on a Cary-3 spectrophotometer (Varian, USA) in By analogy with that shown for P450cam5j and P450
the 346-600 nm region wit a 1 nmdigitizing step. The  2B4 (44, 47), this shift was attributed to the conversion of
computer-controlled optical pressure system, capable of P450 to P420. These changes are complete at about 3500
generating a pressure of 7000 bar, has been describedar. A further increase in pressure had no effect on the
previously 61). After each adjustment of pressure, the system absorbance of P450BMP. When the system was decom-
was allowed to stabilize for 3 min before measurement of pressed from pressures below 1.5 kbar, where no conversion
the spectrum. At each pressure, at least 2 spectra werérom P450 to P420 was observed, the changes (spin shift)
measured and averaged. All experiments with PA50BMP were immediately and totally reversible. When the decom-
were carried out at 28C in 100 mM Na-HEPES buffer, pression was done from the higher pressures, the changes
pH 7.4, containing 1 mM dithiothreitol and 1 mM EDTA.  were also mostly reversible, but the conversion from P420
The experiments with P450cam were done in 100 mM Tris- to P450 was slow. Depending on experimental conditions,
HCI buffer (pH 7) containing 240 mM KCI at 4C. the conversion required from 5 to 10 min to several hours
Data ProcessingTo interpret the experiments in terms (see below).
of pressure-induced changes in concentration of PAS0BMP  On completion of the process the maxima of the Soret
species (high- and low-spin P450, and P420), a mathematicaband andx- andS-bands returned to the initial position, but
method based on principal component analysis (PCA) wasthe amplitude of the spectrum was in some cases consider-
used #4). This method is designed to resolve the optical ably less than the initial level (Figure 1a, dotted line). Thus,
changes in multicomponent systems into the separate comthe conversion of P450 to P420 caused by hydrostatic
ponents reflecting the concentration of each component in pressure was accompanied by some irreversible bleaching
the system. It was also used to remove the spectral perturbaef the heme. This phenomenon had been observed earlier
tions due to the changes in turbidity of the system during for P450 2B4 44). While the bleaching of P4A50BMP was
the experiments. Correction for turbidity was especially significant (20-30%) in the absence of substrate, addition
important in the presence of palmitic acid, which forms of palmitic acid was shown to protect the protein. At
micelles whose size appears to be pressure-dependent. Aaturating concentrations of palmitic acid (1@8), no
minor component of the turbidity change was denaturation bleaching of the protein was observed and the pressure-
of some of the protein at high pressure. To interpret the induced changes appeared to be totally reversible.
pressure-induced transitions in terms of changes in concen-  For quantitative analysis of the pressure-induced changes,
tration of P450 species, we used a least-squares fitting ofg set of standard spectra (high-spin, low-spin, and P420) is
PCA-decomposed spectra to the set of the spectral standardgequired. An attempt to use the set employed earlier for P450
of high-spin, low-spin, and P420 forms of the heme protein 2B4 (44, 46) showed that the spectra of this mammalian
(see “Results”). This approach was described in detail earlier heme protein do not fit the spectral changes in P450BMP.
(44, 46). The most important difference was observed in the region
Analysis of Pressure-Induced Transitiofi$ie interpreta- of the Soret band of the spectra of the P420 heme proteins.
tion of pressure-induced changes is based on the equationTo obtain the spectral standards of P450BMP, the procedure
for the pressure dependence of the equilibrium consg@t ( of backward fitting of the given spectra by the results of
(eq 1) whereKe(P) andK°eq are the equilibrium constants PCA of the experimental data was employé&3, (44). A
of the reaction at pressuf® and at zero pressure, respec- series of spectra measured at normal pressure at various
tively, Py, is the pressure at whidkeq = 1 (“half-pressure” concentrations of palmitic acid were used to obtain the
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Ficure 1: Pressure-induced changes in the absorbance spectra ot

P450BMP in the absence of fatty acid substrate. Conditions: 100 FIGURE 2: Standard spectra of pure high- and low-spin and P420
mM Na—Hepes buffer, pH 7.4, 1 mM EDTA, 1 mM dithiothreitol, ~ States of P450BMP deduced by PCA from the results of palmitic

25 °C. The optical path length was 5 mm. (a, top): 3M acid titration and pressure perturbation experiments. (a, top) Spectra

P450BMP, no substrate present. Absolute spectra measured at 10f the low-spin (solid line), high-spin (dotted line), and P420
1200, 2400, 3000, 3400, and 4500 bar, at 1 bar immediately after(dashed line) states of PA50BMP; (b, bottom) spectra of P420BMP

decompression from 5 kbar (dashed line), and 12 h after decom- (Solid line) and P450 2B44).

pression (dotted line). The inset shows the results as the difference

between the spectra at a particular pressure and the initial spectrunwhich were found to be broader in the case of PA50BMP.
(at 1 bar). Thﬁ difference between the spectra measured at norma|n, contrast, there is a significant difference between P450BMP
pressure 12 h after decompression and prior to pressurization iSand P450 2B4 in the spectra of the P420 state (Figure 2b).

shown by a dotted line. (b, bottom): 2/ P450BMP, 8uM o .
palmitic acid. Absolute spectra were measured at 1, 800, 1200, Although the position of the maximum of the Soret band

2000, 3200, and 4000 bar (solid lines), at 1 bar immediately after (425 nm) of P420BMP is close to that of P420 2B4 (427
decompression from 5 kbar (dashed line), and at 20 min after nm) (11, 53), the band is broader and the extinction
e e omra o s st e yegOSficet at the maximum was only 105 mblc
spectrum at 1 bar (solidplines), thepdifferencg between the initial compared with 128 mf cm™ for P420 2B4 46). Theo-
spectrum and the spectrum measured at normal pressure im-2ndS-bands of P420BMP are also broader than those of P420
mediately after decompression is shown by a dashed line, and 302B4. Despite these differences, the area under the spectrum
min after decompression is shown by a dotted line. in the 340-600 nm region remains unchanged.

standards of high- and low-spin states. To produce a spectrum Pressure-induced changes in the concentration of high-,
of pure P420BMP, we used a series of spectra measuredow-spin, and P420 states of PASOBMP in the absence of
versus time at normal pressure during the conversion of P420substrate and in the presence of @4 palmitic acid are

to P450 after a high-pressure experiment. The extinction shown in Figure 3. These results correspond to the above
coefficients for the high- and low-spin forms were verified qualitative description. Exposure of P450BMP to high
by measurements of the total P450 concentration by thepressures induces a high- to low-spin, shift and a subsequent
method of Omura and Sat62). The extinction coefficient =~ P450 to P420 transition, which is almost complete (more
for P420 was evaluated from the requirement of conservationthan 80% P420) at 4000 bar both in the presence and in
of the total heme protein concentration during recovery. The absence of substrate. The whole pool of substrate-free
resulting spectra of the high- and low-spin forms of P450BMP undergoes this transition in contrast to that shown
P450BMP are shown in Figure 2a. One can see that thefor P450 2B4, where only about two thirds of the heme
spectra of P4A50BMP are similar to those of P450cd& ( protein could be converted to the P420 state by high pressure
53) and P450 2B444, 46). A minor difference between the (44, 47, 54).

spectra of P450BMP and P450 2B4 is observed in the To confirm the reliability of our spectral standards used
structure ofa- and3-bands of the low-spin heme proteins, in the treatment of the spectra of oxidized P420BMP, we

400 500 600 700
Wavelength, nm
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g band blue-shifted compared to the position of the band of
S the “normal” P450 heme protein (418 nm).
05 Analysis of Substrate Binding and Spin Transitions of
P450BMP To perform an analysis of the pressure-induced
0o changes in P450BMP substrate-binding and spin equilibria,

0 1000 2000 3000 4000 we have used a four-state model of the transitions shown in
Pressure, bar Scheme 1, where “P” and “PS” correspond to P450 and its
FiGURE 3: Pressure-induced changes in the concentrations of the cOmMplex with the substrate, respectively. The subscripts “I”
high-spin (open circles), low-spin (filled circles), P420 (filled and “h” designate respectively the low- and high-spin states
triangles), and the total heme protein (open triangles) in the absencepf the heme protein. To simplify the analysis, the two
of substrate (a, top) and in the presence @8 palmitic acid (b,  jhdependent substrate binding equilibria of high- and low-
bottom). Other conditions were as those indicated for Figure 1. . : S
spin P450 can be replaced by a single equilibrium character-

have also determined the concentration of P420 and P4502€d by an apparent dissociation const#Qt(56), as shown
forms of the heme protein during the process of conversion i Scheme 2. These two schemes are formally equivalent,
from the absorbance spectra of the reduced carbonyl complex@nd the values of the parameters of the Scheme 2 can be
of the heme protein mixturésd, 55). This technique yields ~ Used to calculate the parameters of the Scheme 1.

the same estimate of P420 content as derived from the spectra
of oxidized heme proteinThis 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 To estimate the values of the equilibrium constants and
for quantitative interpretation of the observed spectral the molar volume changes, a series of high-pressure experi-
changes. The calculation of the concentrations from the ments were performed at various concentrations of palmitic
spectra of the reduced carbonyl complex also supports ouracid. The results were used to determine the dependence of
conclusion regarding the reversibility of the P450-to-P420 the high-spin content of PAS0BMP as a function of pressure.
conversion upon incubation after decompression. However, These results were fit as a whole to the combination of the
at the end of the process, when the spectra of the oxidizedsteady-state equilibrium equation corresponding to Scheme
heme protein indicates no P420 present, the spectra of the2 with eq 1. The fitting gives the values &8, Kn, andKg
reduced carbonyl complex still indicate that there is up to and the corresponding molar volume changes. The values
40% of P420-like material in the samples. This suggests theof the constant&y and Kq, were then calculated using eq
presence of some form of P4A50BMP that has a Soret band2. In combination with the equation in Scheme 2, these
of reduced carbonyl complex at 420 nm that is almost relationships allow us to calculakg andKgn as a function
indistinguishable from the P450 state in the oxidized form. of pressure. Then, the slopes of the plots oKl and

This result is in agreement with our observation of the In(Kgn) versus pressure give the corresponding molar volume
multiplicity of P420 forms of P4A50BMP. A close examina- changes.

tion of the spectra of PA50BMP after recovery reveals a slight The experimental data and the fit to the proposed model
blue shift (:-2 nm) of the Soret maximum compared with  shown in Figure 4 indicate that P4A50BMP behaves as a single
the initial P450 state. Thus, the P420 state of P450BMP with entity that can undergo both spin equilibria and conversion
P450-like spectral characteristics appears to have the Sorefrom P450 to P420. This is in contrast to P450 2B4 in

_ K1+ Khs). _ KarrKp

_ : 2
dl (1+ Kh) dh Khs ( )
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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(&B4 Benzphetamine as Substréte)

equilib const at zero pressure AV° 9 mL/mol
transitiorf BMP P450cam 2B4 BMP P450cam 2B4
P < Pn (Kn) 0.19 0.013 0.32 23 20 21
PS< P:S (Krs) 1.2 62 8.3 16 91 49
PS< P+ S Ky 2.1uM 4.4uM 130uM —25 —48 8.1
PS< P+ S (Ka) 3.9uM 280uM 930uM -20 42 5.3
P.S< Py + S Kan) 0.61uM 0.047uM 36 uM -13 -29 -23

aThe values given for P450 2B4 are from our previous publicatai. (The original paper contains only the values for the transition calculated
for the simplified model (Scheme 2). The valueskaf andKgn (lower portion of the table) were calculated from the original values as described
in the text.> The values given for P450 2B4 and P450BMP were determined &C2%vhile those of P450cam were measured &C4 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 estimateskaf andKg, and corresponding reaction volumes (lower portion of the table) whose standard deviations are
higher (20-40% of the values): The designations used here correspond to those used for Schemes 193 Zign of the reaction volume
corresponds to the low- to high-spin and substrate complex dissociation reactions.

1 bar ﬁ to low-spin state is accompanied by a volume decrea28 (
05 o and—16 mL/mol, respectively). Dissociation of the substrate
? , complex of both low- and high-spin P450BMP is also
0.4 ; ’ v characterized by a negative volume chang@@ and—13
< § o | mL/mol correspondingly).
%0-3 o A " ’ Analysis of the P450 to P420 Transition of PA50BMP
E "( s I The pressure dependence of the P420 content in P4A50BMP
8oz ,/.,. ] at several concentrations of palmitic acid is shown in Figure
. / p - q 5a. The parameters of the pressure-induced P450 to P420
0.1 / . transition of P450BMP exhibits clear dependence on the
: . T 4200 bar | concentration of substrate. In the case of P450BMP, the
0.0 88 . . . molar volume change for the conversion of P450 to P420 in
0 25 50 75 100 the absence of substrate wa®9 mL/mol. This value is

Palmiate, LM decreased te-42 mL/mol by the addition of palmitic acid

(32uM). The decrease in the reaction volume is accompanied
by an increase in they; value from 2.1 kbar in the absence
of substrate to 3.1 kbar with 32V palmitic acid. However,
since pressure induces a dissociation of the substrate complex
of PA50BMP (see above), theA&° andP;, 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 P4A50BMP 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
00l , . . . B— ; transition of substrate-free enzyme). If dissociation of the
0 500 1000 1500 2000 2500 3000 substrate complex of P450BMP is required for conversion
Pressure, bar of P4A50BMP into P420, the behavior of the system can be
Ficure 4: Effect of pressure on the high-spin content in P450BMP predicted from the values shown in Table 1 and the

as a function of the concentration of palmitic acid. The same data parameters of the P450 to P420 transition of substrate-free

set is shown as follows: (a, top) a series of the palmitic -acid ; o _ —
fitration curves measured at 1, 200, 400, 600, 800, 1000, 1200, '€Me Pprotein Av* = —99 mL/mol, Py, = 2.1 kbar).
1400, 1600, 2000, 2400, 2800 and 3200 bar; (b, bottom) a seriesAlthough the modeling curves built in this way (Figure 5b)

of the pressure dependencies measured in the absence of substrat not fit the experimental data precisely, the qualitative
?h“: ?etstyltgy gf' tlh% ?itzt’inan?)flt%‘?g %?gitsi% tatc(i)dih?eolied lljithiSnS?c?rWthe behavior of the model is very similar to that observed in the
pressure dependence 0% the system in Scheme 1 w?th the parameter%Xperlment (Figure 5,)' Thus, the. above hypotheSI§ c;an be
shown in Table 1. taken as a rough estimate of reality. For example, fitting of
the modeling curve for 32M palmitic acid by the equation
solution where the fraction undergoing the P450 to P420 in Scheme 1 gives values afv° and Py, of —47 mL/mol
transition was found to exclude the fraction that underwent and 2.7 kbar, which are close to experimentally determined
the substrate-dependent spin transitidd, @7). values 42 mL/mol and 3.1 kbar, respectively). Thus, an
The values of the constants of the elementary transitions apparent decrease i\° for the P450 to P420 transition in
and the correspondingyV° values are compared with those the presence of substrate is explainable by the fact that in
found for P450 2B444) in Table 1. The conversion of both  the latter case the inactivation is preceded by pressure-
substrate-free and substrate-bound P450BMP from the high-induced dissociation of the PA50BMP-substrate complex.

Fraction high-spin

no substrate
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FiIGURe 6: Kinetics of the conversion of pressure generated
P420BMP back to the P450 state after decompression. Curves were
1.00 recorded at 0.5 (open circles) and 8 (filled circles) PASOBMP.

The inset shows the initial portions of the same curves. Solid lines
represent the results of data fitting. The curve measured atNd.5
P450BMP obeys a single-exponential equation with a kinetic
constant of 0.26 mint. The curve for 8.5M P450BMP was fit to

the equation of the sum of two exponents with kinetic constants of
0.27 mir! and 0.23 h! and the 45% fraction of the fast phase.

o

N

a
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o
o
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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-
0 1000 2000 3000 4000 5000 mented, and our results are completely consistent with
Pressure, bar previous observationd , 27, 43). Similar to that reported

FiGUrRe 5: Pressure-induced conversion of P450BMP into P420. here for P4A50BMP, an increase in hydrostatic pressure results
(a, top) The dependencies of the P420 content on pressure are showfh g high- to low-spin transition of P450cam followed by

at no substrate present (closed circles) and at 6 (open circles), 166 pressure-induced formation of the P420 state of the heme
(closed triangles), and 32M (open triangles) palmitic acid. Solid

lines show the results of the fitting of these data to the equation of Protein. In agreement with earlier data for P450cad g7)
pressure dependence of the equilibrium of a single transition (eqand in contrast to that observed here for PA50BMP, the

1). (b, bottom) Modeling of the pressure-induced P450 to P420 pressure-induced inactivation of P450cam was almost ir-

trantsitionfg hP450IiMF:[hby Fhel Combi”%tionpgotfge Peggit"briu_ft‘? reversible. To simplify the interpretation of the results and
system of Scheme 1 with a single reversible -to- ransition, _ : r ;
of the substrate-free heme protein (i.e. from the assumption, thatto Improve the reso_lutlon O.f the pressure Inducec_J spin
the substrate-bound P450BMP does not undergo the inactivation).transitions from the inactivation of the heme protein, all
The experimentally obtained parameters for the substrate binding,experiments with P450cam were carried out 8C4 At this

spin transitions (Table 1), c,and P450-to-P420 conversion of the temperature the overlapping of pressure-induced spin shift
sv‘g;z"j‘stgafrﬁ]etﬁ :%’E{%ﬁg Tzhgggr\%';”\zg;epg; I?ufétlecli(t;g? o . and inactivation was minimal. In agreement with previous
16, and 324M palmitic acid. ' 7 observations, pressure-induced inactivation of P450cam was

accompanied by prominent bleaching of the Soret band
As described above, the pressure-induced conversion ofconcomitant with the appearance of spectral bands near 365

P450BMP to P420 is partially reversible. The kinetics of and 454 nm 11, 27). To increase the accuracy of the
the P420 conversion to P450 after decompression are showrf/€termination of the spin state in our experiments with
in Figure 6 at two different concentrations of PA50BMP. The P450cam, the weighting coefficients for the spectral regions

kinetics show a clear dependence on P450BMP concentra0f these bands (353375 and 435465 nm) were set to
tion. At 8.54M P450BMP the recovery took about 12 h, Minimum when fitting the data by the spectral standards of
while at 0.54M P450BMP there was an almost complete P4°01s, P450hs, and P420 states. _
recovery in a few minutes after decompression from 5 kbar. _ The series of pressure dependencies of the spin state of
To explain this dependence, we assume that P420BMP formsP450cam measured at various concentrations of camphor is
aggregates with &g in the range of 0.5 and ZM and that shown in Figure 7. As can be seen in that figure, our results
aggregation stabilizes P420 and prevents it from recovery fit the four-equilibrium model (Scheme 1). The values of
to P450. the barotropic parameters derived from this fitting are shown

Analysis of Substrate Binding and Spin Transitions in in Table 1.
P450camAs it was stated above, despite extensive studies

: o o > DI ION

of pressure-induced transitions in P450cam, the barotropic SCUSSIO
parameters of the individual transitions of the four-step  Despite the differences in the gene and protein sequences
equilibrium model (Scheme 1) had not been determined. All of members of the P450 gene superfamily, the structures of
previous experiments were done in the absence or atthe five that are publishedb{—60) are remarkably similar
saturating concentrations of substrates, which did not permitin the structural core. Although the structure of the heme

Fraction in P450-state

o
N
a

0.00
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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
. Y heme protein. The dependence of the kinetics of the
¢« 75 backward conversion of P420 to P450 on the initial
0.41 ° _+ 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 P4A50BMP
requires a rearrangement of the protein involving surface-
exposed regions. These surface-exposed residues create
0.0 ; . P420-P420 interaction sites, promote aggregation, and
0 2 4 8 8 appear to stabilize the heme protein in the P420 state. The
Camphor, pM . .
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
- a— . (Scheme 1). Also, in the present study we have for the first
0 500 1000 1500 2000 time resolved the volume changes in P450cam into the values

Pressure, bar for each step of the four-state equilibrium model. The newly
FiGURe 7: Effect of pressure on the high-spin content in P450cam obtained values of volume changes in substrate binding and
as a function of the concentration of camphor. ConditiongM3 gpjin-state transition in all three P450s are presented in Table

P50cam in 100 mM Tris-HCI, pH 7.4, 240 mM KCI; 4C. The o . L .
same data set is shown as follows: (a, top) as a sefies of thel: If the values ofAV° for spin-state transitions allow direct

camphor-titration curves measured at 1, 150, 300, 450, 600, 750, comparison, the analysis of the valuesAdf® for substrate
900, 1050, 1200, 1400, 1600, 1800, and 2000 bar; (b, bottom) a dissociation requires the differences in the partial volumes
series of the pressure dependencies measured in the absence @ff the substrates to be taken into account.
substrate and at 0.33, 0.7, 2.6, 4.2, 5.2, 6.25, 8.2, anduM0 Dissociation of the substrate complex of P450cam was
camphor; solid lines show the results of the fitting of this data set . .
by the equation for the pressure dependence of the system illustrate@SSUmed to be accompanied by a negative volume change
by the Scheme 1 with the parameters shown in Table 1. because of water penetration into the vicinity of the heme
moiety and the substrate pocket. Despite these expectations,
moiety of the cytochromes P450 is well-characterized, the our analysis shows that the volume change in the dissociation
nature of the P420 form of these enzymes is almost unknown.of the low-spin form of the camphor-bound heme protein is
The process of conversion of “P450” to “P420” is poorly positive. Therefore, an increase in hydrostatic pressure
understood, and no unifying concepts are currently availableinduces formation of the substrate complex and, simulta-
to account for this conversion. The pressure-induced transi-neously, shifts the spin state of the camphor-bound P450cam
tion of PA50BMP into the P420 state and P450 2B4 into its toward the low-spin form. These results are in contrast with
P420 state is distinctly different for these heme proteins. In the previous conclusion of Fisher et &2] that the pressure-
the oligomers of P450 2B4, the maximal ratio of the induced spin shift in P450cam reflects the pressure-induced
conversion to P420 is never higher than-6®% due to the  dissociation of the substrate complex. This conclusion was
presence of two independent populations of the heme proteinbased on the observation that hydrostatic pressure has almost
that undergo substrate- and pressure-dependent equilibriano effect on the spin state of the substrate-saturated enzyme.
(44). In contrast, soluble monomeric bacterial P450cam and However, as can be seen in Figure 7, the pressure region
P450BMP behave as single entities undergoing both spin(1—800 bar) used in this analysis is not enough to probe
equilibria and the P450 to P420 transitiofd( 47). Our pressure-induced spin transitions. Our analysis clearly shows
present data on P450cam and P450BMP support the priorthat the conclusion of Fisher et al. is incorrect and the
conclusion that the apparent heterogeneity of P450 2B4 in pressure-induced spin shift in P450 is due to the displacement
its barotropic behavior is due to the oligomeric nature of of the spin equilibrium of the substrate-bound enzyme and
this membrane-bound protein. not to the dissociation of the complex.

The very highAV®° for the P450 to P420 conversion of The volume changes measured by pressure perturbation
P450BMP suggests some important hydration of the proteinrepresent a bulk effect over the whole system; therefore, the
accompanies this transition. This hydration is difficult to volume decrease due to removal of the substrate molecule
explain only by the water flux into the heme moiety AV° from solution must also be considered. The volume changes
this large can only result from an increase of the water- upon the interactions of the heme protein with the substrate
accessible surface of the protein. The broad absorbance bandare composed of the changes in the partial volume of the

0.6

1 bar

Fraction high-spin
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Fraction high-spin
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protein as well as the volume change due to incorporation above calculated volume change-6106 mL/mol ise due
of the substrate molecule into the substrate pocket. Thus,solely to dehydration of the heme moiety and the substrate

the interpretation of the values AiV°4ssrequires the partial
volume {°) of the substrate to be taken into account.
The values oW for small organic solutes can be estimated
using a semiempiric equation proposed by Kharal3. (
This equation was implemented here in the following form:

Vo=V, +a§, + bs+ V, + B ,RT 3

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 .06 mL/mol gives a value
of about 197 mL/mol for the total volume change in the

This equation was obtained by substitution of the thermal transition of low-spin substrate-free P450cam into the high-

volumeVr term by its empirical approximatioVr = asSy

+ bs, whereSy is the surface of the molecule. The values
of ag andbs were estimated to be 0.249 mL/(mAP) and 4
mL/mol correspondingly, if the “van der Waals” volume and
surface values are used g andSy (30). The interaction

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

volumeV, might be estimated as a sum of the contributions the estimate of 19 molecules derived from osmotic stress

of —6 mL/mol per each polar atom in the molecuoy
The “ideal term”,f1oRT, was taken as 1 mL/moBQ, 31).

studies 15). Our estimate is not too far from the maximal
changes in the hydration of the active site of P450cam from

To calculate the van der Waals volume and surface we usedtheoretical considerations. Examination of the X-ray structure

the “SPACEFILL" utility from “TINKER” molecular me-
chanics software toolkitg(), which is available from Prof.
J. W. Ponder at http://dasher.wustl.edu/tinker.

Using the method above6?), the partial volume of

shows that substrate-free P450cam contains six crystallo-
graphically ordered water molecules in the immediate vicinity
of the heme moietyl(0). Molecular mechanics calculations
show the possible locations for up to three additional water

camphor in water solution was calculated to be about 148 molecules in the active site of P450cah2), It is suggested,
mL/mol. Therefore, the volume changes due to incorporation that two to three water molecules displaced from the active
of camphor into the substrate pocket could account for site by substrate binding occupy the substrate-access channel;

approximately—148 mL/mol. However, the experimental

value of the reaction volume of complex formation (the
negative ofAV° 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

the rest of the displaced water molecules have to be excluded
to bulk solvent {1, 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 -6 3
water molecules (54137 mL/mol), which is not dramatically

determined as the difference between this value and thelower than the estimate of 197 mL/mol derived from the

partial volume of camphor giving an estimate6106 mL/
mol.

present study. Thus, the changes in the partial volume of
P450cam on camphor binding and spin transition are

It is assumed that as the compressibility of the protein explainable from the suggestion that they are due solely to
core is rather small and the intrinsic volume (“van der Waals the changes in the hydration of the active site of P450.
volume”) of the protein core can be considered constant, the However, we cannot completely exclude the possibility that

changes in the protein partial volume reflect primarily the
changes in the protein hydratio28 29). At first glance,
we can consider the changes\if as the bulk effect of the
hydration/dehydration of the protein cavitieg,(term) and

the formation of the complex of P450cam with substrates
also involves dehydration of some loci outside of the active
site of the heme proteirlp).

The AV? for dissociation of the benzphetamine complex

the changes in the water density around the protein moleculeof low-spin P450 2B4 is positive and differs from the value
due to the exposition of its hydrophobic and polar regions found for P450cam by 37 mL/mol (Table 1). The volume
to the water phasevf andV, terms). Due to the complex change on dissociation of the low-spin P450BM#almitic
nature of theAV° values, they cannot be used to make any acid complex is negative, and its difference from the value
definitive conclusion on the hydration changes. However, found for the P450cam complex with camphor is 62.3 mL/
for the qualitative analysis we can apply an oversimplified mol. It should be noted that camphor is the smallest of the
suggestion that all changes in the partial volume of the three substrates. Calculation of the partial volumes for
protein are due to the hydration/dehydration of the protein benzphetamine and palmitic acid using e®3) @s described
cavities. Assuming the volume change due to the penetrationabove yields volumes of 263 and 268 mL/mol, respectively.
of one water molecule into the protein cavity of 18.1 mL/ Taking into account these volumes and using the values of
mol, which is the partial volume of water in the bulk solvent AV° for dissociation of the substrate complexes presented
(37, 38), one can estimate the minimal number of waters in Table 1, we estimated the changes in the partial volume
implicated in the transition. The estimates obtained in this of the proteins on their interactions with substrates to be
way should be considered as a very coarse approximationabout 267 mL/mol for the P450 2B4enzphetamine pair

of the minimal number of water molecules employed in the and 248 mL/mol for PA50BMP interactions with palmitic
changes of the protein hydration. This approach can be usedacid. These changes are considerably larger than the value
to judge whether the observed volume changes are explain-of 106 mL/mol calculated above for the interactions of
able only by water penetration into the active site of P450, P450cam with camphor. In contrast with P450cam, the
or we can assume some other regions of the protein to bevolume changes in 2B4 and BMP are too large to be
involved in the hydration changes. If we assume that the accounted for solely by changes in hydration of the active
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site. These results suggest that the interactions of PA5S0BMP
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

AV®, ml/mol

0

to those in P450BMP than in P450cam. 00 05 10 15 20 25
All three heme proteins have similar values fov° of AG®, keal/mol
the spin transition of the substrate-free enzyme~28 mL/ Ficure 8: Correlation between molar volume change/f) and

mol). This volume change is consistent with expulsion of the change in Gibbs free energg@°) in the low to high-spin

one water molecule (18.1 mL/mol) from the protein. This transition of substrate-bound cytochromes P450. Filled circles
. represent the results obtained in the present study for P450BMP/
result appears to be reasonable in view of the fact that thepalmitic acid (1), P450 2B4/benzphetamine (2), and P450cam/

transition of low- to high-spin P450 is accompanied by camphor (3) pairs. Data shown in open circles are taken from the
dissociation of the sixth water ligand from the heme iron work of Helms and coauthor§T) and represent the results obtained

(7). Expulsion of this water ligand from the heme moiety of for the complexes of P450cam witmdoborneolO-methyl ether
P450BMP was recently shown by NMR experimergs)( of camphor (4)endceborneolO-propyl ether of camphor (5&nde
While all three heme proteins show similar value\af° borneolO-allyl ether of camphor (6), and camphor (7).
for the spin-state transition in the substrate-free state, there]c
are important differences in this value when determined for
their complexes with substrates. Both substrate-free and
substrate-bound P450BMP shows similar valueAsf for
the spin-state transition (33 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 AY° 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 REFERENCES
with benzphetamine has an intermediate position between

P450cam-camphor and P450BMPpalmitic acid complexes 1 gggzegian, V. A.,and Rau, D. C. (1984Lell Biol. 99 196s-
by the value ofAV° for the spin-state transition. 2 Rupléy, J. A, and Careri, G. (199A)lv. Protein Chem. 41

In a recent study of the interactions of P450cam with a 37—-172.
series of analogues of camphor, a linear relationship between 3. Schoenborn, B. P., Garcia, A., and Knott, R. (1985)g.
AV° andAG?® for the spin-state transition was demonstrated Biophys. Mol. Biol. 64105-119.
(67). In these experiments, the concentration of camphor and 4 Reid. C., and Rand, R. P. (19%ipphys. J. 721022-1030.
) . Covell, D. G., and Wallqvist, A. (1997). Mol. Biol. 269
its analogues was kept at 4@, in the presence of 240 281-297.
mM KClI, and the spectral changes below 1500 bar were used 6. Poornima, C. S., and Dean, P. M. (1995)Comput.-Aided.
to determineAV® values for the spin-state transitio7j. Mol. Des. 9 500-512.
Using the data presented in Table 1, we can calculate that 7- gz{i{ggéié\l/v" and Peterson, J. A. (1973)Biol. Chem. 250
n these experiments the deg_ree of saturation of P450cam 8. Philson, S. B., Debrunner, P. G., Schmidt, P. G., and Gunsalus,
with substrates was always higher than 80% and pressure- | ‘¢ "(1979)J.  Biol. Chem. 25410173-10179.
induced changes in the concentration of the substrate-bound 9. Poulos, T. L., Finzel, B. C., and Howard, A. J. (1986)
heme protein could be neglected. Therefore, the effective Biochemistry 255314-5322.
values of AV° for the spin-state transition determined by 0. Poulos, T. L., Finzel, B. C., and Howard, A. J. (1987Mol.
Helms_ et al. 67) may be interpreted as volume changes in 11.?8:' égﬁ %85;78(_)" Di Primo, C., Geze, M., Douzou, P..
the spin transition of the substrate-bound P450cam. Compar- ~ kornplatt, J. A., and Sligar, S. G. (199@jochemistry 29
ing our results with their dateb¥), we have found that the 6810-6815.
whole series of AV°/AG® data pairs for the spin-state  12. Wade, R. C. (1990). Comput.-Aided. Mol. Des., 499~
transition obey the same linear dependence. The points . 204

obtained in both studies fall around the same straight line 13'8532??%&" Eel't%églsz'zgé'_ggfon Hoa, G., and Douzou, P.

(Figure 8). Therefore, the linear relationship betwef 14. Loida, P. J., and Sligar, S. G. (19®pchemistry 3211530~
andAG?® for the spin-state transition appears to be a general 11538.

eature 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 transitionAG® 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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