10262 Biochemistryl1997,36, 10262-10275

Dynamics of Carbon Monoxide Binding with Cytochromes P-450

Catherine Taeau? Carmelo Di Prim& Reinhard Langé Herve Tourbezt and Daniel Lavalette*

Institut Curie, INSERM U350, Bat. 112, Centre Waisitaire, 91405 Orsay, France, Institut de Biologie Physico-chimique,
INSERM-INRA U310, 13, rue Pierre et Marie Curie, 75005 Paris, France, and
INSERM U128, route de Mende, BP5051, 34033 Montpellier, France

Receied March 18, 1997; Résed Manuscript Recegéd May 29, 1997

ABSTRACT. The dynamics of CO rebinding with cytochromes P-4R0P-45Q., and P-450y., after laser

flash photolysis have been investigated from 293 to 77 K, and the distribution functions of the rate
parameter®(k) and of the activation enthal@®(H) were determined using the maximum entropy method.

In a fluid solvent, geminate rebinding is nonexponential, presumably because of a spectral shift induced
by protein relaxation on the same time scale. Substrate binding increases the yield of the bimolecular
process and decreases the bimolecular rate by 1 or 2 orders of magnitude. The amplitude of these effects
seems to correlate with substrate specificity. In a rigid environment at low temperature, cytochromes
P-450 exhibit a bimodal distribution of activation enthalpytd) consists of two distinct bands which are

in a thermal equilibrium even at 77 K. The results lead to a scheme in which a common structural
perturbation splits the conformational substates of cytochromes P-450 into pairs of “doublet” substates
with different dynamic properties. The hierarchy of conformational substates of cytochromes P-450 thus
contrasts with that of oxygen-binding hemoproteins such as myoglobin.

Most of present-day concepts on protein dynamics have temperature of the solvent). On the contrary, in a fluid
come from numerous studies devoted to hemoglobin andenvironment (e.g. at room temperature), ligand rebinding
myoglobin. At least three reasons made these oxygenappears exponential because rapid equilibrium fluctuations
transport and storage hemoproteins ideal models for inves-between substates cauf¥k) to collapse into a unique
tigating the relationship between protein structure, dynamics, average value.
and function: {) the three-dimensional X-ray structures were  These features have been shown later to apply not only to
determined early;ii) they bind simple ligands such a$,0  hemoproteins but also to the non-heme oxygen carrier
CO, NO, or cyanides and display good spectroscopic markershemerythrin (Lavalette et al., 1991) and to the electron carrier
which are characteristic of the ligation state of their reactive copper protein azurin (Ehrenstein & Nienhaus, 1992).
prosthetic group, the hemeiji§ the heme-ligand bond is  Various methods have been successively used to recover the
photolabile. This property opened the way to time-resolved enthalpy distributionsP(H) from the observed kinetics
investigation using flash photolysis. In particular flash (Austin et al., 1975; Lavalette et al., 1991; Steinbach et al.,
photolysis experiments performed in a rigid environment at 1991). The correlation betwed{H), P(k), and thermody-
low temperatures have contributed greatly to our understand-namic as well as kinetic parameters at room temperature have
ing of the dynamic behavior of proteins. The picture that been discussed in detail (Ansari et al., 1986; Lavalette et
has emerged (Austin et al., 1975) can be summarized asal., 1991).
follows: a protein can assume a variety of energetically  Two additional features have recently been added to the
similar conformational substates (CS), which slightly differ general framework derived from the study of carboxy-
in their activation enthalpy for ligand binding. Protein myoglobin: {) above about 180 K, the kinetics are further
molecules in different substates rebind at slightly different complicated by a relaxation process which affects the whole
rates. The thermodynamics and the kinetics of a protein protein and which occurs on the time scale of the rebinding
ensemble are therefore best described by probability distribu-reaction (Steinbach et al., 1991; Nienhaus et al., 1992; Lim
tions of the activation enthalpyl and of the reaction rate et al., 1993; Ansari et al., 1994)i)(CS constitute a hierarchy
parametek, P(H) andP(k), respectively. The rate distribu-  (Ansari et al., 1985; Ansari et al., 1987). The higher
tion shows itself as nonexponential geminate kinetics when members, CS are based on a few conformers which bind
fluctuations between substates are hindered, as is the caseQ with different geometries. C%ire well characterized
in a rigid environment (e.g. below the glass transition py infrared CO stretch bands. Nonexponential CO rebinding

kinetics, monitored by IR spectroscopy, showed that each

* This work was supported, in parts, by a “Contrat cooperatif’ from CSis composed of a collection of conformational sybstates,
the Institut Curie. CS' (Ansari et al., 1987; Berendzen & Braunstein, 1990;
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porphyrin IX, they display a great diversity of biological Methods
functions such as activation of procarcinogens, detoxification
of xenobiotics, and steroid biosynthesis. They also greatly
differ in their substrate specificity. Thus, this family offers
a unique opportunity to examine the regulatory role of the
protein matrix and to investigate the relationship between
protein/substrate/ligand dynamics and function.

Because additional complexity could be expected from the

1. Data Collection Carbonylated cytochrome P-450
solutions in gas tight square cuvettes were inserted in a liquid
nitrogen cryostat (Oxford Instruments DN704). The sample
was cooled slowly belowy in about 20 min. Systematic
records were performed by cooling the sample in steps of
10 K at a rate of 1 K/min and allowing 15 min equilibration
once the desired temperature was attained. This procedure
Qvas slow enough to achieve thermal homogeneity of the
sample. However, the total cooling time between successive
temperatures remained short compared to glass relaxation
(Ansari et al., 1987). Thus, relaxation processes of the glassy
matrix do not interfere with the kinetic measurements.

Photodissociation was achieved by the 10 ns pulse of the
second harmonic (532 nm) of a Q-switched Nd-YAG laser
(Quantel, France). The absorption was monitored at a right
angle from the excitation direction using a grating mono-
chromator and a low gainhigh current photomultiplier. The
signal to noise ratio was optimized by adjusting the response
time constant. Depending on the scan rate, either a 75 W

performed kinetic investigations with three different cyto-
chromes P-450 in their substrate-free form as well as with
their CO—substrate ternary complexes. The cytochromes
selected for this work were P-450, P-45Q., and P-450Q;
while the two former are representative of cytochromes with
narrow specificity, the latter has a broad specificity. Bacterial
cytochrome P-45Qnis a soluble protein frolPseudomona
putida which catalyzes the stereospecific hydroxylation of
camphor at the 5-exo position. P-4§@ is a microsomal
cytochrome which is induced in rabbit liver by phenobarbital.
P-45Q..is a mitochondrial cytochrome of the adrenal cortex
which is responsible for the cleavage of the sidechain of xenon arc (pulsed or cw) or a cw 100 W quartadine lamp
cholesterol to pr.oduce pregnenolong. provided the analyzing beam. The signal from the photo-
The goal of this work was to examine to what extent 'Fhe multiplier was digitized by a Lecroy 9450 digital oscil-
features of cytochromes P-450 match the models derived|oscone. A reference channel for the analyzing light intensity
from Mb. For this purpose the kinetics of CO rebinding a5 provided by a homemade electronic back-off unit. For
after laser flash phot(_)lys!s have b_een investigated from 293subsequent processing the data were transferred to an Apple
to 77 K and the distribution functiorB(k) andP(H) were Macintosh Quadra 650 computer via an IEEE-488 interface.

deterfr]mned usrllng the maxn”gunp] entropy mgthod]; Itums  gince carbonylated hemoproteins are known to be highly
out that cytochromes P-450 share a number of common ,,iqsensitive, the monitoring beam was attenuated by

properties with Mb but that the hierarchy of CS is signifi-  j,serting neutral filters on the light path, in order to achieve
cantly different in these two proteins. an optimal compromise between the background photolysis
and the signal to noise ratio. Transient absorption changes,
monitored at the peak of the Soret band (4450 nm), could

be followed over 2 decades in amplitude and76decades

in time.

Cytochrome P-45Q: (CYP11A1) was isolated from the 2. Data Processing A software has been developed to
inner mitochondrial membrane of bovine adrenal cortex as prepare the data for the treatment by MEM. Transmittance
described (Suhara et al., 1978; Lange et al., 1988). Removalinformation is first transformed into absorbance changes
of endogenous substrate (cholesterol) was carried out asusing the calibrated reference channel of the back-off unit.
described (Larroque & Van Lier, 1986). Noise statistics were also automatically performed for each

Cytochrome P-45Q,, (CYP2B4) was isolated from liver ~ data point, taking into account the instantaneous absorbance.
microsomes of phenobarbital-treated New Zealand white  Since low-temperature kinetics extend over several orders
rabbits (Imai et al., 1980); benzphetamine (from Sigma) was of magnitude in time, the use of a logarithmic clock is
used as a substrate. recommended (Austin et al., 1976). To this end we process

Recombinant cytochrome P-45Q(CYP101) was gener-  the linear time base with our software. Data from several
ated and purified as previously described (Unger et al., 1986).runs at different scan rates are first pieced together after
The substrate-free form of the protein was obtained by performing an appropriate renormalization based on a
passage of a pure concentrated sample through a Sephadexumerical integration of areas of two successive and
G-25 column. temporally overlapping scans. This procedure minimizes the

The required amount of cytochrome P-450 was diluted difficulties brought about by noisy signals. Noise estimates
with glycerol, buffer, and water to reach final working @ré also renormalized accordingly. We have devised a
concentrations of 1815 M in protein, 50 mM in phos- “Ioga_rlthrmc _smoothlng" subrout.me to convert the data to a
phate or Tris buffer, and 70% (w/w) glycerol. The solu- logarithmic time base, as required by MEM (see below),
bility of CO in 70% glycerol was taken as 0.5 mM. The whﬂe taking ad\{antage of .the Ia_rge numbe_r of 'data pomts
ferrous CO complexes were prepared by passing a streanfC improve the signal to noise ratio. We arbitrarily define a
of CO above the protein solution submitted to gentle stirring Set of logarithmically spaced times
and adding a few microliters of a concentrated deaerated
dithionite solution. The CO binding was controlled by t, =ty exp@n) 1)
following the absorption change of the solution. The
reduction was complete after a few minutes for P40  whered 1 is the number of points per log unit. It is easy
and P-45Q,, and after an incubation time of about 30 min to show (unpublished results) that the integral average of
for P-45Qc. exp(—kt) betweent,—, andt,+; is virtually equal to

MATERIALS AND METHODS

Materials
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The limit of the second factor is unity within a few
thousands ifi~! < 10. In practice, the kinetics are averaged
by integration between the data points closest,te and
t+1, and the result is assigned to the intermediate tinve
(th+1t n—1)Y2  Simulations showed that with @20 points

Tétreau et al.

1987b). In low-temperature flash photolysis one expB(ts

to be broad and continuous. Computations with simulated
kinetics covering many time decades have convinced us that
the use of a logarithmic time scale is also a necessary
requirement for MEM to give consistent results. With a
linear time scale, the number of data points sampled by the
log k basis increases exponentially as time proceeds. Thus,
low “frequencies” greatly outweigh the statistics, and tem-

per decade no detectable error occurred. As long as thePOra!l fits at short times are poor. Clearly, time and

kinetics consist of a sum of exponentials, the procedure will

yield a limited number of points of great accuracy which
reproduce the whole time course without distortion.

3. Distribution of Rate Parameters Using the Maximum
Entropy Method At low temperature the kinetics, expressed
by the survival fractiomN(t) of unrecombined molecules, are
given by the weighted infinite sum of exponentials (Austin
et al., 1975):

®3)

In recent years, the problem of inverting the Laplace
transform (3) to geP(k) from the observed kinetichl(t)

N = [ P(e ™ dk

“frequency” domains must be treated on an equal footing
for the Laplace inversion to work properly. In other words,
if we use a logk space, we must transform eq 3 into

N =[5 P(log k) exp(—€°%"%) d(logk)  (6)
suggesting thai(t) is actuallyN(log t).

The results of many such simulations indicated that with
1020 time data points per decade, the ini&gk) could be
recovered within any desired accuracy (depending on the
amount of added noise) using 100 channels of equidistant
log k values over the range-110"° s1. The use of a
logarithmic time scale is therefore not only a necessity for

(MEM) for fluorescence decay curves (Livesey et al., 1987a;

Livesey & Brochon, 1987b) as well as for low-temperature

requirement.
4. Computing the Enthalpy distribution P(H)The basic

kinetics in flash photolysis (Lavalette et al., 1991; Steinbach @ssumption is that below the solvent's glass transition
et al., 1991,1992; Johnson et al., 1996). MEM gives the temperature,Tg, all kinetics should be derived from one

most probable distribution of exponentidék) fitting N(t )
within the stated accuracy of the experimental daba this
work, we used a suitably modified version of the program

unique probability distribution of activation enthalpy (Austin
et al., 1975).
For simplicity, at all temperatureb < Ty we shall write

previously applied to the analysis of fluorescence lifetimes P(H) = P(H.Ty). When necessary(H)r will denote the
and based on the Cambridge algorithm and on the Memsy55exper|mental distributiorP(H) obtained from kinetic data

package (Maximum Entropy Data Consultants Ltd, Cam-

bridge). P(k) was developed on a discrete basis of logarith-
mically spaceds values. The amplitudes of tH¢s were
iteratively adjusted subject to the dual constraints of mini-
mizing ay? statistic

(4)

(whereo? is the variance of the individual data points), and
simultaneously maximizingS, the entropy of theP(k)
probability set

S=—) P(k) — m — log[P(k)/m] (5)

wherem is an arbitrary initial amplitude.

recorded at temperatufie In the absence of experimental
errors, allP(H)t should be equal t&(H). Because the rate
parametek and the activation enthalgy are connected by

H=RTInA— RTInk )

the correspondence between rate and enthalpy probability
distributions may be written as

P(H); dH; = P(—RTINK) d(~RTInk)  (8)

P(H); dH; = P(h) dh

in which we define the variable = RTIn k which has the
dimensions of an enthalpy.

Since MEM directly output®(In k), a simple change of
coordinates followed by renormalization yields tRéH)
profile. However, in order to determine its position on the

The computation was carried out on a Silicon Graphics p gegle, the pre-exponential facttmust be known. If we
Iris Power Series 4D320 workstation. The starting distribu- \yere dealing with narrow lines, an Arrhenius plot would be
tion of m was taken as equiprobable with an amplitude equal g fficiently accurate. Unfortunately, with broad and continu-
to 103 tlmes the initial amplitude of the kinetic scan. The g distributions, the data are generally not good enough to
computation was stopped when the valtie= 1 was reached,  \yarrant a perfect superposition of tH(h) profiles at
i.e. when the temporal fit was, on average, as good as thalgjtferent temperatures. In order to average out small

permitted by the accuracy of the data points. Noise fctuations in the shape d®(h) bands, we compute the
estimation was therefore very critical, especially to distin- parycentreB(h) of the distribution:

guish between discrete and continuous distributions. We
consistently regarded as real structure only those features

which clearly persisted even after arbitrarily doubling the B = f hi(h) dn ©)
o? values. By means of eq 7 one easily derives

It has been shown that MEM is optimized when the basis
set of k is logarithmically spaced (Livesey & Brochon, B(h) = RTIn A — B(H) (10)
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Upon increasing the temperatur@(h) uniformly moves No geminate phase was observed with substrate-bound
along theh axis with a rate equal t® In A, keeping the P-45Q.m and P-45Q. (Nesc & 1). Instead, the rebinding
shape ofP(H) constant. The pre-exponential factor and the kinetics showed a small but significant initial absorbance
barycentre ofP(H) are obtained from the linear plot of a increase with a rate independent of the CO concentration.
series ofP(h) at different temperatures. In addition, the rate of this process was observed to vary
All known procedures to extrad®®(H) from kinetic data with the solvent’s viscosity approximately as°8 in the
are based on the assumption of a single value for the pre-range 150 cP. The results (not shown) are not quantita-
exponential factolA. The assumption has always yielded tively very accurate, because the signal has to be subtracted
consistent results (Austin et al., 1975; Lavalette et al., 1991; from the overall rebinding kinetics. But the viscosity
Ehrenstein & Nienhaus, 1992). Recently, two-dimensional dependence is not questionable, and contrasts with the
MEM has been tentatively applied to test a more general constant rate of the bimolecular phase in the same viscosity
model in which bottH and A were distributed (Steinbach, range. We tentatively attribute this signal to a spectral shift
1996). The conclusion was that, whereas in principle induced by a slow relaxation of the protein toward the

feasible, the simultaneous recoveryR§p) andP(H) would equilibrated ligand-free conformation (Discussion, section
require an experimental accuracy which is far beyond the 1.3).
possibilities of current instrumentation. 1.1 Cytochrome P-45Q. Bimolecular rebinding of
P-45Q.n in its substrate-free form was distinctly biphasic.
RESULTS However the value of the slower rate closely matched that
1. Fluid Erwironment at Room TemperatureéAt 293K of camphor-bound P-430, and its amplitude was found to

in a fluid solvent, the rate of conformational fluctuations is depend on the sample under investigation. Obviously this

much faster than that of rebinding. The kinetics are therefore COMponent (also reported by others (Tian et al., 1995)) is
expected to consist of discrete exponentials &(k) of due to residual traces of substrate which cannot be completely

narrow, noise-limited, lines. Under these conditions, car- "€moved. The removal of camphor by gel filtration was

bonylated cytochromes P-450 follow the same elementary cOntrolled by measuring the absorption of the'Ferm
kinetic scheme (Scheme 1) as other proteins which bind aWhich peaks at 396 and 417 nm for the camphor-bound and
photolabile ligand. the cam_phqr-free protein, respectively. Even though a small
A denotes the state in which CO is bound to the heme. In Contamination by the camphor-bound form could hardly be
state B the hemeCO bond has been photodissociated but detected by absorption, one must keep in mind that its

the ligand remains within the protein. In S the ligand has contribution to the total bimolecular signal would be
left the protein and may exchange freely with other ligand considerably amplified because the yield of the bimolecular

molecules in the solvent. ]ErO(t:_ess is increased by a factor of-1ZD upon camphor
ixation.
Scheme 1 ) While two geminate bands are also observed, the slowest
int kesc one contributes only a small amount to the total geminate
A4 BgT*™ S decay. Substrate binding with P-450 has profound
l;;”.[CO] consequences. Indeed, whereas rebinding is mostly geminate

in the substrate-free formN{sc ~ 0.12), no geminate
The kinetics of CO rebinding with the three different rebinding was detected for the substrate-bound form. More-
cytochromes in their substrate-free’@nand substrate-bound  over, the bimolecular association rate constant is reduced
(m's) forms at 293 K are displayed in Figure 1. The by more than 2 orders of magnitude by the presence of
corresponding normalized distributions of the rate parameterscamphor (Figure 2). Tian et al. (1995) have reported biphasic
obtained by MEM analysis are shown in Figure 2. Numer- bimolecular and geminate rebinding with P-450n 75%
ical values are listed in Table 1. glycerol. While they suggested that P-4&0could present
Two well-characterized rebinding processes can be dis-two different conformations which do not exchange on the
tinguished. The initial, faster phase observed in the time time scale of CO recombination, their time resolution10
range 16-500 ns was independent of CO concentration. It 20 ns), although comparable to ours, is certainly not sufficient
corresponds to the geminate process, i.e. to CO moleculeso allow an accurate determination of the rate of the major
which recombine without leaving the protein. For the three- fast geminate phase (Discussion, section 2.1).
state model (Scheme 1) the geminate rate is 1.2 Cytochrome P-45Q, Noticeable changes in both
-k the yield of CO escape and the rebinding kinetics are induced
Ko =Kt + Kese a 1 A .
y cholesterol binding with P-45Q The yield of CO escape
The rate of the subsequent, slower phase, observed in theéncreases from 0.68 to 1.00, while the CO bimolecular
time range 10Qus to 100 ms, varied linearly with the CO  association rate decreases by 1 order of magnitude (Table
concentration. This characterizes a bimolecular rebinding 1). The second-order rate constant of P-4&®';, agrees
process after diffusion of CO out into the solvent with a rate well with all previous determinations (Tuckey & Kamin,
equal tok'o,n. Geminate and bimolecular rebinding processes 1983; Mitani et al., 1985; Kashem et al., 1987; Lange et al.,
appear as well-separated groups of bands located respectivel§994); for the substrate-free form, our value agrees with that
in the high (6-8 log k units) and low (2-4 log k units) rate determined by Mitanet al. (1985), but differs by 1 order of
region of P(k). The proportion of molecules rebindinga magnitude from those obtained by Tuckey & Kamin (1983)

the bimolecular process is given by and Kashem et al. (1987) using stopped-flow spectropho-
N._= (12) tometry. The origin of this difference is not understood.
ese= Kesdkgem Some unresolved structure may be hidden below the wide

Nesc IS estimated using the band integrals (Figure 2). P(log k) bands of P-45Q. m'., (Figure 2). Recent studies
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Ficure 1: Kinetics of CO rebinding with the substrate-free (dotted lines) and substrate-bound (full lines) forms of cytochromes P-450,
measured at the peak of the Soret band (440 nm) at 293 K in 70% glycerol with [COF 0.5 mM. N(t) represents the fraction of the
photodissociated molecules that have not yet rebound atttiffiee average error of data points is about 1%.
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Ficure 2: NormalizedP(k) distributions corresponding to Figure 1. The ligand escape yNld) (was calculated from the area of the
bimolecular MEM bands (the total area being equal to unity). This assumes that no process fastex th@n-11 x 10° s~* takes place.
Since such a process would escape detechignjs strictly a higher limit to the true escape yield. For substrate-free Rs4%0e spurious
leftmost band was not included in the calculatioriNgf.(see text). For substrate-bound P-45@nd P-45Q., MEM analysis was restricted

to the decaying part of the kinetics.

Table 1: MEM Analysis of the Kinetics of CO Rebinding with Cytochromes P-450 Measured at 293 K in 70% Glycerol

kgem,fast kgem,slow klon,fast k'on,slow
molecule (10's™) % (10's™) % 10°M-1sh % (10°M-1s %
P-45QamM'eo 2.8 72 0.3 4 0.7 12 0.01 12
P-45Qam Mo 0 0 0.01 100 0
P-45Qnm2 Mo 2.3 54 0.3 13 0.3 32 0
P-45Qm2 Mo 2.4 45 0.3 27 0.4 28 0
P-45QccM'co 0.5 33 0 0.3 67 0
P-45Qcc Mo 0 0 0.03 100 0

a2 The rate parameters correspond to the values measured at the peak of the distributions. The relative contributions were calculated from the
relative band areas.

of the spin-state equilibrium (Lange et al., 1992a,b) and of P-45Q..m', exhibits only one geminate band, but its width
the resonance Raman spectra (Hildebrandt et al., 1994) ofis significantly broader than the noise-limited bandwidth
the ferric forms of P-45Q. suggest that, in a pure aqueous (about 0.6 log units), suggesting once more the possibility
buffer at 295 K, the protein exists as two different species of a hidden, nonresolved, structure.

in a 3/1 ratio. In order to account for the widths of #gog 1.3 Cytochrome P-45@,. The yield of CO escape from

k) bands (Figure 2), one has to assume that bimolecular COP-45Qy, and the rate constants are practically unaffected
rebinding rates with either conformations differ in the by substrate fixation (Table 1). The only significant change
absence of substrate (wide band) but practically collapse inbrought about by substrate fixation is an increase of the
the presence of substrate (narrow band). In view of the relative amplitude of the slow geminate phase compared to
experimental data we can neither prove nor disprove this the faster one. The values of the second-order association
possibility. rate parameters (Table 1) are consistent with previous
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FiGure 3: CO geminate rebinding kinetics below the freezing point of the solvignt(165 K) in 70% glycerol. Substrate-free (top) and
substrate-bound (bottom) forms of cytochromes P-450. Symbols represent data points. Solid lines are MEM fits to the data. The average
error of data points is about 1%.
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Ficure 4: P(h) = P(RT In k) (see Materials and Methods) calculated by MEM from the kinetics of Figure 3. Substrate-free (top) and
substrate-bound (bottom) forms of cytochromes P-450. Note that if the enthalpy distributions were invarianigbtlevshape oP(h,T)
should also remain invariant (by eq 7), a situation which is observed only for Rs«4BQ,.

determinations (Gray, 1982; Lange et al., 1994). Although prevented CO escape from the protein, and only the geminate
kinetic heterogeneity has been reported and attributed toprocess from within the protein subsistekief = Kiny).
heterogeneity of the proteins (Oertle et al., 1985) or of the Unless otherwise stated, all data refer to the temperature
membrane environment (Lange et al., 1994), we found norange 77145 K, which is below the solvent’s glass
evidence of kinetic heterogeneity in bimolecular rebinding transition temperaturel§ ~ 165 K). At these temperatures
of CO with P-45Qy:. the protein conformational fluctuations are suppressed.
In contrast, the structure of the geminate band of R.4560  Nonexponential kinetics were observed for all cytochromes
m'e, and ni%, indicates the presence of two overlapping under these conditions (Figure 3). The rate distributions are
bands. given in Figure 4 aP(h,T) = P(RT In k,T) because this
2. Rigid Emnvironment and Low TemperaturesThe representation allows one to better visualize the shape of the
amplitude of the bimolecular process progressively decreasedenthalpy distribution (see Materials and Methods). We
upon decreasing of the temperature and vanished at aboutlescribe the simpler case of P-450m'c, first and then
200 K. Below 200 K the high viscosity of the medium proceed to the other forms of P-450.
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the MEM distribution is in very good agreement with an
early report by Eisensteiat al. (1977) who approximated
the rebinding curves by an analytical model which was
subsequently Laplace-inverted.

2.2 Other Forms of P-450 In contrast with P-45Qn
(m'e,), all other forms of cytochromes P-450 presented
complex kinetics with either undulations or even two distinct
components (Figure 3)P(h,T) then consists of two or three
bands with different amount of overlap (Figure 4).

But the most striking feature of cytochromes P-450 kinetics
is the change of shape B{h) with temperature (Figure 4).
These features could be constantly reproduced with different
samples and different cooling cycles. ThBgh) cannot be
attributed to a unique multimodB(H) distribution but rather
to a superposition of independent enthalpy subdistributions.
This surprising feature of the cytochrome dynamics com-
plicates the computation of the enthalpy distribution(s). To
qguantify the contribution of the subdistributions we must
assume a specific band shape. By analogy with R450
(m'eo) the compositedP(h) were fitted with the sum of two
or three gaussians. The treatment outlined in the case of
one single band was then applied to each individual gaussian
in order to determine its associated pre-exponential factor
and enthalpy subdistribution.

As an example, Figure 5b shows the subdistributions
P..(H)r and Pgon(H) of P-45Q. m'c, after independent
normalization at four different temperatures. As expected
for nonfluctuating subpopulations of CS, each is reasonably
independent of temperature. At the present level of accuracy
the gaussian band shape therefore appears to be a sufficient
approximation. P-45@;, m', and P-450y, m'S,, presented

-2 2
H. kJ/mol an additional difficulty. The MEM spectra (Figure 4) are

FiGURE 5: Determining the normalized enthalpy distributid?(sl) relatively narrow and exhibit two maxima and a shoulder at
for carbon monoxide rebinding with cytochromes P-450 in 70% each temperature. A fit with three gaussians yielded a
glycerol below the glass transition temperature: (a) substrate-freemoderately well defined major band but showed considerable
form of cytochrome P-43Q,, (b) substrate-free form of cytochrome  gcatter of the minor bands; even physically unacceptable

P-45Q.s (C) substrate-free form of P-45%. P(H)r was fitted using - B
one (a) or two (b, c) gaussians. The subdistributions have beennegatlve enthalpy values were observed. The results ob

independently normalized. Information about the relative amplitude tained using only two gaussians were more stable (Figure
of the subpopulations is lost, but the invariancé@fl)r below T, 5c¢). From here on we consistently adopted this description,
can be checked. Full and dotted lines correspond to the enthalpykeeping in mind that a third minor band could also provide
distributions of the “fast” and “slow” reacting sets of substates, 5 \yeak contribution to the rate and enthalpy distributions.
respectively. The final normalizedP(H) values of all six systems
investigated in this work are given in Figure 6 in which the
average distributions were calculated by mergingR(te)r
obtained at different temperatures between 78 and 160 K.
The parameters characterizing enthalpy subdistributions of

2.1 P-45Q,m M. The kinetics of CO rebinding with
P-45Q.m m's, (Figure 3) were smooth and continuously
slowed down upon decreasing the temperati?gn) remains
unimodal, but the band shifts toward lowerdwalues upon the various cvtochromes are listed in Table 2
decreasing of the temperature (Figure 4). The half bandwidth y A "
of this uniqueP(h) band is much larger than the noise-limited The complete enthalpy distribution of the protein must now

width of 0.8 kJ/mol, indicating that the activation enthalpy b€ described by
is distributed. The pre-exponential factor (Table 2) was
obtained from the slope of the linear plot of the barycentre P(H,T) = 045{ T Pras{H) + 050 MPgion(H)  (13)

of the P(h) distributions as a function oRT as described

under Materials and Methods (eq 10). Enthalpy distributions in which the a; are the temperature dependent relative
P(H)r calculated at 78, 108, and 120 K are identical within contributions of the two bands. Assuming equal extinction
errors (Figure 5a). This confirms the absence of protein coefficients for the Fe(ll) and Fe(HCO statespas{ T)/Clsiow
fluctuations in the rigid environment as well as the temper- (T) is also equal to the ratio of the protein subpopulations.
ature invariance of the enthalpy distribution below the glass This assumption is supported by the fact that the sample
transition temperature. HoweveP(k) changes when the transmission does not change appreciably over the whole
temperature is further lowered because the Arrhenius relationrange of temperatures. Even thoubk T, Figure 7 shows
connects each rate witA(H,Ty). The enthalpy distribution  that cas(T)/asio T) = exp(—AG/RT). The parameters of
P(H) of P-45Q,, M, is rather symmetrical (Figure 5a) and the equilibrium between the subpopulations are given in
can be reasonably well described by a gaussian. RemarkablyTable 3.
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Ficure 6: Normalized average enthalpy distribution$iF,) for each subdistribution. The average was computed by mergiri(td)i-
obtained belowTy and by applying a gaussian fit. Top: substrate-free forms of cytochromes P-450. Bottom: substrate-bound forms. Full
and dotted lines correspond to the enthalpy distributions of the “fast” and “slow” sets of substates, respectively.

Table 2: Pre-Exponential Factors, Peak Enthalpies, and Enthalpy Widths Determined for the “Fast” and “Slow” Subpopulatioifg Below

molecule l0QAst (S71) Htast (kd/mol) width (kJ/mol) l0gAsiow, (573 Hsiow (kJ/mol) width (kJ/mol)
P45QamM'co 9.6 (0.1) 7.3(0.2) 2.4(0.3)
P45Qam Mo 8.9(0.2) 5.7 (0.4) 2.2(0.3) 7.3(0.6) 6.1(1.2) 7.9(1.8)
P45Qm2 M'eo 8.3(0.1) 1.9(0.2) 0.9(0.2) 7.4(0.2) 1.9 (0.5) 3.0(0.4)
P45Qm2 Mo 8.6 (0.1) 2.4(0.2) 0.9(0.1) 8.3(0.2) 3.3(0.3) 2.9(0.2)
P45Qccm'co 8.1(0.1) 2.2(0.1) 1.4(0.1) 7.4(0.2) 2.5(0.4) 3.9(0.5)
P45Qcc M 7.7(0.2) 1.8(0.4) 2.0(0.2) 9.9(0.1) 15.5(0.5) 5.3(1.0)
Mb COP 8.8 105 6.0

2 Full width at half maximum of the enthalpy distributionData from Steinbach et al. (1992). Values in parentheses are standard deviations of
the least square fit to eq 10.

DISCUSSION parameter k%, can then be approximately factorized (Young,

] ) ) 1984) as
1. Fluid Environment at Room Temperaturel.1 Bi-

molecular Rate and YieldExcept for P-450Q,,, binding of K on = Kt onfKosdNesc (14)
the substrate causes the yield of the bimolecular process to
increase up thles.= 1.0 and the bimolecular rate to decrease  Hence, egs 11, 12, and 14 indicate that a relative increase
by 1 or 2 orders of magnitude. But even in the absence of of k... and/or a relative decrease laf; will lead both to the
a substrate, the yield of CO escape and the geminate anthpserved changes iNesc and kon. Due to the absence of
bimolecular rates differ markedly among cytochromes. geminate recombinations with substrate-bound Ps4&6d
Although we cannot extract the rate parameters unambigu-p-45Q,,, the extent to whichky is changed cannot be
ously from the nonexponential geminate recombinatiks,  directly estimated. Extrapolation of low-temperature data
and kit must have comparable orders of magnitude in (Discussion, section 2.4) tends to suggest that changes of
substrate-free forms (8 Nesc < 1), whereas in presence of | may not be sufficient to account for all of the observed
a bulky substratéesc> Kint (Nesc = 1). effects and that an increase k. is also likely to occur.
This means that ligand exit is facilitated but that its re- Direct substrate CO interaction is supported by the X-ray
entry becomes more difficult. The substrate may exert a crystallographic data of P-45Q; the Fe-C—O geometry
dual effect upon the CO dynamics by interacting sterically is clearly distorted and the substrate is shifted by about 1 A
with CO and/or by inducing conformational changes in the away from the heme upon CO binding (Raag & Poulos,
ligand access channel. Whereas steric effects in the vicinity 1989). The crystallographic structures of the Fe(lll) substrate-
of the heme can only decrease the internal binding rate andfree and substrate-bound forms provide no evidence of any
consequently increadéd, substrate-induced conformational important conformational change of the protein itself, except
changes can either hinder or facilitate diffusion of the ligand perhaps for a decrease in flexibility of some parts of the
through the protein matrix by respectively restricting or protein in the bound-form (Poulos et al., 1986; Poulos et
enlarging the access channel. With most hemoproteins andal., 1987). Flexibility of the protein matrix is just what is
heme models, internal rebinding has generally been foundrequired to affeck’sn; and kese The structure of P-450
to be the rate-limiting step at room temperature (Doster et remains unknown. The present kinetic results indicate that
al., 1982; Tetreau et al., 1987). The bimolecular rate cholesterol provides steric hindrance to CO binding with the
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FiIGURE 7: Relative populationss,s/asow Of the “fast” and “slow” reacting sets of CS for the substrate-free (top) and substrate-bound
(bottom) forms of cytochromes P-450.

Table 3: Thermodynamic Parameters of the Equilibrium between
the “Fast” and “Slow” Subpopulations of €S

Our MEM rate spectrum confirms the presence of two
relatively narrow peaks for P-45@,and P-450,, while the
P-45Q.. band is broad and unresolved. In our opinion, an

molecule ASR AH (kJ/mol) . . o o .
P 250 e mterpretatlo_n of the kinetic heterogenelty in tem_]s of protein
P-450.m M, ~0.1(0.4) ~0.0(0.3) conformers in slow exchange (Tian et al., 1995) is hazardous.
P-45Q 2 M'eo 4.2 (0.4) 3.2(0.3) The low temperature results, discussed in section 2.4, indicate
P-45Qum2 M, 4.0(0.4) 3.1(0.3) that only one single geminate process is expected to be
Ezig%mm:go e Eg-g; o (8061)) observed at room temperature. In addition, we observed that
c @ - - the initial absorbance changes are increase@-fold when

#Values in parentheses are the standard deviations of the van't Hoff's geminate recombinations become slower, and therefore more
plots (Figure 7). readily observable at low temperature. Presumably, the fast
h but that. i . f the | . ¢ chol | phase seen at room temperature is only a fraction of the

eme, but that, in spite of the larger size of cholesterol .6 geminate process which probably peaks around log
compared to camphor, _the effect is less _pronounced than in_ 8. Whereas a truncation should be of no consequence
:Ee casbe tOf tP'4$]Q“ Tth's sq?ges]:tspthatésm thte pret.f,erl;\tclze of for a purely exponential process, its effect on the fits to

€ ksud S ratr?,t <fe Sig;: SII:ien 0" cég binn(;)in a?/vitlﬁ thy complex kinetics is unpredictable. We therefore believe that
E?Chle sisbstthecis ecific P-4§abe,and P-45Qg is ver € the apparent biphasic character of the geminate process is

gnly P ¢ y likely to be an artefact. Faster measurements are necessary

sensitive to substrate binding. . . . .
: .. in order to investigate the geminate process at room
In contrast, only minor changes are observed upon binding
temperature more accurately.

of benzphetamine with P-45@,. This highlights the ) . .
particular flexibility of its active site which can accommodate ~ 1.3 Protein Relaxation We suspect the nonexponential

substrates of various sizes and shapes, in accord with its poof€Mminate phase at room temperature to be connected with
substrate Specificity_ The effect of different po|yaromatic the initial rise of absorbance shown in the rebinding kinetics
hydrocarbons as substrates on the bimolecular CO binding0f substrate-bound P-4g@ and P-45Q. (Figure 1). This
with P-45Qu, has been previously examined (Imai, 1982a; signal was independent of the concentration of CO and,
Imai, 1982b). Whereas hydrocarbons with a narrow, long, because of its small amplitude, could only be detected as a
and flexible shape are relatively inefficient in reducing the modulation occurring during the first few microseconds of
rate of CO binding, those hydrocarbons having a bent andthe much slower bimolecular phase of substrate-bound
spreading structure are most effective in doing so. It was P-45Qam and P-45Q. (Nesc = 1.0). A similar signal, if it
concluded that the substrate binding site is not rigid but rather were superimposed with the rapid geminate phase of all other
shaped, in part, by the nature of the substrate. The relativeP-450 complexes, would certainly remain hidden, but the
internal mobility of benzphetamine could explain why it does geminate phase would appear nonexponential. The viscosity
not interfere with CO. dependence argues in favor of a conformational change
1.2 Nonexponential Geminate Proces®ne intriguing resulting in a time-dependent spectral shift of the photodis-
feature in Figure 2 is the nonexponential character of the sociated species as the initial photoproduct relaxes toward
geminate rebinding kinetics of the three cytochromes. Tian the ligand-free conformation. Other explanations, like
et al. (1995) observed that the geminate CO recombinationsspectral or kinetic hole burning (Campbell et al., 1987;
with P-45Q., could be fitted to a sum of two exponentials. Agmon, 1988; Ormos et al., 1990; Steinbach et al., 1991),
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are also possible, but these effects are quite small in the 1 An
Soret region where rebinding is monitored. Conforma- P, P,

tional relaxation is now well documented in myoglobin

(Steinbach et al., 1991; Ansari et al., 1994). It occurs as a (3) In a rigid environment, e.g. at low temperature and
continuous process from picoseconds to aboytsh 70% high viscosity, rebinding is nonexponential because transi-
glycerol (Jackson et al.,, 1994). The results of a recent tions among Bsubstates do not take place and because each
photoacoustic calorimetry study of P-45Qsuggest that,  B; substate decays to; fdependently on the time scale of
following photodissociation, the protein relaxes and that a the kinetic experimenk{y.: < 1/0Gyn). The initial probability

salt bridge desolvates with a time constant of the order of of each B substate equals that of the corresponding A
100 ns in pure buffer at 20C (Di Primo et al., 1997). Under substate from which it originates (assuming a uniform
similar conditions, we found the time constant of the initial photodissociation efficiency). Transitions among Sub-
absorbance rise to be about 500 ns when measured directlystates are also suppressed. The time required to thermally
These data prompt us to believe that conformational relax- equilibrate A substates by far exceeds the experiment’s
ation of cytochrome P-450 is at the origin of the nonexpo- preparation time ky < 1/@ye). The probabilities of A
nential geminate kinetics at room temperature. A definite substates remain constant upon lowering the temperature
proof will evidently require considerably more detailed belowTy The enthalpy spectruf(H)r = P(H,Tg) = P(H)

studies. is therefore invariant, though the rate spectrum continuously
2. Rigid Ervironment and Low Temperatures2.1 shifts as a consequence of the Arrhenius relationship.
Kinetic Connections among SubstateEhe distribution of In agreement with these considerations, the enthalpy

activation enthalpieP(H) shown in Figure 6, together with  distribution of P-45@,,m'¢, consists of a single, temperature
their temperature dependence (Figure 7) and pre-exponentialnvariant, band which can be approximated by a gaussian.
factors are sufficient to explain all rebinding curves of  The other forms of cytochromes P-450 exhibit new
cytochromes P-450 in a rigidified solvent below 165 K. In features which contrast with those reported earlier for
this section, we interpret the specific features of cytochromesdifferent proteins: i) measurements of CO rebinding
P-450 in terms of kinetic connections between conforma- performed in the Soret show thB{H) is the sum of two
tional substates. To avoid repetitions we first define two subdistributions; i{) each normalized subdistribution is
experimental time window®yi, and® e, Which are implicit temperature-invariant beloWy; (i) the protein populations
in all kinetic measurements but strongly condition the at the origin of the enthalpy subdistributions are in a dynamic,
appearance of kinetic processeBy, is the total duration  though very slow equilibrium well belowy.
of the kinetic measurement starting with excitation and  As a consequence, these data impose additional constraints
ending when the rebinding signal becomes negligilig, to the kinetic scheme connecting A and B states. In
was of the order 01 s in ourexperiments. Oy, refers to particular, they imply two sets of;Bubstates, a fast reacting
the preparation time during which the sample is allowed to set{F} = {B';, B';, ..., By} and a slow reacting s¢S} =
equilibrate following a temperature chang@y., was of {B"1, B", ..., B'n}. The nonexponential rebinding and the
the order of 20 min. temperature invariance of each enthalpy subdistribution imply

Before the complex case of cytochromes P-450 is dis- that the above “standard” hypotheses must be valid for each
cussed, it is appropriate to summarize the basic hypotheseset individually. Substates within one set are thus kinetically
initially put forward for Mb by Frauenfelder and co-workers and thermodynamically disconnected, i.e. transitions like B
(Austin et al., 1975) and to outline their consequences which <> B'; and B', <> B"y do not take place.
were thereafter confirmed with Hb chains (Doster et al., Yet both sets taken as a whole are in a thermodynamic
1982; Dlott et al., 1983; Ansari et al., 1986), hemerythrin equilibrium with each other below, i.e. { F}<{S}.
(Lavalette & Tetreau, 1988; Lavalette et al., 1991), and Because thermal equilibration could not propagate beyond
Azurin (Ehrenstein & Nienhaus, 1992). the substates connectifi§} and{S} without violating the

(1) Proteins exist in a large number of conformational above constraint, the results exclude any sequential connec-
substates which rebind at different rates. Photodissocia-tion of these two distinct sets of substates. As a consequence,
tion brings the protein, initially in one of the bound sub- only parallel connections can exist betwee$} and{F}.
states (4, into the corresponding dissociated substatg (B This leads to Scheme 3 which we interpret as follows. The
from which subsequent rebinding takes place with tate  P(K) distributions are still caused by protein conformational
(Scheme 2). substates Abound CO) and Bphotodissociated CO). These

(2) In a non-viscous solvent around 295 K, the rate of states are not connected beldy Therefore, they occur
fluctuations between fas well as between;Bubstates is  with constant probabilityp. The new feature is that
higher than the rebinding rate. Under these conditions, the conformational substates; And B exhibit a fine structure
overall rebinding appears exponential. Its rate is the averageand split into two primed states with contrasted kinetic
value: (K= Y piki, wherep; is the stationary probability of  properties (e.gki > K"j). As indicated thermal equilibration
the B substate. is allowed among primed substates within eachiB; state.



10272 Biochemistry, Vol. 36, No. 33, 1997 Tétreau et al.

In this model, B, — A'; and B'; — A" transitions take place =~ 1987; Berendzen & Braunstein 1990; Mourant et al., 1993;
with activation enthalpies!’; andH"; and pre-exponentials  Johnson et al., 1996) have revealed that conformational
log A" and logA" which respectively give rise to the fast substates are organized in a hierarchy of several tiers arranged
and slow distribution. by decreasing barrier heights. The series of conformational
Scheme 3 is the most general one consistent with thesubstates are respectively denoted,GSS, CS, etc. In
kinetics of cytochromes P-450 but the data give further this section, we examine how this model must be adapted
indications about the order of magnitude of the relaxation to fit the kinetic scheme of cytochromes P-450.
rates between primed substates. (a) CQ Substates The C3 substates of Mb have been
Consider first one particular;Btate and the equilibrium  named “taxonomic macroscopic” substates, because they are
B'i < B";. If this equilibrium was to relax faster than the characterized by different resolvable infrared stretch bands
rebinding, the fast and slow rates would combine into an of the bound CO. These bands are thought to differ
average rate{k[0= aikist + Siksiow Whereo; andp; are the essentially in the FeC—0O angle (Kuriyan et al., 1986;
fractional occupations. Thu¥Owould change somewhat Ormos et al., 1988; Cheng et al., 1991) or in the dipolar
with temperature keeping the total probabilgy= a; + S interactions of the ligand with different distal environments
constant. This case only predicts a stretch or a compression(Li et al., 1994; Johnson et al., 1996). Monitoring the
of the domain of rate parameters, without affecting the overall kinetics of CO rebinding in the infrared CO stretch bands
profile of the probability distribution. It cannot account for showed that different @3ebind with distinct kinetics and
two independenP(H) bands. The data thus exclude the that each CBconsists of a large number of particular’'CS
possibility of thermal equilibration between; Bubstates  Thus, each C8is characterized by a distin€(H). In the
being faster than rebinding. Exchange between photodis-visible (Soret) region only the averaféH) can be observed
sociated Bsubstates has been observed by others, but onlybecause the spectral features are dominated by the heme
on a much longer time scale. At 40 K, rebinding of group and because €Substates are not resolved spectro-
photodissociated P-45@,is so slow that IR spectra of the scopically (Ansari et al., 1987).
trapped dissociated species can be recorded using a conven- Even though our present knowledge on structure and
tional FTIR spectrometer. After the temperature was raised spectroscopic markers of cytochromes P-450 is quite incom-
to 100 K, a second record showed distinct changes of theplete, it seems very likely that CSubstates, characterized
IR spectrum, proving that at least some amount of re- by their different distal environment or geometry of the-Fe
equilibration had been taking place (Jung et al., 1992). ThereCO bond, also exist in cytochromes P-450. The infrared
is however no contradiction with the present conclusions spectra of cytochrome P-45@in its Fe(Il)-CO bound state
since these experiments were performed on a time scale ofindicate the presence of multiple CO stretching bands. The
several minutes. substrate-free and substrate-bound forms respectively present
Primed A states are spectroscopically and kinetically 6 or 2 different bands which, like in Mb, do not interconvert
undistinguishable under observation in the Soret. Analogy below about 180 K (Jung & Marlow, 1987; Jung et al., 1992,
with B; states suggests that thermal equilibratidn<a A" 1996). Infrared spectra at low temperatures are not yet
could be slow. But whereas the overall rebinding kinetics available for P-45Q,, and P-45Q., While, at room tem-
probes the Bstates for a maximum 06y, = 1 s, the perature, one relatively sharp infrared band was detected with
equilibrium A < A" may relax over a period as long as P-45Q..m'c, and %, (Tsubaki et al., 1992), one broad band
Oprep = 30 min. In contrast, the barrier between, A, was observed for P-45@, m's, (O’Keefe et al., 1978). No
As, ... (due both to temperature and to the rigidity of the data are yet available for the substrate-bound form of
solvent) cannot be overcome and thermal equilibration P-45Qy,. Since the present work was performed by
between these states is never achieved. Since re-equilibratiomonitoring in the Soret, the kinetics are representative of
among A; and A'; states does not affect the total probability the average rebinding to all €Substates considered as a
pi of substate A the result of its splitting is to give rise to  whole. CS substates cannot be responsible for the bimodal
the superposition of two distinct enthalpy distributions: enthalpy distributions, in agreement with the kinetic discus-

{Hsg = {In A;H';;oip} and {Hsonp = {In A";H";Bipi}. sion of section 2.1.
They may differ inHyeakand pre-exponential factor. Their (b) CS Substates Evidence for CSsubstates comes from
relative weight is expected to vary according to the nonexponential rebinding at low temperature and from
the resulting enthalpy spectrum both of which show that
alf = Z(xipiIZﬁipi (15) rebinding occurs from a large number of substates. But the

temperature dependence of the bimodal enthalpy distribution

In general the temperature dependence will not be a simpleof cytochromes P-450 has no equivalentin Mb. In Mb, each
exponential unless the ratm/g; is identical in all pairs of CS substate is a “singlet”, characterized by one unique
primed states. Because CS are structurally close to eachactivation enthalpy. The presence of substates of the lower
other, it is reasonable to speculate that the (unknown)tier, CS, which may still equilibrate even below 77 K,
structural perturbation which is at the origin of the splitting accounts for the “line width”. The enthalpy spectrum is the
of the CS induces a constant free energy difference betweerenvelope of the contributions of all €Substates.
the wells of A; —A"; pairs. Despite some scatter and the  The particular kinetic connections of substates in cyto-
limited temperature range (77 to about 125 K), the data are chromes P-450 (section 2.1) imply that, at about 100 K, CS

not inconsistent with an exponential (Figure 7). do not equilibrate and that €Substates appear in fact as
Therefore the extended Scheme 3 accounts for the main“‘doublets” (CS'—CS'!) separated by a free energy barrier
features of the bimoddP(H) in cytochromes P-450. intermediate between the barrier separating @8d that

2.2 Hierarchy of Substates: Differences with Mb separating CSsubstates. Experiments indicate that the time
Spectroscopic and kinetic studies of Mb (Ansari et al., 1985,- required to equilibrate primed ¢Substates following a
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FiGURE8: Sketch of the free-energy diagram of cytochromes P-450. Triangles and circles are for the “fast” and “slow” subdistributions,
Each plane represents a section through the free-energy surfacgespectively.

along all conformational coordinates except one, labeled “x CS

substates, shown in heavy lines, are totally isolated by large energy, . .. . - .
barriers due to the rigid environment. The reaction coordinate along KIN€tiCS, ven at room temperature, in a rigid or very viscous

which photodissociation and rebinding occur cannot be represented€nvironment (Austin et al., 1975; Lavalette & Tetreau, 1988;
in this 3D diagram. It is suggested by vertical arrows connecting Hagen et al., 1995), that the solvent’s temperature-dependent
dissociated “b” substates with liganded “a” substates and by distinct viscosity controls most of the apparent free energy barrier.
activation enthalpy distributionB(H) at the bottom of each plane. Not only does viscous damping depend on the motions’s

Conformational coordinate “X” connects the components of doublet o .
CS' via energy barriers which can be overcome during the freduency but it is also expected to differently affect the

preparation time,, Presumably, conformational coordinate “x” ~ groups of residues which are exposed to the solvent as well
is an internal one, corresponding to groups of atoms which have as those which are buried deeply within the protein. Thus

no direct interaction with the solvent and may keep some residual, 5 free-energy diagram, such as the one shown in Figure 8,
though constrained, degrees of freedom. Because doublet pairs d ; o

not have time to equilibrate during rebinding, two distif¢H) %hoyld rath?r be considered as an (_em_plrlcal .SketCh. of those
are observed. However thermal equilibration along coordinate “x” Motions which may be observed within the time windows
does occur durin®ep and the ratio of the two distributions is ~ Oxin @and Oprep Under particular experimental conditions of
temperature dependent. In this diagram we made the simplifying temperature and viscosity.

assumption that CSsubstates in one plane are uniformly shifted 2.3 Thermodynamic Characteristics of the Subdistribu-

by a constant amoutG, compared to the C®f the other plane. . L . .
Fine structure due to GSubstates has been omitted for clarity. In  10NS The peak activation enthalpies, bandwidths, and pre-

myoglobin or isolated hemoglobin chains, only one plane and one €Xponential factors of the cytochrome P-4300 complexes
P(H) is sufficient to account for the rebinding dynamics. are systematically and significantly less than corresponding
values of myoglobin (Table 2). The pre-exponential factors
temperature change must be in the range of seconds to are positively correlated withlpeas but “slow” and “fast”
few minutes. The free energy barrier between the doubletsdistributions follow distinct correlations (Figure 9, top). The
is thus of the order of 2630 kJ/mol at 100 K. The  P(H) band which corresponds to the fastest component of
arrangement of the CGSubstates in cytochromes P-450 is the kinetics is narrow (bandwidth between 0.9 and 2.5 kJ/
sketched in Figure 8. mol, while the slowP(H) band is much broader {38 kJ/

The equilibriumAH andASR values reported in Table 3 mol). The width ofP(H) also tends to increase slowly with
were based on the logarithm of thes/asew ratio, and some  Hgeai but the “slow” distributions tend to be broader (Figure
values are of opposite sign. A more regular pattern is 9, bottom).
obtained by considering the doublet component which  Globally, the components of the GSCS'! doublets
dominates at high temperature, irrespective of its kinetic display very different properties, a case that may be qualified
character. With this convention, the doublet component as strong symmetry breaking (Ansari et al., 1987). This is
which dominates at room temperature has, by definition, the rather fortunate, since without the difference in lagthe
higher enthalpy. It happens also to have the higher entropy.resolution ofP(H) into two bands would hardly have been
Figure 9 illustrates this entropyenthalpy correlation. possible.

(c) Substates Hierarchy and Barrier HeighfThe clas- 2.4. Substrate Binding and Connection with Room Tem-
sification of substates according to free energy barrier height perature Data Substrate binding was found to exert a
may sometimes be an ambiguous concept when dealing withprofound effect on the CO binding with P-45Qand P-45Q.
proteins. Because cryoprotective cosolvents are needed tat room temperature. At low temperature, the effect is
explore a wide temperature range, protein motions are remarkable as well: the number of band®{i) is changed
submitted to large changes in the ambient viscosity. It hasfrom 1 to 2 in P-45Q,m and the two bands of P-459
been shown, namely through observations of nhonexponentialundergo significant changes. Apparently, P-4bk0ds only
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Table 4: Average Internal Rebinding RateTat= 165 K required in order to account for the kinetic properties of the

Extrapolated Usind®(H) and logA doublet substates.
molecule R (1B s7Y) molecule B (1B s7) SUMMARY OF CONCLUSIONS
P-45Qam M'co 6.5 P-45Qw2 M, 2.0 ) ) o
P-45Qam M0 1.6 P-45Q;c Mo 0.4 Following photodissociation of carbonylated cytochromes
P-45Qm2 M'co 0.9 P-45Qcc M, 14 P-450 in a fluid solvent at room temperature, both geminate

recombinations and bimolecular rebinding are observed.
marginally sensitive to substrate binding both at room and Whereas the latter process is essentially exponential, gemi-
low temperature. nate rebinding is rendered complex and nonexponential,
presumably because of a spectral shift induced by protein

populations indicates that the dominant species at roc)mrelaxation on the same time scale. Binding ofasubstrate to
temperature should be “fast’, except for substrate-bound Ytochromes P-45Q, and P-45Q. causes the yield of the

P-45Q, SinceP(H) profiles are constant beloW, = 165 bimolecular process to increase upNeg: = 1.0 and the

K, an average rebinding raf&[lcan be computed for any Fimolecular ratle to_decrehase by 1 or 2borders(:jof magbr}itg_de.
temperature up td,. For this particular temperaturB(H) n contrast, only minor changes are observed upon binding

= P(H,Ty) is then an equilibrium distribution and this, ]~ Of benzphetamine to P-460. The effect may therefore
corresponds to the rate that would be observed if fast P€ Correlated with substrate specificity. _

equilibrium fluctuations were restored and rebinding were _AS IS the case with other proteins, conformational substates
exponential, i.ekin = ((iast 0" Eeowl). Extrapolation above (CS) of cytochromes P-450 are at the origin of a distribution

165 K is not legitimate, because we do not know e, T) P(k) of the geminate rate in a rigid environment at low
behaves abovE,. The data shown in Table 4 indicate that, temperatur'e. .Holvvever, In contrast W't.h myoglobin, the
even at such a low temperatufi,Jis of the order of 1x enthal_py_ dlstrlbutlc_)rP_(H)_generally consists of a sum of
10° st and that the changes induced by substrate binding WO distinct subdistributions even in the absence of a
are less than 3-fold. Of course, low-temperature data do notSl_Jbst_rate. Stl||. more surprising is the fact that the subdis-
give information aboukes, However, in order to account tnbuu_ons remain t.hermally eth_brated down to 77 K. ‘We
for the decrease of the bimolecular rebinding rate as well as e]>c<p3‘|a|n tf?ese findings bz a splitting of each ‘G8ko a pair

for the increased value dfes (section 1.1), the relatively ~©f “doublet states” with contrasted dynamic properties.

; These doublet states are separated by energy barriers which
modest changes expected fidg,[Jsupport the view that ; X
significant changes ikescmust take place at higher temper- are intermediate between those of'Gd CS conforma-

atures tional substates, thus introducing additional complexity in
R . the hierarchy of the conformational substates of hemopro-
2.5 Origin and Properties of the Doublet Substates

There are evidently some basic differences between the activetems' Though the structural fluctuations responsible for the

site of oxygen carrier hemoproteins and that of cytochromesSplitting are n_ot yet_ known, some argL_Jments_ tend to favor
P-450. The first is the ability of cytochromes to bind a explanations involving the proximal thiolate ligand.
substrate. Although the kinetic properties of the doublets ACKNOWLEDGMENT
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