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Conformational Relaxation in Hemoproteins: The Cytochrome R 430ase
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ABSTRACT. Photodissociation of (CO)P-45@(substrate) complexes was found to trigger a conformational
relaxation process that interferes with ligand rebinding at temperatures as low as 140 K even though the
protein conformational substates (¢ 8emain frozen. To analyze the rebinding and relaxation kinetics,
we developed a model that takes the distribution of relaxation rates explicitly into account and in which
rebinding and relaxation rates are connected by a linear free energy relation. In all complexes heme
relaxation occurs first and is probably faster than 100 ns even at 77 K. This is the only process found in
substrate-free P-450, Above 140 K and in the presence of a substrate, this initial, fast rebinding state
(P*) progressively relaxes to another staté)(id which rebinding is slower. The relaxation rate is
independent of solvent rigidity and is governed by the protein’s internal dynamics. Rebinding enthalpies
in P* and P as well as the enthalpy shift brought about by relaxation correlate with the substrate propensity
to block access to the iron site. Irf Ehe barrier is higher because the substrate is closer to the heme
normal and exerts more steric repulsion for CO binding. The relaxation process implies the return of
substrate and heme to their ligand-free positions in which access to the heme is reduced.

The principle according to which proteins assume a variety  Kinetic studies in rigid hydroorganic solvents are not
of energetically similar conformational substates (€S), sufficient to predict protein reactivity at high temperature
differing slightly in their activation enthalpy for simple ligand and low viscosity. The temperature dependence of the
binding reactions, has proven extremely fruitful for explain- enthalpy distribution is not known, and we can determine
ing a vast body of experimental observatiohk (t accounts only the distributionP(H,Ty) of the frozen CS ensemble at
for the nonexponential kinetics of phototriggered ligand the solvent glass transition temperatlifeAbove about 200
rebinding reactions that are observed when proteins areK kinetic averaging may possibly lead to apparent pre-
embedded in a rigid environment at low temperature. In the exponential factor and enthalpy values that are not necessarily
absence of fluctuations between substates, as for instance iBimple averages of the distribution parametetd).( A
arigid glass at low temperature, the kinetically heterogeneousquantitative understanding of the high-temperature reactivity
protein ensemble is described by probability distributions is possible only if the underlying distribution is known.
P(H) andP(K) of the activation enthalpid and of the reaction  Moreover, since the conformation of a liganded protein
rate parametek, respectively. The same concepts also differs from that of its unliganded counterpart, ligand
explain exponential rebinding at physiological temperature photodissociation triggers relaxation processes that compete
and viscosity by kinetic averaging due to the rapid equilib- with rebinding (L2). Because conformational relaxation is
rium fluctuations between CS. These concepts, first basedsuppressed in a rigid medium, the low-temperature kinetics
on investigations of Mb, were later shown to be protein gare representative of forced rebinding with a nonequilibrium
independent. They were first confirmed with the non-heme protein conformation. Finally, concomitant with protein
oxygen carrier hemerythrir2]. In more recent years azurin,  conformational changes and with the onset of protein
an electron carrier copper proteif)(and several cyto-  flyctuations aboveT,, the photodissociated ligand may
chromes P-4504) and NO synthaseS| were shown t0  explore new migration paths that are not accessible at lower
display the same general behavior as Mb. It has beentemperature 3—15). Investigations of these various proc-
proposed that CS constitute a hierarcly 1), the lower  ggses are therefore of prime importance to connect low-

members of which, CSare a few “taxonomic” conformers.  temperature concepts with the high-temperature regime in a
Each C8 is composed of a collection of conformational quantitative fashion.

f higher order n n{—10). . .
substates of higher order, &&nd so on7-10 The current ideas about relaxation processes have been
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low enthalpy; h.e., high enthalpy. variety of techniques such as X-ray diffractioB0¢22),
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neutron diffraction 23), and NMR @4). MbCO and deoxy- distribution P(H) of cytochromes P-450 is often bimodal,
Mb differ in the heme geometry as well as in the position of consisting of a combination of a high- and a low-enthalpy
some distal and proximal residues of the heme pocket. In distribution,P(H)ne.andP(H),e. The structural origin of these
MbCO, the heme is almost planar and the iron atom is in subpopulations is not yet known. In P-450the subpopu-
the heme plane. In deoxy-Mb, the heme is more domed andlations are approximately in a constant ratio, whereas in
the iron atom is displaced toward the proximal side by-0.3  P-45Qcc and P-450y, they are in a thermal equilibrium,
0.40 A. Concomitant with the iron out-of-plane displacement, proving that some internal degree of freedom may still be
a slight change in the tilt and azimuthal orientations of the mobile at a temperature as low as 77 K. Similar observations
proximal histidine and a sliding motion of the F-helix are were recently reported with NO synthad®).(Because of
observed. Dissociation of carbon monoxide also inducesthis kinetic complexity, our first studies were limited to
significant movements in the distal His64. One water temperatures below 140 K where most protein movements
molecule that is hydrogen bonded to His64 in the distal heme are frozen so that additional complications due to relaxation
pocket of deoxy-Mb is excluded from the pocket in the CO processes could be avoided.
complex Q0—22, 25). Conformational relaxation following In cytochromes P-450 the amount of steric hindrance on
MbCO photolysis is thus a complex process implying the heme distal side, as well as the water occupancy of the
proximal and distal structural rearrangements as well as entrypocket, can be modulated externally by varying the substrate.
of a water molecule into the distal cavity. These advantages compensate for the greater structural and
The idea that Mb relaxation was under the control of the kinetic complexity of cytochromes P-450 compared to Mb.
proximal side and of the iron out-of-plane displacement has In the present work, we use this experimental flexibility to
long prevailed 16, 26—28). However, later spectroscopic investigate kinetic relaxation in (CO)P-45Qsubstrate)
evidence indicated that the kinetic coordinate governing the complexes. The complexes investigated here fall into two
rebinding barrier cannot be the iron out-of-plane distance distinct classes:
(29, 30). Class 1 complexes: (CO)He-45Q.:{0) and (CO)F&P-
Numerous studies of myoglobin distal and proximal 45Qa..(norcam). These hexacoordinated complexes contain
mutants have provided arguments favoring a distal control either no substrate or the highly mobile norcamphor ana-
of relaxation 81—33). It was proposed that relaxation, as logue. In the oxidized forms Hé-45Q,,{0) and Fé& P-
monitored by the spectral shifts of the Soret band and of the 45Q...{norcam) a water molecule occupies the sixth coor-
charge-transfer band Ill, results from a change in the dination position of the iron atom.
electrostatic environment of the heme accompanying a Class 2 complexes: (CO)He-45Q..{cam) and (CO)F&>-
reorganization of the solvent in the distal pock&B)( 45Q..-({adanone). These are representative of complexes with
The possible role of water in the relaxation process was rigidly immobilized substrates. The oxidized forms'fe
suggested by the comparison of CO rebinding kinetics in a 45Q.a{cam) and F&P-45Q,.{adanone) do not initially
trehalose 34, 35) and in a glycerol/water3) glass by using  contain coordinated water.
the model of Agmon and Sastr28) for fitting the kinetic It turns out that relaxation in cytochrome P-450differs
data @7). Kleinert et al. 88) explained the slow reacting in many ways from that reported for Mb. Relaxation kinetics
state observed in the CO rebinding with horse Mb by the are observed only with substrate-bound complexes above 140
entry into the distal cavity of the water molecule that is K. In strong contrast to Mb, no relaxation kinetics were
hydrogen bonded to His64 in the deoxy form, thus blocking observed with the substrate-free P-450. We developed a new
the access of CO to the binding site. model to describe and to quantitatively evaluate relaxation
However, recent reports on the crystal structure of the kinetics. With this model, based on the use of rate spectra
photolytic intermediateslid, 15) tend to support an inter-  provided by an analysis using the maximum entropy method
pretation of the high-temperature geminate kinetics of Mb (MEM), the distribution of relaxation rates among CS is
in terms of multiple docking sites of the CO ligand3}. taken explicitly into account for the first time. Finally, the
The structural rearrangements that were successively pro-comparison of available crystal structures strongly suggests
posed for Mb may occur in any hemoprotein, and any of to assign the relaxation kinetics of P-45@to a conforma-
them may eventually provide the rate-limiting step for tional relaxation involving a combined motion of both
relaxation. Since they may differ with proteins, relaxation substrate and heme with respect to the protein environment.
may well constitute a case study. Such a process, which cannot occur in proteins with a simple
Other hemoproteins, such as cytochromes P-450, share digand storage function such as Mb, might well be charac-
number of kinetic properties with Mb though they perform teristic of more complex, substrate binding proteins.
enzymatic functions that are more complex than the oxygen
storage and transport by Mb or Hb. Cytochromes P-450 are MATERIALS AND METHODS
monooxygenases with a common active site consisting of a Materials. Recombinant cytochrome P-45Q (CYP101)
thiolate-coordinated iron(ll) protoporphyrin IX. The function (39) was a generous gift of Dr. C. Di Primo. The substrate-
of cytochromes P-450 is to hydroxylate a substrate in a very free protein was obtained by filtration through a Sephadex
stereospecific way. The substrate, which is bound in the hemeG-25 column. Camphor, norcamphor, and adamantanone
pocket, has no direct interaction with the heme. We previ- were added to the substrate-free protein in a few microliters
ously reported on the CO rebinding kinetics with cyto- of an ethanolic stock solution (700 mM). A final substrate
chromes P-45Qm P-45Qcc and P-450y, (4). As in other concentration of 1630 mM was sufficient for complete
proteins, conformational substates {L&e at the origin of  saturation of the protein.
a distributed CO rebinding rate in a rigid environment at  The required amount of cytochrome P-4&0wvas diluted
low temperature. However, in contrast to Mb, the enthalpy with glycerol, buffer, and water. The final protein concentra-
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tion was 16-15 uM in 50 mM Tris buffer, pH 7. The
proportion of glycerol was either 64% (w/wJ{~ 160 K,
[CO] = 0. 62 mM) or 79% (w/w) [ ~ 173 K, [CO]= 0.
48 mM).

The ferrous (CO) complexes were prepared by passing a

stream of CO above the protein solution submitted to gentle
stirring and by adding a few microliters of a concentrated
deaerated dithionite solution. CO binding was controlled by
following the absorption change of the solution. The reduced
complexes were obtained within a few minutes.
Methods.The methods used to collect and to process the
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Ficure 1: Kinetics of CO geminate rebinding with cytochrome
P-45Q.{cam) (a) and P-45@{adanone) (b) between 79 and 203
K measured at the peak of the Soret band. For clarity, only three

data and to recover the rate parameters and enthalpyS€lected temperatures are shown. Symbols are data points. Lines

distributions have been described in detail in a previous work
(4). They will be summarized only briefly.

(1) Data Collection(CO)P-45Qan{Substrate) solutions in
gastight square cuvettes were cooled in a liquid nitrogen
cryostat (Oxford Instruments DN704). Rebinding kinetics

were recorded at 10 K intervals. The cooling rate was about

1 K/min, and the protein was allowed to equilibrate for a

further 15 min once the desired temperature was stabilized.

are fits according to the MEM.

as well as the preexponential factArwas obtained from
the linear plot of the barycenter of a seriesR§RT In k) at
different temperatures4). Note that even with a constant
P(H) the Arrhenius relation introduces a temperature de-
pendence ofP(log k) causing the latter to broaden upon
lowering the temperature.

Photodissociation was achieved by the 10 ns pulse of theqeg 15

second harmonic (532 nm) of a Q-switched Nd:YAG laser

(Quantel). Transient absorption changes, monitored at the

In cytochrome P-45Qy,as in Mb, the heme is a spectro-

peak of the Soret band of the hexacoordinated CO complexscopic marker of choice for ligand binding studies. But

(446-448 nm), were recorded over 2 decades in amplitude
and 6-7 decades in time using our fast kinetic spectrometer
setup.

(2) Distribution of Rate Parameters and of Agtion
Enthalpy. At low temperature and high viscosity, ligand
rebinding is nonexponential. The survival fractibift) of
unrecombined molecules is given by a weighted sum of
exponentials X):

1)

in which P(K) dk is the fraction of CS in the protein ensemble
rebinding exponentially with ratie The probability density
function P(k) provides an equivalent description of the
rebinding kinetics but is considerably more powerful for
analyzing complex processes.

In practice we obtaif(log k) from the observed kinetics
N(t) by Laplace inversion of eq 1 using the MEM with a set
of logarithmically spaceé# values. This amounts to solving

N(t) = /;"P(log K)e ' d(log k) )

Equation 2 is mathematically equivalent to eq 1. The “rate
spectrum” obtained by plottinB(log k) against logk is the
most efficient presentation of complex kinetic data.

For an elementary kinetic process, the distribution of rates
is caused by the distribution of the activation enthdhfi,T)
among CS, the preexponential facforemaining sharpl(

2). Because of thermal equilibration among CS, the enthalpy
distribution is, in principle, temperature dependent. However,

N = [ Pe “dk

conformational relaxation can be monitored only if structural
changes are affecting the hemegand rebinding reaction
or the heme spectral characteristics. Thus a succession of
conformational states that do not significantly differ regarding
the marker characteristics or the rebinding reaction is
expected to escape detection and to appear as one kinetic
state. In addition, conformational relaxation might continue
once the marker has reached its final state or after rebinding
is completed. Accordingly, the number of kinetically dis-
tinguishable states will always be equal to or smaller than
the number of structural steps identifiable along the path of
conformational relaxation. Experimental constraints also limit
the observation of the marker to a time window. The earliest
observable events are determined by the experimental time
resolution of the equipment. We shall use, for short, P* and
P° to denote the earliest and the latest observable protein
conformations, respectively. P* and Bre defined relative
to the experimental conditions and may vary according to
the type of marker and experiment, whereas liganded and
unliganded conformations are well-defined structural con-
cepts. Experiments monitor relaxation from P* tolrit not
necessarily the full relaxation from liganded to unliganded
conformations. The distinction should always be kept in mind
in order to avoid confusion.

(1) CO Rebinding with Cytochrome P-45QComplexes.
The kinetics of CO rebinding with the substrate-free cyto-
chrome P-45Q, as well as with its camphor-, adaman-
tanone-, and norcamphor complexes, have been determined
between 293 and 77 K. Not only do the nonexponential
kinetics display a complex pattern with more than one

below the solvent’s glass transition temperatdrg,inter- process but the temperature dependence is reversed above
conversion among CS does not take place and the proteinl60 K. Displaying a series of such kinetics on a single graph
ensemble is frozen. The kinetics of an elementary processbecomes cumbersome because of the many curve crossings.
observed at any temperature beldyare thus all derived  For clarity, Figure 1 displays only a few representative
from this unique, nonequilibrium and temperature-inde- examples of CO rebinding with the camphor- and adaman-
pendent probability distribution of the activation enthalpy tanone-bound complexes, showing the inverse temperature
P(H) = P(H,Tg). The validity of these basic assumptions has dependence observed above 160 K: the overall geminate
been repeatedly documentdd-6, 7, 11, 16, 40—42). P(H) rebinding becomes slower upon rising temperature.



14222 Biochemistry, Vol. 39, No. 46, 2000 Tetreau et al.

4 3 1
292K | 232 K Q' 191 K G 136 K . 78K g
=1 G' i G
x
3{
g 15|
L J J
O s % 4 s b 1 °—% 3 g °—% ) 8
3 1.5 0.5 0.5 0.5
= s 288K S 240 K 182 K 142 K 79 K
82 I G'
= I
o Gg* G L 4 L G
! G" :""""z.;" . G"
0 L 0 o O ke 4 t” o 0 , o}
0 4 8 0 4 8 0 4 8 0 4 0 4 8
3 1 1 0.8 0.5
295 K S 244 K 180 K | 135 K 79 K
G I
< s G" G' G' G
o
9 H
5 :
Gt "
0 ! A A \ 0 L £t 0 PO et Ll [ ) T, f . 0 | \
0 4 logk 8 0 4 gk 8 0 4 |ogk 8 0 4 jogk 8 0 4 logk

Ficure 2: NormalizedP(log k) rate spectra for CO rebinding with the class 1 complex Pzgfitorcam) (top) and with class 2 complexes
P-45Q,n{cam) (middle) and P-45@{adanone) (bottom). S denotes the solvent procesis. &tributed to geminate CO rebinding with the
initial conformation of the protein P* and'Go geminate CO rebinding with the final protein conformatich Phe thin lines and the
dotted lines in the P-45@{cam) spectra (middle) correspond to the Gaussian decompositiohafd33' as discussed in the text. The
solvent was 64% glycerol/water (w/w) for adamantanone and norcam and 79% glycerol/water (w/w) for camphor. The datafg(0-450
have been already published).(They are essentially similar to those of P-dthorcam).

The rate spectra of Figure 2 explain the complex pattern narrower and to shift to faster rates. In P-da(am) the
of the kinetics. Two or three well-separated groups of bands rates of the subpopulations tend to become closer.
(respectively denoted by S,'Gand @) are identified, (b) 130 K< T < 200 K.Above 140 K the evolution of
indicating the presence of distinct processes. Their numberthe kinetic pattern markedly differs with substrate. Whereas
and relative amplitudes depend on temperature as well asthe geminate process apparently remains unique in class 1,
on the nature of the substrate. All processes are due to COanother slower process'Gppears in class 2 (dotted lines
rebinding. The wavelength dependence of their initial in Figure 2). Process 'Gstarts afT ~ 135 K and grows at
amplitude follows the difference spectra between the hexa-the expense of Qupon increasing the temperaturé. &hd
coordinated CO and pentacoordinated P-450 complexes (noiG'" are still distributed, and the two subsets of P-45@am)
shown). Bands Gand G are independent of ligand concen- are apparent in both. Process' & responsible for the
tration and correspond to geminate rebinding processes. Bancpparent slowing down and inverse temperature dependence
S represents bimolecular rebinding from the solvent. It of the overall kinetics in these complexes.
appears only above 200 K, and its peak rate coefficient is  (c) T> 200 K.The appearance of bimolecular rebinding,

proportional to [CO]. process S, above about 200 K, provides evidence that
Three temperature ranges must be distinguished: equilibrium fluctuations have set in, allowing the escape of
(a) T < 130 K.At temperatures of at least 30 K beld, CO into the solvent. In class 2 complexes this process

conformational substates do not interconvert. Eachr€&ts ~ becomes predominant above 240 K, and the yield of CO
at its own rate, andP(k) reflects the CS distribution. The  €scapeNs, is equal to unity at room temperature. In contrast,
simplest rebinding kinetics are observedat 130 K when  the escape yield is much smaller in class 1, with an upper
most protein motions are frozen. In agreement with our limit of 0.1-0.2 (a more accurate value cannot be given
previous findings, only one geminate rebinding process, G because geminate rebinding is very fast at these temperatures
was observed with all P-45(, complexes between 77 and and, in part, escapes detection).

130 K. As reported previously, the rate distributioh @ At the same temperature at which equilibrium fluctuations
P-45Qar{cam) is bimodal 4). Such a kinetic heterogeneity ~ set in, kinetic averaging among CS is also observed. It is
is due to the coexistence of two different subsets of CS. In expected to affect slow rates first. Evidence for kinetic
P-45Qccand P-450y, the two subsets interconvert to some averaging is particularly apparent in thé @te distribution
extent down to 77 K, whereas they remain approximately of P-45Qa.{adanone) at 244 K (Figure 2, bottom) that,

in a constant ratio in P-45Q{cam). In this work, no compared to the band at 180 K, is narrower than one would
clear evidence was found for CS subsets in P:4%0), expect from the temperature increase alone. Note also that,
P-45Qan(norcam), and P-45@, (adanone) although we at this temperature, the three processes are seen simulta-
suspect that they actually exist. Their rate distributions are neously with equivalent amplitudes. In P-45@norcam)

too close to be resolved, and one of the subsets probablyprocess & is observable as a kinetically averaged band of
dominates above about 100 K. In the temperature range ofsmall amplitude in the very narrow temperature range-240
interest, process'@an therefore be considered as unique in 280 K (not shown in Figure 2).

these complexes. Between 78 and43@0 K the Arrhenius (2) Relaxation in Distributed Systems: A New Approach.
relation causes the rate spectra to progressively becomeProcess Gis systematically observed with all complexes
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Scheme 1: Relaxation Process within One CS mediate temperatures when rebinding from B* (proce§s G
Kk and from B (process ®&) are simultaneously observed with
(B* —» BO) respective ratel = k* + k" andk' = k.2 A fraction ¢* =
K+ + * P k*/K' of the photodissociated ligand directly rebinds from
. B* as process GAnother fractionp” = 1 — ¢* accumulates
(A* 44— A0)

into B° from which subsequent rebinding takes place as
) . process &. Because B* and B are spectroscopically
even in the lowest temperature range. It obviously corre- j,gistinguishable, the initial rise of Bexactly compensates

sponds to geminate CO rebinding with the initially observ-  {he corresponding loss in B*. Finally, the total fraction of
able P* conformation. We attribute band'Gwvhich only protein that has not rebound turns out to be

appears in the presence of a substrate above 140 K, to
rebinding of protein molecules that have partially or totally n(t) = (p*efk't + (prefk“t
relaxed to the unliganded Ronformation. In the Discussion
section we shall establish a connection between the differentThe rate spectrum thus consists of two lines centerdd at
substrate and heme positions and the liganded and unligandednd k°, but whereas Galways exhibits the true rateé of
P-45Q.mconformations, respectively. In our view this is the relaxed rebinding, Gcorresponds to the composite rdte
simplest explanation for the relaxation kinetics in P-450 combiningk* andk’. The relaxation rate and the rate of direct
given the available kinetic and structural data. Consequently, rebinding from B* are easily obtained frork and the
we analyze the kinetics in terms of the irreversible parallel amplitudesg* and ¢" by
Scheme 1.

A most important feature is that protein relaxation is K= @rk' 4)
observed belowTy at temperatures at which €2emain
distributed, long before interconversion and kinetic averaging and
take place (Figure 2). This means that rebinding and Kt = o*K 5
relaxation remain confined within the individual EShe ¥ ®)

internal motions at the Origin of relaxation therefore belong The above results app'y to each JCEOI' the ensemble of
to a higher tier of CS, presumably €%6), and each  (jstributed CSatT < T, the rate spectrum consists of two
individual CS must be characterized by particular rebinding extended bands describing the distribution dfo@ PexdIn
and relaxation rates. K) and that of @& by Peg(In Kk°). In terms of these

As a consequence, not only rebinding but relaxation as experimental (MEM) distributions the survival kinetics are
well are distributed processes, a fact that has not been

previously considered explicitly. The usual approach in Mb N(t) = fpex (In k')e—k't d(ink") +

studies was to postulate a time-dependent rebinding rate P

governed by a relaxation function of the activation enthalpy. f Pexg(In ko)e_kot d(Ink®) (6)

By analogy with glasses, this function was assumed to be a ) )

stretched exponential. The use of rate spectra permits onel N€ respective proportion* and @' of G' and @ are equal

to dispense with these assumptions and provides a more©® the integrals in eq 6 at = 0. Unfortunately, the
deductive approach of relaxation than fitting the survival Phenomenological eq 6 cannot be used in its present form

curve using a global kinetic model that must be assumed afor subsequent treatment because of the lack of a clearly
priori. identified independent variable. Althougki and k° are

We first consider one single particular E8ith its ligand- distributed, their distribution fgn'c.tions' are npt known. Not
bound (A) and dissociated (B) states. Observation begins©"ly do they depend on the initial distribution of the B*
when the protein is in the dissociated state B* of its P+ Substates but also they depend on which valugs andk®
conformation and ends in the bound staté @f its P° are connected to a given value kof. o ,
conformation. Since no GSnterconversion is taking place, The difficulty is best understood by deriving again the
dissociation, rebinding, and relaxation remain localized Survival kinetics from eq 3, using* as the independent
within that particular C§ as depicted in the kinetic Scheme Variable:

1. Observation in the Soret discriminates only between it

liganded and dissociated species. The states in parenthesdd(® = fP(In k*)g*e ™" d(Ink*) +

in Scheme 1 are therefore spectroscopically indistinguishable. ) Kot *

B* and B° are kinetically distinct, while A* and Abehave fP(In kK9)g'e = d(ink) (7)

as one species. Stat€ 4s included for generality. It may  Note that the overall amplitudes of @nd G are the average

have no independent physical existence, in which case a5 es ofg* and ¢' expressed in terms of the elementary
rebinding path would connect°Band A* directly. The rates.

distinction is without consequences for the following kinetic 11 s:
problem.
Below about 130 K, relaxation is slow and rebinding o* = fP(In k*)g* d(In k¥) (8)
occurs uniquely from B* with rate*. At about 200 K,
relaxation becomes so fast that rebinding takes place fromand
the relaxed state Bwith rate k°. These limiting cases

obviously provide no information about the relaxation  2The approximation® < k*, K, suggested by experiment, has been
process itself. Such information is obtained only at inter- used thoughout in the kinetic treatment.

®
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®" = [P(In k*)¢' d(Ink*) 9) \

The choice ofk* as the independent variable is forced A
upon us becaude(ln k*) directly reflects the initial distribu- Hro L—
tion of CS in P* when observation begins. It is the only H
distribution that can be unambiguously defined from meas- °
urement performed beloW,. But solving eq 7 in the general
case requires functional relations connecthgndk® to the P(n) §
independent variabl&*. Such relations, which are not
available a priori, must be provided by an additional physical
model. >

(8) Connection between k*?kand K: A Model. Confor- Peak n
mational substates are characterized by a set of activationggre 3. Conformational substates are sorted in increasing order
enthalpies:H*, H°, andH'". All available evidence suggests of H* values. The population distribution is sketched in the lower
that enthalpy varies smoothly among substates. Applying the part of the figure. The correspondence between CS and enthalpy
linear approximation depicted in Figure 3, one obtains the valuesH* andH' is assumed to be a smooth function (upper part

; ; ; ; o \ni . of the figure). A straightforward linear interpolation leads to eqs
following simple relations connecting™ and H® with H*: 10 and 11.

H"=aH* + A (10) to some variability and can only be used as a crude

approximation. The average valu®% and @' obtained from

the area of the distributions (egs 8 and 9) are more reliable.
H° = bH* + A° (11) But using®* in place of p* to extractk* peaxandk'peakfrom

K peak @mounts to assuming that* is constant among CS
Equations 10 and 11 allow for both a shift)(and a change  and can be factored out in egs 8 and 9. In other words, we
of width (a andb) of the enthalpy distribution®(H") and have to assume th&t = ak* by settinga = 1 in eq 12.
P(H®) compared toP(H*). As a further consequence, the Both approaches gave similar results, but we preferred to

and

rate parameters are relatedkto by use thed* values because the scatter was less. This suggests
that among the C'Sthe barrier for relaxation may be simply
K = ak+? (12) shifted by a constant amount compared to the barrier for
0 b rebinding, without changing the shape of the distributions.
K= pk* (13) This is not unreasonable becaugeandk” both originate

" s
Relations 12 and 13 between the rate parameters have théroon;rt]réeps(ar%eisB jf?ﬁé:?ghsiﬁtogﬁaalg |(s:h|;ontgr;ei(:]zc;;or

same form as that found using linear free energy relat|onsh|psCornpared tdP(H*).

(LFER) for which many e’$amp'es are k_nown_ n phy5|cal_ (4) Enthalpy Distributions P(H*) and P(F at T < Tg.
chemistry. Such relationships are found in series of chemi- The derivati PH.T f h uti
cally closely related systems undergoing the same reaction e derivation 0 ( 'Tg) from the temperature evolution
Since the conformational substates of a protein must be ver of the rate distribution below, (see Material and Methods
P ysection) applies to elementary processes only. Pothe

closely related, the existence Of_ a LFER type relatlo_n 'S treatment is valid in the range 7140 K because relaxation
acceptable. The model now provides the desired functional. L Lk ) X o

) . " : is absent an#' = k*. It can be applied without restriction to
connection relating all rates tk*, and eq 7 can be, in

principle, integrated G" that always corresponds to the single ridteHowever,

In practice, unfortunately, one cannot expect four unknown G! only appears above ~ 135 K. Because of the smaller
parametersa( b, o, andg) o be determined only from the temperature range, the enthalpy distributions were determined

; . . with a lesser accuracy.
available experimental data using eq 7. However, we may

note that eas 1613 imolv for the corresponding orobabilit Another technical complication arises due to the bimodal
distributionqs Py P gp Y rate distribution in P-45Q.(cam). This is solved by develop-

ing the enthalpy distribution according to
P(H") = aP(H) = bR(H") (4 P(H) = ay o P(He + P (16)

P(In k*) = aP(in k) = bP(n ko) (15) in which aye. andoy ¢, are the fractions of the high- and low-
Therefore, the same CSaximizes the three distributions ~ €Nthalpy subpopulations, respectively. Their temperature
expressed in terms &(H) or P(In K). This simple conclu- ~ dependence can be neglected in P-4§0am) @).
sior? is an important one because we may now solve the A Gaussian decomposition &(log k) yieldedP(H,The
problem for this particular CS by using the much simpler and P(H,Tg)e that were independently normalized. This
egs 3-5, since (INk)peacand (INk%)peacvalues of Gand G treatment was applied to both' @nd G' processes. The
can be clearly located. For this purpose, the Corr(_:.Spondmgpreexpon(::ntlal factors and parameters characterizing enthalpy

@* and ¢ must be known. The peak probabilities are subject distributions are listed in Table 1 for the four P-450
complexes.P(H*) and P(H®) distributions are shown in

3 . . . . _Figure 4.
Though in agreement with a certain common sense, the conclusion . .
is actually by no means obvious. In particular, it is valid only Rgin (5) Relaxation ParametersPeak relaxation rates and

K) but not forP(K). enthalpy distribution®(H"), calculated using our model, are
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Table 1: Preexponential Factak, Peak EnthalpyH,, and Width at Half-Maximum of the Enthalpy Distributions for CO Rebinding with

Cytochrome P-45Q.{Substrate) Complexgs

substrate logh\* (s7Y) H*,, (kd/mol) width (kJ/mol) logA° (s71) H°p (kd/mol) width (kJ/mol)
class 1 none 9.2(0.1) 6.8 (0.2) 2.5(0.3)
norcamphor 9.1(0.1) 6.1(0.2) 2.1(0.3) 7.9 8.4
class 2 adamantanone 8.9(0.1) 9.1(0.2) 4.2 (0.3) 7.3(1.0) 15.1(1.5) 4.7 (1.2)
camphor (h.e.) 8.5(0.6) 10.2 (1.2) 6.9 (1.8) 8.6 (1.8) 22.9(5.5) 8.1(1.5)
camphor (l.e.) 8.0 (0.2) 4.1(0.4) 4.2 (0.3) 4.9(1.9) 15.3(5.8) 3.4(0.7)

a Solvent was 64% glycerol/water (w/w) except for camphor [79% glycerol/water (w/w)]. Values in parentheses are standard deviations of the

least-squares fit to an Arrhenius equation. Because of the very small
parameters should be considered rather as estimates (italic).

temperature interval in which relaxation is observed in norcaktphor, the
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L
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z
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Ficure 4: Normalized enthalpy distributiorfH*,Tg) (full lines)

and P(H°,Ty) (dotted lines) for CO rebinding with class 1 (left)
and class 2 (right) complexes of cytochrome P450 (a)
P-45Q.1{0); (b) P-45Qa{norcam); (c) P-45Q.(cam); (d)
P-45Qa{adanone)P(H,Ty) were computed by merging all indi-
vidual P(H) obtained from measurementsTat Ty and by fitting

to a GaussiarR(H*) was determined from measurements performed
between 77 and 140 K. Fd?P(H°), the temperature range was
limited because the relaxed band ®Bas not observed below 135
K. In principle, measurements should be strictly restricted to
temperatures belovy (Ty = 160—170 K) where the CS enthalpy
distributions are invariant. However, measurements were performed
up to 180 K, and?(H,180 K) was not significantly different from
the other distributions, indicating that any change of profile due to
the change in the CS distribution or to a beginning of kinetic
averaging was negligible. With norcamphor, proce$s\@s always
kinetically averaged, so that no distribution profile can be given.

shown in Figures 5 and 6, respectively. The Arrhenius
parameters are listed in Table 2.

Our measurements have been performed in buffer contain-

ing different amounts of glycerol [64% for P-45@adanone)
and 79% for P-45Q.(cam)]. For P-45Q.(cam), some
measurements were also performed in 64% glycerol or in
60% ethylene glycol. At a given temperature, the viscosity
of these solvents differs by at least 1 order of magnitude
(43). The relaxation rate did not show any dependence on
the solvent composition or viscosity. Below 220KKeax is
faster by several orders of magnitude (Figure 5) than the

peak

0.4 0.6 0.8

1/RT

Ficure 5: Arrhenius plot of the peak relaxation rate:
P-45Qan{cam).. population (filled circles) and P-45Q{cam} .
population  (open circles); P-45@(adanone) (squares);
P-45Qan{norcam) (triangles). For P-45@(cam) the relaxation rates
depend only to a minor extent on the manner in which h.e. and |.e.
H* are associated with h.e. and Il¢° distributions. No fit was
performed with P-45Q{norcam) because of the narrow temper-
ature interval in which relaxation is observed. The solvent relaxation
rate (79% glycerol/water) calculated from heat spectroscopy data
(38) is shown for comparison (full line).

0

0 "30

15 v

H kJM
Ficure 6: Enthalpy distribution®(H") of the relaxation process
calculated using the model described in the text: Ps450am)..
(full line) and P-45@,{cam),.. (dotted line); P-45Q{adanone)
(triangles); P-45Q{norcam) (circles). The distributioR(H") of
the P-45@,{cam),. subpopulation has been limited to positive
values only.

To account for ligand escape from states B* and/®rti&o
additional decay pathk*. and k% must be added to the
kinetic Scheme 1.

solvent relaxation rate determined by specific heat spectros-

copy (38). Moreover, the Arrhenius plot of the peak

P-45Qa{adanone) at 244 K is the only case that can be

relaxation rates does not show any discontinuity at the glasssolved completely because all three processes are simulta-

transition temperature. All of these findings clearly indicate
that protein relaxation is an internal process, decoupled from
the bulk solvent and from the protein surface.

(6) Ligand EscapeFigure 2 reveals that bimolecular
rebinding and, therefore, ligand escape from the protein are
significant only above about 23240 K. Another issue is
whether CO escapes from P*, froni,r from both states.

neously observed with significant amplitude (Table 3). At
this temperature and above, we identify the kinetic averaged
rate (KO with Keaw the extrapolated peak value of the
distributions? &*[is first obtained by using eq 5, in which
we putg* = N, andkK' = &K*[H K'H [&*[]Extrapolation
from the low-temperature region yields It is found that

k* + k" almost exactly equalt', showing thatk*. must be
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coordinate {). The number of barriers was determined

Table 2: Arrhenius Parameters of the Peak Relaxation Rgte i -
empirically (sometimes up to four were found to be neces-

(1 r
substrate logv (5™) H'p (kJ/mol) sary) until the fit to the data was satisfactory. But whereas
class 1 none h 9.7(0 16.2(3.9 a combination of several sequential barriers with different
norcamphor 708 239 temperature dependences constitutes a model with sufficient
class 2 Cz‘z?r?]%’;t("’r‘]”gr)‘e 913-%0(%2) L ji—‘()z((i-;) complexity to fit kinetic data, the reality of the postulated
Camghor (,_é_)' 74 (0_'9) 33 (2.é) intermediate states cannot be proven by kinetic considerations

aValues in parentheses are standard deviations of the Ieast—squarealone' The multiple barrier model was later rejected in favor
fit to the Arrhenius equation. Solvent was 64% glycerol/water except %f a relaxation model in which th? rebinding rate was tlr,ne,
for camphor (79% glycerol/water). dependent and the enthalpy barrier was assumed to shift in
time according to a stretched exponential la¥b,(38).
However, recent evidence of multiple CO docking sites in

Table 3: Kinetically Averaged Rate Parameterst$or CO

Rebinding with P-45Q.(Adanone) in 64% Glycerol in the Mb again emphasi;es _the role of sequential barriers in the
High-Temperature RegiorT (> 230 Ky high-temperature kinetics of MbCQ&-15).
293 K/ 244 K/ 293 K/ 244 K/ The present MEM approach of cytochromes P-450 kinetics
15 cP 320 cP 15 cP 320 cP is basically different and dispense with unnecessary assump-
Ne 1 043 Kol =10 10 _tions. The rate spectra are not _simulated dz_ita. They represent,
N, 0 0.27 ¢ 0 0.73 in the rate domain, an alternative and equivalent description
Ny 0 0.30 k! 8.8 x 10¢ of the data as the kinetics in the time domain. The advantage
K 8 x 10° (koDd 3.6x 10¢ of rate spectra is that pertinent information is retrieved more
KO [2x10] 22x106 [Kefd 5.2x 10¢

easily. We do not postulate a barrier number, but we use
- . the rate spectra in a simple deductive manner. Figure 2
N, Ni, and Ny are the amplitudes of processes 3, &nd G, immediately indicates [notwithstanding the more complicated
respectively. The values in brackets were extrapolated from the low- . L -
temperature region (Table 1). case of P-45Qq{(cam)] that one unique distributed barrier
accounts for the kinetics below 140 K but that two distributed
barriers are observed above this temperature with class Il

negligible. The relaxation yielg" = (1 — N) amounts to ;o mnunds. This unambiguously determines the number of
0.73. For the amplitude of relaxed rebinding we halje= barriers.

¢RI []in which now(R!'[= K (K] giving the values The model we use to analyze the temperature evolution

listed in Table 3. It turns out trf‘t co escapiat 244 K takes qf the rate spectra also differs from those previously applied
place only in P with rate %= 5.2 x 10° s™. to relaxation studies in Mb. Since rebinding barriers are

kO [2x107 [6 x 107

/At 293 K only the solvent process is observéd & 1). distributed, a consistent description of the relaxation process
SinceN, = [k*[([k*el+ KT [k*(Yis zero (or less than @ implies that the distribution of relaxation rates should be
few percent), an extrapolation & andk’ from the low- considered as well.
temperature region yields the estimate~ 10°s™%. At 293 The connection of the present model (egs 3, 6, 12, and

K the ligand escapes in P* before relaxation takes place. 13) with the time-dependent rebinding rate model previously
We conclude that CO escape may in principle occur in either ysed in Mb studies can be understood by writing the
of the protein states. The other complexes cannot be solvedyerivative of eq 3 in the formmdt = k(t)n, yielding an

as easily because complete data are not available. They ar@pparent time-dependent rate parameter:

discussed later.

(17)

@* Ke ¥+ (p'koe_kot
Kot

DISCUSSION k(t) = ( T E—
p*e Tt oge
Comparison of Relaxation ModelBhe kinetics of ligand
rebinding with cytochrome P-450 exhibit a complexity The equivalence thus established between models is purely
comparable to that reported long ago for Mh (6, 43). formal. Similarly to many other physical problems, the time
The main features are (i) the existence of distributed barriers dependence appears because the problem was not stated in
that are best observed at temperatures well balp(igure terms of the system “eigenstates”. In the present problem
2) and (ii) an inverse temperature effect characterized by athese states are P* and.Rn other words, one particular
slowing down of the kinetics upon increasing the temperature molecule rebinds only either with raké or with ratek® after
above 146-180 K (Figure 1). Historically, the Mb kinetics ~ €xperiencing a transition with rate’. The choice of a
below T, were treated by postulating some parametrizable stretched exponential to describe the enthalpy change ac-
function (exponential, Gaussian, or gamma) to describe thecounting fork(t) was probably a convenient one for perform-
enthalpy distributions. The parameters were then optimized ing least-squares fittings of the kinetics. But simulations using
to reproduce the experimental kinetics using least-squareseq 17 with realistic values of the rate parameters showed
fits (1, 7, 12, 42). The problem of the inverse temperature that acceptable fits could only be obtained with particular
effect is of a different nature. In Mb it was first addressed sets of parameters for the stretched exponential. In addition,
by assuming that the ligand has to overcome a series ofthese models used one unique “enthalpy relaxation function”
energy barriers disposed sequentially along the reactionfor all substates so that the distribution of relaxation rates
was taken into account only indirectly.

. . A description of the relaxation kinetics in terms of
Upon rising temperatur@(log k) always narrows, even at constant

P(H), so that(KJand kees may become quite close for a narrow distributed _elementary p_roceséés k', andk® is simpler and
distribution. more consistent. Equations 6 and 7 show that the problem
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can be solved only if some functional relation connects the Depending on substrate and temperature, geminate CO
rate parameters within one ESVe use eqs 12 and 13 that rebinding with P-45Q,{(S) complexes involves one or two
are closely related to linear free energy relationships. Thoughprocesses. In class 2 complexes no geminate rebinding can
other choices might be possible, we believe that this is the be seen at room temperatuids(~ 1). At low temperature
most natural assumption. two processes are observed: procesedsurs first and is
Another issue is whether the two barriers are arranged in fast, but the system also relaxes, on the same time scale, to
para||e| as we have assumed in Scheme 1 or dispose@ new conformation in which rebinding follows the much

sequentially as in the alternative Scheme 2. slower process G In class 1 complexes at room temperature
Ns is small, and the geminate rebinding rate is fast, though
Scheme 2: Sequential Model still observable. Over the whole temperature range only proc-

ess Gis observed in P-45@40), whereas in P-45@{nor-
cam) process Gappears at higher temperature, but only
transiently, within a narrow interval and with a small
kI amplitude.
Below Ty, rebinding and relaxation are distributed proc-
The kinetic equations have the same form as eq 3, andesses, and C3ebind and relax independently of each other.
the rate parametets andk’ are still given by eqs 4 and 5  Using a MEM analysis and a relatively simple model taking
using the same observabfeSchemes 1 and 2 only differ the distribution of relaxation rates explicitly into account,
in the rate of the slower process. For the sequential schemewe were able to characterigéH*) for all complexes as well
asP(H°) andP(H") for substrate-bound complexes. The main
0 kKT s features of CO rebinding and protein relaxation can now be
K' = o Dk (18)  summarized as follows.
Relaxation reduces the CO geminate rebinding rate by
o . . several orders of magnitude mainly because the enthalpy
Wherea! = K’in the parallel relaxation scheme, it becomes. barrier increases in a way that is more or less pronounced

a composite rate in the sequentlal sch_eme and should, Inaccording to the nature of the substrate (Figure 4 and Table
principle, display a non-Arrhenius behavior. In practice, the 1). The peak relaxation rate.varies continuously with

glrj]:;ligurr?bP:%eSAET]?Q;;JUSnglg}ywﬁlﬂdegsgﬁmgnfgr;glsctaigt temperature. Be_low 220 K it always exceeds th_e solvent
not possible sin.cé ligand escapé sets in well before a highdyna.mIC re_lax.atu.)n rate by several orders of magn!tyde, and
h temperature can be reached to decrbhsaticeabl no d|scont|nu_|ty is observed near the g[ass_ transition tem-
.Ie_?]ﬂl;g in apsequential scheme. the relatidn~ k- i)s/. peratureTy (Figure 5). Therefore, relaxation is not coupled
appr(;ximately valid over the \,Nhole temperature range to th? bu]k or surface s.olvent and .mus.t be driven by the
Obviouslv. the phvsical interpretation of the states B* and. protein’s internal dynamics. Relaxation is observed only in
Y, phy P the presence of a substrate, and its rate and enthalpy appear

B° and of the rate parameteiksand k™" will differ with the e g e A
postulated scheme, but as expected, kinetics alone are nofllzjig)u“rsemGQ)ly similar among substrates’ ¢ 14-16 kJ/mol)

sufficient to support unambiguously one or the ot_her. No_te The rebinding enthalpy distribution shifts by an amount
that a sequential scheme does not describe an irreversible

; . . AH = H° — H* that increases in the order norcamphws2(
relaxation process, because the rebinding state is always B*'kJ/moI) < adamantanone (6 kJ/mof) camphoke. (12.7 kJ/
Scheme 2 would apply if, for instance, the ligand became mol) ~ camphor. (11.2 kd/mol) PNOfke. (Lo
trapped in a long-lived docking site similar to the proximal A : .
Xeg)psite reporte% in be3_15§)]_ The access of COpto this The rebinding enthalpies follow the same ascending
site probably requires collective motions of parts of the order: forH*, no substrate (6.8 kd/maty norcamphor (6.1

X . kJ/mol) < adamantanone (9.1 kJ/maf) camphoy.. (10.2
protein that become effective near 180 K and also promote i o
ligand escape. Whether such sites exist in Ps450s kJ/mol); for H°, norcamphor (8.4 kJ/molyr adamantanone

presently unknown. Procesd Gtarts at significantly lower (15.1 kJ/mol)= camphok.e. (22.9 kJ/mol). As seen in Tables

temperature, and such fluctuations are not likely to be entirely 1 and 2, the camph%r surbpopulzitmn constitutes an excep
) o : tion as reflected irH*, H", andH°.
decoupled from the solvent in contradiction with the data . .
. . ) - Relaxation sets in at very low temperature130—140
shown in Figure 5. Though independent spectroscopic ., . |
) . S ; K) in class 2 complexes, but'Gs seen only above 240 K
evidence for conformational relaxation is not available yet in P-45Q..(norcam) despite a similar relaxation rate. This
for P-450, we shall see shortly that structural differences a P '

between liganded and unliganded forms are significant and’ & simple consgquence Of the large rebln_dlng kitef
o .~ P-45Qan{(norcam): the crossing of the Arrhenius plotskdf
clearly documented; it is therefore natural to look for their . )
e . ) . ~and k" occurs at a higher temperature, akidbegins to
kinetic signature in terms of the irreversible parallel reaction . Y
. . . compete efficiently withk* only above about 240 K.
Scheme 1 rather than in terms of sequential barriers. We

consequently proceed to the specific discussion of the P-450 In hemoprotems, three main differences t_)e'gwee_n Ilga.nd(_ad
. ; and unliganded conformations may be distinguished: (i)
results in terms of the relaxation Scheme 1.

changes in the heme geometry, in the position of the Fe(ll)
atom with respect to the porphyrin plane, and, by extension,
®Kinetic Scheme 2 has been used in so many contexts that we mayin the position of the proximal (histidine or thiolate) ligand;

dispense with a detailed derivation. Note that the distributed relaxation g;; ; ; ; ; ; ;
approach described in Results sections 2 and 3 applies to the sequentiaqu) changes in the distal heme pocket involving side chain

scheme as well. Below about 200 K should be replaced by in displacements and rotations; (i) in addition, multiple
egs 6-13. docking sites, such as the xenon sites in Mb, may be explored

k* k-r
A" <— (B* ¥ Bo)
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by the ligand; with cytochromes P-450 whose catalytic +
\@ ~+ ¢
+
-+
+ d
+
, +

+ o+
should be paid to changes in the substrate position and toy. }+ +
the pocket water occupancy; (iv) changes in tertiary structure
such as helix and loop displacements. These are compara-
tively slow processes that may be expected to affect the heme
only to a minimal extent, if any, as they often concern protein
regions far removed from the heme. They probably escape
+

b

function requires the presence of a substrate and of a variable a
+ |+
+

detection. @ @
Heme Relaxation and Assignment df (1) Heme Con-

+
formational RelaxationCrystallographic studies of photo- + + 7t
dissociated MbCO performed at low temperature have
yielded controversial results regarding heme relaxation.

Schlichting et al. 44) and Hartmann et al46) concluded

that the displacement of the iron and the doming of the heme
were almost complete in the Mb* structure after photolysis FIGURE 7: Heme pocket of (a) PEP-45Qan(0), (b) Fé'P-
at 20-36 K. In contrast, Teng et al46) reported that ~ 45Qar(norcam), (c) FEP-45Qas(cam), and (d) PeP-

. 45Q0.,{adanone) according to their crystal structurg® 62, 60).
relaxation of the heme was greatly reducedrat 160 K These views were obtained with the Insight Il (MSI, San Diego)

with no residue shifting by more than 0. 15 A and with only - software and the respective PDB entries: 1PHC, 7CPP, 2CPP, and
a small displacement of the iron atom. 5CPP. Crosses denote water molecules that are within 11 A of the

Despite the number of crystal structures available, our Fe atom. The views are 2@lockwise from the direction of pyrrole
knowledge about cytochromes P-450 complexes is mainly P (front) and B (rear) nitrogens.
limited to the oxidized (P&) forms that do not bind CO.
The single known structure of a carboxy species is that of

number of water molecules in the heme pocket, attention
+
+

relaxation probably remains faster than 100 ns even at the

(CO)FP-45Qa{cam) @7). The crystal structure of the Iowe_st temperatures, in agreement with the observations of
pentacoordinated EB-45Q..{cam) species has become Schlichting etal.44) and of Hartmann et al4g).
available only quite recently4@). It is reported to be Pocket Reorganization and Relaxation Mechanismall
essentially the same as that of'fe45Q,.{cam) @9, 50). substrate-bound complexes the additional procesrG-
A comparison of these data indicates that, upon reduction gressively replaces'@bove 140 K. To discuss the possible
and CO binding, the heme iron atom moves closer to the 0rigin of G', we first review the present knowledge on the
heme plane, the SFe bond lengthens from 2.2 to 2.4 A, organization and occupancy of the distal pocket in Pc450
and the camphor substrate is displaced away from the cOcomplexes (Figure 7).
molecule by about 0.8 A4@). Finally, the heme changes The volume of the distal cavity of é&-45Q,,{0) is large
are quite comparable to those found in myoglobin. Thus, if enough to accommodate up to 10 water molecubés Six
heme relaxation were taking place in the Mb crystal at 40 water molecules were identified in the crystal struct&a (
K, one may reasonably expect heme relaxation to occur also(Figure 7a). One of them provides the sixth axial ligand of
at 77 K in P-45Q, Fel', resulting in a low-spin state characterized by a Soret
(2) Assignment of GThe fast process 'Gs seen in all absorption band maximum at 418 nm. The six water
complexes belowTy, but at room temperature fast and molecules (including the aqua ligand) are expelled from the
exponential geminate recombinations are observed with clasdistal cavity upon binding camphot9, 50) (Figure 7c). The
1 complexes only. In P-45%Q{0) the kinetic average at 293  pentacoordinated state of'He-45Qan{cam) is high spin and
K agrees within a factor of 2 with the extrapolation of G has a maximum of absorption at 392 nm. Conversely, six
from the low-temperature region, suggesting that the samewater molecules bind when camphor is expelled from the
process is seen throughout the whole temperature range 77 protein 63). The spin state is an indicator of the water
293 K. The absence of relaxation and of & substrate- accessibility to the P& atom and of the degree of solvation
free P-45@,,{0) argues against an explanation dfi@ terms of the pocket $4—58). Access of water molecules to the
of movements of the iron out of the heme plane as was pocket is largely determined by the substrate mobility that
originally believed for Mb 16, 26—28). On the other hand,  depends on the proper hydrophobic contacts of its C-10
the heme has certainly relaxed at 293 K. Out-of-plane methyl groups with the protein residues rather than on its
displacement of the iron, heme doming, and small changessize and hydrogen bonding of the keto group with Tyr96
in the positions of the amino acids localized at a close (57, 58). In the crystal structures of B€-45Q.q{substrate)
proximity of the active center are expected to be very rapid complexes with substrates that are rigidly maintained both
and fall in the subnanosecond domain at room temperatureby hydrophobic contacts and by hydrogen bonding with
(30). Tyr96 such as R- or 1S-camphor 49, 53, 59) or adaman-
Experimental kinetic data therefore show no evidence of tanone 60), water molecules are absent and the iron is in
any process that could possibly correspond to heme relax-the high-spin state (Figure 7c,d). In contrast, substrates such
ation on the time scale explored in this work. Thus, when as norcamphor, lacking the methyl group contacts with the
observation starts about @0 ns after photolysis, CO protein, have a lower high-spin content and contain one water
rebinds in P* where the heme (but not necessarily the distal molecule assigned by crystallograpt®0) (Figure 7b). The
pocket or the tertiary structure) has already relaxed to its presence of one ordered water molecule and likely of
deoxy conformation. Because of the continuitykdf heme disordered solvent has also been reported for camphane,
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adamantane, and thiocamphor that are less firmly held thanfound in P. Crystal structures of (CO)EB-45Q,n{norcam)
camphor 61). As shown in Figure 7, water coordination is and (CO)F&P-45Q,.{adanone) would be very valuable for
correlated with steric crowding of the heme normal by the confirming this picture.
substrate. The favored perpendicular geometry of CO would  Since no other significant difference was found in the
hardly be possible without substrate rearrangement in classprotein structure, the reverse motion of substrate and heme,
2 complexes. It is expected to be easier in P:4§0orcam) restoring their ligand-free position after photodissociation of
because the heme normal is less encumbered, as confirme@€O, must provide the relaxation mechanism. Because these
by the presence of the aquo coordinate in th feem. This are local motions that take place in the protein interior, they
coordinated water is very likely to be removed from the iron are not submitted to external friction, in agreement with the
in the reduced form since water binding to a reduced hemefinding that relaxation rate does not depend on the external
has been observed only in rather exceptional circumstancesviscosity (Figure 5). Since they imply relatively small groups,
(62, 63). they constitute a degree of freedom that may still be mobile
Kinetic and structural investigations of sterically encum- down to low temperature.
bered heme models have revealed that the perpendicutar Fe  The important feature is that relaxation proceeds at a rate
C—0O geometry is considerably more resistant to steric that does not seem to be much affected by the nature of the
hindrance than was originally believed. In crowded systems, substrate (again excluding the particular case of camghor
the destabilizing energy was found to be essentially relieved As a crude analogy, one might imagine the substrate motion
by distortions of the steric obstacle or even of the heme itself, as a rotation around the Tyr96 OH group. In a harmonic
so that the perpendicular FE€O geometry is preserved as potential, the “frequency” of the free return to equilibrium
much as possiblesd, 65). It is therefore not surprising that  after removal of CO would be independent of the initial
changes of the heme pocket organization also occur uponamplitude, i.e., of the substrate-dependent displacement
CO binding with P-45Q{cam). brought about by the CO ligand. The presence of a different
We have performed a comparison of heme and sub- number of methyl groups interacting with the protein makes
strate positions in F&P-45Q,{cam) 60) and (CO)F&P- this picture obviously a very rough one. Another possibility
45Q..fcam) @7) by superposing the protein backbone. is that the substrate motion is fast and that the heme motion
RMSD for the backbone superposition was 0.133 A. As- might be the rate-limiting kinetic step of the relaxation
suming that reduction of the iron does not affect much the process. Unfortunately, the time scale of these motions is
protein structure 48), two motions are found to alter the beyond the present possibilities of molecular dynamics
relative position of heme and substrate upon binding CO. simulations.
The first one, which does not seem to have been noticed Role of WaterThe catalytic pathway of P-450, requires
before, is a sliding motion by 0.2 A of the heme in its plane the presence of water. The surrounding of the heme pocket
perpendicular to the propionate direction. The dominant is initially highly hydrated, as shown in Figure 7. An
substrate displacement is 0.5 A toward the propionates with alternative relaxation mechanism, implying entry of water
a smaller contribution of 0.15 A opposite to the heme motion. into the pocket and comparable to that recently suggested
Camphor is also displaced by 0.11 A farther away from the for Mb (38), might be imagined. Although coordination of
heme plane. In these motions, the camphor oxygen atomwater to the F& heme, followed by a slowk-limited,
remains hydrogen bonded to Tyr96 with a constant bond exchange with CO, would cause a slowing down of rebinding
length. The motion of the substrate may thus be pictured asas well, no evidence for water coordination to the reduced
that of a pendulum swinging around Tyr96. Though (C®fe  heme was found. Our kinetics never showed an indication
45Q..,{cam) is the only carbonylated complex with a known of a spectroscopically distinct transient state, particularly at
crystal structure, the other substrates, which are even lesgshe sensitive wavelengths near the isosbestic point of
firmly bound than camphor, are very likely to experience a pentacoordinated and CO-hexacoordinated P50 he
similar displacement upon binding CO. recent release of the crystal structure of the pentacoordinated
The structure of P&P-45Q., complexes (Figure 7)  Fe'P-45Qan{cam) species confirms the absence of water near
together with the substratdheme motions provides a rational the vacant sixth positior4@). Thus, direct coordination of
explanation for the activation enthalpy ordering of the water to the heme or even reduced access due to the presence
complexes as well as a probable mechanism for the relaxationof water in the close vicinity of the heme may be excluded
process in cytochrome P-45@ The CO binding enthalpies  as an alternative cause fo' G
follow the ordering expected from the apparent steric  Substrate and heme motions do not seem sufficient,
hindrance of the substrate: no substratenorcamphor< however, to provide an explanation for the striking difference
adamantanong camphor. Although we cannot distinguish in the ligand escape rate between class 1 and class 2
clearly between adamantanone and camphor by simplycomplexes. For the sake of generality we have distinguished
considering Figure 7, the ligand obviously does. The highest betweerk*. andk’, but this distinction may not be physically
enthalpies are found in°Rbecause the destabilizing effect necessary. One unique common escape kteesulting
upon the transition state is the largest in the relaxed substratefrom substrate-independent protein fluctuations, would ex-
position that is closer to the heme normal. In the CO-bound plain the data as well. Ligand escape appears to take place
state, substrate and heme have moved apart. Norcamphoin P* or in P> simply according to the relative values lof
now exerts little steric hindrance, and P-4&horcam) andk*. Experimental evidence indicates that ligand escape
reacts in P* almost exactly like substrate-free P-450rable is generally governed by structural fluctuations at the protein
1). Removal of steric hindrance seems to be incomplete with surface and is thus sensitive not only to temperature but also
camphor and adamantanone. Although they now react muchto the external viscosity2( 43, 66). The latter is known to
faster in P*, theH* enthalpies still keep the same order as vary quite rapidly with temperature (the apparent activation



14230 Biochemistry, Vol. 39, No. 46, 2000 Tetreau et al.

energy iskE, ~ 38 kJ/mol for the 64% glycerol mixture).  stand the nature of the subpopulations requires gathering data
The considerable temperature dependence of the CO escapen a larger number of substrates. Work along these lines is
rate in P-45@Q,.{adanone) is in accord with these views. currently in progress in our laboratory.

In P-45Q.(0)° and P-45@,{norcam)k* is about 18 s?
at 293 K. Process 'Gs not observed with the latter complex CONCLUSION

at this temperature, bl andk” extrapolate to about & Relaxation in Hemoprotein®Relaxation in Mb has long

10° s and 3x 10°s™, respectively. Ik*c were fluctuation o0 thoygnt to result from heme doming and iron moving
limited as suggested for P-43@ (adanone), its high rate o+ ¢ the heme plane. Rebinding with the “relaxed heme”

(7’109 s ) would cause escape to k.)e complete and Process,yas found to be slow, rather comparable to olirgBocess
G' would not be observed. Thus, in these complgxes, .thewith an enthalpy distribution shifted by about-112 kJ/
escape rate is smaller than expected for the fluctuatlon-dnvenmoI toward high values. This view has been repeatedly

process. We observe that a valuekst ~ 10" s* would uestioned by several groups, based on a variety of evidence
account for the data quite well: In P* about 88% of the CO gresently th}é “bIockir?g Wgtér“ hypothesiag] reymains a '

molegu_les would rebind and ”?a”y 9.% would escape. The possible explanation, though the multiple docking sites model
remaining 3% would relax but immediately escape becausey, ¢ recently received strong experimental suppiott 15)

I | . 115).
k< ks, thus explaining that process! @as disappeared at In cytochrome P-45Q, relaxation achieves qualitatively

th'_ls_ht emperattgre. fth b lati (p comparable effects as far as rebinding kinetics are concerned,
e proportion of the subpopulations of P-dafcam) are but the underlying mechanism is of an entirely different

r|_1|ot known above_Tgl,D Z‘nd rates_ cannot b§| Cfliﬁlit_ed' nature. In the relaxed and ligand-free conformatiémétess
Po4vgever, éascape n F'- é@(cgm) 'Sh compaIrDa eto adln to the heme is blocked to a variable extent depending on
-45Qan{adanone) (Figure 2), whereas P-43®) an the substrate. The barrier is high because the substrate is

P-45'Q,,}n.(norcam) behave differently. .This Ieads o the close to the heme normal and exerts a severe steric repulsion
possibility that the water molecule that is coordinated in the for CO binding. In the bound state, substrate and heme have

1l i
Fé formshctJf C'as$ : (Itomptle>t<ﬁs f]bUt expellkedt in tge redij_;:etd moved with respect to the average protein backbone in order
orm) might remain close to the heme pocket and constitu €to accommodate the almost perpendicular-E© bond

a][]tr(])bstaclte Itotllgetmd eiiﬁpe' T?eblremarkabki acr;jeF\,/ emenE;eometry. Kinetic data alone do not permit to decide whether
ot the crystal structure ot the unstable oxygena egR ) CO binding and substrate motion take place in sequence or
45Qkar(cam) species reveals surprising changes in the Waterconcomitantly. In the latter case, the kinetic scheme would

occupancy with ligand4g). In the presence of oxygen, two directly lead from B to A* (Scheme 1), without any other
additional water molecules, not found in the pentacoordinated consequence than a relabeling of ’the rate parameters

or in the carbonylated complex, take part ina water network Photodissociation of the F&CO bond has two effects: The
involving Thr252 and are thought to be involved in the proton o ron relaxes immediately, and the steric strain exerted

shuttle required for catalytic activity. This highlights the great by the ligand upon the substrate is suddently relieved (state

verzgt![[lty 9[f hydration Wa:jer ?S well as the O_I'ff'CU|thy n P*), triggering the relatively slow relaxation of substrate and
Preth'c Ingklst presence and role even upon minor Changes,eme to their ligand-free positions. A significant fraction of
In the pocket. CO molecules rebind quickly in P* before relaxation causes

High and Low Enthalpy Subsets of CS in Cytochromes o 4ccess to the heme to be closed again. Apparently, water
P-450.Conformational substates in cytochromes P-450 are plays no direct role in the relaxation process, but it might

often organized in pairs with different CO rebinding proper- p4ssiply interfere with CO escape in some complexes.
tlez gltvlng ”SE tqda ?'fmgdap(:') (4%.' Vﬁhe.rezTDs tW& %S In conclusion, except for the initial fast relaxation of the
subsets can be identified systematically in P<taCan heme iron, there is probably no unique process to explain

P'45QM2f comptlje;(e? b(t)rt]h 'n.tthf. presence and 'nl.th? gb the relaxation kinetics of different hemoproteins. Even with
sence of a substrate, the situation 1 moreé complicated Ny, o5me protein, the rate-limiting process might differ with

P-45Qay Here, the obse_rvat|on of subsets is strongly he ligand (CO, 02, ...), in the event that the latter might be
substrate dependent. In this work two subsets were observe ndergoing specific interactions with internal water mol-

in P-45Qan{cam) while P-45Q(0), P-45Qa{norcam), and : . . :
. ecules or particular protein residues. Though Mb remains a

P-45t(_1an(a:;1ant(;]ne) sh(_)wed only On?hp?ﬁﬁlalt'?tn of CS.IWe paradigm for general concepts, such as the existence of a

mentioned in the previous sections that the fatler COMPIeXeSpiaarchy of CS, protein dynamics display a variety of

gnght acttually dals? pre‘lsenbtl two sqbsetf lThat ?hret e'therfsituations that can be understood only by investigating more
egenerate and not resolvable experimentally or that one o complex systems.

the subsets strongly dominates at all temperatures.
The present work adds one more piece of information to ACKNOWLEDGMENT
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exception that does not fit into the ordering of the activation
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