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Abstract: Ferric cytochrome P450cam from Pseudomonas putida (P450cam) in buffer solution at physiological
pH 7.4 reversibly binds NO to yield the nitrosyl complex P450cam(NO). The presence of 1R-camphor affects
the dynamics of NO binding to P450cam and enhances the association and dissociation rate constants
significantly. In the case of the substrate-free form of P450cam, subconformers are evident and the NO
binding kinetics are much slower than in the presence of the substrate. The association and dissociation
processes were investigated by both laser flash photolysis and stopped-flow techniques at ambient and
high pressure. Large and positive values of ∆Sq and ∆Vq observed for NO binding to and release from the
substrate-free P450cam complex are consistent with the operation of a limiting dissociative ligand substitution
mechanism, where the lability of coordinated water dominates the reactivity of the iron(III)-heme center
with NO. In contrast, NO binding to P450cam in the presence of camphor displays negative activation entropy
and activation volume values that support a mechanism dominated by a bond formation process. Volume
profiles for the binding of NO appear to be a valuable approach to explain the differences observed for
P450cam in the absence and presence of the substrate and enable the clarification of the underlying reaction
mechanisms at a molecular level. Changes in spin state of the iron center during the binding/release of
NO contribute significantly to the observed volume effects. The results are discussed in terms of relevance
for the biological function of cytochrome P450 and in context to other investigations of the related reactions
between NO and imidazole- and thiolate-ligated iron(III) hemoproteins.

Introduction

Cytochrome P450 enzymes are a widely distributed family
of b-type hemoproteins involved in a diversity of vital processes,
such as the biosynthesis of lipids and steroids, degradation of
xenobiotics, drug metabolism, and carcinogenesis.1,2 They
catalyze the oxidation of a variety of hydrophobic compounds
using a common reaction mechanism that involves the hetero-
lytic O-O bond cleavage of the heme-bound O2 and subsequent
formation of the putative active species (compound I).1,3

It was shown that small molecules are able to bind to the
heme iron of P450 and may be used as a sensitive probe of the
heme region to get new insights into P450 structure-function
relationships. Unlike CO, nitric oxide can bind to both ferric
and ferrous forms of cytochrome P450,4 the latter one forming
iron-nitrosyl complexes that are in their electronic structure and
geometry similar to the physiologically important dioxygen

complexes of cytochrome P450. Furthermore, several lines of
evidence5 indicate that P450 enzymes might be primary targets
for the nitric oxide action in vivo. Nitric oxide readily reacts
with microsomal P450s that metabolize various compounds,
including steroids and eicosanoids.6 This interaction can proceed
in two different ways: (1) NO reversibly binds to the heme
moiety forming an iron-nitrosyl complex (reversible inhibition
characterized by complete cessation of the catalytic activity)
or it can irreversibly inactivate microsomal P450 through
modification of their cysteinyl residues (formation of nitrosyl-
thiols).7

Among various cytochromes P450, cytochrome P450cam in
its substrate-free or substrate-bound form has been most
thoroughly characterized8,9 and is now considered the best model
system for understanding the reaction mechanism by which
small molecules such as CO, O2, or NO undergo coordination
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to the heme iron center of many biomolecules. Cytochrome
P450cam isolated from the bacteriumPseudomonas putida
catalyses the regio- and stereospecific hydroxylation of camphor
to the 5-exo alcohol10 and like other P450s utilizes the thiolate
as the proximal ligand of the heme iron atom.11 X-ray crystal-
lographic studies12 clearly showed that the active site of P450cam

is extremely hydrophobic and deeply buried inside the enzyme
with the substrate binding site lying in close proximity of the
heme moiety. The binding of camphor to the resting form of
P450cam causes changes in the heme environment and its
electronic structure.13 The substrate-free ferric P450camis a low-
spin (S ) 1/2), six-coordinate complex with a water cluster
bound at the distal sitetrans to the cysteine axial ligand in the
proximal position. Upon binding of camphor to the active site,
the water molecules are expelled from the coordination sphere
to form a high-spin (S) 5/2) pentacoordinate iron heme center.

When NO reacts with the ferric form of P450cam (in the
absence and in the presence of camphor) a diamagnetic (EPR
silent), six-coordinate complex is produced.4 The nitrosyl
complex of P450cam is relatively stable at 5°C in the absence
of oxygen and, in contrast to NO complexes of other ferric
hemoproteins (e.g., methemoglobin or metmyoglobin), does not
undergo subsequent reductive nitrosylation.4 A Resonance
Raman study14 on the NO adduct of cytochrome P450cam,
formally described as FeII-NO+, revealed that the Fe-NO group
adopts a linear structure in the absence of camphor but becomes
slightly bent upon binding of the substrate. Computational
studies15 on the interaction between NO and the active site of
ferric cytochrome P450 (DFT and SAM1 semiempirical meth-
ods) have assessed the feasibility of the displacement of a water
molecule by NO as the first step in the reversible inhibition of
cytochrome P450. However, the possibility of an alternative
mechanism involving attack of NO on the sulfur of the cysteine
has not been excluded and modeling of this reaction pathway
is the subject of further studies.

To further elucidate the mechanism of action of cytochrome
P450 and to understand the essence of its biological functions,
it is necessary to gain detailed insight into ligand or substrate
binding to the catalytic site of the enzyme. Whereas the reactions
of ferrous cytochrome P450 with carbon monoxide have already
been extensively investigated with the application of several
kinetic methods16 and under various conditions17 (high pressure,

low temperature, and for different mutations), fewer kinetic
studies have been carried out on the binding of NO to ferric/
ferrous P450.18-20 We have, therefore, in the present study
focused our attention on the kinetics and mechanistic interpreta-
tion of the reversible binding of NO to P450cam in the absence
and presence of substrate molecules (1R-camphor). Temperature
and pressure effects on the reaction rates probed by stopped-
flow and laser flash photolysis experiments at ambient and
elevated pressure enable the extraction of appropriate rate and
activation parameters (∆Gq, ∆Hq, ∆Sq, and∆Vq) for the studied
reactions and allow us to gain insight into the details of the
underlying reaction mechanisms. On the basis of the activation
volumes for the reversible binding of NO, volume profiles for
the binding of NO to the free and camphor-bound forms of
cytochrome P450camcould be constructed for the first time. This
enables us to discuss the apparent difference observed for the
binding mechanism of NO in the absence and presence of the
substrate in relevance to the biological function of cytochrome
P450. Furthermore, a comparison with the results obtained
earlier in our laboratories for the related reaction between NO
and the imidazole-ligated hemoprotein, metmyoglobin, could
be made.21

Experimental Section

Materials. All solutions were prepared with deionized
(Millipore) water. Cytochrome P450camexpressed inEscherichia
coli strain TB1 was isolated and purified according to Jung et
al.17f The natural substrate 1R-camphor was removed by dialysis
and column chromatography to obtain the substrate-free protein.17f

The substrate 1R-camphor (98%) was purchased from Aldrich.
Glycerol (spectrophotometric grade, 99.5%) was obtained from
Acros Organics. Na[RuIII (Hedta)Cl] was prepared according to
the method of Diamantis and Dubrawski,22 and its purity was
checked by elemental analysis and UV-vis spectroscopy. All
other chemicals used throughout this study were of analytical
reagent grade.

NO gas, purchased from Riessner Gase or Linde 93 in a purity
of at least 99.5 vol %, was cleaned of trace quantities of higher
nitrogen oxides such as N2O3 and NO2 by passing it through
an Ascarite II column (NaOH on silica gel, Sigma-Aldrich) and
then bubbling through a gas scrubbing bottle containing 5 M
NaOH (Aldrich).

Solution Preparation. All solutions were prepared under
strict exclusion of air oxygen. Solutions were prepared using
0.1 M potassium phosphate buffer (Merck), pH) 7.4 (at 25
°C) with 20% (w/w) glycerol. Glycerol was added to prevent
cytochrome P420 formation, as was shown for different glycerol
contents by Jung et al.17c In the case of experiments with the
camphor-bound form of cytochrome P450cam, a saturated
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aqueous camphor solution was added to the buffered glycerol
mixture to a final camphor concentration of 0.5 mM. Buffer
solutions were carefully deoxygenated for extended periods with
pure N2 or Ar before they were brought in contact with aliquots
of the P450cam stock solution. Concentrations of the substrate-
free and camphor-bound forms of P450cam were determined
spectrophotometrically at 417 nm (ε ) 115 mM-1 cm-1) and
391 nm (ε ) 102 mM-1 cm-1), respectively.

A stock solution of NO was prepared by degassing a buffer
solution, followed by saturation with NO to a final concentration
of 0.0019 M at 25°C. Dilutions of known concentration were
prepared from this saturated solution by the use of a syringe
technique.

Measurements. pH measurements were performed on a
Metrohm 623 pH meter equipped with a Sigma glass electrode.
The concentration of free NO in buffered solution was deter-
mined with an ISO-NOP electrode connected to an ISO-NO
Mark II nitric oxide sensor from World Precision Instruments.23

The NO electrode was calibrated daily with fresh solutions of
sodium nitrite and potassium iodide according to the method
suggested by the manufacturers. The calibration factor nA/µM
was determined with a linear fit program. UV-vis spectra were
recorded in gastight cuvettes on a Shimadzu UV-2100 spec-
trophotometer equipped with a thermostated cell compartment
CPS-260.

Kinetic Measurements. Laser Flash Photolysis at Ambient
and High Pressure.Laser flash photolysis kinetic studies were
carried out with the use of the LKS.60 spectrometer from
Applied Photophysics for detection and a Nd:YAG laser
(SURLITE I-10 Continuum) pump source operating in the
second (λexc ) 532 nm) harmonics (245 mJ pulses with∼7 ns
pulse widths). Spectral changes at appropriate wavelengths were
monitored using a 100-W xenon arc lamp, monochromator, and
photomultiplier tube PMT-1P22. The absorbance reading was
balanced to zero before the flash, and data were recorded on a
digital storage oscilloscope DSO HP 54522A and then trans-
ferred to a PC for subsequent analysis. The rate constants were
detected at 431 nm, where a maximum in the UV-vis spectrum
for P450cam-NO complex is observed. Gastight quartz cuvettes
and a pill-box cell combined with a high-pressure system24 were
used at ambient and high pressure (up to 130 MPa), respectively.
At least 20 kinetic runs were recorded under all conditions, and
the reported rate constants represent the mean value of these.
For time-resolved optical (TRO) absorption measurements, a
photomultiplier tube (PMT) detector was employed to obtain
kinetic traces at a single observation wavelength. TRO spectra
were recorded point by point by using a monochromator in the
optical train to vary the observation wavelength.

Stopped-Flow Kinetics.Stopped-flow studies on the reaction
of NO with P450cam were carried out using an SX-18MV
(Applied Photophysics) stopped-flow spectrometer. Deoxygen-
ated buffered solutions of P450cam were rapidly mixed with
buffered solutions with various [NO], and the changes in
absorbance at 417 or 431 nm were monitored. Dissociation rate
constants for the nitrosyl complex of P450cam were studied by
rapidly mixing a P450cam-NO complex solution (containing a

slight excess of NO) with an excess of [Ru(edta)H2O]-, formed
instantaneously on dissolution of Na[Ru(Hedta)Cl] in aqueous
solution.

High-Pressure Stopped-Flow.High-pressure stopped-flow
experiments were performed on a custom-built instrument
described previously25,26 at pressures up to 130 MPa. Kinetic
traces were recorded at 417 or 431 nm on an IBM-compatible
PC and analyzed with the OLIS KINFIT (Bogart, GA, 1989)
set of programs.

All kinetic experiments were performed under pseudo-first-
order conditions, i.e., with at least a 10-fold excess of NO. The
studied reactions exhibited pseudo-first-order behavior for at
least three half-lives. In all stopped-flow experiments, at least
five kinetic runs were recorded under all conditions, and the
reported rate constants represent the mean values.

Results

UV-vis Observations and Kinetics of the Binding of NO
to Substrate-Free Cytochrome P450cam. The oxidized substrate-
free form of P450cam is almost 100% in the low-spin state at
room temperature and atmospheric pressure and exhibits in 0.1
M potassium phosphate buffer (pH) 7.4) a Soret band
maximum at 417 nm (ε ) 115 mM-1 cm-1) andR andâ bands
at 569 (11.1 mM-1 cm-1) and 536 nm (10.6 mM-1 cm-1),
respectively. Addition of NO to the degassed solution of
substrate-free P450camled to the formation of a single, spectrally
distinct species with a Soret maximum at 432.5 nm (103 mM-1

cm-1) and visible bands at 541 (15 mM-1 cm-1) and 571 nm
(12.3 mM-1 cm-1). The uptake of NO appears to be completely
reversible as judged from experiments in which a stream of Ar
gas was used to remove NO from the nitrosyl complex solution
(Figure 1a), consistent with the equilibrium described by eq 1.
Since only one of the water molecules in the [H2O]6 cluster is
directly bound to the iron(III) center, in all equations and
schemes shown in this paper substrate-free cytochrome P450cam

is presented as cyt P450cam(H2O).

Spectral changes coupled to the detection of free NO in solution
using the NO electrode enabled the determination of the
equilibrium constant for reaction 1. TheK1 value was calculated
to be (9.0( 0.2)× 105 M-1 at 25°C in 0.1 M phosphate buffer
and is in good agreement with the ratios of the “on” and “off”
rate constants (K1 ) kon/koff) determined under similar conditions
(see below). The rate of reaction 1 with NO in large excess is
expected to follow pseudo-first-order kinetics for which the
observed rate constant,kobs, can be expressed by eq 2:

The plot ofkobs vs [NO] should be linear with slopekon and a
nonzero interceptkoff. However, the value of the equilibrium
constantK1 seems to be too high that extrapolation to [NO])
0 does not allow an accurate determination ofkoff. Therefore,
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cyt P450cam(H2O) + NO {\}
kon

koff

cyt P450cam(NO) + H2O; K1 (1)

kobs) kon[NO] + koff (2)
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the rate constants for the dissociation of NO from P450cam(NO)
were determined in a more direct way, e.g., by using an NO-
trapping technique27acombined with the stopped-flow method.

Kinetics of the “On” Reaction. The rates of NO binding to
the substrate-free ferric form of cytochrome P450cam appear to
be convenient to be measured by stopped-flow techniques. The
typical absorbance-time trace obtained from the stopped-flow
measurements at a single wavelength cannot be fitted satisfac-
torily with a single-exponential function and clearly shows the
occurrence of two processes that differ significantly in their time
scales. Kinetic traces recorded within 0.2 s at 25°C (Figure
2a) represents absorbance changes at 417 nm that aremainly
related to the faster reaction phase. A slight drift observed at
the end of the kinetic trace clearly indicates occurrence of a
second much slower reaction phase. As can be seen from the
absorbance-time trace recorded on a much longer time scale
(Figure 2b), the slow phase takes place within ca. 50 s at 25°C
and is accompanied by a much (almost 10 times) smaller
absorbance change than those observed for the fast reaction

phase. Similar two-phase kinetics were observed before for CO
binding to the ferrous form of cytochrome P450cam (substrate-
free and camphane-bound form),17a,28cytochrome P450BM-3

29a

and nitric oxide synthase.29b,c

(27) (a) Schneppensieper, T.; Wanat, A.; Stochel, G.; Goldstein, S.; Meyerstein,
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Henderson, G. R.Chem. Commun. 1997, 47.
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S.; Masters, B. S. S.; Magde, D.J. Biol. Chem. 1997, 272, 12523. (c)
Matsuoka, A.; Stuehr, D. J.; Olson, J. S.; Clark, P.; Ikeda-Saito, M.J. Biol.
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Figure 1. Absorption spectral changes recorded for the reaction of 1.7×
10-6 M substrate-free (a) and 4.4× 10-6 M camphor-bound (b) P450cam

with NO in 0.1 M potassium phosphate buffer, pH) 7.4, T ) 25 °C.
Curves: trace 1, P450camsaturated with NO; traces 2-4 (or 5 in the presence
of camphor), P450cam(NO) following the bubbling of Ar through the solution
for a short period.

Figure 2. Plot of kobs as a function of [NO] for the reaction of substrate-
free P450cam with NO (fast reaction). Experimental conditions: [P450cam]
) 1.5 × 10-6 M in 0.1 M potassium phosphate buffer, pH) 7.4, T )
25 °C, detection at 417 nm. (a) and (b) Typical absorbance-time plots for
the fast and slow reactions, respectively, recorded at 417 nm with the
stopped-flow technique.
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In agreement with eq 2, plots ofkobsvs [NO] for the fast and
slow phase of the binding of NO to substrate-free P450camwere
found to be linear with almost zero intercepts. A typical NO
concentration dependence at 25°C for the fast phase is shown
in Figure 2. The binding rate constant for the faster phase,
kon

(fast) ) (3.2 ( 0.1) × 105 M-1 s-1, appears to be 55 times
faster than that for the slower phase,kon

(slow) ) (5.8 ( 0.1) ×
103 M-1 s-1 at 25°C in 0.1 M phosphate buffer and pH) 7.4.

The temperature dependence ofkon
(fast) andkon

(slow) were used to
construct linear Eyring plots (a typical example forkon

(fast) is
shown in Figure 3), from which the activation parameters∆Hq

on,
∆Sq

on, and∆Gq
on for both reaction steps were calculated. As

can be seen from Table 1, the values of the activation enthalpy
and entropy for the fast reaction are very similar to those
determined for the slow reaction; both of them appear to be

very large and positive. Significantly positive values of∆Sq
on

are accompanied by large positive values of∆Vq
on from the

pressure dependence ofkon for the fast and slow reaction steps
(Table 1, Figure 3, inset).

Kinetics of the Dissociation of NO from P450cam(NO). The
rate of NO release from the nitrosyl complex of cytochrome
P450camwas measured directly by using an excess of [RuIII (edta)-
H2O]- to scavenge NO produced during the dissociation of
P450cam(NO) according to Scheme 1.

The reaction between [RuIII (edta)H2O]- and NO is very fast
(k ) 1 × 108 M-1 s-1 in phosphate buffer at 25°C),27b such
that under the selected experimental conditions, the release of
NO from P450cam(NO) is the rate-limiting step in the reaction
sequence shown in the Scheme 1, andkobs can be determined
directly from the observed kinetic trace, viz.,kobs) koff. Figure
4 (inset) shows typical Soret band spectral changes recorded at
431 nm for this reaction. The kinetic trace can be fitted to a
single-exponential function, resulting in akoff value of 0.35 s-1

at 25°C. The ratiokon
(fast)/koff results in the overall equilibrium

constantK1 ) (9.26( 0.03)× 105 M-1, which is in excellent
agreement with the thermodynamic value ofK1 determined
above. The latter value does not seem to be affected by the
small contribution of the slow reaction phase.

Thekoff values determined in the temperature range 10-34.5
°C are summarized in Table 1. A linear Eyring plot of these
data gave the significantly large and positive activation param-
eters,∆Hq

off ) 122 ( 4 kJ mol-1 and∆Sq
off ) +155 ( 15 J

mol-1 K-1. The pressure dependence ofkoff is reported in Figure
4, from which it follows that∆Vq

off ) +31 ( 1 cm3 mol-1.

Figure 3. Eyring plot of ln(kon/T) vs 1/T for NO binding to substrate-free
P450cam (fast reaction). Experimental conditions: [P450cam] ) 1.5× 10-6

M, [NO] ) 1.9× 10-4 M in 0.1 M potassium phosphate buffer, pH) 7.4,
λdet ) 417 nm. Inset:kobsas a function of pressure measured for the reaction
at 5 °C, [P450cam] ) 2.4 × 10-6 M and [NO] ) 4.75× 10-4 M in 0.1 M
potassium phosphate buffer, pH) 7.4, 20% glycerol.

Table 1. Rate Constants and Activation Parameters for “On” and
“Off” Reactions for NO Binding to Substrate-Free Cytochrome
P450cam

“on” reaction “off” reaction

T °C P MPa
kon (fast phase)

(× 10-4) M-1 s-1

kon (slow phase)
(× 10-3) M-1 s-1

koff

s-1

5.0 0.1 2.2( 0.2
10.0 4.5( 0.3 0.6( 0.1 0.026( 0.003
15.0 9.4( 0.3 1.5( 0.3
17.5 0.10( 0.01
20.0 17.4( 0.3 3.2( 0.5
25.0 32.4( 0.2 5.8( 0.7 0.35( 0.02
30.0 70( 3 10( 1
35.0 131( 10 16( 2 2.0( 0.4
5.0 10 2.2( 0.1 0.9( 0.2

50 1.4( 0.1 0.44( 0.08
90 0.9( 0.1 0.28( 0.04

130 0.54( 0.04 0.19( 0.03
20.0 10 0.14( 0.01

50 0.066( 0.006
90 0.037( 0.002

130 0.022( 0.004

∆Hq kJ mol-1 92 ( 1 90( 4 122( 4
∆Sq J mol-1 K-1 +169( 4 +128( 15 +155( 15
∆Vq cm3 mol-1 +28 ( 2 +30 ( 3 +31 ( 1

Figure 4. Plot of ln kobs vs pressure for the trapping of NO by
RuIII (edta)H2O- from P450cam(NO) in the absence of the substrate according
to the reaction outlined in Scheme 1. Experimental conditions: [P450cam(NO)]
) 2.4 × 10-6 M, [RuIII (edta)H2O-] ) 5 × 10-4 M in 0.1 M potassium
phosphate, pH) 7.4, 20% glycerol,T ) 25 °C, λdet ) 431 nm. Inset:
Typical absorbance-time plot for the release of NO from P450cam(NO) in
the absence of substrate recorded at 431 nm and 25°C with the stopped-
flow technique.

Scheme 1
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UV-vis Observations and Kinetics of the Binding of NO
to Camphor-Bound Cytochrome P450cam. Camphor binding
to P450cam results in a low-spin to high-spin transformation.
The spin state of the heme reflects the functional state of the
enzyme, and the camphor-bound P450cam differs substantially
in its coordination number, ability to undergo reduction, and
optical spectra from the substrate-free form. The UV-vis
spectrum of camphor-bound P450cam measured in 0.1 M
potassium phosphate buffer solution at pH) 7.4 exhibits a Soret
band at 391 nm (ε ) 102 mM-1 cm-1) and a Q-band at 515
nm (ε ) 12.5 mM-1 cm-1). Both of the bands are significantly
blue-shifted relative to those for the substrate-free form. Addition
of NO to the camphor-bound form results in the formation of
a single species that is spectrallyalmostundistinguishable from
that observed for NO binding to substrate-free P450cam. The
only small difference between these two spectra is the position
of the Soret band maximum (Figures 1a and b), which in the
presence of camphor appears to be slightly (about 1.5 nm) blue-
shifted to 431 nm as compared to the spectrum of P450cam(NO)
recorded under the same conditions but in the absence of
camphor. A similar behavior was observed earlier for the CO
binding reactions to the various substrate complexes of cyt
P450cam, for which a good correlation between wavenumber of
the Soret band in P450cam(CO) complexes with the high spin
content and the polarity of the heme pocket was found.30 It was
concluded that an increase in the low-spin state population (or
a decrease in the high-spin content) indicates a more polar heme
environment and induces a stronger Soret band red shift. This
is also in good agreement with our present findings: NO binding
to the substrate-free P450cam (with a small high-spin content,
water molecules in heme pocket and polar environment) results
in a Soret band maximum that is slightly, but significantly, red-
shifted in comparison to the Soret band of cyt P450cam(NO)
recorded in the presence of camphor.

As in the case of the reaction between NO and substrate-free
P450cam, the release of NO from the nitrosyl complex of
camphor-bound P450cam is completely reversible (Figure 1b)
and consistent with eq 3:

From spectral measurements combined with the electrochemi-
cal detection of NO, the equilibrium constantK2 was calculated
to be (1.2( 0.4) × 106 M-1 at 25 °C in 0.1 M potassium
phosphate buffer, pH) 7.4 and [camphor]) 0.5 mM.

Kinetics of the “On” Reaction in the Presence of Cam-
phor. The binding of NO to camphor-bound cytochrome
P450cam appears to be much faster than the reaction with the
substrate-free form. For this reason, the kinetics of NO binding
was investigated by both stopped-flow and laser flash photolysis
techniques at ambient and high pressure.

Laser Flash Photolysis Kinetics.Irradiation at 532 nm of
the P450cam(camph)(NO) solution induces dissociation of the
nitrosyl complex and rapid release of NO, followed by relaxation
of the system back to the original equilibrium position according
to Scheme 2.

As can be seen from Figure 5, laser flash photolysis of the
equilibrium cyt P450cam(camph)(NO)/cyt P450cam(camph)
mixture gave transient difference spectra consistent with the
spectral differences between cyt P450cam(camph)(NO) and cyt
P450cam(camph). The transient spectra decay back to the original
baseline with an isosbestic point at 414 nm and with no
indication of any photochemically formed side products. The
decay of the transient bleaching was followed using single-
wavelength detection at 431 nm and fitted to a single-exponential
function (Figure 5, inset). In contrast to the reaction of NO with
substrate-free P450cam, the kinetics of the binding of NO to
substrate-bound P450cam clearly exhibit single-exponential
behavior.

As shown in Figure 6,kobs increases linearly with increasing
NO concentration (eq 2) with an almost zero intercept. The slope
of the plot yieldskon ) (3.2 ( 0.2) × 106 M-1 s-1 at 25°C in
0.1 M potassium phosphate buffer and pH) 7.4, which is
almost 10 times larger than the binding rate constant found for
substrate-free P450cam (fast phase) under the same conditions.

The temperature dependence ofkon (Figure 6, inset) was used
to construct an Eyring plot from which the activation parameters
were determined as∆Hq

on ) 14.1( 0.1 kJ mol-1 and∆Sq
on )

-73.1 ( 0.4 J mol-1 K-1 (Table 2). The slope of the plot of
ln kobs versus pressure (Figure 7) results in∆Vq

on ) -7.3 (
0.2 cm3 mol-1. As can be seen from the data summarized in
Tables 1 and 2, the values of the activation parameters found
for the binding of NO to camphor-bound P450cam are negative
and significantly smaller in absolute values than those obtained
for the reaction with the substrate-free form of the enzyme.

Stopped-Flow Kinetics.Because NO binds very rapidly to
camphor-bound P450cam, the temperature and pressure depen-(30) Jung, C.; Schulze, H.; Deprez, E.Biochemistry1996, 35, 15088.

cyt P450cam(camph)+ NO {\}
kon

koff

cyt P450cam(camph)(NO); K2 (3)

Figure 5. Transient absorption difference spectra for P450cam(NO) recorded
following laser flash photolysis at 532 nm. Experimental conditions:
[P450cam(NO)] ) 5 × 10-6 M, [NO] ) 0.9× 10-3 M in 0.1 M potassium
phosphate buffer, pH) 7.4, [camphor]) 0.5 × 10-3 M, T ) 25 °C.
Curves: (a) after 57µs; (b) after 0.21 ms; (c) after 0.46 ms; (d) after 0.71
ms; (e) after 1.3 ms; (f) after 2.5 ms. Inset: Example of a typical flash
photolysis kinetic trace recorded at 431 nm and 25°C.

Scheme 2
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dence of the “on” reaction could also be studied using stopped-
flow techniques but only at low NO concentrations. The values
of kon determined for the temperature range 15 to 30°C and
pressure range 10-130 MPa are listed in Table 2. The respective
activation parameters obtained from these data are in reasonable
agreement with those reported above for the laser flash
photolysis experiments.

Kinetics of the Dissociation of NO from P450cam(camph)-
(NO). The dissociation rate constants,koff, were determined by
stopped-flow mixing of a P450cam(camph)(NO) buffered solution
with an excess of [RuIII (edta)H2O]- as NO-scavenger (see
Scheme 1). Spectral changes were monitored at 431 nm (Figure

8, inset), and thekoff values determined in the temperature range
from 5 to 35°C are summarized in Table 2. A linear Eyring
plot of the data (Figure 8) resulted in the values∆Hq

off )
83.1 ( 0.7 kJ mol-1 and ∆Sq

off ) +41 ( 2 J mol-1 K-1. A
plot of ln koff versus pressure is linear, from which it follows
that ∆Vq

off ) +24 ( 1 cm3 mol-1.

Discussion

Equilibrium and Rate Constants for NO Binding to
Substrate-Free P450cam. The binding of NO to substrate-free
P450cam displays biphasic kinetics in which the major contribu-
tion (∼90%) comes from the fast reaction step. This biphasic
behavior can be interpreted in terms of an equilibrium between
conformational substates in cytochrome P450cam. Multiple

Figure 6. NO concentration dependence ofkobs(at 25°C) and temperature
dependence ofkon (inset) for the binding of NO to camphor-bound P450cam

as measured by laser flash photolysis technique. Experimental conditions:
[P450cam] ) 5 × 10-6 M in 0.1 M potassium phosphate buffer, pH) 7.4,
[camphor]) 0.5 × 10-3 M, λirr ) 532 nm,λdet ) 431 nm.

Table 2. Rate Constants and Activation Parameters for NO
Binding to Camphor-Bound P450Cam As Determined by
Stopped-Flow and Laser Flash Photolysis.

“on” reaction “off” reaction

T °C P MPa
kon (stopped-flow)
(× 10-5) M-1 s-1

kon (flash photolysis)
(× 10-5) M-1 s-1

koff

s-1

5.0 0.1 21.1( 0.2 0.15( 0.01
10.0 24.0( 0.1
15.0 27.8( 0.5 26.8( 0.5 0.58( 0.04
20.0 30.2( 0.9 30.2( 0.3
25.0 34.5( 0.9 32.3( 0.5 1.93( 0.02
30.0 38( 2 37.9( 0.2
35.0 42.2( 0.7 5.68( 0.07
40.0 12.4( 0.2
5.0 10 22.8( 0.1

50 25.5( 0.1
90 28.0( 0.1

130 32.4( 0.2
25.0 10 32.2( 0.3 1.50( 0.03

40 35.3( 0.3
50 0.99( 0.05
70 38.6( 0.3
90 0.68( 0.04

100 42.8( 0.3
130 45.4( 0.7 0.50( 0.05

∆Hq kJ mol-1 13.6( 1.1 14.1( 0.1 83.8( 0.7
∆Sq J mol-1 K-1 -74 ( 4 -73.1( 0.4 +41 ( 2
∆Vq cm3 mol-1 -6.5( 0.4 -7.3( 0.2 +24 ( 1

Figure 7. kobsas a function of pressure for the reaction between camphor-
bound P450camand NO as measured by laser flash photolysis. Experimental
conditions: [P450cam] ) 5.6 × 10-6 M, [NO] ) 9.5 × 10-4 M in 0.1 M
potassium phosphate buffer, pH) 7.4, [camphor]) 0.5 × 10-3 M, T )
25 °C, λirr ) 532 nm,λdet ) 431 nm.

Figure 8. NO release from P450cam(NO) in the presence of camphor
recorded on the stopped-flow instrument as a function of temperature.
Experimental conditions: [P450cam(NO)] ) 1.2× 10-6 M, [RuIII (edta)H2O-]
) 5 × 10-4 M, [camphor]) 0.5× 10-3 M in 0.1 M potassium phosphate
buffer, pH ) 7.4, λdet ) 431 nm. Inset: Absorbance-time plot for NO
dissociation from P450cam(NO) recorded at 431 nm and 25°C (kobs )
1.93 s-1).
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conformations in P450 have already been confirmed and
extensively studied by FTIR.17f,30-33 These studies indicate that
the different substates in substrate-free P450cam are caused by
a different hydrogen bonding network between differently
packed water molecules in the heme pocket.30,31On the binding
of NO to the heme iron, the coordinated water molecule must
dissociate, which will be accompanied by the rearrangement of
the other water molecules in the heme pocket. These processes
may occur at different rates for the different substates and seem
to be the rate-limiting steps for the binding of NO. Water
dissociation is characterized by very positive activation entropies
(see Table 1) typical for such processes, and the difference in
∆Sq for the two reaction steps can account for the difference of
a factor of ca. 60 (at 25°C) between the values ofkon for the
two reaction steps. The activation entropies suggest a loosening
of the water cluster in the heme pocket on dissociation of the
coordinated water molecule.

As can be seen from the data reported in Table 3, NO binds
much faster to nitric oxide synthase (endothelial or neuronal)
and nitric oxide reductase than to substrate-free P450cam. In
contrast, the reactivity of NO toward substrate-free cytochrome
P4501A2 from Saccharomyces cereVisiaewas found to be much
lower than that of cyt P450cam. Since in all these systems NO
binds to the thiolate-ligated iron(III) center, the apparent
difference in the NO substitution kinetics could be explained
in terms of the different protein architecture of their heme active
sites and/or the lability/absence of a ligand that can leave the
iron center. These properties seem to correlate very well with
the biological functions and difference in the catalytic activity
of these enzymes.19,20 Comparison of the NO association rate
constant obtained for the iron(III) thiolate-ligated heme proteins
with those found for systems that possess an imidazole proximal
ligand (e.g., NO binding to metmyoglobin21) led to the conclu-
sion that thiolate ligation to the Fe(III) heme center has only a
minor influence on the nitrosylation rate constants. It was shown
by Magde et al.20athat proximal cysteine ligation in nitric oxide
synthase makes the NO binding kinetics to ferric and ferrous
species more similar (i.e., the rate constants for NO association
were found to be very fast and similar for both ferric and ferrous
NOS derivatives) than that observed for the imidazole-ligated

systems. In general it is true that the anionic nature of the RS-

group in the proximal position of the thiolate-ligated heme
proteins should stabilize the iron atom in its higher (FeIII )
oxidation state and therefore affect the ligation kinetics of these
systems. However, as can be seen from Table 3, Fe(III) heme
proteins with even the same thiolate ligation can exhibit quite
a wide range of NO binding rate constants. It seems that other
factors mentioned above, like the lability of the leaving group
(or its absence) or the protein structure and accessibility of the
heme active site, play a crucial role in the dynamics of the
reactions of NO with metal centers of biological relevance.

In contrast to the NO binding reaction, which exhibits two
distinct phases separated in rate by a factor of about 55 at
25 °C, the NO dissociation reaction displays only single-
exponential kinetics. This behavior can be explained by assum-
ing that the breakage of the Fe-NO bond is the rate-limiting
process. This suggests that the possible rearrangement of the
water cluster in the heme pocket does not play a significant
role during the dissociation of NO. The NO dissociation rate
constant determined in the present study for the nitrosyl complex
of substrate-free P450cam is very similar to that found for
P4501A2(NO)18 and much smaller than those obtained for the
nitrosyl complexes of nitric oxide synthase20a,c and metmyo-
globin21 (Table 3). Hence, the real difference between thetrans
effects of proximal imidazole and thiolate coordination in such
systems seems to be more complex. It is suggested that ligand
dissociation rate constants are largely affected by the nature of
the binding of NO and the dissociation mechanism, as well as
by factors that can stabilize NO binding in the protein active
site (e.g., stabilization of NO by distal histidine observed in
many nitrosyl complexes of myoglobin or hemoglobin).

The nitrosyl complex of substrate-free P450cam appears to
be much more stable than the nitrosyl complexes of metmyo-
globin and cytochrome P4501A2 due to its relatively highkon

(fast)

value and low dissociation rate constant. In the case of the ferric
neuronal and endothelial NO synthases, the affinity for NO is
almost comparable to that of cytochrome P450cam. Although
the association rates for ferric nNOS and eNOS are quite fast,
of the order of 1× 107 M-1 s-1 at 25°C,20a the stability con-
stantsKNO seem to be rather modest, due exclusively to rapid
NO dissociation from the nitrosyl complexes of these proteins
(Table 3). Since nitric oxide synthase is involved in the NO
regulatory cycle, the reasonably low affinity for NO is closely

(31) Jung, C.; Ristau, O.; Schulze, H.; Sligar, S. G.Eur. J. Biochem. 1996,
235, 660.

(32) Schulze, H.; Ristau, O.; Jung, C.Eur. J. Biochem. 1994, 224, 1047.
(33) Jung, C.J. Mol. Recognit.2000, 13, 325.

Table 3. Rate Constants kon and koff for NO Binding to Ferriheme Proteins

ferric proteinsa kon M-1 s-1 koff s-1 conditions ref

eNOSb 6.1× 105 93 at 10°C, pH) 7.4, stopped-flow kinetics,koff values determined 20c
eNOSc 8.2× 105 70 from the intercept of the plot ofkobsvs [NO]
nNOSd 1.9× 107 50 at 23°C, Tris buffer, pH 7.8, laser flash photolysis;koff determined from the intercept

of the plot ofkobsvs [NO]
20a

5 koff determined by NO-trapping method using MbO2 as NO scavenger
nNOSe 6.1× 106 60 at 23°C, Tris buffer, pH 7.8, laser flash photolysis;koff determined from the intercept

of the plot ofkobsvs [NO]
2 koff determined by NO-trapping method using MbO2 as NO scavenger

P 450nor 1.9× 107 at 20°C, sodium phosphate buffer, pH) 7.2, laser flash photolysis 19
P 4501A2 1.7× 104 0.15 at 25°C, potassium phosphate, pH) 7.4, laser flash photolysis 18

1.9× 105 0.51 in the presence of the substrate (7-ethoxycoumarin)
metMb 4.8× 104 28.9 at 25°C, Tris buffer, pH) 7.4, stopped-flow 21

a Abbreviations: eNOS, endothelial nitric oxide synthase; nNOS, neuronal nitric oxide synthase; P450nor, nitric oxide reductase; H4B, (6R)-5,6,7,8-
tetrahydro-L-biopterin; P 4501A2, cytochrome P450 from yeast (Saccharomyces cereVisiae); metMb, metmyoglobin from equine heart.b H4B-saturated
eNOS in the absence of the substrate.c H4B-saturated eNOS in the presence of arginine.d Heme domain in the presence of H4B.e Holoenzyme in the
presence of H4B.
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connected with the biological functions of this enzyme: rapid
NO dissociation rates keep NOS from being poisoned, whereas
fast association rates allow rapid reactions with NO in the case
of the overproduction of NO.20a

Mechanistic Interpretation of NO Binding to Substrate-
Free P450cam. NO binding to both subconformers of substrate-
free P450cam is characterized by rather similar activation
parameters (see Table 1). The values of the activation entropy
and volume for both reaction steps were found to be large and
positive, typical for a dissociative ligand substitution mechanism
according to reactions 4 and 5:

If the steady-state approximation is applied to the five-coordinate
high-spin intermediate cyt P450cam, the expression for the
observed first-order rate constant is given in eq 6:

Since [H2O] . [NO] and bothk-1 andk2 involve the trapping
of the intermediate cyt P450cam, it may be concluded that
k-1[H2O] . k2[NO] in the absence of any significant curvature
in the [NO]-dependence ofkobs. Therefore, eq 6 can be
simplified to

wherekon ) k1k2/k-1[H2O] andkoff ) k-2. Under such conditions
the dissociation of water can also be treated as a rapid
preequilibrium, i.e.,kon ) K1k2/[H2O], where the equilibrium
lies far to the left side of reaction 4 becausek-1[H2O] . k2[NO].
This means that NO competes with the rapid water exchange
process on cyt P450cam(H2O) to bind to the Fe(III) center. Taking
into account thatk-1 and k2 represent the binding of small,
neutral molecules (H2O or NO) to the five-coordinate metal
center, the difference in their activation parameters (i.e.,
∆Hq

2 - ∆Hq
-1, ∆Sq

2 - ∆Sq
-1, and∆Vq

2 - ∆Vq
-1) are expected

to be small. Thus, the activation parameters forkon are largely
determined by the dissociation of the water molecule from cyt
P450cam(H2O) (k1 pathway) to form the five-coordinate, high-
spin intermediate. Dissociation of a coordinated water molecule
from an octahedral metal center is expected to be accompanied
by a maximum volume increase of 13 cm3 mol-1.34 However,
this reaction also involves a change in spin state from the six-
coordinate, low-spin aqua complex (S ) 1/2, doublet) to the
five-coordinate, high-spin P450camintermediate (S) 5/2, sextet).
In this context, the activation volume forkon should not only
include a volume increase due to FeIII -H2O bond breakage but
also a volume increase associated with the low-spinf high-
spin transition. It was previously shown35 for metMb-L systems

that the low-spinf high-spin transformation is accompanied
by a volume increase of 12-15 cm3 mol-1. As a result, the
overall volume of activation for the “on” reaction can be
expected to be as large as+25 to +28 cm3 mol-1, which is
very close to the experimental value, viz.,∆Vq

on ) +28 ( 2
cm3 mol-1. The large value of∆Vq

on also corresponds well with
the large and positive value of∆Sq

on (+169( 4 J mol-1 K-1),
consistent with the limiting dissociative mechanism outlined in
reactions 4 and 5.

Notably, thek2 pathway (reaction 5) also involves a change
in spin state. The nitrosyl complex of P450cam (in the presence
or absence of substrate) is a diamagnetic species.4 This means
that binding of NO to the high-spin, five-coordinate intermediate
must also involve a change in the spin state from a sextet (S)
5/2) to a diamagnetic complex,S ) 0. Resonance Raman
studies14 revealed that the Fe-NO linkage in the nitrosyl
complex of the substrate-free form of cyt P450camadopts a linear
structure. This indicates that during the bond-formation process
(k2 pathway), partial charge transfer from NO to FeIII occurs to
give a linearly bound diamagnetic{FeNO}6 complex, which
can be formally presented as FeII-NO+.

The activation parameters for the release of NO were also
found to be large positive values (Table 1). These values clearly
show that the “off” reaction also follows a rate-limiting
dissociative mechanism (reactions 4 and 5) in agreement with
the principle of microscopic reversibility. For the reverse
reaction, thek-2 pathway seems to be the energetically dominant
step. It involves breakage of the iron-nitrosyl bond, ac-
companied by a formal oxidation of FeII to FeIII and solvent
reorganization due to charge redistribution around the FeII-
NO+ species. Moreover, the loss of NO from the nitrosyl
complex and formation of the unsaturated five-coordinate
intermediate (pathwayk-2) is associated with a change in the
spin state on iron from low-spin to high-spin. All these factors
are consistent with the large and positive values of the activation
entropy and activation volume found in the present study.

As can be seen from Figure 9, the overall reaction volume
for the binding of NO to substrate-free cytochrome P450cam is
very small and can be interpreted as close to zero (∆V ) -3 (
3 cm3 mol-1). A similar scenario was observed earlier for the
reaction between NO and the imidazole-ligated ferric hemo-
protein, metmyoglobin.21 The overall volume change determined
for this system was also close to zero (∆V ) 5 ( 2 cm3 mol-1),

(34) (a) Drljaca, A.; Hubbard, C. D., van Eldik, R.; Asano, T.; Basilevsky, M.
V.; le Noble, W. J.Chem. ReV. 1998, 98, 2167. (b) Stochel, G.; van Eldik,
R. Coord. Chem. ReV. 1999, 187, 329.

(35) (a) Messana, C.; Cerdonio, M.; Shenkin, P.; Noble, R.; Fermi, G.; Perutz,
R. N.; Perutz, M. F.Biochemistry, 1978, 17, 3652. (b) Morishima, I.;
Ogawa, S.; Yamada, H.Biochemistry1980, 19, 1569.

cyt P450cam(H2O) {\}
k1

k-1
cyt P450cam+ H2O (4)

cyt P450cam+ NO {\}
k2

k-2
cyt P450cam(NO) (5)

kobs)
k1k2[NO] + k-1k-2[H2O]

k-1[H2O] + k2[NO]
(6)

kobs)
k1k2[NO]

k-1[H2O]
+ k-2 (7)

Figure 9. Volume profile for the reversible binding of NO to substrate-
free cytochrome P450cam.
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although the reported value for∆Vq
on, representing volume

changes associated with thek1 pathway, was found to be a bit
smaller (viz., 21 cm3 mol-1) than that obtained for the present
system. On the other hand, the values of the activation volume
for the “on” reaction reported for model porphyrin systems36

are significantly smaller in comparison to those found for the
substrate-free cyt P450cam/NO and metmyoglobin/NO systems.
It is suggested that the larger values of∆Vq

on reported for NO
binding to hemoproteins in comparison to the reactions with
porphyrin model systems may be due to the fact that the protein
can also undergo some structural rearrangement during the
formation of the five-coordinate intermediate (k1 pathway) and
involve a change in spin state.

Effect of Camphor on the Binding of NO to Cytochrome
P450cam. In the presence of camphor, NO binding to P450cam

exhibits single-exponential kinetics. As shown by Jung et al.,
many of the substrate-bound complexes (e.g., 1R-camphor,
norcamphor, norbornane) appear as a single substate at room
temperature.30 This can be explained in terms of the transitions
between different substates of cytochrome P450cam, which at
room temperature become very fast and shift the equilibrium
to only one subconformer. A different behavior was observed
for the substrate-free cytochrome P450cam, whose conformational
substates even at room temperature can be classified in two main
subconformer ensembles.30, 31

As can be seen from the data summarized in Tables 1 and 2,
camphor binding to cytochrome P450cam markedly accelerates
(about a factor of 10) NO association to the heme iron(III) center
of this protein. Similar behavior was also observed for the
binding of NO to the ferric wild-type P4501A2 enzyme, for which
the presence of substrates (7-ethoxycoumarin, anthracene,
phenathrene, and dibenzanthracene) also increased the NO
association rate constants (kon) by a factor from 2- to 11-fold.18

In contrast, it was shown17a for the P450cam/CO systems that
substrate binding to P450cam(e.g., complexes with 1R-camphor,
norcamphor, camphane, or norbornane) significantly decreased
the association rate constants of CO to ferrous P450cam by a
factor up to 10-fold. It seems that the apparent differences in
the substrate effects observed in the binding kinetics of NO and
CO can easily be explained in terms of the difference in the
coordination sphere of cytochrome P450camin the oxidized and
reduced states and in the presence and absence of substrate (see
further discussion).

The presence of camphor markedly affects not only the NO
association rate constants but also NO release from the nitrosyl
complex of P450cam (Table 2). The value of the dissociation
rate constant determined in the NO-trapping experiments is ca.
5 times larger than the value ofkoff found under the same
conditions but in the absence of camphor. The ratio ofkon/koff

for the reaction of NO with camphor-bound P450cam (eq 3)
results inK2 ) (1.7 ( 0.2) × 106 M-1 at 25°C and shows a
good agreement within the experimental error limits with the
thermodynamic value, (1.2( 0.4)× 106 M-1, found under the
same conditions. ON the basis of the fact that NO binds 10
times faster to camphor-bound P450camand also dissociates from
this complex ca. 5 times faster than in the case of the substrate-
free form, the nitrosyl adduct of P450cam in the presence of

camphor appears to be ca. two times more stable than the
P450cam(NO) complex in the absence of camphor.

Mechanism of NO Binding to Cytochrome P450cam in the
Presence of Camphor.The binding of the natural substrate
1R-camphor to low-spin, six-coordinate P450camcauses a change
in spin state to approximately 100% of the high-spin form. The
resulting complex is five-coordinate with no water molecule
occupying the sixth position of the heme-iron(III) center. Since
the FeIII -heme center is five-coordinate, formation of an Fe-
NO bond does not require initial displacement of a water
molecule and therefore the ligation reaction cannot be limited
by the rate of water dissociation as was observed for the reaction
with substrate-free P450cam. On this basis, second-order rate
constants for the binding of NO to camphor-bound P450camcan
be much larger than those determined for substrate-free P450cam.
A different scenario is observed when CO binds to ferrous
cytochrome P450cam. Since the FeII-heme center is five-
coordinate in P450cam, a water molecule no longer occupies the
proximal position, regardless of the presence or the absence of
camphor in the heme pocket. This means that in this case the
coordination sphere of the heme-iron center cannot account for
the different CO association rate constants observed for the
reactions with substrate-free and substrate-bound P450cam. As
suggested by Jung et al.,17a the values of the second-order rate
constants reported for the binding of CO correlate very well
with the compressibility and the influx rate of water molecules
into the heme pocket of P450cam. In the case of CO association
with substrate-free P450cam (or loosely bound substrate com-
plexes), the high solvent accessibility of the heme pocket and
a very compressible active site make the reaction entropically
favored and therefore very fast (kon ≈ 3 × 106 M-1 s-1 at
5 °C).17aIn contrast, binding of camphor (or other substrates of
class I possessing methyl groups) to cytochrome P450camcauses
the protein and the heme pocket to be more rigid and less
compressible. As a result, CO binding to camphor-bound
P450cam is disfavored and is 2 orders of magnitude slower
(kon ≈ 3 × 104 M-1 s-1 at 5.6°C)17a than that observed for the
reaction with the substrate-free form.

In the case of NO binding to ferric P450cam, the reaction was
found to be much faster in the presence of camphor than in its
absence. This can be easily ascribed, as already mentioned, to
the vacant position in the coordination sphere of the substrate-
bound FeIII -heme. However, but it is not clear what effects on
the kon values could be expected from the protein and heme
pocket, which become more rigid and inflexible following
binding of camphor. It is likely that in the present case these
two opposite effects (i.e., facilitation of NO binding due to a
vacant coordination site and slowing down the binding rate due
to rigidity of the active site) play important roles. Taking into
account that the “on” rates for the reaction of NO withfiVe-
coordinateferrous hemoproteins are about 3 orders of magnitude
larger than those for thesix-coordinateferric analogues (e.g.,
NO binds to deoxymyoglobin and metmyoglobin with rate
constants of 1.7× 107 M-1 s-1 37 and 4.8× 104 M-1 s-1,21

respectively), the effect of the vacant sixth coordination position
in camphor bound P450cam does not seem to be so large, since
the NO binding rate constant is only 10 times larger in the
presence of camphor than in its absence. The partial compensa-

(36) Lavermann, L. E.; Hoshino, M.; Ford, P. C.J. Am. Chem. Soc. 1997, 119,
12663.

(37) DiBenedetto, J. D.; Arkle, V.; Goodwin, H. A.; Ford, P. C.Inorg. Chem.
1985, 24, 455.
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tion of the two opposite effects could account for such a
behavior. Another possible reason for the small difference
between the NO binding rate constants for five- and six-
coordinate iron(III) in cyt P450cam can be the difference in the
reorganization of the spin multiplicity observed for these
complexes during the reaction with NO. The spin states of the
substrate-free and camphor-bound P450camareS) 1/2 and 5/2,
respectively, whereas that of the nitrosyl P450cam complex is
S ) 0 in both cases. This means that NO binding to camphor-
bound P450cam results in a larger reorganization of spin
multiplicity than for the substrate-free analogue. In this respect
it was shown by Hoshino et al.40 for a series of model porphyrin
complexes, M(TPP) where M) MnII, FeII, and CoII, TPP)
meso-tetraphenylporphyrin, that the smallest NO binding rate
constant is found for complexes that have to undergo the largest
reorganization of the spin multiplicity.

The activation parameters for the formation of the nitrosyl
complex of P450cam in the presence of camphor show a good
agreement between measurements made by using stopped-flow
and laser flash photolysis techniques (Table 2). The∆Hq

on values
were found to be much lower than in the reaction with the
substrate-free form, and the values of the activation entropy and
activation volume are much more negative, viz.,∆Sq

on )
-74 ( 4 J mol-1 K-1 and ∆Vq

on ) -6.9 ( 0.6 cm3 mol-1

(mean values from stopped-flow and laser flash photolysis
measurements). These features are consistent with the mecha-
nism proposed earlier for the reaction of NO with ferro-heme
proteins38 and model compounds.39 In such a mechanism an
encounter complex,{Fe(Por)||L}, is formed prior to ligand bond
formation, i.e.

wherekD is the rate constant for the diffusion-limited formation
of the encounter complex,k-D is the rate constant for diffusion
apart of the encounter complex, andka is that for the “activation”
step in which the Fe-NO bond is formed. There are two limiting
cases for reaction 8: one consistent with a diffusion-controlled
process (ka . k-D) and the other one typical for an activation-
controlled process (k-D . ka). The value of the second-order
rate constant,kon, for the binding of NO to camphor-bound cyt
P450cam was found to be (3.23( 0.05) × 106 M-1 s-1 at
25 °C, which is many orders of magnitude smaller than for
diffusion-controlled reactions in water. The negative values
found for the activation entropy and, more significantly, the
activation volume are consistent with an activation-controlled
reaction mechanism, i.e., rate-determining FeIII -NO bond
formation. In such a case, FeIII -NO bond formation and the
concomitant change in spin state from high (sextet cyt P450cam,
S ) 5/2 plus doublet NO,S ) 1/2) to low spin (singlet cyt
P450cam(NO), S) 0) should result in negative contributions to
the activation entropy and activation volume. By comparison,
these parameters were found to be large and positive for the

release of NO from the nitrosyl complex of camphor-bound
P450cam. As can be seen from Table 2, the value of the activation
volume is especially large, viz.,∆Vq

off ) +24 ( 1 cm3 mol-1.
These activation parameters are consistent with a reaction
mechanism in which the iron-nitrosyl bond is broken. Since in
the P450cam(NO) complex, FeIII -NO has FeII-NO+ character,
Fe-NO bond cleavage should formally be accompanied by
charge transfer from the metal to the nitrosyl ligand, i.e., a
formal oxidation of FeII to FeIII and solvational changes as a
result of charge redistribution. During this process the spin state
of iron changes from low spin (S ) 0) to high spin (S ) 5/2),
which will result in a considerable positive contribution to the
value of∆Vq

off.
The negative activation volume found for the “on” reaction

and the large and positive value found for the reverse “off”
reaction result in a large and negative reaction volume,∆V )
-31( 2 cm3 mol-1. As can be seen from Figure 10, the volume
profile for the reaction between NO and camphor-bound P
450cam differs totally from that obtained for the binding of NO
to the substrate-free form (Figure 9). In this case the volume
profile indicates a drastic volume decrease on going from the
reactant to the product states, which can be partly ascribed to
the high spin to low spin transition of the Fe(III) during the
binding of NO. It should also be noted that the transition state
for the “on” reaction can be described as “early”, i.e., close in
nature to the reactant state, which indicates that partial bond
formation with NO accounts for this position. Subsequently,
bond formation is completed and accompanied by the formal
high-spin to low-spin change. Thus the volume profiles in
Figures 9 and 10 differ significantly and nicely demonstrate
the importance of bond-formation/bond-breakage processes
coupled to changes in the spin state of the Fe(III) center for the
interaction with NO.
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Figure 10. Volume profile for the reversible binding of NO to camphor-
bound cytochrome P450cam.
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