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ABSTRACT: The reactions of fully reduced and mixed-valence bovine heart cytochromec oxidase with
dioxygen have been reinvestigated in the absence and presence of metal ions (Zn2+, Ni2+, and Cd2+) by
time-resolved optical absorption spectroscopy using the CO flow-flash technique. The time-resolved data
were recorded on a microsecond to millisecond time scale at 442, 610, and 820 nm and subjected to
quantitative amplitude analysis based on a conventional unidirectional sequential mechanism. The
amplitudes of the sequential intermediates are derived from the absorbance changes associated with the
different exponentials and from the kinetic equations of the sequential scheme. The general relationship
between the pre-exponential factors and the absorbance of the successive intermediates in the sequential
scheme is presented. A comparison of the experimental amplitudes of the individual intermediates with
the model amplitudes at the three wavelengths indicates that the low spin hemea is incompletely oxidized
during the formation of the sequentialPR intermediate (PR,s). The conversion of the sequentialF intermediate
to the oxidized enzyme occurs on two millisecond time scales. The amplitude analysis of the single-
wavelength data does not support the conventional sequential mechanism for the reduction of dioxygen
to water catalyzed by cytochromec oxidase.

Cytochrome oxidase catalyzes the reduction of dioxygen
to water and couples this reaction to the transfer of protons
across the mitochondrial or bacterial membrane (1). This
generates an electrochemical proton gradient, which is used
to drive ATP synthesis by ATP synthase (for reviews, see
refs 2-4).

It is generally believed that the reduction of dioxygen to
water by fully reduced cytochromec oxidase involves five
intermediates: the reduced enzyme (Rs),1 the dioxygen-
bound form,AR,s (compoundA), the so-called “peroxy” form
(PR,s), the oxy-ferryl form (Fs), and the oxidized form (Os)
(2, 3, 5). The subscripts refers to intermediates that are
derived using the conventional sequential scheme, and which
may or may not consist of a single chemical structure
(species) with unique spectral features. In the conventional
unidirectional sequential mechanism, these intermediates are
generally connected via irreversible steps, although the
binding of dioxygen to the reduced enzyme has been reported
to be reversible (3, 6-10). Transient optical absorption
measurements have provided information about the kinetics
of the electron and proton transfer steps (7, 9, 11-16), while
time-resolved resonance Raman experiments have yielded
useful information about the structures of the intermediates
(8, 17-20). Low-temperature optical absorption studies (21,
22) and EPR measurements (23-25) have also provided
important information about some of the transient intermedi-
ates.

Proton uptake studies have shown that two of the four
scalar protons necessary for converting dioxygen to water
are taken up with the rates of thePR,s-to-Fs and Fs-to-Os

transitions (26-29). The other two protons most likely arise
from internal proton donors in the reduced enzyme, which
are protonated during the reduction of the oxidized enzyme
(30, 31). Two proton channels, the D-pathway and the
K-pathway, have been identified in heme-copper oxidases
(32-34). The D-pathway has been proposed to be respon-
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1 Abbreviations: a3+, oxidized low-spin hemea; a2+, reduced low-
spin hemea; a3

3+, oxidized high-spin hemea3; a3
2+, reduced high-

spin hemea3; CuA, binuclear mixed-valence copper A center; CuB,
copper B;a, low-spin hemea; a3, hemea3; Rs, fully reduced cytochrome
oxidase intermediate postulated by the conventional sequential mech-
anism;RM, mixed-valence cytochromec oxidase, with the binuclear
center reduced and hemea and CuA oxidized; compoundA, ferrous-
dioxygen complex of hemea3; AM, compoundA of the mixed-valence
enzyme;AR,s, dioxygen-bound ferrous hemea3 intermediate postulated
by the conventional sequential mechanism;P, “peroxy” form of the
enzyme generated on the bench in which hemea3 has an absorption
maximum at∼607 nm when referenced against its oxidized state;PM,
“peroxy” intermediate [a3

4+dO2- CuB
2+-OH- (TyrO•) a3+ CuA

2+]
formed at the binuclear center during the reaction of the mixed-valence
enzyme with dioxygen;PR,s, “peroxy” intermediate postulated by the
conventional sequential mechanism;PR, species with a redox state
[a3

4+dO2- CuB
2+-OH- (TyrO-) a3+ CuA

+] and a spectrum equivalent
to that ofPM, corrected for the redox state of CuA; F, oxy-ferryl form
of the enzyme generated on the bench in which hemea3 has an
absorption maximum at∼580 nm when referenced against its oxidized
state;FI, F in which hemea is oxidized and CuA is reduced;FII , F in
which hemea is reduced and CuA is oxidized;Os, oxidized intermediate
postulated by the conventional sequential mechanism;Fs, oxy-ferryl
intermediate postulated by the conventional sequential mechanism;
SVD, singular-value decomposition;b value, pre-exponential factor
which represents the absorbance amplitude associated with a respective
first-order process.
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sible for the uptake of both scalar and translocated protons
during the oxidation of the enzyme by dioxygen (35-37),
while proton uptake during the reduction of the oxidized
enzyme has been associated with the K-pathway (35, 38-
40).

Additional insight into the role of the proton transfer
pathways can be obtained by inhibiting proton uptake through
either of these pathways. Zn2+ inhibition of bovine heart
cytochromec oxidase reconstituted into liposomes (41) and
reconstitutedEscherichia coli bo3 oxidase (42) has been
reported, and Zn2+ was recently shown to uncouple electron
transfer and proton translocation in reconstituted cytochrome
oxidase fromParacoccus denitrificans(43). Mills and co-
workers also found the reconstitutedRhodobacter sphaeroi-
desenzyme to be strongly inhibited by Zn2+ in the presence
of a membrane potential (44).

Zinc ions have recently been shown to inhibit the oxidation
of isolatedR. sphaeroidescytochrome oxidase by dioxygen
(45, 46). While the rates of the formation and decay of the
Fs intermediate in the flow-flash experiments were decreased
by a factor of approximately 2 or 3 in the presence of Zn2+,
proton uptake through the D-pathway duringFs formation
was found to be slowed by a factor of>20 (46). Zn2+ has
also been shown to reversibly inhibit proton uptake in several
membrane-bound enzymes, including bacterial photosyn-
thetic reaction centers (47-49), the bc1 complex (47, 50),
and voltage-gated proton channels (51).

The molecular interpretation of previous transient optical
absorption data in terms of the coupling between electron
transfer and proton uptake through the two proton pathways
in cytochromec oxidase has generally been based on the
conventional sequential scheme. The sequence and kinetics
of individual steps are primarily derived from multiexpo-
nential fits to time-dependent absorption data recorded at
single wavelengths during the oxidation of the reduced
enzyme by dioxygen and from the assignment of a few
characteristic absorbance changes to specific intermediates
(7, 9, 12, 13). Intermediate absorbance amplitudes have also
been estimated from the simulation of the absorbance
changes occurring when the reduced enzyme reacts with
dioxygen (9). However, there has been no direct calculation
of the amplitudes of the sequential intermediates based on
the results of the multiexponential fits, which would allow
a straightforward testing of the unidirectional sequential
scheme.

Recently, we questioned the general validity of the
unidirectional sequential mechanism based on discrepancies
observed at different pH values between the spectral shapes
of the experimentalPR,s intermediate and the postulated
model spectrum, generated by exposing the oxidized enzyme
to a mixture of CO and O2 (52, 53). The latter is identical to
that ofPM formed during the reaction of the mixed-valence
enzyme with dioxygen (54). In particular, some of the steps
proposed in our alternative mechanism (52, 53) may involve
internal proton transfer, which could be influenced by the
presence of Zn2+ and other ions, thus leading to more
pronounced deviations in the kinetics from the conventional
sequential model.

In this study, we reinvestigated the oxidation of cyto-
chrome oxidase by dioxygen in the absence and presence of
metal ions. We used single-wavelength detection in combi-
nation with a quantitative derivation of absorbance ampli-

tudes. Kinetic analysis of the data in terms of a conventional
sequential mechanism and calculation of the amplitudes of
individual intermediates at different wavelengths are pre-
sented. A comparison of the experimental amplitudes of the
individual intermediates at three different wavelengths with
the model amplitudes indicates that the oxidation of the low-
spin hemea both in the presence and in the absence of metal
ions is incomplete during the formation ofPR,s and also
occurs on a 100-200µs time scale. The conversion ofFs to
the oxidized enzyme occurs on two millisecond time scales.
We show that the sequential model can be tested and
evaluated quantitatively using concepts from a traditional
kinetic approach.

MATERIALS AND METHODS

Sample Preparation.Cytochromec oxidase was isolated
from bovine hearts according to the method of Yoshikawa
et al. (55) with a minor modification. The first cholate
precipitation was increased from 3.2 to 3.8%, and the
subsequent ammonium sulfate fractionations were at 33 and
60%. The relevant spectroscopic ratios were as follows:
A444(red)/A420(ox) ) 1.3, A444(red)/A420(red) ) 2.3, andA604(red)/
A598(ox) ) 2.2. The final precipitate was dissolved in 50 mM
HEPES-KOH (pH 7.5) and 0.1%â-D-dodecyl maltoside and
dialyzed against the same buffer overnight. To remove
residual phosphate used during the isolation procedure, the
enzyme solution was passed through a G-75 Sephadex
column, equilibrated in 50 mM HEPES-KOH (pH 7.5) and
0.1% â-D-dodecyl maltoside. The enzyme solution was
subsequently passed through a CM-Sepharose cationic
exchange column, equilibrated in the same buffer, to
eliminate any residual metal ions. The reduced enzyme was
formed by the addition of sodium ascorbate and ruthenium
hexammine to an anaerobic solution of the oxidized enzyme.
Subsequent exposure to CO formed the reduced CO-bound
enzyme. The cytochrome oxidase concentration, which
equals half the heme A concentration, was determined
spectrophotometrically using extinction coefficients of 159.2
mM-1 cm-1 at 420 nm for the fully oxidized enzyme and
212.8 mM-1 cm-1 at 444 nm for the reduced enzyme (56).

Absorption Measurements. The reaction of the fully
reduced enzyme with dioxygen was carried out using the
flow-flash method (57, 58) as previously described (59). The
reaction was monitored in the absence of metal ions and in
the presence of 300µM Zn2+, Cd2+, and Ni2+ at pH 7.5.
Briefly, the fully reduced CO-bound enzyme was mixed with
O2-saturated buffer in a 1:1 ratio in a 10µL flow cell
interfaced with a laser photolysis system. The reaction of
the reduced enzyme with dioxygen was monitored at 442,
610, and 820 nm using a tungsten lamp. Interference filters
at 442 and 610 nm and a 650 nm high-pass filter were used
to restrict the probe light passing through the sample to the
appropriate wavelength. The transmitted beam was passed
through a monochromator and a matching interference or
cutoff filter to reduce the signal from laser scattering. The
signals were detected by a photodiode at 820 nm and a
photomultiplier at 610 and 442 nm, and were recorded with
a 500 MHz digital oscilloscope (Le Croy 9350AM). Each
kinetic trace was an average of 40 scans. The laser artifacts,
which decayed with the instrument response time (1.3µs
for the photodiode and 2.1µs for the photomultiplier), were
removed from the signals by deconvolution or by a simple
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exponential fitting to the early microsecond time points. The
time-dependent signals were converted to a logarithmic time
scale. Each decade in the logarithmic time window was
divided into 100 segments, and the data points in each
segment were averaged to give a single point. The corrected
absorbance traces were fitted globally to a sum of exponen-
tials. The earliest time points (<10 µs) were smoothed and
weighted when it was required for increased accuracy of the
fit to the rest of the curve. The fitting and all other
calculations were carried out with programs written in Matlab
(The Mathworks, Inc.).

The model spectra of the individual intermediates are linear
combinations of ground-state spectra of the oxidized, re-
duced, mixed-valence CO, and fully reduced CO enzyme,
the oxidized spectrum of CuA (60), and the spectra ofP and
F, prepared as previously described (61).

Calculation of the Amplitudes of the Sequential Intermedi-
ates.The analysis of the reaction kinetics presented here is
based on the assumption of first-order kinetics, where the
time-dependent concentration of intermediates can be de-
scribed by a sum of exponential functions:

Neither the apparent rateki nor the kinetic amplitudebi in
the exponential fit has a direct physical meaning, but both
are mathematical abstractions. To convert them into micro-
scopic rate constants and intermediate absorbances, we must
propose a reaction scheme. Below we describe the theoretical
treatment of unidirectional sequential schemes using a four-
intermediate sequence:

The time-dependent change in the intermediate concentra-
tions can be described by a set of linear first-order differential
equations:

Solving the differential equations provides the time-
dependent concentration of each intermediate as a sum of
exponential functions:

The pre-exponential factors can be arranged in a matrix
W (called the eigenvector matrix of the kinetic matrix in

the algebraic method), where the first row contains the factors
that appear in the expression for the first intermediate
concentration [K], the second row those for the second
intermediate concentration [L], etc.

wherew11 ) w44 ) c0, w21 ) -c0k1/(k1 - k2), w22 ) c0k1/(k1

- k2), w31 ) c0k1k2/[(k1 - k2)(k1 - k3)], etc., as given by the
known solution to the differential equations.c0 is the initial
concentration. Since [K(t ) 0)] ) [N(t ) ∞)] ) c0 and [L(t
) 0)] ) [M( t ) 0)] ) [N(t ) 0)] ) [K( t ) ∞)] ) [L( t )
∞)] ) [M( t ) ∞)] ) 0, the following relationships hold:
w21 + w22 ) 0, w31 + w32 + w33 ) 0, w41 + w42 + w43 +
w44 ) 0. Note that each column of theW matrix contains
the pre-exponential factors that belong to the same expo-
nential in the time-dependent concentration functions for the
different intermediates.

In practice, the time dependence is measured at a limited
number of time points (n), and the time variable and the
continuous functions of the concentrations should be replaced
by a discrete time vector and a concentration vector of length
n, respectively.

The four concentration vectors (K-N) of the intermediates
can be arranged in a matrix form and can be represented as
a product of two matrices:

whereC andT are 4× n matrices andW is a 4× 4 matrix.
The intermediate concentrations cannot be measured

directly. Instead, the total absorbance change, which includes
contributions from each intermediate, is measured. The
absorbance vector for our sequential kinetic model,Amodel,
can be written as a sum of four vectors:

whereεK, εL, εM, andεN are the extinction coefficients of
the four intermediates at the selected wavelength. These can
be represented as a single-row matrix (E ) [εK εL εM εN]).
On the basis of eq 2,Amodel can be written as

The experimentally observed time dependence of the
absorbance at the particular wavelength,Aexp, is fitted to a
sum of exponentials as already mentioned:

This equation can be written in a matrix form as

W ) [w11 0 0 0
w21 w22 0 0
w31 w32 w33 0
w41 w42 w43 w41

]

Amodel) εKK + εLL + εMM + εNN (3)

Amodel) E × C ) E × W × T (4)

Aexp ) b1 exp(-k1t) + b2 exp(-k2t) + b3 exp(-k3t) + b0

Aexp ) B × T (5)

A(t) ) b1 exp(-k1t) + b2 exp(-k2t) +
b3 exp(-k3t) + ... + b0 (1)

K 98
k1

L 98
k2

M 98
k3

N

-d[K]/dt ) k1[K]; -d[L]/dt ) k2[L] - k1[K];

-d[M]/dt ) k3[M] - k2[L]; -d[N]/dt ) -k3[M]

[K] ) c0 exp(-k1t)

[L] ) c0[-k1/(k1 - k2) exp(-k1t) +
k1/(k1 - k2) exp(-k2t)]

[M] ) c0[k1k2/(k1 - k2)(k1 - k3) exp(-k1t) -
k1k2/(k1 - k2)(k2 - k3) exp(-k2t) +
k1k2/(k1 - k3)(k2 - k3) exp(-k3t)]

[N] ) c0[-k2k3/(k1 - k2)(k1 - k3) exp(-k1t) +
k1k3/(k1 - k2)(k2 - k3) exp(-k2t) -
k1k2/(k1 - k3)(k2 - k3) exp(-k3t) + 1]
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whereB is a row vector composed of the pre-exponential
factors orb values ([b1 b2 b3 b0]) and T is the familiar
exponential time matrix. ComparingAmodel (eq 4) withAexp

(eq 5), we find that the apparent rates from the multiexpo-
nential fits (eq 1) represent the microscopic rates in the
scheme and the intermediate amplitudes (E) are related to
the kinetic amplitudes (b values):

The exponential amplitudes from the experimental data
(b1, b2, etc.) thus represent the sum of the absorbance
contributions of the intermediates as given by the product
of ε and W matrices. The intermediate amplitudes for the
sequential scheme are calculated by carrying out a matrix
inversion followed by a matrix multiplication, according to

For more complicated schemes, the analytical solution to the
differential equations can be difficult to find, and the
algebraic method for calculating intermediate amplitudes
should be used.

RESULTS

Effect of Zn2+, Cd2+, and Ni2+ on the Reaction of the Fully
Reduced Enzyme with Dioxygen.The oxidation of reduced
cytochrome oxidase by dioxygen was monitored at 442, 610,
and 820 nm following photolysis of the fully reduced CO-
bound enzyme in the absence and presence of metal ions.
Figure 1 shows transient kinetic traces at the three wave-
lengths in the absence of metal ions (blue) and in the presence
of Zn2+ (red), Cd2+ (cyan), and Ni2+ (green). The data are
displayed on a logarithmic time scale to better visualize
individual processes. It is clear that all three metal ions affect
the kinetics of cytochrome oxidase oxidation; the effects of
Zn2+ and Cd2+ are similar, while the effect of Ni2+ is
somewhat more pronounced.

In our analysis, we assume that the kinetics follow
exponential behavior; nonexponential kinetics such as dis-
tributed kinetics, which require an entirely different and more
sophisticated mathematical treatment, are not considered
here. The kinetic traces in Figure 1 were fitted with an
increasing number of exponentials. Figure 2 shows the
transient data recorded in the absence (left panels, blue) and
presence of Zn2+ (right panels, red), and the four-exponential
(magenta) and five-exponential (green) fits to the data. The
lifetimes from the four-exponential fit were 23( 4 µs, 35
( 5 µs, 95( 10 µs, and 1.6( 0.2 ms in the absence of
Zn2+ and 22( 4 µs, 43( 5 µs, 250( 20 µs, and 3.7( 0.2
ms in the presence of Zn2+. The errors were estimated based
on experiment-to-experiment variation rather than from error
analysis of each data set. The lifetimes are in good agreement
with previously reported values (46). The residuals (multi-
plied by a factor of 2 in Figure 2) from the four-exponential
fit (magenta) clearly show significant structure on a mil-
lisecond time scale, which disappears when the data are fitted
with an additional millisecond lifetime (green residual). The
five lifetimes were 23( 4 µs, 38 ( 5 µs, 90 ( 10 µs,
1.2 ( 0.2 ms, and 3.9( 0.4 ms in the absence of Zn2+ and
22 ( 4 µs, 45 ( 5 µs, 190( 20 µs, 1.5( 0.2 ms, and

8.4 ( 1 ms in the presence of Zn2+. Similar lifetimes were
observed in the presence of Cd2+ and Ni2+.

The lifetimes from the five-exponential fit in the absence
and presence of the three metal ions are listed in Table 1.
The shortest lifetime (∼20 µs) may be slightly increased by
the correction applied to remove the laser artifact. The 90
µs lifetime is increased by a factor of 2-3 in the presence
of the metal ions, in agreement with previous studies by
Brzezinski and co-workers (45, 46). While the metal ions
produced small but variable effects on the 1.2 ms lifetime,
the second millisecond lifetime (∼4 ms) is increased by a
factor of 2 for all three metal ions. A lifetime of∼4 ms has

B ) E × W (6)

E ) B × W-1 (7)

FIGURE 1: Transient absorbance changes taking place during the
reduction of dioxygen to water following photolysis of the fully
reduced CO-bound complex at (a) 442, (b) 610, and (c) 820 nm.
The absorbance changes are normalized and displayed on a
logarithmic time scale. The effective cytochrome oxidase concen-
tration (after photolysis) was 4.1µM, The reaction was carried out
in 50 mM HEPES-KOH buffer (pH 7.4) and 0.1%â-D-dodecyl
maltoside at 24°C and was monitored in the absence of metals
(blue, control) and the presence of 300µM Zn2+ (red), Cd2+ (cyan),
and Ni2+ (green). Each kinetic trace represents the average of 40
consecutive runs. The CO and O2 concentrations after mixing were
∼500 and 625µM, respectively.
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been reported previously for electron transfer in the bovine
enzyme in the absence of metal ions (62), and biphasic
kinetics were observed for theFs f Os transition in R.
sphaeroidesat 445 nm at>10µM Zn2+ (45). The additional
1.5 µs lifetime observed in the Soret and visible regions in
our multichannel studies (16, 52) was not within the time
resolution of the single-wavelength detection system.

Application of the Kinetic Analysis to the Experimental
Data. The exponential fit to the transient data produces the
apparent rates and the corresponding amplitudes, the latter
of which are also called pre-exponential factors. To interpret
the single-wavelength reaction kinetics, we must propose a
mechanism. Scheme 1 shows the conventional unidirectional

sequential scheme with five proposed intermediates, which
allow us to test the sequential model quantitatively.

The reversibility of the binding of dioxygen to the reduced
enzyme has been reported (3, 6-10), but it is not included
in Scheme 1 because the introduction of such a reversible
step does not affect our formal description of the kinetics or
the conclusion of our analysis. Using the approach outlined
in Materials and Methods, we derive the amplitudes of the
sequential intermediates from the absorbance changes as-
sociated with the different exponentials and the kinetic
equations of the sequential scheme. A good agreement
between the experimental amplitudes and the expected model
amplitudes of the respective intermediates at the recorded
wavelengths would provide support for the sequential mech-
anism. Inconsistency between those amplitudes would indi-
cate that the sequential mechanism is inadequate for de-
scribing the kinetics of the reaction.

Figure 3 (left panel) shows the model spectra in the Soret
region (435-455 nm) of hemea3/CuB in different redox and

FIGURE 2: Transient absorbance changes in the absence of metal ions (a-c, blue) and in the presence of 300µM Zn2+ (d-f, red) and the
exponential fits to the data. The magenta and green curves represent four-exponential and five-exponential fits to the transient data, respectively.
The residuals at the bottom of the panels represent the difference between the data and the four-exponential (magenta) and five-exponential
(green) fits. They have been multiplied by a factor of 2 for clarity.

Table 1: Apparent Lifetimes

control Zn2+ Cd2+ Ni2+ control Zn2+ Cd2+ Ni2+

τ1 (µs) 23 22 22 20 τ4 (ms) 1.2 1.5 1.7 2.2
τ2 (µs) 38 45 43 40 τ5 (ms) 3.9 8.4 7.6 8.6
τ3 (µs) 90 190 190 210
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ligation states referenced againsta3
2+-CO CuB

+. The reduced-
minus-oxidized spectrum of hemea (a2+ - a3+) (curve f)
and the oxidized spectrum of CuA

2+ (curve g) (60) are shown
for comparison. Figure 3 (right panel) shows the correspond-
ing spectra in the visible region between 595 and 620 nm.
These spectra, termed model amplitudes, contain all the
information necessary to calculate the absorption amplitudes
of all the above-mentioned intermediates presumed to be
present in the reaction sequence. The recorded spectra of
the oxidized, reduced, mixed-valence CO, and fully reduced
CO enzyme, the oxidized CuA, P, and F, which form the
basis for the model spectra, were not affected by the presence
of metal ions. The absorbance amplitude of compoundA in
the mixed-valence enzyme is the same in the absence and
presence of metal ions (see below).

Figure 4a-d shows the experimental transient data on a
logarithmic time scale in the absence (a and c, solid lines)
and presence of Zn2+ (b and d, solid lines) at 442 and 610
nm. Since five exponentials were required to adequately fit
the data, we have to consider a kinetic scheme that
accommodates six intermediates. The unidirectional sequen-
tial model of six intermediates is assumed to be similar to
the conventional model (Scheme 1), containing all the
intermediates listed in that model, in addition to an inter-
mediate decaying with a longer millisecond lifetime,(F/O)s

(Scheme 2).

The circles in Figure 4a-d represent the experimental
amplitudes of the six sequential intermediates. They are

derived using the five experimental apparent rates and the
pre-exponential factors (b vectors) according to eq 7. They
are referenced versus the amplitude of the fully reduced CO-
bound enzyme.

To test the conventional unidirectional sequential mech-
anism depicted in Scheme 1 and the six-intermediate
sequential mechanism (Scheme 2), we compared the experi-
mental absorbance traces (solid lines) and intermediate
amplitudes (circles) to the ones expected based on the
scheme. The squares in Figure 4a-d represent the model
amplitudes of intermediatesRs, AR,s, PR,s, Fs, and Os,
presumed to be present according to the conventional
sequential scheme (Scheme 1). The model amplitude ofPR,s

is that ofPM, corrected for the different redox state of CuA.
As mentioned above, these amplitudes are calculated directly
from the spectral information shown in Figure 3 and are
referenced versusa3

2+-CO CuB
+. The Fs intermediate is

assumed to be a 2:1 mixture ofFII andFI, which corresponds
to a 2:1 ratio of reduced and oxidized hemea (16, 53, 59).
The amplitudes are placed at the positions of the maximum
concentrations of the intermediates on the time axis. The
numerical values of the experimental and model amplitudes
of the individual intermediates are listed in Table 2. Note
that intermediates are defined as states and their amplitude
is co × ε. Intermediate amplitudes therefore always represent
the absorbance for 100% of each intermediate. It is clear
that some of the experimental amplitudes (Figure 4, circles)
of the six intermediates do not match the corresponding
model amplitudes (Figure 4, squares) in the presence or
absence of metal ions. This indicates that unidirectional
schemes involving the intermediates depicted in Schemes 1

Scheme 1

FIGURE 3: (a-e) Model spectra of hemea3/CuB in different redox and ligation states referenced againsta3
2+CO CuB

+, in the Soret region
(435-455 nm) and visible region (595-620 nm): (a) reduced hemea3/CuB (a3

2+ CuB
+-a3

2+CO CuB
+), (b) compoundA (a3

2+-O2 CuB
+-

a3
2+CO CuB

+), (c) PR (PM) (a3
4+dO2- CuB

2+-a3
2+CO CuB

+), (d) F (a3
4+dO2- CuB

2+-a3
2+CO CuB

+), and (e) oxidized hemea3/CuB (a3
3+

CuB
2+-a3

2+CO CuB
+). (f and g) Model spectra of hemea and CuA. (f) The reduced-minus-oxidized spectrum of hemea (a2+ - a3+) and

(g) the oxidized spectrum of CuA
2+ (60). The monitoring wavelengths, 442 and 610 nm, are represented by black vertical lines.

Scheme 2

Cytochromec Oxidase Electron Transfer Biochemistry, Vol. 43, No. 50, 200415751



and 2 are inadequate to describe the reaction kinetics. This
conclusion is based on the assumption of spectral equality
between the model and transient states.

This conclusion is further supported by the broken traces
in panels a-d, which represent the theoretical absorbance
traces expected for the conventional unidirectional sequential
mechanism depicted in Scheme 1. The theoretical absorbance
trace was calculated according to eq 4 using the model
amplitudes (Figure 4, squares) and the concentration of the
intermediates (dashed curves in Figure 4e,f). The apparent
disagreement between the calculated absorbance traces
(Figure 4a-d, broken trace) based on the five-intermediate
conventional unidirectional sequential scheme (Scheme 1)
and the transient experimental data (Figure 4a-d, solid lines)
implies that the five-intermediate conventional sequential
mechanism may not be an adequate model for describing
the reaction kinetics.

Panels e and f of Figure 4 show the time-concentration
profiles for the intermediates of five-intermediate (dashed
lines) and six-intermediate (solid lines) unidirectional se-
quential schemes in the absence (panel e) and presence of
Zn2+ (panel f). The profiles are calculated from eq 2 using
the apparent lifetimes of the four- and five-exponential fits
to the experimental data, respectively. Note that the ampli-
tudes of the concentration profiles represent the maximum
populations of the corresponding intermediate states and they
have no relationship to the absorbance amplitudes of the
intermediates,co × ε, discussed above.

Reaction of the Mixed-Valence Enzyme with Dioxygen. To
better assess the absorbance contribution associated with

FIGURE 4: (a-d) Comparison of the experimental transient data and intermediate amplitudes with predictions by the conventional unidirectional
sequential mechanism (Scheme 1) and a sequential scheme containing an additional millisecond intermediate (Scheme 2). Solid lines represent
the transient data at 442 (a and b) and 610 nm (c and d) in the absence (a and c) and presence of Zn2+ (b and d). The dashed traces (a-d)
represent theoretical absorbance changes expected on the basis of the conventional five-intermediate unidirectional sequential mechanism
(Scheme 1) (see the text for details). The squares represent the absorbance amplitudes of the model spectra for the five individual intermediates.
The circles represent the experimental amplitudes of the six intermediates derived based on a six-intermediate unidirectional sequential
scheme (Scheme 2) using the five experimental apparent rates and the pre-exponential factors (b vectors) according to eq 7. The experimental
and model amplitudes are referenced vs the amplitude of the reduced CO-bound enzyme. (e and f) Time-dependent concentration profiles
of the intermediates for the unidirectional scheme using the apparent rate constants from the four-exponential (dashed lines) and five-
exponential fits (solid lines) as microscopic rate constants. The monitoring wavelengths, 610 and 442 nm, are represented by black vertical
lines.

Table 2: Amplitudes of Intermediates (×103 optical density units)

intermediate modela control Zn2+ Cd2+ Ni2+

442 nm
Rs 250 260 260 250 260
AR,s 64 71 70 72 72
PR,s -170 -99 -52 -58 -66
Fs -48 -44 -54 -50 -70
(F/O)s -220 -180 -180 -160
Os -260 -260 -260 -250 -250

610 nm
Rs 21 21 21 21 21
AR,s 14 14 13 14 12
PR,s -10 -26 -11 -14 -15
Fs -16 -2 -3 -1 -5
(F/O)s -43 -34 -36 -29
Os -52 -52 -52 -52 -52

820 nm
Rs 0.7 0.7 0.6 0.4
AR,s 4.0 3.0 3.5 3.4
PR,s 0.1 1.6 1.0 1.3
Fs 9.4 7.0 7.2 5.9
(F/O)s 12.0 10.7 11.3 10.5
Os 12.2 12.1 12.2 12.0

a The model amplitudes refer to theR, A, PR, F (FI/FII ), and O
forms. The model amplitude ofPR is that ofPM, corrected for the redox
state of CuA.
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hemea3 upon conversion of compoundA to P, without the
interference from the oxidation of hemea, we monitored
the absorbance changes associated with the reaction of
dioxygen with the mixed-valence enzyme in the absence and
presence of Zn2+. Figure 5 shows transient data at 442, 610,
and 820 nm in the absence (blue) and presence (red) of Zn2+.
It is clear that Zn2+ does not have a detectable effect on the
reaction of dioxygen with the mixed-valence enzyme. Both
data sets were adequately fitted with two exponentials (solid
line, no Zn2+; broken line, with Zn2+) as reflected in the
random-noise residuals (Figure 5). Practically the same
apparent lifetimes were observed in the absence (20( 3
and 180( 20 µs) and presence of Zn2+ (19 ( 3 and 200(
20µs). The data were interpreted as a two-step, unidirectional

sequential model:RM (a3
2+ CuB

+ a3+ CuA
2+) f AM (a3

2+-
O2 CuB

+ a3+ CuA
2+) f PM (a3

4+dO2- CuB
2+-OH- Tyr‚

a3+ CuA
2+). Figure 5 also shows the experimental amplitudes

of individual intermediatesRM, AM, andPM in the presence
(red circles) and absence (blue circles) of Zn2+. The
amplitudes are referenced versus the amplitude of the mixed-
valence CO-bound enzyme. The experimental amplitude of
RM contains the contribution from the back-electron transfer
from hemea3 to hemea on an early microsecond time scale
(63-67). The back-flow was estimated to be∼27%. The
model amplitudes (squares) at 442 and 610 nm were
generated without correcting for back-electron transfer, which
explains the discrepancies between the experimental and
model amplitudes ofRM. The good agreement between the
experimental intermediate amplitudes ofAM andPM, calcu-
lated on the basis of a two-step sequential scheme, and the
respective model amplitudes indicates that the reaction of
the mixed-valence enzyme with dioxygen is well represented
by theRM f AM f PM unidirectional sequential scheme.

DISCUSSION

The interpretation of the single-wavelength data in terms
of intermediate amplitudes can be a powerful tool for
designing and testing kinetic models. The quantitative
description presented here for the classical unidirectional
sequential model is simple and easy to use. It shows that all
of the kinetic and spectral parameters involved in unidirec-
tional sequential models can be obtained from the results of
exponential fits. Our approach represents an alternative to a
previous method in which the transient optical absorption
results were analyzed by simulating the absorbance traces
(9). The previous method involves the integration of linear
differential equations to obtain the time courses of the
concentrations of the proposed intermediates, followed by
the calculation of the absorbance time course using estimated
extinction coefficients (9). Both the microscopic rate con-
stants and the extinction coefficients are obtained by an
iterative process. The approach presented here allows a direct
calculation of the absorbance amplitudes of the intermediates
in the unidirectional sequential scheme using the pre-
exponential factors associated with the different exponentials
in the multiexponential fit and the kinetic equations of the
respective scheme. Solving first-order kinetic equations
analytically or by numerical integration and fitting them to
experimental data can thus be avoided. Our approach can
also be extended to more complex schemes.

The kinetic description makes it easy to understand why
the b values cannot be equated with the true absorbance
difference between two intermediates. In general, the am-
plitude of the exponential fit (b value) corresponding to a
particular apparent rate appears to be a linear combination
of the absorbances of those intermediates in the sequential
scheme that do not decay faster than the respective apparent
rate. For example, according to eq 6,b1 can be represented
by the following equation:

FIGURE 5: Transient absorbance changes taking place after pho-
tolysis of the mixed-valence CO-bound enzyme in the presence of
dioxygen. The data are normalized and displaced on a logarithmic
time scale. The conditions are the same as in Figure 1. The data
were recorded in the absence of metal ions (blue curve) and in the
presence of 300µM Zn2+ (red curve). The solid and dashed black
traces represent a two-exponential fit to the data in the absence
and presence of Zn2+, respectively. The residuals at the bottom of
the panels represent the difference between the data and the two-
exponential fits in the presence (red) and absence of metal ions
(blue). They have been multiplied by a factor of 2 for clarity. The
circles represent the experimental amplitudes of intermediatesRM,
AM, andPM in the absence (blue) and presence of Zn2+ (red) at
their maximum concentration. The amplitudes are referenced vs
the amplitude of the mixed-valence CO-bound enzyme. The
experimental amplitude ofRM reflects∼27% back-electron transfer
from hemea3 to hemea. The squares represent the amplitudes of
the corresponding model spectra. The model spectrum ofRM is
not corrected for back-electron transfer.

b1 ) co × [εK εL εM εN ] × [ 1
-k1/(k1 - k2)

k1k2/(k1 - k2)(k1 - k3)
-k2k3/(k1 - k2)(k1 - k3)

]
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while the absorbance difference between the first two
intermediates is

Theb value can only approach the absorbance difference
between two intermediates when the rates are well separated.
This is supported by Table 3, which shows a comparison of
the numerical values of the absorbance changes associated
with each of the five apparent rates (b values) and the true
absorbance difference between individual intermediates at
the three wavelengths. The latter were determined on the
basis of a unidirectional sequential scheme (Scheme 2) as
discussed above.

QualitatiVe and QuantitatiVe Interpretation of the Different
Steps in the Sequential Scheme. Several of our experimental
observations discussed below suggest that the oxidation of
cytochrome oxidase by dioxygen is more complex than what
can be described by the five-intermediate conventional
unidirectional sequential mechanism (Scheme 1) or a six-
intermediate sequential scheme (Scheme 2).

AR,s-to-PR,s Transition.The absorbance change in the Soret
region associated with hemea3 is very small upon conversion
of AM to PM in the mixed-valence enzyme (Figure 5a). Thus,
the absorbance decrease at 442 nm associated with the
transition fromAR,s to PR,s in the reduced enzyme (Figure
4a,b) is practically entirely due to the oxidation of hemea,
in agreement with previous reports (7, 9, 13, 14, 68).
However, the experimental amplitude associated with the
AR,s-to-PR,s step in the fully reduced enzyme in the absence
of metal ions is 0.170, while an amplitude of 0.236 would
be expected if all the hemea became oxidized (Table 2).

Therefore, it appears that only 70% of hemea becomes
oxidized during the conversion ofAR,s to PR,s. The difference
between the experimental amplitudes of the intermediates
and the model amplitudes is even greater in the presence of
the metal ions (Table 2), and we estimate that only∼50%
of hemea becomes oxidized during theAR,s-to-PR,s transition.
This implies thatPR,s is not identical to thePM form in which
hemea is fully oxidized.

The incomplete oxidation of hemea in the time window
corresponding to theAR,s-to-PR,s transition has been reported
previously (3, 7, 9, 10, 16, 22, 68-70). It has been explained
in terms of branched schemes, with hemea and CuB serving
as electron donors to the binuclear site in the two branches
(3, 7, 10, 68, 69). Alternatively, the “apparent” incomplete
oxidation of hemea on a microsecond time scale has been
explained in terms of a sequential scheme with fast electron
transfer from hemea to AR,s followed by a rapid intra-
molecular electron exchange of hemea with CuA that
partially re-reduces hemea (9). This explanation is based
on the composition of the accumulated products in the time
window of the AR,s-to-PR,s transition and not on the
incomplete oxidation of hemea in thePR,s intermediate. Our
results indicate that hemea is incompletely oxidized in
intermediatePR,s based on the discrepancy between the
experimental intermediate amplitude and the respective
model amplitude. As discussed below, our data suggest that
hemea oxidation may occur on 40µs and 100-200µs time
scales from compoundA in addition to the millisecond
oxidation, and multiwavelength studies from our laboratory
support this conclusion (53).

PR,s-to-Fs Transition.A significant absorbance increase at
820 nm is associated with CuA oxidation on a 100-200 µs
time scale in both the presence and absence of Zn2+ (Figure
2c,f and Table 2), the time scale of the sequentialPR,s-to-Fs

transition (9, 71). Since CuA donates electrons to hemea, it
follows that hemea re-reduction would occur concurrently
with the CuA oxidation on this time scale. As hemea3 does
not contribute significantly to the absorbance changes at 442
nm upon thePR,s-to-Fs transition (Figure 5a and Figure 3,
left panel), one would expect the hemea re-reduction on
this time scale to be accompanied by a large absorbance
increase at 442 nm. However, this is not observed; the
transient traces in both the presence and absence of Zn2+

are practically flat at 442 nm on this time scale (Figure 4a,b,
solid lines). This indicates that the absorbance increase at
442 nm due to re-reduction of hemea is compensated by an
equivalent absorbance decrease due to hemea oxidation, thus
reaching a quasi-steady state. The sequential model does not
predict any hemea oxidation during thePR,s-to-Fs transition.

The Soret region amplitudes shown in Figure 4 (a and b)
and Table 2 support these conclusions. The expected change
for thePR,s f Fs transition is 0.124 OD units, assuming that
hemea is fully oxidized inPR,s. The control (no Zn2+ present)
shows a change of only 0.055 OD units due to the incomplete
oxidation of hemea in PR,s. In the presence of Zn2+ and the
other metal ions, the experimental intermediate amplitudes
remain practically unchanged during thePR,s f Fs transition,
indicating the same level of hemea oxidation exists in the
two intermediates.

The absorbance change at 610 nm on the other hand does
not indicate a quasi-steady-state absorbance on a 100-200
µs time scale but rather displays an increase in absorbance

Table 3: Comparison of the Amplitudes of the Five-Exponential Fit
(×103 optical density units) and the True Absorbance Differences
between the Individual Intermediates Represented in Scheme 2

442 nm 610 nm 820 nm

Control
b1 -100 -68 -14
Rs-AR,s 189 7 -3.3
b2 540 150 28
AR,s-PR,s 170 40 3.9
b3 -160 -65 -22
PR,s-Fs -55 -24 -9.3
b4 180 43 -2.9
Fs-(F/O)s 176 41 -2.6
b5 54 13 -0.3
(F/O)s-Os 40 9 -0.2
b0 -260 -52 12.2
Os-RCO -260 -52 12.2

Zn2+

b1 72 -16 -4.1
Rs-AR,s 190 8 -2.3
b2 240 56 5.7
AR,s-PR,s 122 24 1.4
b3 -25 -30 -7.1
PR,s-Fs 2 -8 -5.4
b4 130 41 -4.2
Fs-(F/O)s 126 31 -3.7
b5 95 22 -1.7
(F/O)s-Os 80 18 -1.4
b0 -260 -52 12.1
Os-RCO -260 -52 12.1

AO - AP ) co × [εK εL εM εN ] × [ 1
-1

0
0

]
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(Figure 4c,d). If hemea is in a quasi-steady state, as
suggested by the absence of absorbance changes at 442 nm,
then the absorbance increase at 610 nm on the 100µs time
scale (200µs in the presence of metal ions) must be
associated with the formation ofPR. Note that a large
absorbance increase is observed at 610 nm in the mixed-
valence enzyme upon formation ofPM (Figure 5b). Thus, it
appears that the formation ofPR in the fully reduced enzyme
is not completed on the 40µs time scale butPR continues
to be formed on the same time scale (100-200 µs) as the
quasi-steady state of hemea is reached. In the absence of
Zn2+, we have observed an equilibrium constant for the
electron transfer between hemea and CuA at neutral pH in
the 1.4-2.0 range (16, 53, 59). In the absence of metal ions,
the 820 nm transient trace, which is primarily indicative of
CuA oxidation, supports this ratio. In the presence of Zn2+,
the ratio is close to 1, consistent with impaired electron
transfer from CuA to hemea (46).

The intermediate amplitudes from the 610 nm absorbance
traces reveal further details about thePR,s f Fs transition.
At 610 nm, the absorbance contribution ofF is negligible
compared to those of hemea, PR, and A (Figure 3). The
lower amplitude ofPR,s in the absence of Zn2+ (Table 2,
control) compared to that of the model suggests that a
fraction of PR in the PR,s intermediate is probably replaced
by F andA. This is in agreement with our earlier proposal,
which was based on discrepancies between the spectral shape
of the PR,s and the model spectrum ofPR (PM) (52, 53).
Recent resonance Raman studies also suggest that theFs

intermediate is formed on a time scale similar to that of the
early oxidation of hemea (10). In the presence of metal ions,
the experimental amplitude ofPR,s appears to match that of
the modelPR (Table 2). However, this is a pure coincidence
resulting from two opposing trends, less hemea oxidation
(see Figure 3b) and replacement ofPR by less absorbing
forms (A andF). The experimental amplitude ofFs (FI/FII )
at 610 nm (Table 2) is clearly higher than that of the
corresponding model spectrum, which contains a 2:1 ratio
of reduced to oxidized hemea. The 820 nm signal precludes
a higher ratio (i.e., more hemea being reduced), and
therefore, we conclude thatPR is present in theFs intermedi-
ate.

Fs-to-Os Transition. Our studies indicate that two lifetimes,
1-2 and 4-9 ms, are required to adequately fit the data on
the millisecond time scale in both the presence and absence
of metal ions (Table 1). The 4-9 ms lifetime was not clearly
resolved in our previous flow-flash multichannel experiments
on the fully reduced enzyme (16, 52, 53, 70), but the high
accuracy of the time-dependent traces in the single-
wavelength experiments allows this lifetime to be clearly
observed. A re-reduction of the enzyme also frequently
occurs at the completion of the flow-flash experiment
between 10 and 50 ms, particularly if the concentration of
the mediator is high, and this can obscure processes involving
cytochrome oxidase oxidation on this time scale. In the
experiments reported here, the concentration of the ruthenium
hexammine mediator was 0.125µM and there was no
evidence for re-reduction on a millisecond time scale. While
the residuals of the four-exponential fit in the absence of
metal ions are small and require high accuracy of detection,
the need for an additional lifetime in the presence of metal
ions is obvious (Figure 2). The similarity between the

different metal ions indicates a general kinetic effect rather
than an isolated phenomenon specific to a single metal ion.

A millisecond lifetime of∼5 ms, associated with electron
transfer during the reaction of the fully reduced enzyme with
dioxygen in the absence (62) and presence of metal ions (45),
has been reported. Proton uptake through the K-pathway (37,
38, 62) and an electrogenic process (72, 73) with a similar
lifetime have also been observed. Wikstro¨m and co-workers
have suggested that theFs intermediate is converted to a high-
energy oxidized state of the enzyme,O∼, which sub-
sequently relaxes to the oxidized state,Os, thus accounting
for the two millisecond lifetimes (74). The “5 ms phase”
was proposed to be associated with protonation of the
hydroxide on hemea3 (74-76). Brzezinski and co-workers
recently suggested that theO∼ state has two hydroxide
molecules bound at the binuclear center whileOs may have
only one OH- bound to CuB (77). We observe absorbance
changes associated with the longer millisecond time scale
at all three wavelengths, and Brzezinski and co-workers also
reported identical kinetic difference spectra for the two
millisecond phases (62). Therefore, it seems unlikely that
this process is due solely to hemea3. Instead the absorbance
decrease at 442 and 610 nm on this time scale probably
results from the oxidation of hemea, and the corresponding
increase at 820 nm, which is clearly observed in the presence
of metal ions, can be attributed to oxidation of CuA.

The results described here have led us to consider a more
complex reaction mechanism for cytochrome oxidase oxida-
tion by dioxygen than the conventional unidirectional
sequential mechanism. The data in the presence and absence
of metal ions are consistent withPR,s not being a single
species but rather a mixture of species. This was encountered
previously in our multichannel studies on the reaction of the
reduced enzyme with dioxygen in the absence of metal ions
(52, 53). These studies indicated that a pH-dependent mixture
of compoundA, PR, andF is formed on the time scale of
the sequentialPR,s intermediate. We interpreted the results
in terms of a branched scheme, in which one branch
generates the 607 nmPR form and the other branch theF
form, with a pH-dependent rate of exchange between the
two branches (53) (Scheme 3). (In our previous paper, we
used the notation “P” to represent the single chemical
structurePR, which is spectrally equivalent toPM.) In these
multichannel experiments, the second millisecond lifetime
was not observed. To accommodate the second millisecond
rate observed here, the model needs to be modified. A
potential mechanism that satisfies this requirement is pre-
sented in Scheme 4.

Both schemes contain two parallel pathways with two
isospectral species,AP and AF, having different kinetic

Scheme 3

Scheme 4
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properties. To account for thePR,s intermediate in the
sequential scheme being a mixture ofA, PR, andF forms,
the decay rates ofAP and AF in the two branches are
different. The equilibrium betweenPR andFI/FII accounts
for the observation ofPR being present in intermediate
FI/FII . The longer millisecond lifetime corresponds to the
conversion ofF* to the equilibrium mixture ofFI/FII .

Alternatively, the data can be represented by Scheme 5,
which consists of two independent pathways. Both Schemes
4 and 5 require twoF species to account for the observed
lifetimes. The possibility of twoF species being present was
also raised when we proposed the branched mechanism in
Scheme 3 (53). Schemes 4 and 5 are reminiscent of schemes
proposed for the reaction of hydrogen peroxide with the
oxidized enzyme, which incorporate two ferryl species with
slightly different spectral properties (78-80). On the basis
of the single-wavelength experiments presented here, we
cannot determine whetherF andF* are spectrally different.
The branched schemes proposed here produce many more
lifetimes than can be determined experimentally (53). This
quasi-degeneracy cannot be adequately treated on the basis
of a few amplitude values obtained in single-wavelength
experiments. Multiwavelength studies with both spectral and
temporal information are required for analysis of such
complex schemes.

CONCLUSIONS

The kinetic approach introduced here shows that lifetimes
and amplitudes can be transformed into physically meaning-
ful intermediate properties, namely, intermediate absorbances.
Although we have applied this approach to the most
frequently used unidirectional sequential scheme, the same
approach is applicable to other proposed kinetic models that
can be described by first-order linear differential equations.

The kinetic analysis of the transient single-wavelength data
suggests that the oxidation of hemea, proposed to ac-
company the formation of thePR,s intermediate in the
sequential scheme, is far from complete. A significant
fraction of hemea, 30-50%, is still reduced in thePR,s

intermediate when the transient data are analyzed using a
sequential mechanism. Moreover,PR is partially formed in
the 40µs time window, and its formation is completed on
the 100µs time scale (200µs in the presence of metal ions),
during whichFs is formed in the conventional sequential
scheme. This suggests that theAP f PR transition in thePR

branch (Schemes 4 and 5) is slower than theAF f F
transition in theF branch. The transfer of the fourth electron
from the equilibrated hemea/CuA site to the hemea3 center
occurs on two time scales rather than in the single step
proposed by the conventional sequential scheme (Scheme
1). This is the case both in the presence and in the absence
of metal ions.

Our observations are consistent with previous results of
Brzezinski and co-workers, who reported a 2-fold decrease
in the rate of thePR,s-to-Fs transition in the presence of Zn2+

(45, 46). These authors also reported a decrease in the rate
of theFs-to-Os transition of a factor of 2-3 in the presence
of metal ions. However, our studies indicate that the metal
ions affect primarily the rate and amplitude of the longer
millisecond process and to a smaller extent the early 1-2
ms process.

Our studies and others (9, 12, 37, 69) show that the high
quality of time-dependent traces in single-wavelength mea-
surements can accurately establish the number of exponential
processes present and their apparent rates. When combined
with amplitude analysis, the kinetic approach presented here
can be used to test the validity of certain kinetic schemes.
However, a detailed picture of the reaction kinetics cannot
be obtained from single-wavelength data but rather requires
spectral information from multiwavelength kinetic studies.
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