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Ä löf Einarsdóttir*
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ABSTRACT: Electron transfer during the reaction of fully reduced bovine heart cytochrome oxidase with
dioxygen has been studied at 24 °C in the near-infrared region following photolysis of the fully reduced
CO-bound complex. The transient spectral changes and kinetics were followed on microsecond to
millisecond time scales at nine different wavelengths between 597 and 935 nm and were analyzed using
singular value decomposition and global exponential fitting. Four apparent lifetimes, 14 µs, 40 µs, 86 µs,
and 1.1 ms, were resolved. The near-infrared spectra of the intermediates are extracted on the basis of a
previously proposed mechanism [Sucheta et al. (1998) Biochemistry 37, 17905-17914] and compared to
model spectra of the postulated intermediates. The data provide a comprehensive picture of the spectral
contributions of the different redox centers in their respective oxidation or ligation states in the nearinfrared region and strongly support that CuA is partially (2/3), but not fully, oxidized in the 3-electronreduced ferryl intermediate.

The reduction of dioxygen to water by cytochrome oxidase
has been extensively studied in the Soret and visible regions
by single-wavelength detection (445, 605 nm) (1-4), and
more recently in our laboratory, using a gated multichannel
analyzer (5-7). These studies, along with time-resolved
resonance Raman (TR3) studies (8-14), have indicated that
the reaction involves the formation of compound A, followed
by the putative P1 intermediate (607 nm form), and the
subsequent generation of a ferryl, F (580 nm), form. The
generation of the ferryl is followed by a more rapid electron
transfer between CuA and heme a (7).
The nature of P has been the subject of intensive
discussion, and recent investigations have suggested that it
is a ferryl (a34+dO) with a radical on tyrosine 244 (6, 14,
15). This tyrosine has recently been shown by crystallographic studies to be covalently cross-linked to histidine
240, a ligand of CuB in the bovine heart oxidase (16, 17).
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1 Abbreviations: SVD, singular value decomposition; OSMA, optical
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associated with a particular first-order process; CuA, the mixed-valence
copper A center; CuB, copper B; a2+, reduced heme a; a3+, oxidized
heme a; a32+, reduced heme a3; a33+, oxidized heme a3; compound A,
the ferrous-oxy complex of cytochrome a3; P, a form of the enzyme in
which heme a3 has an absorption maximum at ∼607 nm when
referenced against its oxidized state; F, a ferryl (a34+dO) form of the
enzyme in which heme a3 has an absorption maximum at ∼580 nm
when referenced against its oxidized state; Fo, F in which heme a is
oxidized, one proton is at the binuclear center, and tyrosine is
deprotonated; FI, F in which heme a is oxidized, one proton is at the
binuclear center, and tyrosine is protonated; FII, F in which heme a is
reduced, one proton is at the binuclear center, and tyrosine is protonated.

The formation of P has not been detected by TR3 during the
reaction of the fully reduced enzyme with dioxygen, but
recent time-resolved optical absorption studies in our laboratory using a gated multichannel analyzer have suggested that
P is transiently formed (6).
The reduction of dioxygen to water by cytochrome oxidase
has also been studied at 830 nm, the putative absorbance
maximum of the oxidized CuA (2, 18, 19), and at low
temperatures in the near-infrared region (20-23). However,
a comprehensive study of this reaction at room temperature
in the near-infrared region has not been carried out.
Moreover, the near-infrared spectral contributions of the
different redox centers in their respective redox and ligation
states, including those of P and F, have not been clearly
established.
In this study, we have investigated the reaction of the fully
reduced cytochrome oxidase with dioxygen at selected
wavelengths in the near-infrared region at room temperature.
Using singular value decomposition (SVD) and global
exponential fitting, we have extracted the near-infrared
spectra of the intermediates, including that of compound A,
the putative P, and F.
MATERIALS AND METHODS
Cytochrome oxidase was isolated from bovine hearts
according to the method of Yoshikawa et al. (24), which
involves sequential ammonium sulfate fractionations in
cholate and Tween. The final precipitate was dialyzed against
0.1 M sodium phosphate buffer, pH 7.4. The fully reduced
form was prepared by adding sodium ascorbate and ruthenium hexammine chloride to an anaerobic oxidized enzyme
solution (5, 6).
The mixed-valence CO-bound enzyme was made by
deoxygenating the oxidized enzyme solution with purified
N2, followed by exposure to CO until no further change at
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590 nm occurred. Then ferricyanide was added to reoxidize
the amount of heme a, which had become reduced under
CO. Compound P was prepared by exposing the oxidized
enzyme to CO in the presence of O2 (25). The F form was
made by adding excess hydrogen peroxide to an oxidized
enzyme solution (25). The spectra of the enzyme solutions
were recorded on a Perkin-Elmer Lambda 9 UV/Vis/NIR
spectrophotometer in the 480-1100 nm region. The spectra
which contained more than one form were fitted to a sum
of the known individual spectra in the 480-700 nm region
(6), and the spectra in the entire 480-1100 nm range were
split according to the composition obtained from the fit. The
concentrations of P and F were calculated on the basis of
their difference spectra using extinction coefficients of 11
mM-1 cm-1 at 607-630 nm and 5.3 mM-1 cm-1 at 580630 nm, respectively (26). The model difference spectra were
linear combinations of ground-state spectra of the oxidized,
reduced, mixed-valence CO, and fully reduced CO enzyme
complexes, the spectra of the P and F derivatives, and the
oxidized-minus-reduced spectrum of CuA. The spectrum of
CuA is an extended version of the experimental spectrum of
CuA from Paracoccus nitrificans (27). The spectrum at pH
7 was digitized and fitted to a sum of Gaussian curves in
the respective wavelength region, 350-900 nm. The spectrum generated from the fit in the extended wavelength range,
350-1100 nm, was used as the model spectrum of CuA.
The fully reduced CO-bound enzyme was obtained by
exposing the fully reduced enzyme to 20% CO and 80% N2
for 30-60 min. It was mixed in a 1:1 ratio with an
O2-saturated buffer in a stopped-flow apparatus, which was
interfaced to a laser photolysis system. The reaction was
initiated with a 532 nm laser pulse (Nd:YAG) 400 ms after
mixing. The reaction was probed at nine different wavelengths (597, 605, 615, 655, 705, 745, 795, 835, and 935
nm) using a tungsten lamp and a filter allowing only light
above 580 nm through. The transmitted beam was passed
through a monochromator and measured by a photodiode.
To increase the light intensity reaching the photodiode, the
monochromator slits were set to 2 mm, which resulted in
∼30 nm bandwidth. The recorded data were corrected for
the finite bandwidth of the monochromator (Appendix I).
The signals were collected by a 500 MHz digitized oscilloscope (Le Croy 9350AM). Each kinetic trace was an
average of 20 consecutive runs.
Data Analysis. The transient signals were recorded by the
oscilloscope on a linear time scale up to ∼4.5 ms. Exponential fits to linearly-spaced time points overemphasize the
contribution of the late time points. To circumvent this, the
time-dependent transient signals were converted to a logarithmic time scale before fitting. Each decade in the
logarithmic time window was divided into 100 segments,
and data points within individual segments were averaged
to give a single time point. The noise in the logarithmic time
plots is larger at times below 20 µs, because of the limited
number of recorded points at early times. Moreover, data
points below 2-3 µs may be affected by laser artifact.
The transient data were analyzed at all wavelengths and
time points simultaneously using SVD and global exponential
fitting as previously described (5, 6, 28, 29). From the
spectral changes (b-spectra) and apparent lifetimes, a mechanism was proposed from which the spectra of the reaction
intermediates were determined. The derived spectra were
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FIGURE 1: Transient absorbance changes taking place during the
reduction of dioxygen to water. The transient absorbance changes
are displayed on a linear time scale at nine wavelengths between
597 and 935 nm following photolysis of the fully reduced CO
complex. Each kinetic trace represents the average of 20 consecutive
runs. The cytochrome oxidase concentration was 6 µM before
photolysis, and the effective concentration (after photolysis) was
∼2 µM. The reaction was run in 0.1 M sodium phosphate buffer
(pH 7.4) at 24 °C. The CO and O2 concentrations after mixing
were 0.05 atm (∼50 µM) and 625 µM, respectively.

compared to model spectra to test the validity of the proposed
mechanism. Before a comparison between the intermediate
and model spectra was made, the model spectra were
modified in the 600-650 nm region to account for the
distortion in the transient data caused by the finite bandpass of the monochromator (Appendix I).
RESULTS
The transient kinetic traces for the reduction of dioxygen
to water by cytochrome oxidase are shown on a linear time
scale in Figure 1 at nine different wavelengths between 597
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FIGURE 2: Transient kinetic traces in Figure 1 displayed on a logarithmic time scale. The conditions are the same as in Figure 1. The
dashed and solid curves represent three-exponential and four-exponential fits to the transient data, respectively.

and 935 nm. For better visualization of the early time scales,
the traces were truncated at 2 ms. It is clear that at least
three processes are present. First a very fast process occurs,
which is reflected by a rapid increase in the absorbance at
597, 705, and 745 nm, and to a lesser extent at 830 nm.
This is followed by a slightly slower decay at 597 and 615
nm. A slow phase completes the reaction and is characterized
by a decay in the absorbance at 597, 605, and 615 nm and
increased absorbance at the other six wavelengths.
The kinetic traces, averaged on a logarithmic time scale,
were represented as a two-dimensional (wavelength × delay)
data matrix that was analyzed using SVD and global
exponential fitting (5, 6, 28, 29). To determine the number
of processes present, the data were fitted with an increasing
number of exponentials. Figure 2 shows the three-exponential
(- -) and four-exponential (s) fits to the time courses at
all nine wavelengths. The data are displayed on a logarithmic
time scale to better separate individual processes.
The apparent lifetimes corresponding to the threeexponential fit were 13 µs, 36 µs, and 1.1 ms. The 13 µs
process reflects the O2 binding to heme a3 (2, 4, 6, 12). The
increase at 830 nm observed upon formation of compound
A is in agreement with previous single-wavelength studies
at this wavelength, which reported an absorbance increase
with an apparent pseudo-first-order rate constant of 1 × 105

s-1 (τapp ) 10 µs) (19). However, this increase was attributed
to O2 binding to CuB+, while we can unequivocally assign
this phase to the binding of O2 to heme a32+ based on
previous experiments in both the visible and Soret regions
(5, 6). The 36 µs lifetime corresponds primarily to the
oxidation of heme a (3, 4, 6, 18, 30, 31), as reflected by a
large spectral change (decrease) between 597 and 615 nm.
Small spectral changes are observed at the other wavelengths
on this time scale. The third lifetime reflects the oxidation
of heme a on a millisecond time scale.
It is clear that an additional process (four exponentials)
(Figure 2, s) is required to account for the CuA oxidation at
745, 795, and 835 nm. For the remaining wavelengths, the
spectral changes were not optimal for reliable discrimination
between the two sets. Thus, four lifetimes, 14 ( 3 µs, 40 (
5 µs, 86 ( 30 µs, and 1.1 ( 0.2 ms, were used to fit the
data. The four lifetimes represent a unique fit with a local
minimum, and the lifetimes converged to the same values
regardless of the initial starting values. These values are
essentially the same as our previously published lifetimes
(6). The additional 1.5 µs process, observed in our previous
multichannel studies in the Soret and visible regions (5, 6),
was not within the time resolution of our single-wavelength
detection system. It should be emphasized that the additional
lifetime of 86 µs provides direct evidence for CuA oxidation,
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FIGURE 3: Ground-state spectra of the oxidized (s), reduced
(- ‚ -), mixed-valence CO (‚‚‚), and fully reduced CO (- - -)
enzyme complexes, and the spectra of the P (- ‚‚ -) and F (- -)
derivatives in the visible (left) and near-infrared region (right).

during which time small spectral changes are observed for
heme a in the 597-615 nm spectral region. This indicates
that as soon as an electron is transferred from heme a to
heme a3 on the millisecond time scale, heme a immediately
gets rereduced with an electron from CuA.
To extract the spectra of the intermediates, a mechanism
must be proposed and tested. One of the criteria for the
validity of a mechanism is a good agreement between the
extracted (difference) spectra of the intermediates and model
spectra. The model spectra of the intermediates are generated
from linear combinations of the ground-state spectra of the
oxidized, reduced, mixed-valence CO, and fully reduced CO
enzyme complexes, the spectra of the P and F derivatives,
and the reported CuA difference spectrum (27). Figure 3
shows the ground-state spectra of these derivatives in the
visible and near-infrared regions. The oxidized sample (s)
has a large absorbance at 830 nm, while the reduced enzyme
(- ‚ -) and fully reduced CO-bound form (- - -) do not
absorb in this region, but have an absorption band at ∼710
nm ( ) 80 M-1 cm-1), which has been assigned to the lowspin ferrous heme a (32). The fully reduced enzyme also
has a minor peak at 785 nm, which has been attributed to
the unliganded five-coordinate ferrous heme a32+ (32-34)
and resembles band III observed in deoxyhemoglobin and
deoxymyoglobin (35, 36). The mixed-valence CO enzyme
(‚‚‚) and the F form (- -) have almost identical spectra in
the near-infrared region, resulting from the oxidized heme
a and CuA, indicating that the ferryl heme a3 (a34+dO) has
a minor contribution in this region. It is interesting to note
that compound P (- ‚‚ -) has the highest intensity in the
800-830 nm region, which may reflect the influence of the
proximity of the proposed tyrosine radical on the nearinfrared spectrum.
Figure 4 shows the near-infrared spectra of the oxidizedminus-reduced cytochrome oxidase (s), the oxidizedminus-reduced heme a3/CuB (- ‚ -), the oxidized-minusreduced heme a (‚‚‚), and the oxidized-minus-reduced CuA
(- ‚‚ -). It is clear that CuA2+ is responsible for 77% of the
absorbance at ∼810-820 nm, while the contribution of heme
a and heme a3/CuB is 18 and 5%, respectively.
The transient data between 600 and 650 nm are distorted
due to the finite monochromator band-pass. However as
shown in Appendix I, we can modify the model spectra of
the various intermediates to take into account this distortion.
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FIGURE 4: Near-infrared spectra of the oxidized-minus-reduced
cytochrome oxidase (s), the oxidized-minus-reduced heme a3/CuB
(- ‚ -), the oxidized-minus reduced heme a (‚‚‚), the oxidizedminus-reduced spectrum of heme a modified to account for the
distortion in the experimental data (- - -) and the oxidized-minusreduced CuA (- ‚‚ -).

FIGURE 5: Reduced-minus-oxidized spectra of heme a3/CuB in
different redox and ligation states referenced against a32+CO
CuB+. The spectra are the oxidized heme a3/CuB (a33+ CuB2+
- a32+CO CuB+) (s), the reduced heme a3 (a32+ - a32+CO)
(- - -), P (a34+dO CuB2+ Tyr• - a32+CO CuB+) (- ‚‚ -), and F
(a34+dO CuB2+ - a32+CO CuB+) (- ‚ -).

This is necessary before a comparison between the experimentally extracted intermediate spectra and model spectra
can be made in the 600-650 nm region. Figure 4 (- - -)
shows how the oxidized-minus-reduced spectrum of heme
a needs to be modified to account for the distortion in the
experimental data. Similar distortion is observed in the
difference spectra of the P and F forms (not shown). As
discussed above and is apparent from Figure 4, this distortion
is only significant in the 600-650 nm region where the
amplitude changes rapidly with wavelength.
Figure 5 shows the spectra of heme a3/CuB in different redox and ligation states referenced against a32+CO
CuB+. These include the oxidized heme a3/CuB (a33+ CuB2+
- a32+CO CuB+) (s), the reduced heme a3 (a32+ - a32+CO)
(- - -), P (a34+dO CuB2+ Tyr• - a32+CO CuB+) (- ‚‚ -), and
F (a34+dO CuB2+ - a32+CO CuB) (- ‚ -). The difference
between heme a3 in the P versus F state is clearly observed.
A shoulder is observed at ∼700 nm in the ferryl difference
spectrum.
DISCUSSION
The kinetic analysis described here involves extracting
information about the underlying mechanism and the spectra
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Scheme 1: A Proposed Mechanism for the Reduction of Dioxygen to Water (6)

aTyrosine 244, represented here as TyrOH, is postulated to function as an H-atom donor during the cleavage of the O-O bond (A f P). The
rate constants k+1 and k-1 are from ref (6).

of the intermediates present during the reduction of dioxygen
to water by cytochrome oxidase. To a first approximation,
we fitted the data to the mechanism in Scheme 1, which is
in accordance with our previously proposed mechanism (6).
As discussed above, one of the criteria for the validity of a
mechanism is a good agreement between the extracted
spectra of the intermediates and model spectra. Another
requirement is that the experimental apparent lifetimes must
agree with the apparent lifetimes calculated from the
microscopic rate constants (listed in Scheme 1). Because
apparent lifetimes in a sequential model without backreactions, like Scheme 1, are themselves the microscopic rate
constants, only the spectral agreement was evaluated.
Intermediate Spectra. Figure 6a,b shows the model difference spectra of the intermediates (2-6) in Scheme 1
compared to the difference spectra of the intermediates
extracted from the original transient data using the mechanism and the microscopic rate constants in Scheme 1. The
spectra in Figures 4 and 5 form the basis for the model
difference spectra of the intermediates in Scheme 1. The
experimental and model spectra are referenced versus the
spectrum of the fully reduced CO-bound enzyme, which has
insignificant absorbance in the near-infrared region.
Our time-resolution does not allow us to extract the
spectrum of intermediate 1 (R*) in Scheme 1. Intermediate
2 (Figure 6a, b) is the reduced enzyme (R). Because we
could not resolve the first process (1.5 µs) in Scheme 1 in
our analysis, the first experimentally observed spectrum is
really a mixture of intermediates 1 and 2 in Scheme 1. Using
the reduced enzyme spectrum alone is not sufficient to
account for the amplitude of the experimental absorption
spectrum, but including a more red-absorbing R* (5, 29) in

the model spectrum (s) provides satisfactory agreement in
the visible region.
We do not have a model spectrum for intermediate 3,
compound A (Figure 6a, 2), and the spectrum of the reduced
CO-bound enzyme does not appropriately model that of
compound A (the respective CO-difference spectrum would
be zero). The dotted line for intermediate 3 represents a
hypothetical spectrum of compound A based on the previously derived spectrum of this intermediate in the visible
region (6) and on the experimental data points in the nearinfrared region. It is clear that compound A has a significant
absorbance in the 750-850 nm region, although not a peak,
while the fully reduced CO-bound enzyme does not. It also
has a small absorption band at ∼660 nm.
The exact nature of intermediate 4 is unclear, and in Figure
6b we have modeled the experimental difference spectrum
(O) with P and Fo in a ratio of 1:1 (6). As indicated in
Scheme 1, heme a is reduced in P and oxidized in F as
previously proposed based on our data in the visible and
Soret regions (6). Although the spectra of heme a3 in P and
F are somewhat different in the near-infrared, the small
absorbance values make it difficult to reliably determine the
exact redox and ligation state of the redox centers in
intermediate 4.
Intermediate 5 (Figure 6b, 4) is modeled assuming 70%
oxidized CuA and 30% oxidized heme a (‚‚‚), and this
represents a good agreement with the experimental spectrum
(see below). In our previous studies based on data in the
visible region (6), we reported a ratio of 2:1 for FII and FI in
intermediate 5, i.e., an equilibrium constant k+6/k-6 of 2. This
value was derived from the absorption of heme a since the
CuA absorption is relatively small in the visible region. In
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FIGURE 7: Difference between the experimental spectrum of
intermediate 6 and intermediate 5 (b) and model spectra. The
difference spectrum was modeled using the a33+ - a34+dO
difference spectrum and different contributions, 0.3 (s), 0.5 (‚‚‚),
and 0.7 (- - -), of the oxidized-minus-reduced difference spectrum
of heme a + CuA.

FIGURE 6: Experimental (symbols) and model (lines) spectra of
the intermediates referenced versus the spectrum of the fully reduced
CO-bound enzyme. Top panel: Intermediate 2 (b, -) and
intermediate 3 (compound A) (2, ‚‚‚). Bottom panel: Intermediate
4 (P/Fo) (O, -), intermediate 5 (FI/FII) (4, ‚‚‚), and intermediate 6
(oxidized enzyme) (0, - - -).

the study presented here, we derived the same equilibrium
constant based on the absorbance in the 800 nm region,
where the CuA absorption is dominant.
The spectrum of intermediate 6 (Figure 6b, 0) is in good
agreement with the model difference spectrum of the
oxidized enzyme (- - -). This spectrum shows the largest
absorbance at 655 nm, which has been attributed to the
oxidized heme a3/CuB center (37, 38). It should be noted
that a significant shoulder at 655 nm is not observed for the
P and the F forms of the enzyme (Figure 5).
The Nature of Intermediate 4 (P/Fo). The mechanism in
Scheme 1 is largely based on our previous studies in the
visible and Soret regions (6) as well as on previous resonance
Raman studies, which have provided important information regarding the structures of individual intermediates
(10-14). The near-infrared studies presented here are
supportive of this mechanism. The mechanism differs from
that of Brzezinski and co-workers (39-41) and Wikström
and co-workers (31, 42) with regard to the nature of
intermediate 4. Brzezinski and co-workers (39-41) and
Wikström and co-workers (31, 42) have postulated that
intermediate 4 is P (the 607 nm form) with heme a being
either fully oxidized (this form of the enzyme is often referred

to as PR) or close to fully oxidized (85%). This proposal is
based on transient optical absorption experiments at selected
wavelengths. As stated above, we have previously carried
out studies in the visible and Soret regions using an
intensified gated optical multichannel analyzer (5, 6). This
mode of detection has allowed us to monitor the reduction
of dioxygen to water over a large spectral range simultaneously. Based on our multichannel studies in the visible
region, intermediate 4 was first proposed to be the 607 nm
species with 15% of heme a reduced and 85% oxidized (5).
However, we subsequently showed that this model did not
fit the data in the Soret region, while a 1:1 mixture of the
607 nm and the 580 nm species with heme a reduced in the
former and oxidized in the latter provided a good fit in both
regions (6). Therefore, we feel reasonably confident that
intermediate 4 at pH 7.4 is not simply P in which heme a is
oxidized, but more likely a mixture of intermediates. As
discussed above, the near-infrared data on intermediate 4
presented in Figure 6b (O) cannot be used to discriminate
between the two models with certainty because of the small
amplitude of the signal. However, fitting intermediate 4 in
the near-infrared region with a 1:1 mixture of P and Fo as
shown in Scheme 1 and Figure 6b (O, s) represents a
significantly better agreement than fitting intermediate 4 with
the spectrum of P alone and heme a fully oxidized (not
shown). The recent demonstration that there may be at least
two compounds at the two- and three-electron-reduced state
with the spectral properties of compound F (43, 44) (a
maximum at 580 nm in the difference spectrum) may suggest
that intermediate 4 is indeed a mixture of P and F-like forms.
The Equilibrium between CuA and Heme a. Heme a and
CuA are in a rapid redox equilibrium (7), which is represented
by FI and FII. The portion of CuA oxidized in intermediate 5
can be deduced not only from modeling of this intermediate,
but more easily from modeling the spectral difference
between the final oxidized state, intermediate 6, and intermediate 5. This difference spectrum is shown in Figure 7
(b). The solid, dotted, and dashed curves show the modeling
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of this experimental difference spectrum using the a33+ a34+dO difference spectrum + different contributions, 0.3
(s), 0.5 (‚‚‚), and 0.7 (- - -), of the (heme a + CuA) oxidizedminus-reduced difference spectrum. It should be emphasized
that in this analysis the individual spectra of the heme a and
CuA were not used, but rather the experimental oxidized
(heme a + CuA) and the reduced (heme a + CuA). In the
600 nm region, in which the heme a contribution is
predominant, the (a3+ minus a2+) value of 0.7 provides the
best fit to the experimental data. On the other hand, in the
800 nm region, the (CuA2+ minus CuA+) value close to 0.3
gives a better fit. Thus, it is clear that upon the conversion
of intermediate 5 to intermediate 6 approximately one-third
of CuA and two-thirds of heme a are oxidized, consistent
with an equilibrium constant k+6/k-6 of 2.
Brzezinski and co-workers have reported that heme a is
fully reduced in intermediate 5 in the bovine heart enzyme,
while being 60% reduced in the Rhodobacter sphaeroides
enzyme (41). These authors also have pointed out that the
extent of electron transfer between CuA and heme a in the
Rhodobacter enzyme appears to depend on the extent of
proton uptake from the bulk solution during conversion of
P to F (45).
Wikström and co-workers assumed an equilibrium constant, k+6/k-6, equal to 1 in their studies of charge translocation during a single turnover of cytochrome oxidase (46,
47). This corresponds to 0.5 electron being transferred from
CuA to heme a in each of the two steps, P f F and F f O.
This raises the question whether the exact value of the
equilibrium constant (k+6/k-6) makes a difference in the
determination of charge translocation stoichiometries of the
major electrogenic phases in the reaction of cytochrome c
oxidase with dioxygen. However, as Wikström and coworkers have shown, the contribution of the electron transfer
from CuA to heme a to the overall charge being translocated
is small (47) (∼10 and 20% in the case of transfer of 0.5
and 1 electron from CuA to heme a, respectively), indicating
that the exact value of the equilibrium constant is not crucial.
In conclusion, we have extracted the near-infrared difference spectra of the cytochrome oxidase intermediates present
during the reduction of dioxygen to water at room temperature. There is an excellent agreement between the extracted
intermediate spectra and model spectra using the mechanism
in Scheme 1. Moreover, these data provide for the first time
a comprehensive picture of the near-infrared spectra of the
intermediates present during the reduction of dioxygen to
water at room temperature.
APPENDIX I
Distortion of Spectra Due to a Finite Monochromator
Band-Pass. Due to the narrow absorption band of the enzyme
around ∼600 nm, the finite band-pass of the monochromator
results in an amplitude distortion of the transient data
between 600 and 650 nm. Therefore, before a comparison
between the intermediate spectra extracted using a particular
mechanism and model spectra can be made, the model
spectra must be modified in the 600-650 nm region to
account for the distortion in the transient data.
The probe intensity before laser photolysis (pre-trigger
level), Io, is equal to
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Io(λ) ) IL(λ) × 10-A(λ)

(1)

where IL is the lamp intensity and A(λ) is the absorbance of
the sample. The probe intensity of the photolyzed sample
(post-trigger), I(λ), is equal to

I(λ) ) IL(λ) × 10-[A(λ)+∆A(λ)]

(2)

where ∆A(λ) is the light-induced absorbance difference. The
probe intensities measured by the photodiode pre-photolysis
(Iom) and post-photolysis (Im) are

Iom ) ∑Io(λ) × W(λ)

(3)

Im ) ∑I(λ) × W(λ)

(4)

where W(λ) is the relative amount of light passing through
the monochromator.
One can assume a uniform lamp intensity, IL, and a linear
response of the photodiode in the band-pass window of the
monochromator. The relative amount of light passing through
the monochromator, W(λ), can be approximated by a
Gaussian function, with 30 nm half-width (full width at halfmaximum intensity) estimated from photocurrent measurements using a He-Ne (632.8 nm) laser.
In practice, the concentration of the bleached sample is
obtained from the experimental photocurrent signal where
the amplitude distortion is negligible. Based on this concentration, the amplitudes of the bleached model difference
spectra, ∆A(λ), can be determined. From the sample absorbance, A(λ), and the band-pass, W(λ), the distorted model
spectral changes, ∆Am(λ), can be calculated using eq 5:

∆Am(λ) ) log (Iom/Im) ) log

(∑

∑10-A(λ)‚W(λ)

10-[A(λ)+∆A(λ)]‚W(λ)

)

(5)

It should be emphasized that the undistorted and the distorted
model spectral changes are different only below 650 nm,
where the absorbance of the sample changes rapidly in the
monochromator band-pass window. The distortion in the
spectra below 650 nm results in broader bands and a decrease
in amplitude due to the integration of light intensity over a
range of wavelengths.
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