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ABSTRACT: Recent studies on cytochrome oxidase have indicated that the putative “peroxy” intermediate
in the catalytic cycle (PR) is a mixture of intermediates, includingP and F [Sucheta, A., et al. (1998)
Biochemistry 37, 17905-17914], and the bench-madeP andF forms appear to have the same redox state
(Fea3

4+dO2-), but a different protonation state [Fabian, M., and Palmer, G. (2001)Biochemistry 40, 1867-
1874]. To explore the possibility that the putativePR state is a pH-dependent mixture of intermediates,
we investigated the reduction of dioxygen to water by the fully reduced cytochrome oxidase at pH 6.2,
7.5, and 8.5 in the visible and Soret regions (350-800 nm) using the CO flow-flash technique. Singular
value decomposition and global exponential fitting of the time-resolved absorption difference spectra
resolved five apparent lifetimes. The fastest three (1.5, 13, and 34µs) were independent of pH, while the
two slowest rates (80-240µs and 1.1-2.4 ms) decreased by a factor of 2-3 as the pH increased. When
the time-resolved spectra were analyzed using a unidirectional sequential model, the spectra of the reduced
enzyme and the dioxygen-bound intermediate, compoundA, were found to be pH-independent. However,
the putativePR intermediate was best represented by a pH-dependent mixture of compoundA, P, andF.
The ferryl form was favored at low pH. The subsequent intermediate is a ferryl with a pH-dependent
electron transfer equilibrium between hemea and CuA, the reduced hemea being favored at low pH.
These results suggest a pH-dependent reaction mechanism of the reduction of dioxygen to water by the
fully reduced enzyme that is more complex than previously proposed.

Cytochromec oxidase catalyzes the reduction of dioxygen
to water, requiring four electrons donated by cytochromec
and four protons, which are taken up from the mitochondrial
matrix. Four additional protons are pumped across the inner
mitochondrial membrane, thus generating an electrochemical
proton gradient that is used by ATP synthase to make ATP
(for reviews, see refs1 and2).

The details of the mechanism of the reduction of dioxygen
to water by fully reduced cytochromec oxidase are still not
fully understood. Time-resolved resonance Raman studies
have provided evidence for dioxygen binding to Fea3 forming
compoundA (3-5), the presence of a ferryl intermediate
(F),1 and a ferric hydroxide (6-9). An additional intermedi-
ate, commonly termed the “peroxy” intermediate,PR, has
been proposed to be generated upon decay of compoundA
and prior to the formation ofF (10-12). However, the exact
identity or even the existence of this intermediate is
controversial, although it has frequently been equated with
the corresponding intermediate formed during the reaction
of the mixed-valence enzyme with dioxygen (PM) (10, 12).
PR has also been considered to be equal to the 607 nm forms
generated upon addition of hydrogen peroxide to the oxidized
enzyme under alkaline conditions (PH) or upon exposure of
the oxidized enzyme to a mixture of carbon monoxide and

dioxygen (PCO/O2). While many previous studies proposed
that the O-O bond inPM was intact, more recent observa-
tions have indicated that the O-O bond is already broken,
and thatPM is in fact an oxo-ferryl state, Fea3

4+dO2- (13-
16, 18-21). The discovery of a tyrosine-histidine cross-
link at the active site (22, 23) led to the proposal that the
tyrosine may function as an electron and a proton donor to
the dioxygen bound to hemea3, thus facilitating the cleavage
of the O-O bond (16, 24-28). Both PM andPH display a
resonance Raman vibration at 804/768 cm-1 (16O2/18O2),
attributed to Fea3

4+dO2- (13-16), and recent experiments
in our laboratory have shown thatPCO/O2, PM,andPH have
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its oxidized state;PCO/O2, P generated by exposing the oxidized enzyme
to a mixture of CO and O2; PH, P generated upon addition of H2O2 to
the oxidized enzyme at alkaline pH;PM, “peroxy” intermediate formed
at the binuclear center during the reaction of the mixed-valence enzyme
with dioxygen; PR, putative “peroxy” intermediate formed at the
binuclear center during the reaction of the fully reduced enzyme with
dioxygen; F, ferryl form of the enzyme 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;O, oxidized enzyme;
SVD, singular value decomposition; b-spectrum, spectral changes
associated with a respective first-order process.
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identical absorption spectra (17). However, Babcock and co-
workers and Rousseau and co-workers have failed to observe
the 804 cm-1 species during the reduction of dioxygen to
water by the fully reduced enzyme using time-resolved
resonance Raman spectroscopy (1, 8, 9).

The exact origin of the protons that are required for the
reduction of dioxygen to water and the details of the
protonation state of the intermediates are still unclear. The
resolution of the crystal structures of the bovine heart and
Paracoccuscytochromec oxidases revealed two major
proton transfer pathways, the D-pathway and K-pathway (23,
29, 30). Spectroscopic techniques, particularly transient UV-
visible spectroscopy, in combination with site-directed mu-
tagenesis, have indicated that the D-pathway is responsible
for the uptake of both scalar and translocated protons during
the reduction of dioxygen to water (31-33), while proton
uptake during the reduction of the oxidized enzyme has been
proposed to take place through the K-pathway (31, 34, 35).
However, recent studies have shown that the K-pathway may
be involved during the reduction of dioxygen to water and,
more specifically, during the splitting of the O-O bond and
the formation of the putativePR intermediate (31, 36).
Although these results have provided important insights into
the role of the two pathways, they primarily focused on the
effect of pH and selected mutations on the apparent rates of
proton uptake (see ref33 for review), while a comprehensive
study on the effect of pH on the spectra of the intermediates
has been lacking.

Previous studies have shown that addition of H2O2 to the
oxidized cytochrome oxidase favors the formation ofPH at
high pH andF at low pH (18, 20, 37-41), and recent
observations have shown that the bench-madeP form is
converted to the ferryl form (F) upon the uptake of a proton,
but without a change in redox state (40). The rate of
conversion was found to be pH-dependent. Moreover, time-
resolved optical absorption experiments in our laboratory
have suggested that the intermediate formed following decay
of compoundA is not a single intermediate but rather a
mixture of intermediates, includingP andF (24). Together,
these studies suggest that the composition of the putative
PR intermediate may be pH-dependent. To explore this
possibility, we have reinvestigated the reduction of dioxygen
to water at different pH values using multiwavelength
detection. The results indicate that the putativePR intermedi-
ate is in fact a pH-dependent mixture of three spectral forms,
compoundA, P, andF.

MATERIALS AND METHODS

Cytochrome oxidase from bovine heart was isolated
according to the method of Yoshikawa et al. (42). The fast
enzyme was prepared by the modification of the method of
Hartzell and Beinert (43, 44) and was generously provided
by G. Liao. The fully reduced enzyme was obtained by
adding sodiumL-ascorbate and ruthenium hexaammine
chloride to the oxidized enzyme under anaerobic conditions.
The final concentrations of ascorbate and ruthenium hexaam-
mine were 2 mM and 10µM, respectively. Exposure of the
fully reduced enzyme to CO for 1 h generated the fully
reduced CO-bound enzyme.

The reaction of dioxygen with the fully reduced enzyme
was followed at room temperature at different pHs using the

flow-flash technique as previously described (11, 24). Briefly,
the fully reduced CO-bound enzyme and O2-saturated buffer
[0.1 M MES (pH 6.2), sodium phosphate (pH 7.5), and TAPS
(pH 8.5)] were mixed in a 1:1 ratio in a flow apparatus
interfaced with a laser photolysis/optical multichannel ana-
lyzer system (11). The flow cell was 5µL in volume [10
mm (length)× 0.5 mm (width)× 1 mm (height)] and was
thermostated to 298 K during the experiment. The reaction
with dioxygen was initiated by photolyzing the reduced CO-
bound enzyme with 532 nm laser light. The spectral changes
were monitored using a pulsed xenon flash lamp.

The time-resolved optical absorption difference spectra
were recorded in the visible and Soret regions on nanosecond
to millisecond time scale (27-36 time delays) following CO
photolysis. The spectra constitute a two-dimensional data
matrix, ∆A(λm,tn), where m and n are the number of
wavelengths and times collected, respectively. Singular value
decomposition (SVD) of the data matrix yielded the or-
thonormal basisu vectors containing the spectral information
and thev vectors, which describe the time dependence of
theu vectors (11, 24, 45, 46). The temporalv vectors were
fit to a sum of exponential functions, which produced the
apparent rates and an amplitude matrix. The latter, combined
with the u vectors, yielded the spectral amplitudes, the so-
called b-spectra, corresponding to the apparent rates (47).
The apparent rates were assigned to the microscopic rates
of a unidirectional sequential model without back reactions,
and the kinetic matrix of this linear scheme was constructed
(48). The intermediate spectra based on this unidirectional
model were calculated from the experimental b-spectra and
the eigenvector matrix of the kinetic matrix containing the
microscopic rate constants of the unidirectional sequential
scheme (49).

The intermediate spectra were compared to model differ-
ence spectra or the corresponding spectra observed following
photolysis of the mixed-valence CO-bound enzyme in the
presence of O2. The model spectra were linear combinations
of the ground state spectra of the enzyme in its various
oxidation and ligation states. These include the oxidized,
reduced, mixed-valence CO, and fully reduced CO-bound
enzyme and the oxidized spectrum of CuA from Thermus
thermophilus(50). The oxidized spectrum of CuA is very
similar to the oxidized-minus-reduced spectrum of CuA

recently reported for the bovine enzyme (51). TheP andF
forms were prepared as previously described (20) by expos-
ing the oxidized enzyme to a mixture of CO and O2 (PCO/O2)
and by the addition of hydrogen peroxide to the oxidized
enzyme under acidic conditions (PH), respectively.

RESULTS

The time-resolved absorption difference spectra following
photolysis of the fully reduced CO-bound cytochrome
oxidase in the presence of oxygen were recorded in the
visible and Soret regions (350-800 nm) at three pHs, 6.2,
7.5, and 8.5. The difference spectra in the visible region
(480-690 nm) are shown in Figure 1. The spectra (post-
minus pre-photolysis) represent 27-36 delay times, loga-
rithmically spaced, between 100 ns and 20 ms.

While the visible difference spectra at the three pH values
look similar, the apparent lifetimes obtained from SVD and
the global exponential fitting are somewhat different. The
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five apparent lifetimes in the visible region were 1.5( 0.3
µs, 13( 4 µs, 34( 8 µs, 80( 20 µs, and 1.1( 0.2 ms at
pH 6.2 and 1.5( 0.3 µs, 13( 4 µs, 39( 8 µs, 107( 20
µs, and 1.5( 0.2 ms at pH 7.5. Similar lifetimes were found
for the data in the Soret region. The data in the visible region
at pH 8.5 can also be fitted with five apparent lifetimes;
however, the fourth lifetime had a large uncertainty, and any
value between 100 and 260µs was found to adequately fit
the data. The five apparent lifetimes at this pH were
determined on the basis of additional experiments in the near-
infrared region (see below).

It is clear that only the last two lifetimes increase with an
increase in pH, in agreement with previous studies (52-
54). The visible spectral changes (b-spectra) associated with
the apparent lifetimes at the different pH values are shown
in Figure 2. The first two b-spectra (b1 andb2), attributed to
the formation of the reduced (R) and the dioxygen-bound
enzyme (compoundA), respectively, are virtually unchanged
with pH. However, there are significant spectral differences
associated with the∼35µs lifetime (b3), which suggests that

the composition of the putativePR intermediate, may be
pH-dependent. The b-spectra associated with the fourth (b4)
and fifth (b5) lifetimes, which are attributed to the formation
of the ferryl (F) and the oxidized enzyme (O), respectively,
are also significantly different at the three pH values.

The visible b-spectrum associated with the fourth apparent
lifetime (b4) is rich in information and shows a number of
positive and negative peaks. However, the net amplitude of
the spectrum is small, particularly at pH 8.5 (Figure 2), which
results in a considerable uncertainty in this lifetime. To obtain
additional information about this lifetime, transient absor-
bance changes in the near-infrared region at 835 nm, the
absorbance maximum of oxidized CuA, were monitored
during the reduction of dioxygen to water as a function of
pH (Figure 3) (55). The data were fit to a sum of exponential
functions. At pH 6.2 and 7.5, four of the five apparent
lifetimes in the visible region were confirmed (55). The
additional 1.5µs process observed in the visible and Soret
regions was not within the time resolution of our single-
wavelength detection system. At pH 8.5, we observed
apparent lifetimes of 13( 4 µs, 36( 5 µs, 240( 50 µs,
and 2.4( 0.3 ms. In view of the uncertainty of the fourth
lifetime in the visible region and the sensitivity of the near-
infrared region to changes in the redox state of CuA, the 240

FIGURE 1: Time-resolved optical absorption difference spectra
(post- minus pre-photolysis) collected in the visible region (480-
690 nm) after photodissociation of the fully reduced CO-bound
enzyme in the presence of dioxygen. Three data sets were collected
at room temperature (25°C) and pH 6.2 (100 ns- 5.9 ms), pH
7.5 (100 ns- 82 ms), and pH 8.5 (100 ns- 11 ms). The spectra
in each data set were recorded at logarithmically spaced time delays,
and each difference spectrum is an average of 40 accumulations.
The effective cytochrome oxidase concentration (concentration after
photolysis) was 7-8 µM. The CO and O2 concentrations after
mixing were 0.5 atm (∼0.5 mM) and 625µM, respectively.

FIGURE 2: Spectral changes (b-spectra) from a five-exponential fit
to each pH data set in Figure 1. The three CO flow-flash
experiments were normalized for comparison purposes. For b-
spectra of the pH 6.2 data set (- - -), the apparent lifetimes were
1.5( 0.3µs (b1), 13( 4 µs (b2), 34( 8 µs (b3), 80( 20 µs (b4),
and 1.1( 0.2 ms (b5). For b-spectra of the pH 7.5 data set (‚‚‚),
the apparent lifetimes were 1.5( 0.3 µs (b1), 13 ( 4 µs (b2), 39
( 8 µs (b3), 107( 20 µs (b4), and 1.5( 0.2 ms (b5). For b-spectra
at pH 8.5 (s), the apparent lifetimes were 1.5( 0.3 µs (b1), 13 (
4 µs (b2), 36( 8 µs (b3), 240( 50 µs (b4), and 2.4( 0.3 ms (b5).
The non-zero time-independentb0 spectrum from each experiment
represents the difference spectrum extrapolated to infinite time.

The PR Intermediate Is a Mixture of CompoundA, P, andF Biochemistry, Vol. 42, No. 17, 20035067



µs lifetime was used as the fourth lifetime in the visible
region. From the combination of visible and near-infrared
data, the apparent lifetimes at pH 8.5 in the visible region
were 1.5( 0.3 µs, 13( 4 µs, 36( 8 µs, 240( 50 µs, and
2.4 ( 0.3 ms. The b-spectra at pH 8.5 in Figure 2 (s)
correspond to these lifetimes. Similar lifetimes were used
to fit the data in the Soret region.

Kinetic Modeling. While SVD and global exponential
fitting provide the b-spectra and apparent lifetimes directly
from the experimental data, a mechanism with associated
microscopic rate constants for extracting the spectra of the
intermediates has to be proposed. Scheme 1 shows a minimal
unidirectional sequential mechanism, the intermediates of
which are consistent with earlier proposed models (10-12).
The structure of hemea3 in intermediate4 is displayed as
ferryl, and the reducing equivalent and proton required to
break the dioxygen bond are shown to arise from hemea
and tyrosine, respectively. However, the question mark
associated with intermediate4 serves to emphasize the fact
that the structure of this intermediate has not been experi-
mentally verified. Intermediate5 is observed as a single
species, but truly represents a redox equilibrium between
hemea and CuA, denoted byFI andFII .

Intermediates1 (R*), 2 (R), and 3 (CompoundA). One
of the primary criteria for the validity of a proposed
mechanism is a good agreement between the extracted
spectra and model spectra of the intermediates. Model spectra
of intermediate1 (R* ) and compoundA cannot be made on
the bench since these intermediates are only formed tran-
siently. We have previously shown that the extracted
spectrum of intermediate2 (R) is in good agreement with
that of the fully reduced enzyme (11, 46). Furthermore, we
have recently shown that the spectra of compoundA formed
during the reaction of the mixed-valence and the fully
reduced cytochrome oxidase with dioxygen are identical in
both the visible and Soret regions at room temperature (17).

Scheme 1: Conventional Sequential Reaction Mechanism for the Reduction of Dioxygen to Water by Cytochromec Oxidasea

a The question mark associated withPR serves to emphasize the fact that the structure of this intermediate has not been experimentally verified.

FIGURE 3: Transient absorbance changes at 835 nm following
photolysis of the fully reduced CO-bound enzyme in the presence
of dioxygen at pH 6.2, 7.5, and 8.5. The solid lines superimposed
on the data represent a four-exponential fit to the data.
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This is in agreement with previous studies at cryogenic
temperatures (56-58). The spectra of intermediatesR* and
R and compoundA extracted from our time-resolved data
at the different pHs using Scheme 1 were found to be
independent of pH (not shown).

Intermediate4. The primary question concerns the nature
of intermediate4, i.e., whether it is equal toPM. Figure 4
shows the spectrum of intermediate4 in the Soret and visible
regions at pH 6.2 (- - -) and 8.5 (s) extracted from the
transient data using the mechanism in Scheme 1. The
reference spectrum is that of the fully oxidized enzyme. The
dotted lines represent the model spectrum ofP generated
by exposing the oxidized enzyme to CO in the presence of
O2 (PCO/O2). The low-spin hemea is oxidized in the model
compound. The oxidized spectrum of CuA has been sub-
tracted from the model spectrum to match the redox state of
CuA in intermediate4 (Scheme 1). It is clear that there are
significant spectral differences between the extracted spec-
trum of intermediate4 and thePCO/O2 model spectrum in
both spectral regions, in support of our previous studies (17).
We have recently shown that the spectrum ofP generated
by exposing the oxidized enzyme to CO in the presence of
O2 is equivalent to the spectrum of the species formed during
the reaction of the mixed-valence enzyme with dioxygen
(PM) and the spectrum of theP form generated by the
addition of hydrogen peroxide to the oxidized enzyme at
alkaline pH, PH (17). Thus, these results provide solid
evidence that the spectrum of intermediate4 is not equivalent
to that ofPM.

Figure 4 shows that the visible difference spectrum of the
putativePR intermediate is different at pH 6.2 and 8.5, with
the pH 6.2 spectrum being significantly broader on the blue
side of the absorption maximum but narrower on the red
side. There are also large spectral differences between the
spectra of intermediate4 at pH 6.2 and 8.5 and the bench-
madeP in the Soret region. Figure 5 shows the difference
spectrum of intermediate4 in the visible region at three
different pH values when referenced against the fully reduced
CO-bound enzyme. It is clear that the spectra of intermediate
4 vary with pH, with the largest difference centered at∼595

nm. This suggests that the spectrum of intermediate4 may
contain a spectral contribution from compoundA. The
spectrum at pH 6.2 is also significantly different from that
at pH 7.5 and 8.5 in the spectral region between 620 and
650 nm.

Figure 6 (s) shows the difference between intermediate
4 (PR) andA at pH 7.5 in the visible region. The difference
spectrum is best modeled by 33% of the bench-madeP and
34% of F minus 67% of compoundA [Figure 6 (- - -)].
Therefore, compoundA is converted into bothP and F.
However, it is only partially converted (67%), which suggests
that compoundA contributes to the spectrum of intermediate
4.

Intermediate5. Scheme 1 shows that intermediate5
represents the redox equilibrium between hemea and CuA.
The two species are denotedFI and FII . Figures 7 and 8

FIGURE 4: Experimental difference spectra of intermediate4 (PR) at pH 6.2 (- - -) and 8.5 (s). The spectra are referenced vs the
oxidized enzyme and were extracted using a sequential unidirectional mechanism (Scheme 1). The model difference spectrum,PCO/O2,
generated by exposing the oxidized enzyme to CO in the presence of O2, is shown for comparison (‚‚‚).

FIGURE 5: Visible experimental difference spectra of intermediate
4 (PR), referenced vs the fully reduced CO-bound enzyme at pH
6.2 (- - -), 7.5 (‚‚‚), and 8.5 (s). The spectra were extracted
from the time-resolved optical absorption visible data using a
unidirectional sequential mechanism (Scheme 1).
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(panel a) show the spectrum of intermediate5 at the three
different pH values referenced against the spectrum of the
oxidized enzyme. It is clear that the spectra in both the visible
and Soret regions are significantly pH-dependent. Figures 7
and 8 (panels b-d) show the modeling of the Soret and
visible spectra of intermediate5 at the three pH values using
a mixture of FI and FII . The model spectrum ofF was
generated by adding H2O2 to the oxidized enzyme at acidic
pH (20), and the spectra ofFI and FII were obtained by
adding the reduced-minus-oxidized spectra of CuA and heme

a, respectively, to the spectrum ofF. It is clear that at pH
6.2, the equilibrium is significantly shifted towardFII , while
at pH 8.5, it is slightly shifted towardFI. Interestingly, a
small contribution ofPCO/O2 is required to adequately model
the spectrum at pH 8.5.

DISCUSSION

The unidirectional sequential scheme (Scheme 1) has most
commonly been used to describe the reaction mechanism of
cytochrome oxidase because of its simplicity and because it
is one of the few kinetic schemes that allows the calculation
of intermediate spectra from the experimental b-spectra
without any further assumptions. For a sequential unidirec-
tional scheme, the kinetic problem is mathematically well
determined and allows the direct and accurate calculation
of the spectra of the pure sequential states even if the reaction
rates are close and the concentrations of the intermediates
overlap in time (49). A comparison between these intermedi-
ate spectra and model spectra, which are linear combinations
of the ground-state spectra of the enzyme in its various
oxidation and ligation states, provides a measure of the
validity of the kinetic mechanism. If the spectra of the
extracted sequential intermediates do not match those of the
model spectra (as is the case for intermediate4 vs P), the
mechanism needs to be reevaluated.

The visible spectrum of intermediate4, the putativePR,
extracted using a unidirectional sequential mechanism, is pH-
dependent (Figure 5), and the spectral differences between
pH 8.5 and 6.2 are centered around 595 nm, which
corresponds to the absorption peak of compoundA (17).
Moreover, when the difference between the spectra of
intermediates4 and3 (A) is analyzed, it shows incomplete
conversion of compoundA to bothP andF (Figure 6). Both
these observations suggest that intermediate4 is a mixture
of the A, P, andF spectral components.

FIGURE 6: Difference between the experimental spectrum of
intermediate4 (PR) and the experimental spectrum of compound
A in the visible region at pH 7.5 (s). Both spectra were extracted
using a unidirectional sequential mechanism. The model difference
spectrum (- - -) represents the following percentages of the
respective model spectra: 34%PCO/O2 + 33% F - 67% A.

FIGURE 7: (a) Visible spectra of intermediate5 (FI/FII ), referenced
against the oxidized enzyme, at three pHs (6.2, 7.5, and 8.5). The
spectra were extracted from the time-resolved data using a
unidirectional sequential mechanism. (b-d) Individual experimental
difference spectra of intermediate5 (s) at pH 6.2, 7.5, and 8.5,
respectively. The model difference spectrum (- - -) is made up
of 32%FI + 68%FII at pH 6.2, 44%FI + 56%FII at pH 7.5, and
50% FI + 40% FII + 10% PCO/O2 at pH 8.5.

FIGURE 8: (a) Soret spectra of intermediate5 (FI/FII ), referenced
against the oxidized enzyme, at three pHs (6.2, 7.5, and 8.5). The
spectra were extracted from the time-resolved data using a
unidirectional sequential mechanism. (b-d) Individual experimental
difference spectra of intermediate5 (s) at pH 6.2, 7.5, and 8.5,
respectively. The model difference spectrum (- - -) is made up
of 30%FI + 70%FII at pH 6.2, 45%FI + 55%FII at pH 7.5, and
50% FI + 40% FII + 10% PCO/O2 at pH 8.5.
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Figure 9 shows the modeling of intermediate4, the
putativePR, at pH 6.2, 7.5, and 8.5 in the visible region by
combining the spectra of compoundA, and the bench-made
P andF in the indicated ratios. The spectra are referenced
against the oxidized enzyme. There is an excellent agreement
between the spectrum of intermediate4 (s) and the
combination model spectrum (- - -). Interestingly, at pH
6.2 the contribution ofP is minimal (5%), while compound
A andF contribute roughly equally. On the other hand, at
pH 8.5, there are roughly equal contributions of compound
A, P, andF. This is consistent with the preferred formation
of P at alkaline pH values andF at acidic pH upon addition
of H2O2 to the oxidized enzyme (20, 39). The larger
contribution ofP at pH 7.5 and 8.5, compared to that at pH
6.2, is reflected by a significantly higher absorbance between
630 and 650 nm, the red region of theP spectrum (Figures
4 and 5). The spectrum of intermediate4 extracted from the
data on the fast enzyme was similarly best represented by a
mixture of intermediates.

The Soret spectra of intermediate4 at the different pHs
do not appear to be pH-dependent (Figure 4), contrary to
what is observed in the visible region (Figures 4 and 5). The
reasons for this are the similarities between the difference
spectra of compoundA (referenced vs the reduced enzyme)
and the bench-madeP and F forms (referenced vs the
oxidized enzyme) in the Soret region (24, 59, 60).

The electron transfer between CuA and hemea is clearly
pH-dependent (Figures 7 and 8). The equilibrium is shifted
toward oxidized CuA and reduced hemea (FII ) at low pH,
which can also be concluded from near-infrared traces
published previously (53). Previous studies have suggested
that the electron transfer is controlled by proton transfer (32,
61-63), and the pH dependence of the hemea-CuA redox
equilibrium may reflect a conformational change around the
CuA site, which could lead to a change in its reduction
potential (64).

The intermediates of the unidirectional sequential scheme
may or may not correspond to a single model spectrum made
on the bench. As discussed above, intermediate1 (R* ),
intermediate2 (R), and intermediate3 (A) can be represented
by single forms, of which onlyR can be made on the bench.
CompoundA has also been observed during the reaction of
the mixed-valence enzyme with dioxygen, and its spectrum
is equivalent to that observed for the fully reduced enzyme
at room temperature (17) and at cryogenic temperatures (56-
58). Intermediate5 is described well by hemea3 being in
the ferryl state (F), with hemea and CuA sharing the last
electron needed to complete the reduction of dioxygen to
water.

Intermediate4 (the putativePR) could not be modeled with
any single bench-made spectrum, and it is different from
the corresponding intermediate observed during the reaction
of dioxygen with the mixed-valence enzyme,PM (17). In
our first attempt to determine the spectra of the intermediates
formed during the reduction of dioxygen to water, the
spectrum of intermediate4 was suggested to be equivalent
to the bench-madeP (PCO/O2), based on the similarities
between their absorption maxima in the visible region (11).
However, there was a significant difference in the bandwidths
between the two spectra, and further experiments in the Soret
region revealed large amplitude differences between inter-
mediate4 and the bench-madeP form (24). To account for
these differences, we modeled the spectrum of intermediate
4 in both spectral regions with a∼1:1 mixture ofP andF
in a fast equilibrium, with hemea remaining reduced in the
P state and oxidized in theF form (24). Although the
spectrum of intermediate4 was adequately modeled in the
Soret region using this composition, the exact shape in the
visible region could not be reproduced.

Sequential Schemes with Back Reactions. The results
presented here indicate that intermediate4 is best represented
by a pH-dependent mixture of compoundA, P (PM), andF.
The presence of the reduced hemea in compoundA accounts
for the large spectral differences in the Soret region observed
when intermediate4 is modeled with pureP [Figure 4a (11)].
These results indicate that the underlying reaction mechanism
of the reduction of dioxygen to water by cytochromec
oxidase is more complex than a linear sequence of irrevers-
ible steps (Scheme 1). The composition of the intermediates,
such as that of intermediate4 in our unidirectional sequential
scheme, can provide important information regarding the

FIGURE 9: Visible experimental spectrum (s) of intermediate4
(PR) vs the oxidized enzyme at pH 6.2 (top), 7.5 (middle), and
8.5 (bottom). The difference spectra were extracted from the
time-resolved data (Figure 1) using a unidirectional sequential
mechanism. A linear combination of the spectrum of compoundA
and the bench-made spectra ofP (PCO/O2) and F were used to
model the data (- - -). The model spectrum of intermediate4
contains 45%A + 5% PCO/O2 + 50%F at pH 6.2, 33%A + 34%
PCO/O2 + 33%F at pH 7.5, and 30%A + 40%PCO/O2 + 30%F at
pH 8.5. The oxidized spectrum of CuA has been subtracted from
the model spectrum to match the redox state of CuA in intermediate
4 (Scheme 1).
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nature of a more appropriate, and more complex, kinetic
mechanism. It is well known that the presence of two forms
in a sequential intermediate is a sign of either a reversible
or a branching step in the underlying reaction mechanism.
Using this line of reasoning, the presence of three forms
contributing to the sequential intermediate4 would require
two adjacent reversible steps to be introduced into a refined
scheme, one betweenA and P and one betweenP and F
(Scheme 2a). Alternatively, intermediate4 could be formed
by branching atA to form P andF, with the conversion of
A to P being reversible (Scheme 2b). We can reject both
schemes based on resonance Raman experiments, which have
provided evidence that the O-O bond is broken not only in
F but also inP (16, 24-28). This would most certainly
preclude the back reaction fromP to A. The reversible
reaction betweenA andP in Scheme 2a would also suggest
that intermediate3 (compoundA) was a mixture of two
spectral forms, which is not observed in our experiments.

A third mechanism involves replacing the sequential
scheme with parallel or branched pathways. If the three
forms, A, P, and F, are part of two parallel branches
overlapping in time, they may be observed simultaneously
and would appear as components of a single intermediate in
the unidirectional sequential model. The testing of this type
of mechanism involves a sophisticated kinetic analysis, which
is beyond the scope of this paper, but will be addressed in
detail in an accompanying publication.
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