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ABSTRACT: Proton and electron transfer events during the reaction of solubilized fully reduced bovine
heart cytochromec oxidase with molecular oxygen were investigated using the flow-flash technique.
Time-resolved spectral changes resulting from ligand binding and electron transfer events were detected
simultaneously with pH changes in the bulk. The kinetics and spectral changes in the visible region (450-
750 nm) were probed by optical multichannel detection, allowing high spectral resolution on time scales
from 50 ns to 50 ms. Experiments were carried out in the presence and absence of pH-sensitive dyes
(carboxyfluorescein at pH 6.5, phenol red at pH 7.5, andm-cresol purple at pH 8.5) which permitted
separation of spectral changes due to proton transfer from those caused by ligand binding and electron
transfer. The transient spectra recorded in the absence of dye were analyzed by singular-value decomposition
and multiexponential fitting. Five apparent lifetimes (0.93µs, 10µs, 36µs, 90µs, and 1.3 ms at pH 7.5)
could consistently be distinguished and provided a basis for a reaction mechanism consistent with our
most recent kinetic model [Sucheta, A., Szundi, I., and Einarsdo´ttir, OÄ . (1999)Biochemistry 37, 17905-
17914]. The dye response indicated that proton uptake occurred concurrently with the two slowest electron
transfer steps, in agreement with previous results based on single-wavelength detection [Halle´n, S., and
Nilsson, T. (1992)Biochemistry 31, 11853-11859]. The stoichiometry of the proton uptake reactions
was approximately 1.3( 0.3, 1.4( 0.3, and 1.6( 0.5 protons per enzyme at pH 6.5, 7.5, and 8.5,
respectively. The electron transfer between hemea and CuA was limited by proton uptake on a 90µs
time scale. We have established the lower limit of the true rate constant for the electron transfer between
CuA and hemea to be∼2 × 105 s-1.

Cytochromec oxidase is a transmembrane enzyme located
in the inner mitochondrial membrane. As the terminal
member of the respiratory chain, it catalyzes the reduction
of molecular oxygen to water by the soluble electron carrier,
cytochromec (1-3). On the matrix side of the membrane,
four protons (scalar protons) are consumed for each oxygen
molecule reduced. This reaction is coupled to the pumping
of four additional protons (vectorial protons) from the matrix
into the intermembrane space (4). The resultant proton
gradient is the driving force for the generation of chemical
energy in the form of ATP by the enzyme ATP synthase.

Although the electron transfer steps of the oxygen reaction
have been investigated extensively by rapid spectroscopic
techniques (3, 5), studies on proton transfer have until
recently been limited. Early flow-flash/single-wavelength
detection measurements (6-8) indicated that proton transfer
reactions were controlling the rates of electron transfer during

the reduction of dioxygen to water, including the electron
transfer between CuA

1 and hemea. More recently, on the
basis of the crystal structures of cytochrome oxidase from
bovine heart (9-11) andParacoccus denitrificans(12, 13),
three possible proton conduction pathways, the D-, K-, and
H-channels, have been proposed. Site-directed mutagenesis
and spectroscopic studies on cytochrome oxidase fromP.
denitrificansand the bacterial oxidases fromEscherichia coli
andRhodobacter sphaeroides, which have been assumed to
have crystal structures similar to those of theParacoccus
oxidase and the bovine enzyme, have indicated that the
K-channel might be important during the reduction of the
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binuclear center (14-21). During the reaction of the reduced
enzyme with O2, both scalar and vectorial protons have been
proposed to be taken up through the D-channel (14-18, 22-
25). Dynamic studies of proton uptake by residues on the
protein surface have also shown that the proton-input side
carries a proton-collecting antenna consisting of carboxylates
and histidines (16, 26).

In this study, we extended existing single-wavelength
measurements of proton uptake in bovine cytochrome
oxidase (7, 8) by using time-resolved optical absorption
(TROA) with multichannel detection. In addition to simul-
taneously monitoring a broad range of wavelengths, this
method offers the advantage of high spectral resolution which
greatly facilitates the identification of intermediates (27, 28).
Knowing the spectral shape of the intermediates becomes
particularly valuable for deducing a reaction mechanism.
Multichannel detection furthermore facilitates separation of
spectral changes due to the redox centers from those of the
pH indicator. This allowed us to determine both the rates
and stoichiometry of proton transfer events and to link them
to electron transfer steps occurring during oxidation of the
solubilized, fully reduced enzyme. We have also established
the lower limit of the true electron transfer rate between CuA

and hemea. On the basis of these results, a mechanism
incorporating both electron and proton transfer events is
proposed.

MATERIALS AND METHODS

Materials. Cytochromec oxidase was isolated from bovine
hearts according to the procedure described by Yoshikawa
et al. (29). To minimize the buffering capacity of the sample,
the enzyme was repeatedly dialyzed against a buffer com-
posed of 75 mM potassium sulfate and 80µM buffer (MES
was used for measurements at pH 6.5, HEPES at pH 7.5,
and TAPS at pH 8.5) before being used. All chemicals were
analytical grade and were used without further purification.

Flow-Flash Measurements. Fully reduced cytochromec
oxidase (30-40 µM) was prepared by addition of sodium
ascorbate (5 mM) and hexammineruthenium(II) chloride
(12.5µM) under anaerobic conditions. The sample was then
incubated for 30 min, while being stirred occasionally, under
an atmosphere containing 20% carbon monoxide and 80%
nitrogen, which resulted in the formation of CO-bound fully
reduced cytochromec oxidase. The pH of the sample was
measured anaerobically with a needle electrode and adjusted,
if necessary, by adding small aliquots of degassed potassium
hydroxide or sulfuric acid. Formation of the fully reduced
and the fully reduced CO-bound species was confirmed
spectroscopically in the Soret and visible regions.

The reaction of fully reduced oxidase with oxygen was
followed using the flow-flash technique (30). In a flow cell
(80 µL), fully reduced CO-bound oxidase was mixed with
an equal amount of oxygen-saturated buffer that contained
75 mM potassium sulfate and 80µM phenol red (pH 7.5).
The reaction was initiated 450 ms after mixing by photo-
lyzing the CO complex with a laser pulse (Nd:Yag laser,λ
) 532 nm, 65 mJ/pulse) and probed after various delay times
with a gated (20 ns gate) multichannel detector using a xenon
flash lamp (31). Fifty transient difference spectra were
recorded at delay times between 50 ns and 50 ms that were
equally spaced on a logarithmic scale. Each spectrum was

generated by averaging the signals of 15 consecutive runs.
All measurements were performed at 25°C.

To separate spectral changes related to proton transfer from
those due to ligand binding and redox events, a second set
of measurements in the absence of the indicator, but under
otherwise identical conditions, was performed. In this case,
the pH indicator in the oxygen solution was replaced with
80 µM HEPES.

When measurements were conducted at a pH different
from 7.5, phenol red was replaced in the oxygen-saturated
buffer with the pH indicators carboxyfluorescein (pH 6.5,
40 µM) andm-cresol purple (pH 8.5, 80µM). Furthermore,
HEPES was substituted with 80µM MES (pH 6.5) or 80
µM TAPS (pH 8.5).

Calibration of the Dye Response. Immediately after a flow-
flash experiment, a small sample (1 mL) of the postreaction
mixture was collected and transferred into an anaerobic cell
filled with a gas mixture with the same composition as the
atmosphere under which the fully reduced CO-bound enzyme
had been prepared. Several aliquots (10µL) of degassed 5
mM sodium hydroxide or 2.5 mM sulfuric acid were added,
and the spectrum of the sample was recorded after each
addition. After correction for dilution, the difference spectrum
characterizing the response of the dye to the addition of 50
µM protons or hydroxide ions was obtained by direct
subtraction.

Determination of the Buffering Capacity. One milliliter
of a mixture containing 40µM buffer and 40 µM pH
indicator (the final concentrations of the buffer and dye in
the flow-flash experiment) in 75 mM potassium sulfate was
titrated with 10µL aliquots of 5 mM sodium hydroxide, and
the resultant changes in pH were monitored with a micro-
electrode. The buffering capacity of the solution at a given
pH (â) was calculated as the extrapolated concentration of
added hydroxide necessary to change the pH by 1 unit.

The buffering capacity of the enzyme solution was deter-
mined by an analogous titration of a 1 mLsample taken from
the waste of a flow-flash experiment.

RESULTS

Spectral Changes InVolVing the Redox Centers. Figure 1
shows the transient spectra recorded in the presence and
absence of a pH indicator dye (phenol red) at pH 7.5. There
is a clear difference between the two sets in the region around
550 nm, the absorbance maximum of the phenol red
indicator. To separate the dye signal from spectral changes
originating from ligand and redox events, the spectral
changes associated with the redox centers must be identified.
To accomplish this, the data matrix containing the 50
transient spectra recorded in the absence of pH indicator
(Figure 1B) was subjected to singular value decomposition
(SVD). The first 10 singular values together with the first
10 columns of theU andV matrixes sufficiently represented
the original data matrix, and only these were used for further
analysis (32).

The SVD analysis was followed by multiexponential
fitting. An adequate fit was achieved with a minimum of

â ) -
d[H+]

d(pH)
)

d[OH-]

d(pH)
(1)
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five kinetic processes that yielded fiveb spectra (spectral
changes associated with the apparent rate constants). At pH
7.5, for example, the data could be satisfactorily fitted with
the following five apparent lifetimes: 0.93µs, 10µs, 36µs,
90 µs, and 1.3 ms. The residuals (the difference between
the data and the fit) had a random structure (not shown) and
a noise level comparable to that of the experiment. The values
of the determined lifetimes agreed with previous observations
(27, 28, 33) and implied the existence of six intermediates.

A summary of all the apparent lifetimes observed at the
three pH values is given in Table 1. The error intervals in
the apparent lifetimes were estimated from experiment-to-
experiment variation rather than from error analysis of each
data set. It indicates that the apparent lifetimes observed at
pH 6.5 were identical to those seen at pH 7.5 within
experimental error. Analysis of data collected at pH 8.5
showed no significant changes in the lifetimes of the three
fastest processes within the experimental error. The two
slower rates, however, were notably affected by the pH
increase with their lifetimes increasing by a factor of about
2 (250µs and 2.2 ms).

Spectral Changes Due to Proton Transfer. To separate the
dye signal from the spectral changes caused by the redox
centers, we assumed that each transient spectrum recorded
in the presence of the pH indicator could be expressed as a
sum of a transient spectrum recorded in the absence of a pH
indicator and a spectral contribution from the dye. This

assumption is the basis for the following equation:

where a represents a transient spectrum recorded in the
presence of the dye,a1 is the corresponding transient
spectrum collected after the same delay time but in the
absence of the dye, anda2 is the spectral change of the dye
in response to addition of a defined amount of protons or
hydroxide ions as obtained from the calibration procedure
described above. For each delay time, a least-squares fitting
routine was employed to find the set of parameters (f1, f2,
andf3) that minimized the difference between the two sides
of eq 2.

The parameterf1 takes into account the fact that the
photolytic yield of the reaction was somewhat lowered by
the presence of the dyes phenol red andm-cresol purple
which absorbed some of the photolyzing laser light. In these
cases, the values forf1 were found to be slightly smaller
than 1. When carboxyfluorescein was used,f1 could be set
equal to 1 for all delay times because this dye does not absorb
near 532 nm. The parameterf2 quantifies the contribution
of the dye signal to the overall spectrum, andf3 eliminates
a possible baseline shift between a pair of transient spectra.
For experiments with phenol red andm-cresol purple, the
entire wavelength range between 450 and 750 nm was used
for the fitting. In the case of carboxyfluorescein, points above

FIGURE 1: Fifty transient absorption spectra collected between 50 ns and 50 ms at delay times that were equally spaced on a logarithmic
scale: (A) 40µM phenol red present and (B) no dye present. The spectra were referenced against the fully reduced CO-bound enzyme and
measured at pH 7.5 in a buffer containing 75 mM potassium sulfate and 40µM HEPES. Each spectrum represents the average of 15
repeats. The concentration of the reacting enzyme was 9.5µM, and the oxygen concentration after mixing was 650µM.

Table 1: Apparent Lifetimes at Three pH Values Resulting from a Five-Exponential Fita

pH 6.5 pH 7.5 pH 8.5

step lifetime H+/enzyme lifetime H+/enzyme lifetime H+/enzyme

1 0.8( 0.3µs - 0.9( 0.4µs - 1.4( 0.6µs -
2 10( 5 µs - 10 ( 5 µs - 13 ( 5 µs -
3 29( 5 µs - 36 ( 5 µs - 37 ( 5 µs -
4 90( 25 µs 0.8( 0.3 90( 25 µs 0.6( 0.2 250( 70 µs 0.9( 0.5
5 1.1( 0.1 ms 0.4( 0.3 1.3( 0.1 ms 0.8( 0.2 2.2( 0.2 ms 0.7( 0.5

a Proton uptake stoichiometries linked to the slowest electron transfer events were the results of the double-exponential fits displayed in Figure
3.

a(λ) ) f1a1(λ) + f2a2(λ) + f3 (2)
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550 nm were excluded because the dye had no notable
absorbance in this region. Figure 2 (left panels, solid lines)
shows the transient spectra recorded with a 3 msdelay in
the presence (upper curves) and absence (lower curves) of a
pH indicator at three pH values. The dotted line represents
the spectral response of the dyes to the addition of 50µM
sodium hydroxide. Figure 2 (right panels) shows the differ-
ences between the transient spectra in the presence and
absence of the dye, including, when appropriate, corrections
for different photolytic yields and baseline shifts. The shapes
of these difference spectra accurately match the profiles of
the calibrated dye spectra (Figure 2, right panels, smooth
solid lines). The figure also reveals that at their peaks, the
difference spectra are clearly distinguishable and significantly
larger than the noise level.

The parameter relevant for proton transfer isf2, which
quantifies the contribution of the dye signal to the overall
spectrum. Graphs off2 versus time in Figure 3 showwhen
proton transfer occurs and establisheshow manyprotons per
enzyme are involved. Clearly, the most prominent feature
of these plots is a sharp increase indicative of proton uptake
which starts around 50µs and is essentially complete in the
early millisecond range. The graphs furthermore suggest that
the proton uptake occurs in two steps whose lifetimes appear
to coincide with the two slowest electron transfer events in
the enzyme (27, 28). No faster proton transfer processes with
amplitudes above the noise level could be identified unam-
biguously. We therefore fitted the data to a double-expon-
ential rise with fixed rate constants (those of the two slowest
electron transfer events) but variable amplitudes. Because

the response time of the system was limited by the time re-
quired for protons to diffuse from the enzyme to the dye
(see below), only delay times longer than 1µs were included
in the fit. For all three pH values, the experimental data were
accurately described by the fits (Figure 3). The results of
the fitting are summarized in Table 1. Fitting routines that
used both amplitudesand lifetimes as adjustable fitting par-
ameters produced the same results within experimental error.

The net stoichiometry of the proton uptake totaled about
1.3 ( 0.3 protons per enzyme at pH 6.5, 1.4( 0.2 at pH
7.5, and 1.6( 0.5 at pH 8.5. Within experimental error, it
was split about equally between the two consecutive steps
(Table 1).

An alternative approach for identifying which electron
transfer steps are linked to proton transfer is illustrated in
Figure 4 for data at pH 7.5. After singular value decomposi-
tion, the data set in the presence of a pH indicator (Figure
4, left panels, solid lines) and in its absence (Figure 4, left
panels, dotted lines) was subjected to multiexponential fitting
with common adjustable lifetimes. Differences in the result-
ant b spectra that could be attributed to the pH indicator
(Figure 4, right panels) were extracted by a fitting procedure
equivalent to that described by eq 2. Theb spectra corre-
sponding to the three fastest processes are basically congruent
(Figure 4A-C, left panels) and do not permit the extraction
of a dye signal of significant size (Figure 4A-C, right pan-
els). However, the differences in theb spectra for the two
slowest steps clearly indicate proton uptake (Figure 4D,E),
confirming our earlier assignment of proton transfer to these
events.

Electron Transfer between CuA and heme a. We have
attempted to establish the true rate constant for the electron
transfer between CuA and hemea. Figure 5 (a and b,O)
shows the time courses (on a logarithmic scale) of the
reaction of the fully reduced enzyme with dioxygen at 606
and 446 nm, at the absorption maxima of the reduced heme
a. The data were extracted from multichannel time-resolved
experiments in the visible and Soret regions (28). The solid
lines overlaying the experimental curves are the results of a
five-exponential fit to the data using lifetimes similar to those
reported here and in our earlier studies (28). As expected
from the good correspondence between the experimental
spectra and model spectra of the postulated intermediates
(this study and ref28), there is an excellent agreement
between the experimental curve and the fit at both wave-
lengths. Figure 5 (c and d,O) shows an expanded view of
the time course between 20µs and 2 ms. The other curves
represent a six-exponential fit to the data, including a variable
(2-100µs) additional lifetime for the reversible conversion
of FI to FII , i.e., the electron transfer between CuA and heme
a. The microscopic rate constants of the forward and
backward processes exhibited a ratio of 2:1 to account for
the concentration ratio of the two ferryl forms. Including
the sixth lifetime resulted in the same apparent lifetimes for
the other processes as obtained for the five-exponential fit,
but the apparent lifetime for the last step (FII f H) was
decreased from 1.3 to 0.9 ms to yield good agreement
between the experimental and theoretical curves. It is clear
that at both 606 and 446 nm lifetimes longer than∼5 µs do
not fit the data, and the best fit is obtained with a lifetime
equal to or less than 2-5 µs. Analogous results were obtained
when the data were analyzed at 415 nm.

FIGURE 2: Extraction of the dye signals. (Left panels) Pairs of
transient absorption spectra recorded in the presence (upper curves)
and absence (lower curves) of a pH indicator after a delay time of
3 ms at pH 6.5 (top panel), 7.5 (middle panel), and 8.5 (bottom
panel). The dotted lines represent the spectral response of the dyes
to the addition of 50µM sodium hydroxide (carboxyfluorescein at
pH 6.5, phenol red at pH 7.5, andm-cresol purple at pH 8.5). (Right
panels) Comparison of the calibrated dye signals (smooth lines)
and the difference between the spectra recorded in the presence
and absence of the dye, corrected, when appropriate, for different
photolytic yields and baseline shifts.
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DISCUSSION

In this study, we used time-resolved multichannel detection
experiments in conjunction with dyes to investigate the

coupled kinetics of electron and proton transfer events in
cytochromec oxidase. Our results provide an important first
confirmation of previous observations on proton uptake
obtained by single-wavelength measurements (6-8). Fur-
thermore, we have shown that the higher spectral resolution

FIGURE 3: Proton transfer as a function of time as calculated from parameterf2 at three different pH values (see the text for details). The
smooth lines represent a double-exponential fit (see Table 1 for amplitudes) to the data using the rate constants of the two slowest redox
events. The dotted lines show the extrapolation of the fitted curves into the range of early delay times (<1 µs) that was not included in the
fitting.

FIGURE 4: Analysis ofb spectra for a potential dye component
(phenol red at pH 7.5). (Left panels)b spectra resulting from data
collected in the presence (solid lines) and absence of phenol red
(dotted lines) in the order of increasing lifetimes (shortest on top).
(Right panels)b spectra from data recorded in the presence of
phenol red after subtracting the spectral contributions of redox
centers and baseline shifts. The smooth lines depict the best possible
fit of the calibrated dye spectrum to the difference spectra.

FIGURE 5: Panels a and b show the time courses (on a logarithmic
scale) of the reaction of the fully reduced enzyme with dioxygen
at 606 and 446 nm, respectively. The experimental data (O) were
extracted from multichannel time-resolved experiments in the visible
and Soret regions (28). The solid lines overlaying the experimental
points are the results of a five-exponential fit to the data using
lifetimes from our earlier studies (28) which are similar to those
reported here. Panels c and d show an expanded view of the time
course between 20µs and 2 ms at 606 and 446 nm, respectively.
The solid curves represent a six-exponential fit to the data, including
a variable (2-100 µs) additional lifetime for the reversible
conversion ofFI to FII , i.e., the electron transfer between CuA and
hemea. The sixth lifetime was 100, 50, 20, 10, 5, and 2µs, and
the arrow indicates the direction of increasing lifetime.

Proton and Electron Transfer by Cytochrome Oxidase Biochemistry, Vol. 38, No. 10, 19993029



of the multichannel method permits extraction of spectral
changes arising from pH-sensitive dyes which strongly
overlap the oxidase spectral features and are up to 1 order
of magnitude lower in intensity than the spectral shifts
associated with the redox states of the enzyme. On the basis
of our multichannel data and mechanistic analysis, we have
also determined the upper limit of the true electron transfer
rate constant between hemea and CuA.

Spectral Changes InVolVing the Enzyme Redox Centers.
To interpret the apparent lifetimes and their corresponding
b spectra on a mechanistic level, a kinetic model is required.
Scheme 1 shows our recently proposed mechanism for
oxygen reduction which is consistent with data both from
the visible and Soret regions (28). On the basis of this kinetic
model, we extracted the spectra of the postulated intermedi-
ates (referenced vs the oxidized enzyme) which were similar
to our recently published spectra (28). Good agreement was
observed between model spectra postulated by the mecha-
nism and the experimental spectra, providing further support
for the proposed mechanism. The model spectra were
constructed by linear combination of reference spectra as
described elsewhere (27, 28). A summary of the rate
constants employed for the kinetic modeling at pH 7.5 is
given in Table 2.

The form of the enzyme generated immediately after
photolysis (R* ) is a species having carbon monoxide bound
to CuB, with hemea3 in a conformation different from that
of the fully reduced enzyme. In the first step of the
mechanism (Scheme 1), carbon monoxide dissociates from
CuB. Simultaneously, there is a relaxation of hemea3, and
as a result, the fully reduced cytochromec oxidase (R) is
formed (34). This reaction is complete in the early micro-
second range. Previous studies have shown that the equi-
librium constant for the first step (K ) kon/koff) is ∼90 M-1

(31, 34). In our experiments, the conditional equilibrium
constant (Kcond ) K[CO]) equals 9.1× 10-3, implying that
the contribution of the back rate is negligible.

The first step is followed by the coordination of dioxygen
to heme a3. The binding occurs with a lifetime of ap-
proximately 10µs and leads to the formation of the ferrous-
oxy compound (A). So far, no redox chemistry has taken
place.

According to recent electron transfer results from both the
visible and Soret regions (28), compoundA decays intoP
which is rapidly converted toFo. The interconversion
betweenP and Fo is significantly faster than the decay of
compoundA, and therefore, a mixture ofP and Fo is
observed (28). In P andFo, hemea3 has absorbance maxima
at 607 and 580 nm, respectively, when referenced versus
oxidized hemea3. In P, hemea is reduced, while it is
oxidized in Fo. To achieve a good fit, we modeled this
intermediate with a 1:1 mixture ofP andFo, in agreement
with our previous model (28). The structure ofP is under
debate, and a peroxy structure,a3

3+-O--O- (27, 35), and
a ferryl structure,a3

4+dO, in which an amino acid provides
the extra oxidizing equivalent, have been proposed (15, 28,
36). Recent time-resolved resonance Raman experiments
have provided strong support for the O-O bond being broken
in the 607 nm species (37, 38). In Scheme 1, the 607 nm

Scheme 1: Proposed Mechanism for the Reduction of Molecular Oxygen to Water by Cytochromec Oxidasea

a Tyrosine 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).

Table 2: Rate Constants Obtained at pH 7.5 from Kinetic Modeling
According to Scheme 1a

reaction k reaction k

R* f R 1.1× 106 s-1 P/Fo f FI /FII 1.1× 104 s-1

R f A 1.5× 108 M-1 s-1 FI/FII f H 7.4× 102 s-1

A f P/Fo 2.8× 104 s-1

a The rate constant for the back reaction in the reversibleR* f R
step (34) was negligibly small and therefore omitted (see the text for
details).
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species is proposed to bea3
4+dO CuB

2+-OH- with the
oxidizing equivalent on tyrosine 244 which also serves as a
proton donor. Tyrosine 244 has recently been shown to be
cross-linked to His 240, which is a ligand to CuB (11, 13).
The hydroxyl group of tyrosine 244 is situated close enough
to the binuclear center to form a hydrogen bond with the O2

ligand bound to the reduced hemea3 (11, 38). In Fo, heme
a3 is also in a ferryl state (a3

4+dO), while hemea has
donated an electron to the tyrosine radical. The formation
of P and the transfer of the third electron to form theFo

species are equivalent to the formation of compounds I and
II of peroxidases, respectively (17, 39, 40).

In the fourth step (apparent lifetime of∼90 µs), the
mixture of P and Fo decays intoFI, followed by rapid
electron transfer between CuA and hemea forming FII . A
transfer of one proton from the bulk medium on a 90µs
time scale is consistent with our proton uptake results, and
we propose that tyrosinate picks up the proton to produce a
tyrosine. The electron redistribution between CuA and heme
a takes place at a rate faster than the formation ofFI (see
below), and the rapid interconversion between the two ferryl-
species is the reason for observing a mixture ofFI andFII .
The fitting implied that about 66% of the hemea is reduced
(FII ) and 33% oxidized (FI), in agreement with our previous
results (28).

The last step in the scheme involves the transfer of one
electron from hemea to hemea3. This process is character-
ized by an apparent lifetime in the early millisecond range.
A concurrent uptake of a second proton, which binds to the
oxygen atom located at hemea3, is proposed. The final
product of this sequence is the ferric hydroxy form of the
enzyme (H) with a hydroxide coordinated to the hemea3

and to CuB. This step is analogous to the conversion of
compound II to the ferric species in the catalytic cycle of
peroxidases (39, 40).

Only the last two steps in Scheme 1 displayed pH
sensitivity. While the rate constants for the decay of theP/Fo

andFI/FII mixtures were identical at pH 6.5 and 7.5 within
experimental error, we observed a notable decrease by a
factor of 2 at pH 8.5 for both processes (Table 1). These
findings are consistent with earlier observations from single-
wavelength measurements conducted at pH values between
6 and 9 (8, 33). The pH dependence of these processes points
to their involvement in proton transfer.

Proton Transfer EVents. When proton transfer studies are
performed with solubilized pH indicator molecules, it is
important to know the minimum response time of the system
to determine whether spectral changes in the dye are limited
by the diffusion rate of protons from the enzyme to the dye.
We therefore estimated the maximum time required for a
proton to diffuse from an enzyme to an indicator molecule.
At a dye concentration of 40µM, the maximum distance
between enzyme and indicator molecules,x, is approximately
3 × 10-8 m. This distance was calculated on the basis of
the assumption that the dye molecules are homogeneously
distributed throughout the solution and occupy the corners
of a cubic lattice. The longest distance possible between an
enzyme molecule and the closest dye molecule is then given
by the distance between the center and the corners of such
a cube. If the diffusion coefficient of protons (D) in the
sample is known, one can calculate the time (t) necessary
for a proton to diffuse along this distance according to the

Einstein-Smoluchowski relation (41):

As pointed out by Junge and McLaughlin (42), the
apparent diffusion coefficient of protons in a buffered
solution (Dapp) containing mobile and fixed buffers (in this
case, the enzyme functions as a much less mobile buffer)
can be orders of magnitude lower than the diffusion
coefficient of a free proton in pure water (see ref43 for a
review of proton transfer dynamics). If the buffering capaci-
ties of both mobile and fixed buffers in the system are known,
Dapp can be estimated as follows:

Here, the diffusion coefficient of protons in bulk water,DH+,
was taken to be 9× 10-5 cm2/s (42) and the diffusion
coefficient of hydroxide ions,DOH-, was assumed to be 2×
10-5 cm2/s. The diffusion coefficient of the mobile, organic
buffers was approximated by 1× 10-5 cm2/s (42). Since
the only fixed buffer in the system, the enzyme, has a very
small diffusion coefficient of approximately 1× 10-7 cm2/
s, a typical value for large proteins (44), its contribution to
Dapp never exceeded 10% of the final value. The total
buffering capacity of the system,âtot (8 × 10-4 M), was
obtained with the titration experiments described above. The
buffering capacity due to mobile buffers,âmobile, of 10-4 M
was the experimentally determined buffering capacity of a
mixture composed of 40µM organic buffer and 40µM pH
indicator. Under these conditions, the major contribution to
Dapp comes from the mobile buffer, regardless of pH. The
value ofDapp was calculated according to eq 4 to be 1.3×
10-6 cm2/s.

Consequently, we expect the system to be in equilibrium
after about 1µs (eq 3). This is considerably faster than steps
2-5 in Scheme 1 and about as fast as the lifetime of the
first step in the sequence. Therefore, we conclude that the
response time of the system is sufficiently fast to accurately
detect potential proton transfer events if they occur simul-
taneously with all the processes of the enzyme reaction
except the first one, the formation of the fully reduced
enzyme.

In general, proton transfer events observed in the bulk
phase during the oxidation of solubilized, fully reduced
cytochromec oxidase can be attributed to several causes. In
the simplest case, protons disappearing from the bulk are
scalar protons which are directly consumed at the active site,
i.e., they participate in the reduction of dioxygen to water.
Their transport to the binuclear center occurs without delay,
and the rates of the electron transfer steps dictate the rate of
proton disappearance from the bulk water.

Alternatively, the release or uptake of protons in the bulk
can be initiated by Bohr effects which originate from
structural rearrangements or charge redistributions initiated
by redox events inside the enzyme (11, 45). These events
result in pKa shifts of amino acid residues (45, 46). Although

t ) x2

6D
(3)

Dapp≈ DH+(2.3[H+]
âtot

) + DOH-(2.3[OH-]
âtot

) +

Dmobile

âmobile

âtot
+ Dfixed

âfixed

âtot
(4)
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the Bohr effects are ultimately triggered by redox events in
the active site, the location of proton release or binding may
be far away from the metal centers, in which case the protons
involved are unrelated to those required for the reduction of
oxygen. It is possible that residues inside the proton channel
connecting the bulk phase with the binuclear site, presumably
the D-channel, are subject to Bohr effects. In this case,
protons consumed at the active site could be donated by these
side chains. Since the reprotonation of these residues by
protons from the bulk phase may precede or follow proton
consumption at the active site, these two events would not
necessarily be synchronized.

Vectorial protons are another potential cause of pH
changes in the bulk, provided that their uptake and release
by the enzyme occur on significantly different time scales.
This has been observed for the proton pump bacteriorhodop-
sin in purple membrane fragments, where proton release and
the following uptake could be clearly distinguished (47, 48).
If, however, uptake and release of vectorial protons take place
simultaneously, no pH changes in the bulk will be detected.
In this case, only studies of systems in which the matrix
and intermembrane surface of the oxidase are physically
separated, such as the enzyme reconstituted in liposomes,
can provide further information about pumped protons (6).
Nilsson and co-workers have shown that during flash-induced
oxidation of bovine cytochrome oxidase reconstituted into
phospholipid vesicles proton release to the medium occurs
with a rate constant of 9× 102 s-1 (6), which is similar to
that of the second phase of the proton uptake in the
solubilized enzyme reported here and previously (8).

We observed a total uptake of 1.3-1.6 protons concur-
rently with the two slowest electron transfer events. In view
of the errors in Table 1, there is no difference between the
number of protons taken up at different pH values. The
stoichiometries are essentially consistent with earlier experi-
mental data (7, 8) and electrostatic calculations based on the
X-ray structure of the enzyme (46). Most likely, the uptake
stoichiometry reflects the consumption of two scalar protons
through the D-channel, which is counteracted to a small
extent by the release of Bohr protons. The uptake of the third
and fourth scalar protons must take place during the
re-reduction of the enzyme, since these protons are not
detected by the indicator in the bulk solution. This assump-
tion is in good agreement with results of Mitchell and Rich
(49) and Capitanio et al. (45), who have shown that two
protons are taken up during the reduction of the binuclear
center. Site-directed mutagenesis studies suggest that these
protons are taken up through the K-channel (14, 15, 17-
21). The concurrent uptake of two protons with the reduction
of the binuclear center has been proposed to result from the
requirements of electroneutrality (50).

The first proton is proposed to be taken up from tyrosine
244 (Scheme 1) during the cleavage of the oxygen-oxygen
bond. Proton donation by an amino acid residue rather than
the bulk medium could account for the lack of proton uptake
observed on this time scale. In agreement with our results,
Hallén and co-workers did not observe proton uptake or pH
dependence for the 10 and 30µs lifetimes (8). However,
the 30µs phase showed a kinetic isotope effect along with
the 100 µs and 1 ms redox phases, which indicated the
involvement of protons in these processes. On the basis of
these results, it was postulated that the earliest proton uptake

occurred during the 30µs redox phase or, in our case, upon
the decay of compoundA to P.

Electron Transfer between CuA and Heme a. The repro-
tonation of the tyrosine residue by protons from the bulk is
proposed to occur on a 100µs time scale and forms
intermediateFI. This is followed by a faster electron transfer
between CuA and hemea forming FII . The rate of electron
transfer between CuA and hemea has been suggested to be
controlled by proton uptake (8, 51-53), and our studies
support these results. We have estimated the lower limit of
the true apparent rate constant for the electron redistribution
between CuA and hemea (FI f FII ) to be∼2 × 105 s-1.
These results are in agreement with electrons transfer rates
estimated from analysis of a tunneling pathway between CuA

and hemea (54, 55). The best CuA-hemea pathway starts
from His 204, a ligand to one of the coppers in the dinuclear
CuA center, and consists of 14 covalent bonds and two
hydrogen bonds which amounts to an effective tunneling path
of 25 Å. The estimated activation-less rate constant is∼9
× 105 s-1 (55). With a driving force of∼90 meV, the value
of the reorganization energy,λ, must be close to 0.3 eV to
account for the fast rate (55, 56). The proton transfer control
of the electron transfer rate between CuA and hemea may
reflect the importance of a tight coupling between the proton-
pumping machinery and the electron transfers to the partially
reduced oxygen intermediates that drive the pump (5).

It should be pointed out that our determination above of
the true rate of electron transfer between CuA and hemea is
based on the multichannel detection method. The analysis
relies on our proposed reaction mechanism and the good
agreement between experimental spectra and model spectra
of the postulated intermediates (28), and it could not have
been accomplished using single-wavelength detection. For
example, the time course at 606 nm could satisfactorily be
fitted using the 20µs lifetime if the amplitude of the fourth
intermediate (the mixture ofP and Fo) was increased.
However, this would correspond to changing the extinction
coefficient of intermediate 4 at 606 nm. Thus, if one
redetermines the experimental intermediate spectra from the
kinetic matrix (describing the mechanism) which includes
the 20 µs lifetime, the experimental intermediate spectra,
although matching the model spectra of the postulated
intermediates at 606 nm, do not match the model spectra
when they are compared over the whole wavelength range.
However, an excellent fit is observed using an apparent sixth
lifetime between 2 and 5µs.

In the final step of Scheme 1, a second proton from the
bulk binds to the oxygen atom at hemea3 as the enzyme is
converted from the ferryl mixture (FI/FII ) to the oxidized
ferric hydroxy (H) form. This is in good agreement with
other reports (7, 8). The final product is a species that has a
hydroxide ion bound to CuB and to hemea3.
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