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ABSTRACT: The reaction between bovine heart cytochrome oxidase and dioxygen was investigated at room
temperature following photolysis of the fully reduced CO-bound enzyme. Time-resolved optical absorption
difference spectra were collected by a gated multichannel analyzer in the visible region (λ ) 460-720
nm) from 50 ns to 50 ms after photolysis. Singular value decomposition (SVD) analysis indicated the
presence of at least seven intermediates. Multiexponential fitting gave the following apparent lifetimes:
1.2µs, 10µs, 25µs, 32µs, 86µs, and 1.3 ms. On the basis of the SVD results and a double difference
map, a sequential kinetic mechanism is proposed from which the spectra and time-dependent populations
of the reaction intermediates were determined. The ferrous-oxy complex (compound A), with a peak at
595 nm and a trough at 612 nm versus the reduced enzyme, reaches a maximum concentration∼30 µs
after photolysis. It decays to a 1:6 mixture of peroxy species (a33+-O--O-) in which cytochromea is
reduced and oxidized. Cytochromea3 in both species has a peak at 606 nm versus its oxidized form.
The peroxy species decay to a ferryl intermediate, with a peak at 578 nm versus the oxidized enzyme,
followed by electron redistribution between CuA and cytochromea. The two ferryl species reach a
maximum concentration∼310 µs after photolysis. The excellent agreement between the experimental
and theoretical spectra of the intermediates provides unequivocal evidence for the presence of peroxy and
ferryl species during dioxygen reduction by cytochrome oxidase at room temperature.

The reactions of partially or fully reduced cytochromec
oxidase with dioxygen are so fast that conventional stopped-
flow methods are impractical. Therefore, these reactions
have usually been studied by the flow-flash technique
developed by Greenwood and Gibson (Gibson & Greenwood,
1963; Greenwood & Gibson, 1967) in which carbon mon-
oxide is photodissociated from the CO complex of either
the fully reduced or the mixed-valence enzyme in the
presence of O2 [see Einarsdo´ttir (1995) for a recent review].
Time-resolved optical absorption (TROA)1 studies have
provided information about the kinetics of the internal

electron transfer processes (Hill & Greenwood, 1984; Orii,
1988a; Oliveberg et al., 1989; Hill, 1994; Verkhovsky et al.,
1994) and, more recently, spectral characteristics (Morgan
et al., 1996). Low-temperature optical absorption experi-
ments (Chance et al., 1975; Clore et al., 1980) and EPR
studies (Karlsson et al., 1981; Hansson et al., 1982; Blair et
al., 1985; Witt et al., 1986; Witt & Chan, 1987) have also
yielded useful information about some of the transient
intermediates generated during dioxygen reduction. By use
of evidence from time-resolved resonance Raman (TR3)
spectroscopy (Han et al., 1990a; Ogura et al., 1993; Varotsis
et al., 1993), the structures of some of the intermediates
formed during the reaction have been proposed. However,
the microscopic rate constants of all the steps involved and
the existence and nature of other intermediates, including
their optical absorption spectra, have not been reported at
room temperature.

Previous single-wavelength flow-flash TROA studies
indicated the presence of four processes during the reaction
of the fully reduced enzyme with dioxygen (Oliveberg et
al., 1989). The first step with an apparent lifetime,τ, of
8-10 µs has generally been attributed to the binding of O2

to the ferrous cytochromea3, forming the so-called com-
pound A (Oliveberg et al., 1989; Verkhovsky et al., 1994).
This intermediate has been detected in low-temperature
optical absorption measurements (Chance et al., 1975; Clore
et al., 1980; Morgan et al., 1996) and at room temperature
by TR3 spectroscopy (Varotsis et al., 1989; Ogura et al.,
1990a; Han et al., 1990b). However, the optical absorption
spectrum of compound A has not been reported at room
temperature.

The second process withτ of 32-45µs has generally been
attributed to the formation of a peroxy species in which both
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which cytochromea is reduced.
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hemes become oxidized and CuB is reduced (hereafter
referred to as P′) (Hill & Greenwood, 1984; Han et al.,
1990c; Hill, 1994; Verkhovsky et al., 1994; Morgan et al.,
1996). Another peroxy compound, P, in which the binuclear
center is oxidized and cytochromea remains reduced has
been postulated to form prior to the oxidation of cytochrome
a (Babcock & Wikström, 1992; Varotsis et al., 1993).
Neither P nor P′ has been detected by room-temperature
TROA or TR3 measurements during the reaction of the fully
reduced enzyme with dioxygen, the former presumably due
to its low occupancy. However, a species is observed during
the reversal of the dioxygen reduction reaction that is 2 equiv
more oxidized than the resting enzyme and has an absorbance
maximum at 607 nm when referenced against the oxidized
enzyme (Wikstro¨m & Morgan, 1992). This species was
attributed to a peroxy form of cytochromea3 (a33+-O--O-,
CuB2+), P. A species with a maximum at 607 nm when
referenced against the oxidized enzyme is also observed
when the oxidized enzyme is exposed to a mixture of CO
and O2 or upon addition of hydrogen peroxide to the oxidized
enzyme (Bickar et al., 1982; Wrigglesworth, 1984; Vygodina
& Konstantinov, 1988; Fabian & Palmer, 1995b). A species
with similar spectral properties has been observed when the
mixed-valence enzyme reacts with oxygen at low temperature
(Chance et al., 1975; Clore et al., 1980) and room temper-
ature (Hill & Greenwood, 1983; Han et al., 1990d). Morgan
et al. (1996) have recently shown by transient optical
absorption measurements that a 607-nm species, equivalent
to P′, is formed at-25 °C during the reaction of the fully
reduced cytochrome oxidase with dioxygen.
The third phase withτ of 100-140µs (Hill & Greenwood,

1984; Oliveberg et al., 1989; Hill, 1994) has been associated
with the oxidation of CuA (Hill, 1991). On a similar or
slightly slower time scale, a ferryl, F (a34+dO), intermediate
is formed. This is supported by TR3 measurements which
suggested that F reaches a maximum concentration∼500
µs following CO photolysis (Varotsis et al., 1993). A species
with an absorbance maximum at 580 nm (referenced against
the oxidized enzyme) is observed when a one-electron
reversal of the dioxygen reduction reaction is induced
(Wikström & Morgan, 1992) and for the three-electron-
reduced dioxygen intermediate at low temperature (Witt et
al., 1986; Witt & Chan, 1987). Both species were identified
as F. An optical absorption evidence for the formation of F
concomitant with electron transfer from CuA to cytochrome
a has recently been reported at-25°C (Morgan et al., 1996).
The formation of F at room temperature is supported by
peaks at 575 and 530 nm in the 100-µs minus 20-µs optical
absorption difference spectrum (Orii, 1988a).
The last phase of dioxygen reduction withτ of ∼1.2 ms

is attributed to further reduction by one electron. Schemes
encompassing other intermediates, including proton transfers,
have also been proposed (Babcock & Wikstro¨m, 1992;
Einarsdo´ttir, 1995; Varotsis & Babcock, 1995).
In the study reported here, we used a gated optical

spectrometric multichannel analyzer (OSMA) to detect
spectral changes occurring during the reaction of dioxygen
with cytochrome oxidase at room temperature following
photolysis of the fully reduced CO complex. This allows
us to collect high-resolution (0.3-0.6 nm) spectra with a
temporal resolution of several nanoseconds. Spectral changes
were monitored in the visible region (λ ) 470-720 nm)
from 50 ns to 50 ms following photolysis. After singular

value decomposition (SVD) and global analysis of the
spectra, a kinetic mechanism involving a sequential pathway
with accompanying equilibria was fitted to the data. On the
basis of this pathway, we obtained the spectra of the
intermediates, including compound A and peroxy and ferryl
species, with absorbance maxima at 606 and 578 nm,
respectively.

MATERIALS AND METHODS

Cytochrome oxidase was isolated from bovine heart tissue
using the method of Yoshikawa et al. (1977). The final
dialysis was against 0.1 M sodium phosphate buffer, pH)
7.4. SodiumL-ascorbate was obtained from Sigma, and
ruthenium hexaammine chloride [hexaammineruthenium(II)
chloride] was from Alfa Products (Johnson Matthey, Danver,
MA). Both reagents were used without further purification.
The fully reduced enzyme was made by deoxygenating a

solution of oxidized enzyme with several alternating cycles
of gentle vacuum and prepurified N2 gas, followed by the
addition of anaerobic solutions of 2.5 M ascorbate and 200
mM ruthenium hexaammine. The final concentrations of
ascorbate and ruthenium hexaammine in the enzyme solution
were 1.0-5.0 mM and 5-500µM, respectively. The fully
reduced CO-bound complex was obtained by passing a 1-atm
mixture of CO and N2 in a ratio of 1:9 over a solution of the
fully reduced enzyme solution for 30-60 min. The complex
was kept under this mixture during the experiment. At each
stage of the preparation, the UV-visible spectra of the
oxidized, fully reduced, and the fully reduced CO complexes
were recorded. Enzyme concentration was determined
spectrophotometrically using extinction coefficients of 79.6
mM-1 cm-1 (420 nm) and 8.5 mM-1 cm-1 (598 nm) for the
fully oxidized enzyme and 106.4 mM-1 cm-1 (444 nm) and
19.9 mM-1 cm-1 (604 nm) for the reduced enzyme (Yoshika-
wa et al., 1977; Antalis & Palmer, 1982). The concentration
of cytochrome oxidase, equal to half the heme A concentra-
tion, was 17µM after mixing.
The reaction of the fully reduced enzyme with oxygen was

investigated at room temperature using the flow-flash method
(Greenwood & Gibson, 1967). Solutions of O2-saturated
(1.25 mM) phosphate buffer (0.1 M, pH 7.4) and the fully
reduced CO enzyme complex in the same buffer but saturated
with CO/N2 (1:9) were mixed in a 1:1 ratio in a 80-µL flow
cell (10× 2× 4 mm, lwh) by a syringe pump actuated with
a stepper motor. The flow cell was an integral part of the
RX1000 rapid kinetics accessory (Applied Photophysics)
stopped-flow apparatus. The flow cell was thermostated to
298.2( 0.4 K during all experiments. Following a post-
mixing delay of 400 ms, the reaction was initiated by
photolyzing the CO complex with a DCR-11 Nd:Yag laser
(Quanta-Ray) (532 nm, 45 mJ/pulse). The photolytic ef-
ficiencies measured under identical conditions in the absence
of O2 were∼60%. The spectral changes were probed along
the 10-mm path at 90° to the laser photolyzing beam. The
light source was a pulsed xenon flashlamp, and appropriate
filters restricted the probe beam to the spectral region of
interest. The energy of the probe beam was low enough
that it did not photodissociate the CO complex. Each
spectrum (one time point) was an average of 18 runs. Light
transmitted through the sample was passed through collimat-
ing optics (fused silica lenses) and then focused onto the
entrance slit of a spectrograph (Aries, FF250). The signals
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were detected by an intensified gated optical spectrometric
multichannel analyzer (OSMA) (I/R/Y, Princeton Instru-
ments) system described earlier (Georgiadis et al., 1994;
Einarsdo´ttir et al., 1995).
Singular Value Decomposition and Global Exponential

Fitting. Time-resolved absorption difference spectra (post-
minus prephotolysis) were measured at 42 delay times
(defined exponentially) between 50 ns and 50 ms following
the laser pulse. The transient difference spectra were
corrected by subtracting background counts from the detector
from the observed intensities. The time-resolved difference
spectra constitute a two-dimensional (wavelength× delay)
data matrix,∆A (λm, tn), wherem andn are the number of
wavelengths and times collected, respectively. The∆A
matrix was analyzed using Matlab software (The Math-
Works) at all wavelengths and times simultaneously by
singular value decomposition (SVD) as described previously
(Georgiadis et al., 1994; Einarsdo´ttir et al., 1995). In this
analysis, three matricesU, S, andV are generated such that
∆A ) USV′. The n columns of theU matrix are the
orthonormal basis spectra (u-spectra), the diagonalSmatrix
(n× n) contains the corresponding singular values, and each
column of the (n× n) V matrix (v-vector) describes the time
evolution of the correspondingu-spectrum (Golub & Rein-
sch, 1970; Henry & Hofrichter, 1992).V′ is the transpose
of V. A semilogarithmic plot of the singular values in
conjunction with plots of theu-spectra and thev-vectors was
used to evaluate the minimum number of processes required
to represent the∆A matrix. TheU andV matrices were
subsequently truncated to include only columns whose
singular values exceeded the experimental noise. A sum of
exponentials was globally fitted by nonlinear regression to
the v-vectors of the resultant reduced data set (Hug et al.,
1990; Thorgeirsson et al., 1991, 1992).
Further analysis involved construction of a smoothed two-

dimensional map of the double difference spectra (∆∆A).
The map is plotted as a top view of the surface representing
the time-resolved∆∆A as a function of log (delay time) and
wavelength. The time-resolved∆∆A were obtained by
subtracting each time-resolved difference spectrum from the
preceding spectrum. Mathematically, for an (m × n) ∆A
matrix,∆∆A is defined as

wherei ) 1, ...,m and j ) 2, ...,n. Smoothing involved a
two-dimensional variation of the boxcar algorithm, according
to

where∆∆A i,j
sm is the smoothed double difference matrix.

The double difference map and the results of the SVD, i.e.,
theu-spectra and thev-vectors, were used to obtain unbiased
information from the data, including the number of detectable
intermediates (as indicated by the above-the-noise singular
values) and correlations between spectral and temporal
changes.
In the next stage of the analysis, nonlinear regression fitting

was used to determine the apparent lifetimes of the observed
processes and the associated spectral changes, theb-spectra.
The rank of the∆A matrix was determined from the number
of nonrandomuv couples resulting from the SVD. In the

course of the regression analysis, the number of exponentials
used was increased until no further improvement was
observed in the residual spectra (the difference between the
transient data and the fit). The results of the SVD, the double
difference map, and the exponential fitting were used to
construct a kinetic mechanism.
Kinetic Modeling. The goal of our analysis is to extract

the spectra of the intermediates predicted by a particular
mechanism and a set of microscopic rate constants. As
pointed out in our previous papers, the global fitting routine
using SVD gives only information about the apparent
variables, theb-spectra and their corresponding apparent rate
constants (Georgiadis et al., 1994; Einarsdo´ttir et al., 1995).
Only for a simple unidirectional scheme are the apparent
rate constants equal to the microscopic rate constants. If
any of the reaction steps are reversible, as is the case here,
the number of variables exceeds the number of constraints
and the kinetic matrix comprising the microscopic rate
constants becomes undetermined. This problem is tractable
if spectra of at least some of the intermediates are known.
In this study the microscopic rate constants were based on
published data when available, but the final values were
refined by varying the constants iteratively in a simplex
optimization algorithm until the calculated apparent lifetimes
did not depart from the experimental ones and the difference
spectra of the extracted intermediates (experimental spectra)
resembled theoretical difference spectra. The theoretical
difference spectra for the various intermediates were the
linear combinations of the ground-state absorbance spectra
of the oxidized, reduced, mixed-valence CO, and fully
reduced CO enzyme complexes and the peroxy and ferryl
derivatives. The peroxy (a33+-O-O-) and ferryl (a34+dO)
species, with maxima at 606 and 580 nm when referenced
against the oxidized enzxyme, were synthesized according
to previously described methods (Fabian & Palmer, 1995a).
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 580-
630 nm, respectively (Wikstro¨m & Morgan, 1992).

RESULTS

The transient absorption difference spectra following
photolysis of the fully reduced CO complex in the presence
of oxygen are shown in Figure 1. The spectra represent the
difference between the photoproducts and the fully reduced
CO complex at 42 delay times between 50 ns and 50 ms.
Several experiments included time delays between 50 ms
and 500 ms, but since only minor changes were observed in
the transient difference spectra during this time interval, these
data points were omitted. The difference spectrum observed
at 50 ns has a peak at 618 nm and a trough at 592 nm and
is identical to the one obtained in the absence of O2. The
final difference spectrum recorded at 50 ms is similar
(although not identical) to the difference spectrum of the fully
oxidized enzyme.
Double Difference Map and Singular Value Decomposi-

tion. The experiments carried out in the visible region extend
in time over 6 orders of magnitude. Figure 2 shows a double
difference map obtained as the top view of a three-
dimensional plot representing the time-resolved∆∆A as a
function of log (time) and wavelength. The rates of
absorbance decrease and increase are indicated by darker

∆∆A i,j ) ∆A i,j - ∆A i,j-1

∆∆A i,j
sm) { ∑

R)i-1

i+1

∑
â)j-1

j+1

∆∆AR,â - ∆∆A i,j}/8
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and lighter shadings, respectively. The double difference
map, along with SVD results, provides qualitative informa-
tion regarding correlations between spectral and temporal
changes from which a mechanism for the dioxygen reduction
reaction can be proposed. Figure 3 shows the first six
u-spectra and the correspondingv-vectors resulting from the
SVD of the transient difference spectra referenced against
the spectrum of the oxidized enzyme. The remaininguv
couples did not have signal-to-noise ratio exceeding the
experimental noise. The experimentalv-vectors were mod-
eled using the observed apparent lifetimes (see below).
Although eachuv couple represents a combination of spectral
changes and time evolution of several processes, inspection
of these vectors provides qualitative information about the
data. The clearest correlations between spectral and temporal
changes are the following:
(i) For reaction times shorter than 1µs, only minor changes

are observed in all thev-vectors exceptv5, which contains
information about a∼1-µs process (Figure 3). The largest
changes in the transient difference spectra at this time occur

at 603 and 612 nm as reflected inu5. These spectral and
temporal changes are in agreement with those observed
following photolysis of the fully reduced CO-bound enzyme
in the absence of O2. Small deviation from the average
(gray) shade can be observed in the∆∆A map (Figure 2)
on the same time scale.
(ii) Spectral changes that follow this short time scale

process are reflected by a rise in absorbance at∼595 and
550 nm and an absorbance decrease at∼570 and∼610 nm
in the∆∆A map between 1 and 20µs. The same spectral
changes are reflected in theu2 spectrum, and thev2 vector
indicates that the corresponding species reaches a maximum
concentration∼30 µs after photolysis. These spectral
changes are similar to those observed for the mixed-valence
CO-bound enzyme in low temperature triple trap experiments
(Chance et al., 1975; Clore et al., 1980) and room-
temperature flow-flash experiments (Hill & Greenwood,
1983), which were assigned to the binding of O2 to
cytochromea3. The binding of O2 to the ferrous cytochrome
a3 on this time scale is also consistent with room-temperature
flow-flash TROA results on the fully reduced enzyme
(Greenwood & Gibson, 1967; Orii, 1984; Oliveberg et al.,
1989; Blackmore et al., 1991; Verkhovsky et al., 1994) and
TR3 data (Varotsis et al., 1989; Ogura et al., 1990a; Han et
al., 1990b).
(iii) The u1 spectrum, with an absorbance maximum at

605 nm (Figure 3), resembles the fully reduced-minus-
oxidized difference spectrum. Since cytochromea3 has a
small contribution to this difference spectrum in the visible
region, the spectral changes inu1 primarily reflect changes
in the redox state of cytochromea. Thev1 vector shows a
two-phase decay on time scales of∼30 µs and 1.3 ms,
reflecting the oxidation of cytochromea at different times
during the reaction cycle. This conclusion is supported by
the ∆∆A map, which shows a sharp absorbance decrease
between 30 and 70µs and again at∼1 ms (Figure 2). The
initial oxidation of cytochromea may also be reflected in
the fourthuv couple, which shows a species with a maximum
centered at∼605 nm decaying with an apparent lifetime of
∼40 µs (the first portion ofv4).
(iv) Near 100µs, an absorbance increase is visible at∼580

nm in the∆∆A map, reaching a maximum at∼300µs. The
increase is also observed in the thirduv couple and is
attributed to the formation of F.
(v) These changes are closely followed by a rise in

absorbance near 605 nm in the∆∆A map, signifying the
re-reduction of cytochromea, and an increase in absorbance
between 510 and 530 nm, indicative of the oxidation of CuA

(Einarsdo´ttir et al., 1995). The very similar time scales of
the 580-nm absorbance changes and those at 520 and 605
nm suggest that formation of F is followed by a slightly faster
electron redistribution between cytochromea and CuA. At
∼340µs, a decrease in absorbance at∼580 nm is observed
concomitant with the formation of a saddle point near∼600
nm. The upward portion ofv4 (near∼190 µs) and the
corresponding spectral changes at∼605 and 520 nm inu4
are also consistent with the reduction of cytochromea and
the oxidation of CuA, respectively.
(vi) The u6 spectrum due to its low signal-to-noise ratio

cannot be interpreted, but it reflects changes near∼580 nm.
The significance of the above observations will be addressed
in detail in the discussion section.

FIGURE1: Time-resolved absorption difference spectra (post- minus
prephotolysis) collected during the reaction of the fully reduced
cytochrome oxidase with dioxygen. The spectra were obtained at
42 delay times, defined exponentially, between 50 ns and 50 ms
after photolysis of the fully reduced CO complex. Each spectrum
represents the average of 18 accumulations. The cytochrome
oxidase concentration after mixing was 17.0( 1.5 µM in 0.1 M
sodium phosphate buffer (pH) 7.4) at 24°C. The CO and O2
concentrations after mixing were 50 and 625µM, respectively.

FIGURE 2: Smoothed double difference map (the top view of a
three-dimensional plot representing the time-resolved double dif-
ference spectra,∆∆A) as a function of log (delay time) and
wavelength. The smoothed double difference spectra were obtained
by subtracting each time-resolved difference spectrum from the
preceding spectrum (see text for details). The rates of absorbance
decrease and increase are indicated by darker and lighter shadings,
respectively.
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Multiexponential Fitting by Nonlinear Regression. The
global fitting analysis gave six apparent lifetimes of 1.2(
0.2µs, 10( 5 µs, 25( 5 µs, 32( 5 µs, (86( 10 µs, and
1.3( 0.1 ms, two more (the 1.2- and 25-µs lifetimes) than
reported previously (Oliveberg et al., 1989). The firstτ of
1.2µs is the same as that observed in the absence of O2 and
has been attributed to a conformational change at cytochrome
a3 (Einarsdo´ttir et al., 1993). Although the two apparent
lifetimes, 25 and 32µs, fall within the experimental error of
each other, including both in the analysis significantly
improved the residual spectra. Therefore, we believe that
both of these lifetimes are real. The residual spectra from
the six-exponential fit of the transient difference spectra
referenced against the oxidized enzyme are shown in Figure
4. Although the residual spectra are reasonably good, some
differences between the data and the fit are observed on∼3-
µs and∼10-ms time scales. This suggests the presence of
additional intermediates which could not be resolved,
presumably due to low occupancy or spectral similarities to
adjacent intermediates.

DISCUSSION

A Kinetic Model. The six apparent lifetimes obtained from
the multiexponential fitting indicate that at least seven
intermediates (including the initial form and the final product)
are present on the route from the unliganded reduced enzyme
to the oxidized form. Based on the observations from the
SVD and the double difference map discussed above, we

propose the sequential mechanism in Scheme 1 for the
cytochrome oxidase-catalyzed reduction of dioxygen to
water. The microscopic rate constants obtained from mini-
mizing a weighted sum of deviations between the experi-
mental and calculated lifetimes and the experimental and
theoretical difference spectra of the intermediates are also
listed in Scheme 1.
In the first intermediate (1) in Scheme 1, cytochromea3

is in an excited-state configuration, possibly related to CO
binding to CuB (Einarsdo´ttir et al., 1993). This intermediate
subsequently relaxes to the fully reduced unliganded con-

FIGURE 3: First sixu-spectra (left-hand panels) andv-vectors (right-hand panels) resulting from the SVD analysis of the time-resolved
difference spectra referenced against the spectrum of the oxidized enzyme. Thev-vectors (solid lines) are a fit using the apparent lifetimes
obtained from the global exponential regression.

FIGURE 4: Residual spectra (over all the time points plotted in
Figure 1) from the six-exponential fit. The lines (from top to
bottom) represent the absorbance difference of the data and the
least-squares fit at each delay time (defined exponentially) between
50 ns and 50 ms. The residuals have been separated by a constant
shift for clarity.
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figuration (R) on the same time scale that CO dissociates
from CuB (Dyer et al., 1989). The second step (2T 3)
involves the binding of O2 to cytochromea3, forming
compound A. There is considerable experimental evidence
that suggests that O2 binds to CuB prior to binding to
cytochromea3 (Alben et al., 1981; Blackmore et al., 1991;
Woodruff et al., 1991; Oliveberg & Malmstro¨m, 1992;
Einarsdo´ttir et al., 1993; Bailey et al., 1996), but spectral
similarities to intermediate 2 and/or the low occupancy of
this state may preclude its optical detection.
The third step in our mechanism (3T 4) involves the

formation of a mixture of two peroxy species (a33+-O--O-)
in a 1:6 ratio, in which cytochromea is reduced (P) and
oxidized (P′). Although the peroxide is depicted as being
bound only to cytochromea3, it is possible that it forms a
bridge between cytochromea3 and CuB. The structure of
cytochromea3 in both P and P′ is proposed to be equivalent
to P observed during reversal of the O2 reaction (Wikstro¨m
& Morgan, 1992) and the 607-nm species observed when
the resting enzyme is exposed to a mixture of CO and O2 or
substoichiometric amounts of hydrogen peroxide (Bickar et
al., 1982; Wrigglesworth, 1984; Vygodina & Konstantinov,
1988; Fabian & Palmer, 1995b). Both P and P′ have been
proposed as intermediates in the dioxygen reduction cycle
at room temperature (Babcock & Wikstro¨m, 1992), and
recent optical absorption studies by Morgan et al. (1996)
have provided evidence for P′ at-25 °C. However, P′ has
not been observed at room temperature, and little supporting
evidence is available for P from TROA and TR3 studies.
The fourth step (4T 5) involves the formation of a ferryl

species (FI), a34+dO CuB2+, in which cytochromea remains
oxidized. We propose this to be the same F that is formed
upon reversal of the O2 reaction (Wikstro¨m & Morgan, 1992)

as well as the species formed upon addition of excess
hydrogen peroxide to the resting enzyme (Bickar et al., 1982;
Fabian & Palmer, 1995a), both of which have an absorbance
maximum at 580 nm when referenced against the oxidized
enzyme. This step is followed by slightly faster electron
redistribution between cytochromea and CuA (5 T 6),
leading to the formation of FII. The final step involves
further reduction by one electron, leading to the formation
of a ferric hydroxide, a33+-OH. A resonance Raman
frequency at 450 cm-1 has been assigned to this intermediate
(Han et al., 1990b). The residuals resulting from a six-
exponential fit to the transient data indicate some deviations
around∼8 ms (Figure 4), suggesting that an additional
process, presumably the relaxation of the ferric hydroxide
to the resting enzyme, occurs on this time scale.
Included in Scheme 1 is the uptake of the protons required

during the reduction reaction. We have recently monitored
proton uptake in the solubilized enzyme by a pH-sensitive
dye (pyranine) and transient optical spectroscopy (Brooks
et al., unpublished results). We observed three apparent
lifetimes, 100µs, 1 ms, and 10 ms, the first two being similar
to those reported by Halle´n and co-workers (Oliveberg et
al., 1991; Halle´n & Nilsson, 1992). The total number of
protons used in the reaction was close to 1.6, with 0.4 proton
taken up in each of the 100-µs and 1-ms phases, consistent
with earlier observations (Oliveberg et al., 1991), and 0.8
proton taken up in the 10-ms phase. Further proton uptake
may occur during the 1-ms phase but is obscured by the
simultaneous release of protons on this time scale (Oliveberg
et al., 1991). The proton uptake shown in Scheme 1 is based
on these observations and those of Halle´n and co-workers
(Hallén & Nilsson, 1992). HB is a proton-donating group
near the binuclear center (Halle´n & Nilsson, 1992).

Scheme 1: Proposed Mechanism for the Reduction of Dioxygen to Water by Cytochromec Oxidase
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Intermediate Absorption Difference Spectra. The differ-
ence spectra (referenced against the oxidized enzyme) of the
intermediates (1-7) extracted from the original transient
difference spectra using the mechanism and microscopic rate
constants in Scheme 1 (experimental spectra) are shown in
Figure 5 (solid lines). Figure 5 (dotted lines) shows the
theoretical intermediate difference spectra for comparison.
In general, there is very good agreement between the

experimental intermediate difference spectra and the theoreti-
cal difference spectra. The theoretical difference spectrum
for intermediate 1 is the 50-ns spectrum (referenced against
the oxidized enzyme) since we do not know the spectral
profile of {a32+}* (Figure 5a). The equilibrium constant for
the first step,K1 ) k-1/k1, is equal to∼115 M-1, a value
consistent with that reported earlier for the fully reduced CO-
bound enzyme in the absence of dioxygen (Einarsdo´ttir et
al., 1995). There is excellent correspondence between the
experimental difference spectrum of intermediate 2 and that
of the theoretical difference spectrum (Figure 5b), the latter
being the ground-state difference spectrum of the fully
reduced enzyme.

The theoretical difference spectrum for intermediate 3,
compound A, is the difference spectrum of the fully reduced
CO complex, since we do not know the spectrum of
compound A (Figure 5c). As shown below, the discrepancy
between the experimental and the theoretical intermediate
difference spectra is not due to bad fitting but simply reflects
the fact that the spectrum of the ferrous-oxy complex is
different from that of the CO complex. The O2 on-rate is 7
× 107 M-1 s-1, and the dissociation constant (k-2/k2 ∼60
µM) is close to that reported by Orii (1988b).
Intermediate 4 represents a mixture of peroxy species

(a33+-O--O-) in which cytochromea is reduced (P) and
oxidized (P′) (Figure 5d, solid line). The theoretical differ-
ence spectrum of P′ is the difference spectrum of the species
made by exposing a solution of the oxidized enzyme to CO
in the presence of O2 (Fabian & Palmer, 1995a). The
theoretical difference spectrum of P was obtained by adding
the reduced-minus-oxidized spectrum of cytochromea (the
difference spectrum of the fully reduced CO enzyme and
the mixed-valence CO complex) to the theoretical difference
spectrum of P′. The very good agreement between the

FIGURE 5: Comparison of the experimental (solid lines) and theoretical (dotted lines) difference spectra of the intermediates present during
the reaction of the fully reduced enzyme with dioxygen (Scheme 1). The reference spectrum is that of the oxidized enzyme. The experimental
difference spectra were determined on the basis of the mechanism and the microscopic rate constants in Scheme 1. The theoretical difference
spectra were obtained by the appropriate linear combination of the ground-state spectra of the oxidized, reduced, mixed-valence CO, and
fully reduced CO complexes and the peroxy and ferryl derivatives (see text for details). (Panels a-f) Experimental and theoretical difference
spectra of intermediates 1-6.
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experimental and theoretical difference spectra of intermedi-
ate 4 (both showing a peak at 606 nm, Figure 5d) was
obtained by assuming an equilibrium constant of 6 in favor
of P′. The rate constant for the formation of intermediate 4
is 6.8× 104 s-1, a value similar to that reported by Hill
(1994). However, in Hill’s scheme, this step did not include
a reverse rate constant, while in our simulation, a reverse
rate constant of 2× 104 s-1 is required to obtain the best fit
between the experimental and theoretical difference spectra.
The conversion of the peroxy species to the ferryl species

represented by intermediate 5, FI, occurs with a forward rate
constant of 1.7× 104 s-1. The spectrum of this intermediate
has not been previously resolved at room temperature. There
is good agreement between the experimental and theoretical
difference spectra of FI (Figure 5e). The theoretical differ-
ence spectrum of FI was obtained by previously published
procedures (Fabian & Palmer, 1995a). The experimental
difference spectrum has a peak at∼578 nm, while the
theoretical one has a maximum at 580 nm. The discrepancy
between the experimental and theoretical difference spectra
of FI between 500 and 550 nm will be discussed below.
The formation of FI is followed by a slightly faster (k5 +

k-5 ) 2.9 × 104 s-1) electron redistribution between
cytochromea and CuA. This is in accordance with our
observation from the double difference map (Figure 2), which
showed that the electron transfer from CuA to cytochromea
(reflected by an increase at 605 and 520 nm) closely followed
the formation of F (the increase at∼580 nm). There is good
agreement between the experimental and theoretical differ-
ence spectra of intermediate 6, FII, in which cytochromea3
is in its∼580-nm ferryl form, but cytochromea is re-reduced
(Figure 5f). Both the experimental and theoretical difference
spectra have a maximum at 605 nm. The theoretical
difference spectrum of FII was obtained by adding the
reduced-minus-oxidized spectrum of cytochromea to the
theoretical difference spectrum of FI.
The discrepancy between the experimental and theoretical

difference spectra of FI between 500 and 550 nm (Figure
5e) stems from the fact that while the oxidation states of the
two hemes are the same, the oxidation states of the coppers
are not. The oxidation states of the hemes and coppers of
FI in Scheme 1 when referenced against the oxidized enzyme
area34+dO - a33+ and CuA+ - CuA2+, while those of the
theoretical difference spectrum area34+dO- a33+. We have
previously shown that CuA2+ has an absorbance spectrum
with a maximum centered at∼520 nm (Einarsdo´ttir et al.,
1995). Therefore, the lower absorbance in the region
between 500 and 550 nm in the experimental difference
spectrum of FI compared to the theoretical spectrum is due
to the negative contribution of CuA2+. The same explanation
applies to the discrepancy between the experimental and
theoretical difference spectra of intermediates 4 and 6. For
example, the oxidation states of the hemes and the coppers
in FII according to Scheme 1 (when referenced against the
oxidized enzyme) area34+dO - a33+ anda2+ - a3+, while
in the theoretical spectrum they area34+dO - a33+, a2+ -
a3+, and CuA+ - CuA2+. In this case the negative contribu-
tion of CuA2+ to the theoretical difference spectrum results
in lower absorbance between 500 and 550 nm compared to
the experimental spectrum (Figure 5f).
The difference spectrum of intermediate 7, the ferric

hydroxide, is similar to that of the oxidized enzyme (the
theoretical difference spectrum) but with slightly higher

intensity at 600 nm (not shown). The formation of inter-
mediate 7 is unidirectional with a rate constant of 1.1× 103

s-1, a value similar to those reported previously (Oliveberg
et al., 1989; Hill, 1991).
To further establish that the difference spectra in Figure

5 reflect those of the intermediates depicted in Scheme 1,
we have compared the experimental spectral differences
between successive intermediates to the theoretical differ-
ences. Figure 6 (solid line) shows the difference between
compound A (intermediate 3) and the fully reduced enzyme
(intemediate 2),a32+-O2 - a32+. The analogous difference
spectrum of the fully reduced CO-bound complex is shown
for comparison (Figure 6, dotted line). The experimental
difference spectrum of compound A has a peak at 595 nm
and a trough at 612 nm, values similar to those observed at
low temperature (Chance et al., 1975; Clore et al., 1980)
and at room temperature for the mixed-valence enzyme (Hill
& Greenwood, 1983). The ferrous-oxy complex has been
observed for the fully reduced enzyme by TR3 spectroscopy
(Varotsis et al., 1989; Ogura et al., 1990a; Han et al., 1990b),
and recent transient optical absorption studies have provided
evidence for this intermediate at-25 °C (Morgan et al.,
1996). Its existence at room temperature has been inferred
on the basis of transient optical absorption measurements
(Orii, 1984, Orii, 1988a,b; Oliveberg et al., 1989; Hill, 1994;
Verkhovsky et al., 1994). However, the optical difference
spectrum of compound A has not been previously reported,
and Figure 6 (solid line) unequivocally shows its difference
spectrum at room temperature. The significantly higher
intensity and red shift of the difference spectrum compared
to that of the CO complex have also been observed at low
temperature for the mixed-valence enzyme (Clore, 1980) and
are consistent with model studies (Babcock & Chang, 1979).
The oxidation states of the hemes in the difference

spectrum of intermediate 4 (Figure 5d), the two peroxy
species P and P′ in a 1:6 ratio, area33+-O--O- - a33+ (100%)
anda2+ - a3+ (15%). For simplicity the oxidation states of
the coppers are omitted. To get the difference spectrum of
cytochromea3 alone, i.e., that of P′, we subtracted the
contribution of the reduced-minus-oxidized difference spec-
trum of cytochromea from the difference spectrum in Figure
5d (solid line). The resulting difference spectrum shown in
Figure 7a isa32+-O--O- - a33+. Both the experimental and
the theoretical difference spectra have a peak at 606 nm,

FIGURE 6: (Solid line) Difference between the experimental
spectrum of intermediate 3, compound A, and intermediate 2, the
fully reduced unliganded enzyme (Scheme 1),a32+-O2 minusa32+.
(Dotted line) Difference between the spectra of the fully reduced
CO complex and the fully reduced unliganded enzyme,a32+-CO
minusa32+.
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analogous to compound C observed at low temperature
(Chance et al., 1975), but the experimental difference
spectrum has a slightly larger bandwidth. The discrepancy
between the experimental and theoretical difference spectra
in the 500-550-nm region is, as discussed above, due to
the negative contribution of CuA2+ to the experimental
spectrum.
The difference spectrum between intermediate 4 (Figure

5d, solid line) and compound A (Figure 5c, solid line),
a32+-O--O- - a32+-OdO (100%),a3+ - a2+ (85%), has a
contribution from both cytochromesa3 and a. Figure 7b
(solid line) shows the peroxy-minus-compound A (P minus
A) difference spectrum of cytochromea3 (a32+-O--O- -
a32+-OdO) obtained after subtracting the contribution of the
oxidized-minus-reduced difference spectrum of cytochrome
a from the difference spectrum between intermediate 4 and
compound A. Figure 7b (dotted line) shows the correspond-
ing “theoretical” difference spectrum which was obtained
by subtracting the experimental difference spectrum of
compound A (Figure 6, solid line) from the theoretical
difference spectrum of P. The peaks and troughs are at 611
and 594 nm, respectively, in both the experimental and the
theoretical difference spectra (Figure 7b). Therefore, the
peak at 607 nm in the spectrum of the cytochromea3 when
referenced against the oxidized cytochromea3 is shifted to
611 nm when the reference is the ferrous-oxy complex. The
peak and trough values of 611 and 594 nm are consistent
with the values (610 and 595 nm) observed for the analogous
difference spectrum of the final product formed during the
reaction of the mixed-valence enzyme with dioxygen (Hill

& Greenwood, 1983). This product was attributed to a
peroxy species. The good agreement between the experi-
mental and theoretical difference spectra in Figure 7 provides
conclusive evidence for the conversion of compound A to a
peroxy species in the reaction of the fully reduced enzyme
with dioxygen.
Figure 8a (solid line) shows the difference between the

difference spectra of intermediate 5, FI, a34+dO - a33+

(Figure 6e, solid line), and intermediate 4,a33+-O--O- -
a33+ (100%),a2+ - a3+ (15%) (Figure 6d, solid line), after
the contribution (15%) of the reduced-minus-oxidized cy-
tochromea has been added. The resultant experimental
difference spectrum, FI - P′, ferryl-minus-peroxy,
a34+dO - a33+-O--O-, has a peak at 575 nm and a trough
at∼607 nm reflecting the conversion of the peroxy form to
the ferryl form. The corresponding theoretical difference
spectrum, the difference between F (580-nm absorbance
maximum) and the peroxy form (607-nm absorbance maxi-
mum) shows a peak at 582 nm and a trough at 607 nm. The
good agreement between the experimental and theoretical
difference spectra provides further support for the assign-
ments in Scheme 1. The difference between the experimental
and theoretical spectra of intermediate 4 (Figure 6d) and
intermediate 5 (Figure 6e) in the region between 500 and
550 nm (the CuA2+ contribution) cancels out in the double
difference spectrum (Figure 8a).
The experimental difference between the two ferryl

species, FII minus FI (Figure 6, spectra f minus e, solid lines)
is shown in Figure 8b (solid line). According to Scheme 1,
this difference should equal the reduced-minus-oxidized
spectrum of cytochromea and the oxidized-minus-reduced
spectrum of CuA, a2+ - a3+ and CuA2+ - CuA+. The
excellent agreement between this difference spectrum and
the theoretical cytochromea reduced-minus-oxidized dif-
ference spectrum,a2+ - a3+ and CuA+ - CuA2+ (Figure 8b,
dotted line), strongly argues for the presence of two ferryl

FIGURE7: (a) Experimental (solid line) and theoretical (dotted line)
difference between intermediates 4 and 3 after the contribution
(15%) of the reduced-minus-oxidized difference spectrum of
cytochromea has been subtracted. The oxidation states of the
hemes and coppers in the resulting experimental difference spectrum
(the difference spectrum of P′) are: a32+-O--O- - a33+, CuB+ -
CuB2+, CuA+ - CuA2+, anda32+-O--O--a33+ in the case of the
theoretical difference spectrum. (b) (Solid line) Difference spectrum
between the experimental difference spectra of intermediate 4
(Figure 5d, solid line) and compound A (Figure 5c, solid line) after
the contribution (85%) of the oxidized-minus-reduced difference
spectrum of cytochromea has been subtracted. The resulting
experimental and “theoretical” difference spectra area32+-O--O-

- a32+-OdO, CuB2+ - CuB+. The “theoretical” difference
spectrum is equal to the difference between the theoretical spectrum
of P and the experimental spectrum of compound A.

FIGURE 8: Experimental (solid line) and theoretical (dotted line)
difference between intermediate 5 (FI) and P′. This corresponds
to a34+dO - a33+-O--O-, CuB2+ - CuB+ in the case of the
experimental difference spectrum anda34+sO - a33+-O--O- in
the case of the theoretical one. (B) Experimental (solid line) and
theoretical (dotted line) difference between intermediates 6 (FII)
and 5 (FI). The resulting experimental difference spectrum (solid
line) corresponds toa2+ - a3+, CuA2+ - CuA+ and the theoretical
difference isa2+ - a3+, CuA+ - CuA2+.
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species in the oxygen-reduction pathway. As discussed
above, the discrepancy between the experimental and the
theoretical difference spectra between 500 and 550 nm is
due to the different redox states of CuA in the two spectra.
Time-Concentration Profiles. On the basis of the mech-

anism and the microscopic rate constants in Scheme 1, we
can simulate the time course of the dioxygen reduction
reaction to determine the relative time-concentration profiles
of the various intermediates. These are shown in Figure 9.
The time profile for compound A (intermediate 3) shows
that this species has a very short lag phase (50 ns-1 µs)
and reaches its maximum concentration∼30 µs following
photolysis, in agreement with the seconduv couple and the
double difference map. Intermediate 4 (the mixture of the
two peroxy species) reaches its maximum concentration∼60
µs after photolysis, at which time compound A has decayed
to ∼75% of its concentration. These time profiles are
consistent with previous optical and TR3 studies which
indicated that the oxidation of cytochromea occurs with an
apparent rate constant of 3× 104 s-1, coinciding with the
decay of the oxy complex (Han et al., 1990c; Hill, 1994;
Verkhovsky et al., 1994). However, neither peroxy species
represented by intermediate 4 in Scheme 1 has been detected
by resonance Raman spectroscopy.
The formation of the peroxy species is followed by the

formation of the first ferryl, FI (Scheme 1). The time scale
of the cleavage of the O-O bond to produce a ferryl has
been somewhat uncertain. There is agreement that a
resonance mode observed between 300µs and 1.5 ms at 786
cm-1 can be assigned toa34+dO (Varotsis & Babcock, 1990;
Han et al., 1990a; Ogura et al., 1990b). However, Orii
(1988a) attributed peaks at 575 and 530 nm in the 100-µs
minus 20-µs optical absorption difference spectrum observed
during the reaction of the fully reduced enzyme with
dioxygen to the formation of F. The formation of FI occurs
on a similar, but not identical, time scale as the subsequent
electron redistribution between cytochromea and CuA
(Figure 9). In fact, only by assuming that the latter process
occurs on a faster time scale (k5 + k-5 ) 2.9 × 104 s-1)
than the former (k4 + k-4 ) 1.9× 104 s-1) was it possible
to obtain the spectrum of FI. The time profiles in Figure 9
show that the two ferryl species reach a maximum concen-
tration at∼310µs after photolysis, at which time compound
A and the peroxy intermediates have nearly disappeared, and
the last intermediate has started to form. This is in
accordance with our previous interpretation of the double

difference map and the thirduv couple. A species with a
resonance Raman frequency at 804 cm-1 has been observed
by Ogura et al. (1996) prior to the formation of the 785-
cm-1 species. The 804-cm-1 mode was assigned to
a35+dO (CuB2+) which is formally at the oxidation state of
a peroxide, and the authors suggested that this species
followed the formation of compound A. However, this
frequency has not been detected by either Han and Rousseau
or Varotsis and Babcock. The discrepancy between the
groups has been attributed to differences in the way time
resolution is achieved, as well as different O2 concentrations
employed (Varotsis et al., 1993). In view of Scheme 1, we
tentatively assign the 804-cm-1 mode to FI and the 785-cm-1

mode to FII, although it is unclear whether a redox state
change in cytochromea could cause a 20-cm-1 shift in the
FedO stretch.
The last species in Scheme 1, the ferric hydroxide, reaches

half its maximum concentrsation at∼1 ms. This is consistent
with TR3 results in which a resonance Raman mode observed
at 450 cm-1 between 500µs and 2 ms after photolysis was
assigned to the ferric hydroxide (Han et al., 1990a; Varotsis
et al., 1993).
Structure of the Peroxy and the Ferryl. The structures of

the two species with absorbance maxima at∼607 and∼580
nm when referenced against the oxidized enzyme and
normally attributed to a peroxy (a33+-O--O-) and a ferryl
(a34+dO), respectively, are uncertain (Proshlyakov et al.,
1994; Fabian & Palmer, 1995b). While our data reveal the
optical spectroscopic signatures of the intermediates present
during the dioxygen reduction cycle, they cannot tell
unequivocally what the actual structures are. Resonance
Raman spectra give structural information, but as mentioned
above, there is no consensus regarding assignments or time
scales of some of the intermediates. There appears to be
agreement that the resonance mode at 785 cm-1 observed
between 300µs and 1.5 ms after photolysis is due toa34+dO
(CuB2+), which according to our time profiles most likely is
FII. In reverse electron transfer experiments, Wikstro¨m
(1992) observed two species with maxima at 580 and 607
nm in the difference spectra referenced against the oxidized
enzyme, which he assigned to F (a34+dO) and P
(a33+-O--O-), respectively. Using evidence from EPR and
optical absorption, Witt and co-workers proposed that a three-
electron-reduced dioxygen intermediate with a maximum at
580 nm when referenced against the oxidized enzyme was
a ferryl (Witt et al., 1986; Witt & Chan, 1987).
As shown above, cytochromea3 has the same electronic

structure in both P and P′, giving rise to a peak at∼606 nm
in the difference spectrum referenced against the oxidized
enzyme. One possible structure of cytochromea3 in both
species would be the peroxy structure indicated in Scheme
1, a33+-O--O-. As mentioned earlier, it is not unlikely that
the peroxide is bridging between cytochromea3 and CuB.
In P′, one more electron equivalent resides in the binuclear
center, on CuB, compared to P. A second alternative is that
both species have cytochromea3 in its ferryl state,a34+dO,
with an oxidizing equivalent in P on CuB (CuB3+) (Fabian
& Palmer, 1995b) or on an amino acid radical or porphyrin
π-cation radical. However, as recently suggested by Morgan
et al. (1996), if P had thea34+dO CuB3+ structure, then P′
with one more reducing equivalent would bea34+dO CuB2+,
which according to TR3 is the structure of F. This would
be inconsistent with our data above, which show that

FIGURE9: Relative concentration-time profiles of the intermediates
present during the reaction of the fully reduced enzyme with
dioxygen. The time profiles are based on the mechanism and
microscopic rate constants in Scheme 1.
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cytochromea3 has the same spectrum in P′ and P, different
from that of F. On the basis of magnetic circular dichroism
data, Fabian and Palmer (1995b) have recently shown that
an a34+dO structure with a porphyrin cation radical is not
feasible. This has been supported by TR3 experiments
(Proshlyakov et al., 1996). It is possible that both P and P′
have thea34+dO CuB2+ structure, with an amino acid radical
as the source of the extra oxidizing equivalent in P′.
However, both Palmer and Witstro¨m have provided argu-
ments against this assignment (Fabian & Palmer, 1995b;
Morgan et al., 1996). A third possibility recently proposed
for the structure of P isa35+dO CuB2+ (Ogura et al., 1996),
and the resonance Raman line at 804 cm-1 has been attributed
to this structure. Again, if P had thea35+dO and CuB2+

structure, then P′ with one more reducing equivalent would
most likely bea34+dO CuB2+ (i.e., F), which is inconsistent
with our data. Therefore, we favor the structures shown in
Scheme 1 for the P, P′, and F intermediates.
Proshlyakov et al. (1994) have recently shown that the

804-cm-1 mode can be observed when a “607-nm form” of
cytochrome oxidase (obtained upon addition of hydrogen
peroxide to the resting enzyme) is excited at 607 nm. Using
16O-18O mixed isotopes, the authors showed that the 804-
cm-1 species was due to a ferryl and not a peroxide. The
authors also found that the intensity of the Raman scattering
became weaker when the excitation wavelength was moved
to 580 nm. On the basis of these observations, the authors
assigned the 804-cm-1 mode to the 607-nm species. How-
ever, as pointed out by Fabian and Palmer (1995b), the 580-
nm excited scattering would appear at 607 nm and the 607-
nm scattering at 638 nm. Thus, the greater self-absorption
in the case of the 580-nm excitation could account for the
weakening of the 804-cm-1 mode at this excitation wave-
length. This, combined with the observation that the
difference spectrum of the “607-nm form” reported by
Proshlyakov et al. (1994) appears to have a mixture of the
607- and 580-nm species (in a ratio of approximately 70:
30), does not exclude the 580-nm species as being respon-
sible for the 804-cm-1 mode. It should also be noted that
the excitation wavelengths of 607 and 580 nm are the
maxima of the “peroxy” and “ferryl” species when referenced
against the oxidized enzyme but not those of the cytochrome
a3 species alone. When the spectrum of the oxidized enzyme
is added to their difference spectra, the “peroxy” and “ferryl”
species have maxima at 599 and 605 nm, respectively,
suggesting that either species could be excited at 607 nm.
Excitation profiles of the pure 607-nm complex could help
determine the structure of this species.

CONCLUSIONS

The optical data presented above show for the first time
the difference spectra of compound A and the peroxy and
ferryl species present during the reduction of dioxygen to
water at room temperature. The time profiles unequivocally
establish the time scales on which these species are formed.
According to our modeling, the two peroxy species are
formed prior to the ferryl, and the excellent agreement
between the experimental and theoretical difference spectra
of the intermediates (Figures 5, 7, and 8) supports this.
Our model also establishes that the two peroxy species, P

and P′, are formed in a ratio of 1:6. It is important to note
that, in both species, cytochromea3 has a peak at 606 nm

when referenced versus its oxidized form (Figure 7a, solid
line), and its difference spectrum is quite similar to the
spectrum obtained upon exposing the fully oxidized enzyme
to CO in the presence of dioxygen (Figure 7b, dotted line),
indicating that the two species are the same. The spectral
similarities between the peroxy species observed here,
compound C at low temperature (Chance et al., 1975), and
the final product observed during the reaction of dioxygen
with the mixed-valence enzyme at room temperature (Hill
& Greenwood, 1983; Han et al., 1990d) provide convincing
arguments that all three are the same.
The two peroxy species have not been detected previously

at room temperature in the catalytic cycle of the reduced
enzyme, either by optical or resonance Raman spectroscopy,
although P′ was recently observed in transient optical
measurements at-25 °C (Morgan et al., 1996). Indeed,
there has been considerable debate whether intermediate P
is a true intermediate in the dioxygen redcuction cycle [see
Einarsdo´ttir et al. (1995) for review]. We have previously
shown that, upon flash photolysis of the mixed-valence CO
enzyme in the absence of dioxygen, the rate constant for
the electron transfer from cytochromea to cytochromea3 is
∼1.8× 105 s-1 (Einarsdo´ttir et al., 1995), a value similar to
that obtained by other groups (Oliveberg & Malmstro¨m,
1991; Verkhovsky et al., 1992). The equilibrium constant
of 6 between the two peroxy species is identical to the ratio
of the rate constant for the electron transfer from cytochrome
a and cytochromea3, 1.8× 105 s-1, and the apparent rate
constant for the decay of compound A and oxidation of
cytochromea, 3 × 104 s-1, observed here and reported
previously (Han et al., 1990c; Hill, 1994; Verkhovsky et al.,
1994). This indicates that the peroxy species, P, is formed
upon decay of the oxy complex with a rate constant of 3×
104 s-1 but is rapidly converted to the P′ form upon fast
electron transfer between the cytochromea and the binuclear
center as proposed earlier (Verkhovsky et al., 1992). The
small population of P would account for the fact that it has
not been detected in the resonance Raman spectra and optical
absorption spectra. Although we have not resolved the two
peroxy species, we have shown that the observed spectrum
of intermediate 4 (Figure 5d, solid line) resembles the
theoretical spectrum only if one assumes that the two species
are formed in a ratio of 1:6. Thus our data demonstrate that
both P and P′ are indeed intermediates in the reaction of the
fully reduced enzyme with dioxygen at room temperature.
Our data also establish that there are two ferryl species

on the route from dioxygen to water, FI and FII in which
cytochromea is oxidized and reduced, respectively. The
presence of a ferryl compound in the reaction of the fully
reduced enzyme with dioxygen was suggested based upon
the observation of a 575-nm peak in the 100-µs minus 20-
µs flow-flash difference spectrum (Orii, 1988a), and recent
optical absorption studies have provided evidence for FII at
-25 °C (Morgan et al., 1996).
The similarities between the experimental and theoretical

difference spectra of both the peroxy and the ferryl species
(Figures 5d-f, 7, and 8) make it highly likely that the
intermediates in the dioxygen reduction cycle are the same
as those obtained upon adding hydrogen peroxide (F) and a
mixture of CO and O2 (P) to the oxidized enzyme. This is
supported by recent TR3 experiments (Proshlyakov et al.,
1996) in which the same modes were observed upon the
addition of hydrogen peroxide to the oxidized enzyme as
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those detected during the reaction of the fully reduced
enzyme with dioxygen.
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