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Mechanism of Cytochrome Oxidase-Catalyzed Reduction of Dioxygen to Water:
Evidence for Peroxy and Ferryl Intermediates at Room Tempeiature
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Department of Chemistry and Biochemistry, bsity of California, Santa Cruz, California 95064
Receied September 25, 1996; Reed Manuscript Receéd Narember 13, 1998

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 régiodg0—-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:
1.2 us, 10us, 25us, 32us, 86us, 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 concef8fatisn

after photolysis. It decays to a 1:6 mixture of peroxy specigs{O~-O~) in which cytochromea is

reduced and oxidized. Cytochrorag 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 LCand cytochromea. The two ferryl species reach a
maximum concentration-310 us 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 cytochrome

oxidase with dioxygen are so fast that conventional stopped-

electron transfer processes (Hill & Greenwood, 1984; Orii,
1988a; Oliveberg et al., 1989; Hill, 1994; Verkhovsky et al.,

flow methods are impractical. Therefore, these reactions 1994) and, more recently, spectral characteristics (Morgan

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 @[see Einarsdtiir (1995) for a recent review].
Time-resolved optical absorption (TROA¥tudies have
provided information about the kinetics of the internal
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1 Abbreviations: SVD, singular value decomposition; OSMA, optical
spectrometric multichannel analyzeb:spectrum, spectral changes
associated with a particular first-order processspectra, the ortho-
normal basis spectra represented by nheolumns of theU matrix;
v-vectors, then columns of the/ matrix describing the time evolution
of the u-spectra; TROA, time-resolved optical absorption;3Tfme-
resolved resonance Raman; EPR, electron paramagnetic resonance;
apparent lifetime; Cuy the mixed-valence copper A center;gCoopper
B; a", reduced cytochrome; a3", oxidized cytochromes; a**,
reduced cytochromas; agz®", oxidized cytochromes; compound A,
the ferrous-oxy complex of cytochronag; P, a form of the enzyme in
which both cytochromes and Cy are oxidized and cytochromes
has an absorbance maximum~a807 nm when referenced against its
oxidized state; R a form of the enzyme in which both cytochrorae
and az are oxidized, Cw is reduced, and cytochroma; has an
absorbance maximum &607 nm when referenced against its oxidized
state; F, a form of the enzyme in which cytochrorag has an
absorbance maximum at580 nm when referenced against its oxidized
state; k, form F in which cytochrome is oxidized; k, form F in
which cytochromea is reduced.

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 Raman3(TR
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,of
8—10 us has generally been attributed to the binding ef O
to the ferrous cytochromaes, 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 TR® 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 withof 32—45us has generally been
attributed to the formation of a peroxy species in which both
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hemes become oxidized and £is reduced (hereafter value decomposition (SVD) and global analysis of the
referred to as B (Hill & Greenwood, 1984; Han et al.,,  spectra, a kinetic mechanism involving a sequential pathway
1990c; Hill, 1994; Verkhovsky et al., 1994; Morgan et al., with accompanying equilibria was fitted to the data. On the
1996). Another peroxy compound, P, in which the binuclear basis of this pathway, we obtained the spectra of the
center is oxidized and cytochronzeremains reduced has intermediates, including compound A and peroxy and ferryl
been postulated to form prior to the oxidation of cytochrome species, with absorbance maxima at 606 and 578 nm,
a (Babcock & Wikstian, 1992; Varotsis et al., 1993). respectively.

Neither P nor Phas been detected by room-temperature

TROA or TRE measurements during the reaction of the fully MATERIALS AND METHODS

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 USind the method of Yoshikawa et al. (1977). The final
more oxidized than the resting enzyme and has an absorbancdialysis was against 0.1 M sodium phosphate buffer5pH

maximum at 607 nm when referenced against the oxidized /-4- SodiumL-ascorbate was obtained from Sigma, and
enzyme (Wikstren & Morgan, 1992). This species was ruthenium hexaammine chloride [hexaammineruthenium(ll)
attributed to a peroxy form of’cytochronaa@ (a*+-0-O" chloride] was from Alfa Products (Johnson Matthey, Danver,

Cw?"), P. A species with a maximum at 607 nm when MA). Both reagents were used without further purification.

referenced against the oxidized enzyme is also observed The fully reduced enzyme was made by deoxygenating a
when the oxidized enzyme is exposed to a mixture of CO solution of oxidized enzyme with several alternating cycles
and Q or upon addition of hydrogen peroxide to the oxidized Of gentle vacuum and prepurifiedzNgas, followed by the
enzyme (Bickar et al., 1982; Wrigglesworth, 1984; Vygodina addition of anaerobic solutions of 2.5 M ascorbate and 200
& Konstantinov, 1988; Fabian & Palmer, 1995b). A species MM ruthenium hexaammine. The final concentrations of
with similar spectral properties has been observed when theascorbate and ruthenium hexaammine in the enzyme solution
mixed-valence enzyme reacts with oxygen at low temperaturewere 1.6-5.0 mM and 5-500uM, respectively. The fully
(Chance et al., 1975; Clore et al., 1980) and room temper- reduced CO-bound complex was obtained by passing a 1-atm
ature (Hill & Greenwood, 1983; Han et al., 1990d). Morgan Mixture of CO and Min a ratio of 1:9 over a solution of the
et al. (1996) have recently shown by transient optical fully reduced enzyme solution for 3®0 min. The complex
absorption measurements that a 607-nm species, equivalent/as kept under this mixture during the experiment. At each
to P, is formed at—25 °C during the reaction of the fully ~ stage of the preparation, the UVisible spectra of the
reduced cytochrome oxidase with dioxygen. oxidized, fully reduced, and the fully reduced CO complexes
The third phase with of 100-140us (Hill & Greenwood, were recorded. Enzyme concentration was determined
1984; Oliveberg et al., 1989; Hill, 1994) has been associatedspectrophotometrically using extinction coefficients of 79.6
with the oxidation of Cy (Hill, 1991). On a similar or ~ MM~ cm™ (420 nm) and 8.5 mM' cm™* (598 nm) for the
slightly slower time scale, a ferryl, B*'=0), intermediate  fully oxidized enzyme and 106.4 mMcm™ (444 nm) and
is formed. This is supported by PRneasurements which ~ 19.9 mM™ cm™ (604 nm) for the reduced enzyme (Yoshika-
Suggested that F reaches a maximum concentratioD0 wa et al., 1977; Antalis & Palmer, 1982) The concentration
us following CO photolysis (Varotsis et al., 1993). A species Of cytochrome oxidase, equal to half the heme A concentra-
with an absorbance maximum at 580 nm (referenced againstion, was 17uM after mixing.
the oxidized enzyme) is observed when a one-electron The reaction of the fully reduced enzyme with oxygen was
reversal of the dioxygen reduction reaction is induced investigated at room temperature using the flow-flash method
(Wikstrom & Morgan, 1992) and for the three-electron- (Greenwood & Gibson, 1967). Solutions of-aturated
reduced dioxygen intermediate at low temperature (Witt et (1.25 mM) phosphate buffer (0.1 M, pH 7.4) and the fully
al., 1986; Witt & Chan, 1987). Both species were identified reduced CO enzyme complex in the same buffer but saturated
as F. An optical absorption evidence for the formation of F with CO/N; (1:9) were mixed in a 1:1 ratio in a 8@ flow
concomitant with electron transfer from £to cytochrome cell (10 x 2 x 4 mm, lwh) by a syringe pump actuated with
a has recently been reported-a25°C (Morgan et al., 1996).  a stepper motor. The flow cell was an integral part of the
The formation of F at room temperature is supported by RX1000 rapid kinetics accessory (Applied Photophysics)
peaks at 575 and 530 nm in the 108-minus 20xs optical stopped-flow apparatus. The flow cell was thermostated to
absorption difference spectrum (Orii, 1988a). 298.2+ 0.4 K during all experiments. Following a post-
The last phase of dioxygen reduction witlof ~1.2 ms mixing delay of 400 ms, the reaction was initiated by
is attributed to further reduction by one electron. Schemes photolyzing the CO complex with a DCR-11 Nd:Yag laser
encompassing other intermediates, including proton transfers(Quanta-Ray) (532 nm, 45 mJ/pulse). The photolytic ef-
have also been proposed (Babcock & Wiketr01992; ficiencies measured under identical conditions in the absence
Einarsddtir, 1995; Varotsis & Babcock, 1995). of O, were~60%. The spectral changes were probed along
In the study reported here, we used a gated optical the 10-mm path at 9o the laser photolyzing beam. The
spectrometric multichannel analyzer (OSMA) to detect light source was a pulsed xenon flashlamp, and appropriate
spectral changes occurring during the reaction of dioxygen filters restricted the probe beam to the spectral region of
with cytochrome oxidase at room temperature following interest. The energy of the probe beam was low enough
photolysis of the fully reduced CO complex. This allows that it did not photodissociate the CO complex. Each
us to collect high-resolution (0-3.6 nm) spectra with a  spectrum (one time point) was an average of 18 runs. Light
temporal resolution of several nanoseconds. Spectral changesansmitted through the sample was passed through collimat-
were monitored in the visible regiorl (= 470-720 nm) ing optics (fused silica lenses) and then focused onto the
from 50 ns to 50 ms following photolysis. After singular entrance slit of a spectrograph (Aries, FF250). The signals

Cytochrome oxidase was isolated from bovine heart tissue
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were detected by an intensified gated optical spectrometriccourse of the regression analysis, the number of exponentials
multichannel analyzer (OSMA) (I/R/Y, Princeton Instru- used was increased until no further improvement was
ments) system described earlier (Georgiadis et al., 1994;0bserved in the residual spectra (the difference between the
Einarsddtir et al., 1995). transient data and the fit). The results of the SVD, the double

Singular Value Decomposition and Global Exponential difference map, and the exponential fitting were used to
Fitting. Time-resolved absorption difference spectra (post- construct a kinetic mechanism.

minus prephotolysis) were measured at 42 delay times Kinetic Modeling The goal of our analysis is to extract
(defined exponentially) between 50 ns and 50 ms following the spectra of the intermediates predicted by a particular
the laser pulse. The transient difference spectra weremechanism and a set of microscopic rate constants. As
corrected by SUbtraCting baCkgrOUnd counts from the deteCtorpointed out in our previous papers, the g|oba| f|tt|ng routine
from the observed intensities. The time-resolved difference ysing SVD gives only information about the apparent
spectra constitute a two-dimensional (wavelengtdelay)  variables, thd-spectra and their corresponding apparent rate
data matrix AA (4m, tn), wherem andn are the number of  constants (Georgiadis et al., 1994; Eindttidet al., 1995).
wavelengths and times collected, respectively. T Only for a simple unidirectional scheme are the apparent
matrix was analyzed using Matlab software (The Math- rate constants equal to the microscopic rate constants. If
Works) at all wavelengths and times simultaneously by any of the reaction steps are reversible, as is the case here,
singular value decomposition (SVD) as described previously the number of variables exceeds the number of constraints
(Georgiadis et al., 1994; Einarstio et al., 1995). Inthis  and the kinetic matrix comprising the microscopic rate
analysis, three matricds, S, andV are generated such that  constants becomes undetermined. This problem is tractable
AA = USV'. Then columns of theU matrix are the f spectra of at least some of the intermediates are known.
orthonormal basis spectra-pectra), the diagon&matrix In this study the microscopic rate constants were based on
(n x n) contains the corresponding singular values, and eachpyplished data when available, but the final values were
column of the f x n) V matrix (v-vector) describes the time  refined by varying the constants iteratively in a simplex
evolution of the correspondingspectrum (Golub & Rein-  gptimization algorithm until the calculated apparent lifetimes
sch, 1970; Henry & Hofrichter, 1992)V" is the transpose  did not depart from the experimental ones and the difference
of V. A semilogarithmic plot of the singular values in spectra of the extracted intermediates (experimental spectra)
conjunction with plots of the--spectra and the-vectorswas  resembled theoretical difference spectra. The theoretical
used to evaluate the minimum number of processes requiredyifference spectra for the various intermediates were the
to represent th\A matrix. TheU andV matrices were |inear combinations of the ground-state absorbance spectra
subsequently truncated to include only columns whose of the oxidized, reduced, mixed-valence CO, and fully
Singular values exceeded the eXperimental noise. A sum Ofreduced CO enzyme Comp|exes and the peroxy and ferry]
exponentials was globally fitted by nonlinear regression to derivatives. The peroxya§**-O-O) and ferryl @s**=0)

the v-vectors of the resultant reduced data set (Hug et al., species, with maxima at 606 and 580 nm when referenced

1990; Thorgeirsson et al., 1991, 1992). against the oxidized enzxyme, were synthesized according
_Further analysis involved construction of a smoothed two- tg previously described methods (Fabian & Palmer, 1995a).
dimensional map of the double difference spectsdg). The concentrations of P and F were calculated on the basis

The map is plotted as a top view of the surface representingof their difference spectra using extinction coefficients of
the time-resolvedAA as a function of log (delay time) and 11 mM-1cm at 607630 nm and 5.3 mMt cmL at 580

wavelength. The time-resolvedAA were obtained by 630 nm, respectively (Wikstro & Morgan, 1992).
subtracting each time-resolved difference spectrum from the
preceding spectrum. Mathematically, for an & n) AA RESULTS
matrix, AAA is defined as
_ The transient absorption difference spectra following

AAA ;= AA;; — A 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.

wherei = 1, ...,mandj = 2, ...,n. Smoothing involved a
two-dimensional variation of the boxcar algorithm, according

0 _ _ Several experiments included time delays between 50 ms
S e and 500 ms, but since only minor changes were observed in

AAAGT={ z z AAA, 5 — AAA;}8 the transient difference spectra during this time interval, these
a=m1p=m1 data points were omitted. The difference spectrum observed

where AAAT is the smoothed double difference matrix. at 50 ns has a peak at 618 nm and a trough at 592 nm and
The double difference map and the results of the SVD, i.e., IS identical to the one obtained in the absence gf Ohe
theu-spectra and the-vectors, were used to obtain unbiased final difference spectrum recorded at 50 ms is similar
information from the data, including the number of detectable (although not identical) to the difference spectrum of the fully
intermediates (as indicated by the above-the-noise singularoXidized enzyme.
values) and correlations between spectral and temporal Double Difference Map and Singular Value Decomposi-
changes. tion. The experiments carried out in the visible region extend
In the next stage of the analysis, nonlinear regression fitting in time over 6 orders of magnitude. Figure 2 shows a double
was used to determine the apparent lifetimes of the observedifference map obtained as the top view of a three-
processes and the associated spectral changdssihectra. dimensional plot representing the time-resolveflA as a
The rank of theAA matrix was determined from the number function of log (time) and wavelength. The rates of
of nonrandomuv couples resulting from the SVD. In the absorbance decrease and increase are indicated by darker
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0.1 at 603 and 612 nm as reflectedd. These spectral and

temporal changes are in agreement with those observed
following photolysis of the fully reduced CO-bound enzyme
in the absence of £ Small deviation from the average
(gray) shade can be observed in thaA map (Figure 2)

on the same time scale.

(i) Spectral changes that follow this short time scale
process are reflected by a rise in absorbance%85 and
550 nm and an absorbance decrease5t0 and~610 nm
. in the AAA map between 1 and 26s. The same spectral
450 200 =50 e00 850 700 780 changes are reflected in ti@ spectrum, and the2 vector
indicates that the corresponding species reaches a maximum
concentration~30 us after photolysis. These spectral

A Absorbance
o
T

wavelength / nm

Ficure 1: Time-resolved absorption difference spectra (post- minus changes are similar to those observed for the mixed-valence
prephotolysis) collected during the reaction of the fully reduced

cytochrome oxidase with dioxygen. The spectra were obtained at CO-bound enzyme in low temperature triple trap experiments
42 delay times, defined exponentially, between 50 ns and 50 ms(Chance et al., 1975; Clore et al., 1980) and room-
after photolysis of the fully reduced CO complex. Each spectrum temperature flow-flash experiments (Hill & Greenwood,

represents the average of 18 accumulations. The cytochrome1983), which were assigned to the binding ob @

oxidase concentration after mixing was 1201.5uM in 0.1 M Y
sodium phosphate buffer (pH 7.4) at 24°C. The CO and @ cytochromeas. The binding of Qto the ferrous cytochrome

concentrations after mixing were 50 and 62, respectively. az on this time scale is also consistent with room-temperature
flow-flash TROA results on the fully reduced enzyme
5 r ! S — (Greenwood & Gibson, 1967; Orii, 1984; Oliveberg et al.,
' ol = 1989; Blackmore et al., 1991; Verkhovsky et al., 1994) and
ar TR3 data (Varotsis et al., 1989; Ogura et al., 1990a; Han et
s al., 1990b).
. (iii) The ul spectrum, with an absorbance maximum at
§2_,, 605 nm (Figure 3), resembles the fully reduced-minus-
= oxidized difference spectrum. Since cytochromehas a
o2 L small contribution to this difference spectrum in the visible
region, the spectral changesuf primarily reflect changes
of-- in the redox state of cytochrona Thev1 vector shows a
two-phase decay on time scales 80 us and 1.3 ms,
Al . reflecting the oxidation of cytochrome at different times
450 500 550 600 650 700 750 during the reaction cycle. This conclusion is supported by

wavelength / nm the AAA map, which shows a sharp absorbance decrease

Ficure 2: Smoothed double difference map (the top view of a between 30 and 7fs and again at-1 ms (Figure 2). The

three-dimensional plot representing the time-resolved double dif- initial oxidation of cytochromea may also be reflected in
ference spectraAAA) as a function of log (delay time) and the fourthuv couple, which shows a species with a maximum

wavelength. The smoothed double difference spectra were obtainedcentered at-605 nm decaying with an apparent lifetime of
by subtracting each time-resolved difference spectrum from the 40 us (the first portion ofv4).

preceding spectrum (see text for details). The rates of absorbance . .
decrease and increase are indicated by darker and lighter shadings, (iv) Near 10Qus, an absorbance increase is visible-a80
respectively. nm in theAAA map, reaching a maximum at300us. The

and lighter shadings, respectively. The double difference Increase 1s also obser_ved in the thae couple and is
map, along with SVD results, provides qualitative informa- attributed to the formation of F.

tion regarding correlations between spectral and temporal (v) These changes are closely followed by a rise in
changes from which a mechanism for the dioxygen reduction absorbance near 605 nm in theAA map, signifying the
reaction can be proposed. Figure 3 shows the first six re-reduction of cytochroma, and an increase in absorbance
u_spectra and the Correspondimgectors resu|ting from the between 510 and 530 nm, indicative of the oxidation O,t\ Cu
SVD of the transient difference spectra referenced against(Einarsddtir et al., 1995). The very similar time scales of
the Spectrum of the oxidized enzyme. The remainilwg the 580-nm absorbance Changes and those at 520 and 605
couples did not have signal-to-noise ratio exceeding the "M suggest that formation of F is followed by a slightly faster
experimental noise. The experimentaectors were mod- electron redistribution between cytochromend Cu. At
eled using the observed apparent lifetimes (see below).~340us, a decrease in absorbance-&80 nm is observed
Although eachuv couple represents a combination of spectral concomitant with the formation of a saddle point ne&00
changes and time evolution of several processes, inspectioM- The upward portion of4 (near~190 us) and the

of these vectors provides qualitative information about the corresponding spectral changes~&05 and 520 nm im4
data. The clearest correlations between spectral and tempora®e also consistent with the reduction of cytochrcarend
Changes are the fo”owing: the oxidation of Cuy, reSpeCtively.

(i) For reaction times shorter thanu®, only minor changes (vi) The u6 spectrum due to its low signal-to-noise ratio
are observed in all the-vectors except5, which contains cannot be interpreted, but it reflects changes res80 nm.
information about a~1-us process (Figure 3). The largest The significance of the above observations will be addressed
changes in the transient difference spectra at this time occurin detail in the discussion section.
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Ficure 3: First sixu-spectra (left-hand panels) anevectors (right-hand panels) resulting from the SVD analysis of the time-resolved

difference spectra referenced against the spectrum of the oxidized
obtained from the global exponential regression.

enzyme-vétiors (solid lines) are a fit using the apparent lifetimes

Multiexponential Fitting by Nonlinear RegressioThe ] S e i 1o
global fitting analysis gave six apparent lifetimes of %2 m 3
0.2us, 10+ 5 us, 25+ 5us, 32+ 5 us, (86+ 10 us, and o1k Sty 110
1.3+ 0.1 ms, two more (the 1.2- and 25-lifetimes) than 8 W i
reported previously (Oliveberg et al., 1989). The firif S ook SR o @
1.2us is the same as that observed in the absence ah@® S S — TS 41003
has been attributed to a conformational change at cytochrome 2 SR e [
az (Einarsddtir et al., 1993). Although the two apparent < 0r ;1:«;3 SRS e e
lifetimes, 25 and 32:s, fall within the experimental error of e S 410"
each other, including both in the analysis significantly 0.2 R NSRRI
improved the residual spectra. Therefore, we believe that 500 600 700

both of these lifetimes are real. The residual spectra from
the six-exponential fit of the transient difference spectra

wavelength / nm

Ficure 4. Residual spectra (over all the time points plotted in
Figure 1) from the six-exponential fit. The lines (from top to

referenced against the oxidized enzyme are shown in Figure
4; Although the residual spectra are r(_aasonably good, Sc’m%ast-squares fit at each delay time (defined exponentially) between
differences between the data and the fit are observedn 50 ns and 50 ms. The residuals have been separated by a constant
us and~10-ms time scales. This suggests the presence ofshift for clarity.

additional intermediates which could not be resolved,
presumably due to low occupancy or spectral similarities to
adjacent intermediates.

bottom) represent the absorbance difference of the data and the

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
A Kinetic Model The six apparent lifetimes obtained from theoretical difference spectra of the intermediates are also
the multiexponential fitting indicate that at least seven listed in Scheme 1.
intermediates (including the initial form and the final product)  In the first intermediate (1) in Scheme 1, cytochrome
are present on the route from the unliganded reduced enzymes in an excited-state configuration, possibly related to CO
to the oxidized form. Based on the observations from the binding to Cy (Einarsddtir et al., 1993). This intermediate
SVD and the double difference map discussed above, wesubsequently relaxes to the fully reduced unliganded con-

DISCUSSION
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figuration (R) on the same time scale that CO dissociates as well as the species formed upon addition of excess

from Cus (Dyer et al., 1989). The second step €2 3)
involves the binding of @ to cytochromeas, forming

hydrogen peroxide to the resting enzyme (Bickar et al., 1982;
Fabian & Palmer, 1995a), both of which have an absorbance

compound A. There is considerable experimental evidencemaximum at 580 nm when referenced against the oxidized

that suggests that LObinds to Cyg prior to binding to
cytochromeas (Alben et al., 1981; Blackmore et al., 1991;
Woodruff et al.,, 1991; Oliveberg & Malmsitno, 1992;
Einarsddtir 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 & 4) involves the
formation of a mixture of two peroxy specieg{-0-0")
in a 1:6 ratio, in which cytochroma is reduced (P) and
oxidized (P). Although the peroxide is depicted as being
bound only to cytochromes, it is possible that it forms a
bridge between cytochromes and Cw. The structure of
cytochromeas in both P and Pis proposed to be equivalent
to P observed during reversal of the @action (Wikstion

enzyme. This step is followed by slightly faster electron
redistribution between cytochrome& and Cy (5 < 6),
leading to the formation of | The final step involves
further reduction by one electron, leading to the formation
of a ferric hydroxide, az>"-OH. A resonance Raman
frequency at 450 cnt 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

& Morgan, 1992) and the 607-nm species observed whendye (pyranine) and transient optical spectroscopy (Brooks

the resting enzyme is exposed to a mixture of CO apdrO

et al., unpublished results). We observed three apparent

substoichiometric amounts of hydrogen peroxide (Bickar et lifetimes, 10Qus, 1 ms, and 10 ms, the first two being similar

al., 1982; Wrigglesworth, 1984; Vygodina & Konstantinov,
1988; Fabian & Palmer, 1995b). Both P andhBve been

to those reported by Haleand co-workers (Oliveberg et
al.,, 1991; Halle & Nilsson, 1992). The total number of

proposed as intermediates in the dioxygen reduction cycle protons used in the reaction was close to 1.6, with 0.4 proton

at room temperature (Babcock & Wikstnp 1992), and

taken up in each of the 105 and 1-ms phases, consistent

recent optical absorption studies by Morgan et al. (1996) with earlier observations (Oliveberg et al., 1991), and 0.8

have provided evidence for Bt —25°C. However, Phas

proton taken up in the 10-ms phase. Further proton uptake

not been observed at room temperature, and little supportingmay occur during the 1-ms phase but is obscured by the

evidence is available for P from TROA and TBRtudies.
The fourth step (4> 5) involves the formation of a ferryl
species (B, as*™=0 Cuws?", in which cytochrome remains

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 Haléend co-workers

oxidized. We propose this to be the same F that is formed (Hallén & Nilsson, 1992). HB is a proton-donating group

upon reversal of the Qeaction (Wikstion & Morgan, 1992)

near the binuclear center (Hall& Nilsson, 1992).

Scheme 1. Proposed Mechanism for the Reduction of Dioxygen to Water by CytochrOxidase
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Ficure 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). (Paf)é&x@erimental and theoretical difference

spectra of intermediates—b.

Intermediate Absorption Difference Spectrahe differ- The theoretical difference spectrum for intermediate 3,
ence spectra (referenced against the oxidized enzyme) of theompound A, is the difference spectrum of the fully reduced
intermediates (£7) extracted from the original transient CO complex, since we do not know the spectrum of
difference spectra using the mechanism and microscopic ratecompound A (Figure 5¢). As shown below, the discrepancy
constants in Scheme 1 (experimental spectra) are shown irbetween the experimental and the theoretical intermediate
Figure 5 (solid lines). Figure 5 (dotted lines) shows the difference spectra is not due to bad fitting but simply reflects
theoretical intermediate difference spectra for comparison. the fact that the spectrum of the ferrous-oxy complex is

In general, there is very good agreement between thedifferent from that of the CO complex. The,©On-rate is 7
experimental intermediate difference spectra and the theoreti-x 10 M~ s7%, and the dissociation constark gk, ~60
cal difference spectra. The theoretical difference spectrumuM) is close to that reported by Orii (1988b).
for intermediate 1 is the 50-ns spectrum (referenced against Intermediate 4 represents a mixture of peroxy species
the oxidized enzyme) since we do not know the spectral (ag®™-O~-O") in which cytochromea is reduced (P) and
profile of {as?*}* (Figure 5a). The equilibrium constant for  oxidized (P) (Figure 5d, solid line). The theoretical differ-
the first stepK; = k_1/ky, is equal to~115 M™%, a value ence spectrum of'Bs the difference spectrum of the species
consistent with that reported earlier for the fully reduced CO- made by exposing a solution of the oxidized enzyme to CO
bound enzyme in the absence of dioxygen (Einatgdet in the presence of P(Fabian & Palmer, 1995a). The
al., 1995). There is excellent correspondence between thetheoretical difference spectrum of P was obtained by adding
experimental difference spectrum of intermediate 2 and thatthe reduced-minus-oxidized spectrum of cytochranthe
of the theoretical difference spectrum (Figure 5b), the latter difference spectrum of the fully reduced CO enzyme and
being the ground-state difference spectrum of the fully the mixed-valence CO complex) to the theoretical difference
reduced enzyme. spectrum of P The very good agreement between the
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experimental and theoretical difference spectra of intermedi- UL I I I I I
ate 4 (both showing a peak at 606 nm, Figure 5d) was 0.10 +- .
obtained by assuming an equilibrium constant of 6 in favor
of P. The rate constant for the formation of intermediate 4

o 0.05 -
is 6.8 x 10* s, a value similar to that reported by Hill §
(1994). However, in Hill's scheme, this step did not include < oool i
a reverse rate constant, while in our simulation, a reverse 2
rate constant of Z 10* s™* is required to obtain the best fit < 0.05 i

between the experimental and theoretical difference spectra.
The conversion of the peroxy species to the ferryl species

represented by intermediate 5, ccurs with a forward rate -0.10

constant of 1.% 10*s 1. The spectrum of this intermediate

has not been previously resolved at room temperature. There

is good agreement between the experimental and theoretical'SURE 6: (Solid line) Difference between the experimental

. . . ec spectrum of intermediate 3, compound A, and intermediate 2, the
difference spectra of KFigure 5e). The theoretical differ fully reduced unliganded enzyme (Schemeai3*-O, minusag?".

ence spectrum of fwas obtained by previously published (potted line) Difference between the spectra of the fully reduced
procedures (Fabian & Palmer, 1995a). The experimental CO complex and the fully reduced unliganded enzymé;-CO
difference spectrum has a peak @678 nm, while the = minusas®*.

theoretical one has a maximum at 580 nm. The discrepancy

between the experimental and theoretical difference spectraintensity at 600 nm (not shown). The formation of inter-
of F, between 500 and 550 nm will be discussed below. Mmediate 7 is unidirectional with a rate constant of .10

M I BT RN IR SR U IS BTSN A BTSN AT APAT A A AT A A

450 500 550 600 650 700 750
wavelength / nm

The formation of Fis followed by a slightly fasterkg + s1, a value similar to those reported previously (Oliveberg
ks = 2.9 x 10 s electron redistribution between et al., 1989; Hill, 1991).
cytochromea and Cu. This is in accordance with our To further establish that the difference spectra in Figure
observation from the double difference map (Figure 2), which 5 reflect those of the intermediates depicted in Scheme 1,
showed that the electron transfer from,Gao cytochromea we have compared the experimental spectral differences

(reflected by an increase at 605 and 520 nm) closely followed between successive intermediates to the theoretical differ-
the formation of F (the increase @680 nm). There isgood ences. Figure 6 (solid line) shows the difference between
agreement between the experimental and theoretical differ-compound A (intermediate 3) and the fully reduced enzyme
ence spectra of intermediate 6, fin which cytochromess (intemediate 2)ag?*-O, — as?". The analogous difference
is in its ~580-nm ferryl form, but cytochromeis re-reduced  spectrum of the fully reduced CO-bound complex is shown
(Figure 5f). Both the experimental and theoretical difference for comparison (Figure 6, dotted line). The experimental
spectra have a maximum at 605 nm. The theoretical difference spectrum of compound A has a peak at 595 nm
difference spectrum of Fwas obtained by adding the and a trough at 612 nm, values similar to those observed at
reduced-minus-oxidized spectrum of cytochroméo the low temperature (Chance et al., 1975; Clore et al., 1980)
theoretical difference spectrum of. F and at room temperature for the mixed-valence enzyme (Hill
The discrepancy between the experimental and theoretical& Greenwood, 1983). The ferrous-oxy complex has been
difference spectra of Fbetween 500 and 550 nm (Figure observed for the fully reduced enzyme by $pectroscopy
5e) stems from the fact that while the oxidation states of the (Varotsis et al., 1989; Ogura et al., 1990a; Han et al., 1990b),
two hemes are the same, the oxidation states of the copper@nd recent transient optical absorption studies have provided
are not. The oxidation states of the hemes and coppers ofevidence for this intermediate at25 °C (Morgan et al.,
F, in Scheme 1 when referenced against the oxidized enzymel996). Its existence at room temperature has been inferred
areaz*t=0 — ag®" and Cu* — Cua2t, while those of the  on the basis of transient optical absorption measurements
theoretical difference spectrum a£=0 — ag*". We have (Orii, 1984, Orii, 1988a,b; Oliveberg et al., 1989; Hill, 1994;
previously shown that Gid* has an absorbance spectrum Verkhovsky et al., 1994). However, the optical difference
with a maximum centered at520 nm (Einarsdiir et al., spectrum of compound A has not been previously reported,
1995). Therefore, the lower absorbance in the region and Figure 6 (solid line) unequivocally shows its difference
between 500 and 550 nm in the experimental difference spectrum at room temperature. The significantly higher
spectrum of Fcompared to the theoretical spectrum is due intensity and red shift of the difference spectrum compared
to the negative contribution of G&. The same explanation  to that of the CO complex have also been observed at low
applies to the discrepancy between the experimental andtemperature for the mixed-valence enzyme (Clore, 1980) and
theoretical difference spectra of intermediates 4 and 6. Forare consistent with model studies (Babcock & Chang, 1979).
example, the oxidation states of the hemes and the coppers The oxidation states of the hemes in the difference
in Fy according to Scheme 1 (when referenced against thespectrum of intermediate 4 (Figure 5d), the two peroxy
oxidized enzyme) aras**=0 — ag®" anda?" — a3*, while species P and'ih a 1:6 ratio, ar@g®™-O~-0O~ — az*" (100%)
in the theoretical spectrum they aag*=0 — ag*", a?t — anda?* — a%" (15%). For simplicity the oxidation states of
a®t, and Cut — Cua?*. In this case the negative contribu- the coppers are omitted. To get the difference spectrum of
tion of Cus?" to the theoretical difference spectrum results cytochromeag alone, i.e., that of P we subtracted the
in lower absorbance between 500 and 550 nm compared tocontribution of the reduced-minus-oxidized difference spec-
the experimental spectrum (Figure 5f). trum of cytochromen from the difference spectrum in Figure
The difference spectrum of intermediate 7, the ferric 5d (solid line). The resulting difference spectrum shown in
hydroxide, is similar to that of the oxidized enzyme (the Figure 7aisag?t-O~-O~ — ag®". Both the experimental and
theoretical difference spectrum) but with slightly higher the theoretical difference spectra have a peak at 606 nm,
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Ficure 7: (a) Experimental (solid line) and theoretical (dotted line) FiGuRE 8: Experimental (solid line) and theoretical (dotted line)
difference between intermediates 4 and 3 after the contribution difference between intermediate 5)(&nd P. This corresponds
(15%) of the reduced-minus-oxidized difference spectrum of to a*™=0 — ag®™-0"-O-, Cw?" — Cug™ in the case of the
cytochromea has been subtracted. The oxidation states of the experimental difference spectrum aagt™—0O — a®™-0~-O~ in
hemes and coppers in the resulting experimental difference spectrunthe case of the theoretical one. (B) Experimental (solid line) and
(the difference spectrum of Pare: az?™-0—-O~ — ag*", Cus™ — theoretical (dotted line) difference between intermediates;§ (F
Cug?t, Cua™ — Cua?*, and azz"-O—-O~-az®t in the case of the and 5 (F). The resulting experimental difference spectrum (solid
theoretical difference spectrum. (b) (Solid line) Difference spectrum line) corresponds ta?t — a3*, Cus?™ — Cua™ and the theoretical
between the experimental difference spectra of intermediate 4 difference isa?™ — a3, Cux* — Cua?'.

(Figure 5d, solid line) and compound A (Figure 5c, solid line) after

the contribuftion (8&';]%) of tl:le ogidized-rginus-rgdug_id differle.nce & Greenwood, 1983). This product was attributed to a
cpectim of yiocliome s been subliacled, Moo e peroxy species. The good agreement between the experr-
— at-0=0, Cw?" — Cugt. The ‘“theoretical’ difference ~ mental and theoretical difference spectra in Figure 7 provides
spectrum is equal to the difference between the theoretical spectrumconclusive evidence for the conversion of compound A to a
of P and the experimental spectrum of compound A. peroxy species in the reaction of the fully reduced enzyme
with dioxygen.
analogous to compound C observed at low temperature Figure 8a (solid line) shows the difference between the
(Chance et al., 1975), but the experimental difference gifference spectra of intermediate 5, B*™=0 — ag"
spectrum has a slightly larger bandwidth. The discrepancy (Figure 6e, solid line), and intermediate &3*-0—-O~ —
between the experimental and theoretical difference spectrag 3+ (100%),a2t — a3+ (15%) (Figure 6d, solid line), after
in the 506-550-nm region is, as discussed above, due t0 the contribution (15%) of the reduced-minus-oxidized cy-
the negative contribution of G&" to the experimental  tochromea has been added. The resultant experimental
spectrum. difference spectrum, |F — P, ferryl-minus-peroxy,
The difference spectrum between intermediate 4 (Figure a;*t=0 — ag®"-O~-O", has a peak at 575 nm and a trough
5d, solid line) and compound A (Figure 5c, solid line), at~607 nm reflecting the conversion of the peroxy form to
a??t-07-0" — a?"™-0=0 (100%),a%" — a?* (85%), has a  the ferryl form. The corresponding theoretical difference
contribution from both cytochromes anda. Figure 7b spectrum, the difference between F (580-nm absorbance
(solid line) shows the peroxy-minus-compound A (P minus maximum) and the peroxy form (607-nm absorbance maxi-
A) difference spectrum of cytochroma (ag?™-O-O~ — mum) shows a peak at 582 nm and a trough at 607 nm. The
az’"-0=0) obtained after subtracting the contribution of the good agreement between the experimental and theoretical
oxidized-minus-reduced difference spectrum of cytochrome difference spectra provides further support for the assign-
a from the difference spectrum between intermediate 4 and ments in Scheme 1. The difference between the experimental
compound A. Figure 7b (dotted line) shows the correspond- and theoretical spectra of intermediate 4 (Figure 6d) and
ing “theoretical” difference spectrum which was obtained intermediate 5 (Figure 6€) in the region between 500 and
by subtracting the experimental difference spectrum of 550 nm (the Cw?t contribution) cancels out in the double
compound A (Figure 6, solid line) from the theoretical difference spectrum (Figure 8a).
difference spectrum of P. The peaks and troughs are at 611 The experimental difference between the two ferryl
and 594 nm, respectively, in both the experimental and the species, frminus F (Figure 6, spectra f minus e, solid lines)
theoretical difference spectra (Figure 7b). Therefore, the is shown in Figure 8b (solid line). According to Scheme 1,
peak at 607 nm in the spectrum of the cytochrame/hen this difference should equal the reduced-minus-oxidized
referenced against the oxidized cytochroagés shifted to spectrum of cytochroma and the oxidized-minus-reduced
611 nm when the reference is the ferrous-oxy complex. The spectrum of Cp, @t — a" and Cu?" — Cun*. The
peak and trough values of 611 and 594 nm are consistentexcellent agreement between this difference spectrum and
with the values (610 and 595 nm) observed for the analogousthe theoretical cytochroma reduced-minus-oxidized dif-
difference spectrum of the final product formed during the ference spectruna®" — a%" and Cu™ — Cua?* (Figure 8b,
reaction of the mixed-valence enzyme with dioxygen (Hill dotted line), strongly argues for the presence of two ferryl
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present during the reaction of the fully reduced enzyme with
dioxygen. The time profiles are based on the mechanism and
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difference map and the thindv couple. A species with a
resonance Raman frequency at 804 thms been observed
by Ogura et al. (1996) prior to the formation of the 785-
cm! species. The 804-cth mode was assigned to
az>™=0 (Cw?") 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€@ncentrations
employed (Varotsis et al., 1993). In view of Scheme 1, we
tentatively assign the 804-crhmode to fFand the 785-cmt
mode to I, although it is unclear whether a redox state
change in cytochroma could cause a 20-cm shift in the
Fe=0O stretch.

The last species in Scheme 1, the ferric hydroxide, reaches

species in the oxygen-reduction pathway. As discussedhalf its maximum concentrsation-atl ms. This is consistent
above, the discrepancy between the experimental and thewith TR2results in which a resonance Raman mode observed
theoretical difference spectra between 500 and 550 nm isat 450 cni! between 50Qis and 2 ms after photolysis was

due to the different redox states of Cun the two spectra.
Time—Concentration Profiles On the basis of the mech-

assigned to the ferric hydroxide (Han et al., 1990a; Varotsis
et al., 1993).

anism and the microscopic rate constants in Scheme 1, we Structure of the Peroxy and the FerryThe structures of

can simulate the time course of the dioxygen reduction
reaction to determine the relative timeoncentration 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 (501nss)
and reaches its maximum concentrati®B0 us following
photolysis, in agreement with the secamdcouple and the
double difference map. Intermediate 4 (the mixture of the
two peroxy species) reaches its maximum concentratién

us after photolysis, at which time compound A has decayed
to ~75% of its concentration. These time profiles are
consistent with previous optical and TRtudies which
indicated that the oxidation of cytochroraeccurs with an
apparent rate constant of 3 10* s1, coinciding with the
decay of the oxy complex (Han et al., 1990c; Hill, 1994;
Verkhovsky et al., 1994). However, neither peroxy species

the two species with absorbance maxima-&07 and~580

nm when referenced against the oxidized enzyme and
normally attributed to a peroxyaf™-0O-0") and a ferryl
(az*t=0), 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'ahserved
between 30@s and 1.5 ms after photolysis is duegt=0
(Cug?"), which according to our time profiles most likely is
Fu. In reverse electron transfer experiments, Wikstro
(1992) observed two species with maxima at 580 and 607

represented by intermediate 4 in Scheme 1 has been detectedm in the difference spectra referenced against the oxidized

by resonance Raman spectroscopy.

The formation of the peroxy species is followed by the
formation of the first ferryl, F(Scheme 1). The time scale
of the cleavage of the ©0 bond to produce a ferryl has
been somewhat uncertain.
resonance mode observed between39@nd 1.5 ms at 786
cm ! can be assigned @*"=0 (Varotsis & Babcock, 1990;
Han et al., 1990a; Ogura et al., 1990b). However, Orii
(1988a) attributed peaks at 575 and 530 nm in the A90-
minus 20us optical absorption difference spectrum observed
during the reaction of the fully reduced enzyme with
dioxygen to the formation of F. The formation of éccurs

enzyme, which he assigned to Fa{r=0) and P
(ag®*t-07-0"), respectively. Using evidence from EPR and
optical absorption, Witt and co-workers proposed that a three-
electron-reduced dioxygen intermediate with a maximum at

There is agreement that a580 nm when referenced against the oxidized enzyme was

a ferryl (Witt et al., 1986; Witt & Chan, 1987).

As shown above, cytochronag has the same electronic
structure in both P and Rgiving rise to a peak at606 nm
in the difference spectrum referenced against the oxidized
enzyme. One possible structure of cytochroagén both
species would be the peroxy structure indicated in Scheme
1,a:**-O"-O". As mentioned earlier, it is not unlikely that

on a similar, but not identical, time scale as the subsequentthe peroxide is bridging between cytochromgeand Cu.

electron redistribution between cytochronze and Cuy
(Figure 9). In fact, only by assuming that the latter process
occurs on a faster time scalks(+ ks = 2.9 x 10* s7%)
than the formerky + k-, = 1.9 x 10* s™) was it possible

to obtain the spectrum of| F The time profiles in Figure 9

show that the two ferryl species reach a maximum concen-

tration at~310us after photolysis, at which time compound

In P, one more electron equivalent resides in the binuclear
center, on Cg, compared to P. A second alternative is that
both species have cytochroragin its ferryl state az**=0,

with an oxidizing equivalent in P on GUCug3") (Fabian

& Palmer, 1995b) or on an amino acid radical or porphyrin
st-cation radical. However, as recently suggested by Morgan
et al. (1996), if P had thag*=0O Cus®" structure, then P

A and the peroxy intermediates have nearly disappeared, andvith one more reducing equivalent would &¢™=0 Cus?*,

the last intermediate has started to form. This is in
accordance with our previous interpretation of the double

which according to TRis the structure of F. This would
be inconsistent with our data above, which show that
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cytochromeas has the same spectrum ihd&hd P, different ~ when referenced versus its oxidized form (Figure 7a, solid
from that of F. On the basis of magnetic circular dichroism line), and its difference spectrum is quite similar to the
data, Fabian and Palmer (1995b) have recently shown thatspectrum obtained upon exposing the fully oxidized enzyme
an ag*™=0 structure with a porphyrin cation radical is not to CO in the presence of dioxygen (Figure 7b, dotted line),
feasible. This has been supported by 3Té&periments indicating that the two species are the same. The spectral
(Proshlyakov et al., 1996). It is possible that both P ahd P similarities between the peroxy species observed here,
have theaz*"=0 Cus?* structure, with an amino acid radical compound C at low temperature (Chance et al., 1975), and
as the source of the extra oxidizing equivalent ih P the final product observed during the reaction of dioxygen
However, both Palmer and Witstrohave provided argu-  with the mixed-valence enzyme at room temperature (Hill
ments against this assignment (Fabian & Palmer, 1995b;& Greenwood, 1983; Han et al., 1990d) provide convincing
Morgan et al., 1996). A third possibility recently proposed arguments that all three are the same.

for the structure of P igs®*=0 Cus?" (Ogura et al., 1996), The two peroxy species have not been detected previously
and the resonance Raman line at 804 thas been attributed  at room temperature in the catalytic cycle of the reduced
to this structure. Again, if P had th&> =0 and Cy?" enzyme, either by optical or resonance Raman spectroscopy,

structure, then Rwith one more reducing equivalent would although P was recently observed in transient optical
most likely beaz**=0 Cus?* (i.e., F), which is inconsistent measurements at+25 °C (Morgan et al., 1996). Indeed,
with our data. Therefore, we favor the structures shown in there has been considerable debate whether intermediate P
Scheme 1 for the P,'Pand F intermediates. is a true intermediate in the dioxygen redcuction cycle [see

Proshlyakov et al. (1994) have recently shown that the Einarsddtir et al. (1995) for review]. We have previously
804-cnt! mode can be observed when a “607-nm form” of Shown that, upon flash photolysis of the mixed-valence CO
cytochrome oxidase (obtained upon addition of hydrogen €nzyme in the absence of dioxygen, the rate constant for
peroxide to the resting enzyme) is excited at 607 nm. Using the electron transfer from cytochrora¢o cytochromess is
160—180 mixed isotopes, the authors showed that the 804- ~1.8 x 10° ™! (Einarsddtir et al., 1995), a value similar to
cm! species was due to a ferryl and not a peroxide. The that obtained by other groups (Oliveberg & Malnistro
authors also found that the intensity of the Raman scattering1991; Verkhovsky et al., 1992). The equilibrium constant
became weaker when the excitation wavelength was movedof 6 between the two peroxy species is identical to the ratio
to 580 nm. On the basis of these observations, the authorf the rate constant for the electron transfer from cytochrome
assigned the 804-crh mode to the 607-nm species. How- & and cytochromess, 1.8 x 10° s™%, and the apparent rate
ever, as pointed out by Fabian and Palmer (1995b), the 580-constant for the decay of compound A and oxidation of
nm excited scattering would appear at 607 nm and the 607-Cytochromea, 3 x 10* s™*, observed here and reported
nm scattering at 638 nm. Thus, the greater self-absorptionPreviously (Han et al., 1990c; Hill, 1994; Verkhovsky et al.,
in the case of the 580-nm excitation could account for the 1994). This indicates that the peroxy species, P, is formed
weakening of the 804-cm mode at this excitation wave- upon decay of the oxy complex with a rate constant of 3
length. This, combined with the observation that the 10*s™* but is rapidly converted to the’Rorm upon fast
difference spectrum of the “607-nm form” reported by €lectron transfer between the cytochroarend the binuclear
Proshlyakov et al. (1994) appears to have a mixture of the center as proposed earlier (Verkhovsky et al., 1992). The
607- and 580-nm species (in a ratio of approximately 70: small population of P would account for the fact that it has
30), does not exclude the 580-nm species as being responiot been detected in the resonance Raman spectra and optical
sible for the 804-cmt mode. It should also be noted that absorption spectra. Although we have not resolved the two
the excitation wavelengths of 607 and 580 nm are the PEroxy species, we have shown that the observed spectrum
maxima of the “peroxy” and “ferryl” species when referenced Of intermediate 4 (Figure 5d, solid line) resembles the
against the oxidized enzyme but not those of the cytochrometheoretical spectrum only if one assumes that the two species
as species alone. When the spectrum of the oxidized enzymeare formed in a ratio of 1:6. Thus our data demonstrate that
is added to their difference spectra, the “peroxy” and “ferryl” both P and Pare indeed intermediates in the reaction of the
species have maxima at 599 and 605 nm, respectively,fully reduced enzyme with dioxygen at room temperature.
suggesting that either species could be excited at 607 nm. Our data also establish that there are two ferryl species
Excitation profiles of the pure 607-nm complex could help ©on the route from dioxygen to water; Bnd f in which

determine the structure of this species. cytochromea is oxidized and reduced, respectively. The
presence of a ferryl compound in the reaction of the fully
CONCLUSIONS reduced enzyme with dioxygen was suggested based upon

the observation of a 575-nm peak in the 1@9minus 20-

The optical data presented above show for the first time ;s flow-flash difference spectrum (Orii, 1988a), and recent
the difference spectra of compound A and the peroxy and gptical absorption studies have provided evidence foatF
ferryl species present during the reduction of dioxygen to —25°C (Morgan et al., 1996).
water at room temperature. The time profiles unequivocally  The similarities between the experimental and theoretical
establish the time scales on which these SpeCieS are formeddifference spectra of both the peroxy and the ferry| Species
According to our modeling, the two peroxy species are (Figures 5d-f, 7, and 8) make it highly likely that the
formed prior to the ferryl, and the excellent agreement jntermediates in the dioxygen reduction cycle are the same
between the experimental and theoretical difference spectrags those obtained upon adding hydrogen peroxide (F) and a
of the intermediates (Figures 5, 7, and 8) supports this.  mixture of CO and @(P) to the oxidized enzyme. This is

Our model also establishes that the two peroxy species, Psupported by recent TRexperiments (Proshlyakov et al.,
and P, are formed in a ratio of 1:6. It is important to note 1996) in which the same modes were observed upon the
that, in both species, cytochronag has a peak at 606 nm addition of hydrogen peroxide to the oxidized enzyme as
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those detected during the reaction of the fully reduced Morgan, J. E., Verkhovsky, M. I, & Wikstra, M. (1996)

enzyme with dioxygen_ BiOChemiStry 3512235-12240.
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