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ABSTRACT. Electron transfer during the reaction of fully reduced bovine heart cytochrome oxidase with
dioxygen has been studied at 22 in the near-infrared region following photolysis of the fully reduced
CO-bound complex. The transient spectral changes and kinetics were followed on microsecond to
millisecond time scales at nine different wavelengths between 597 and 935 nm and were analyzed using
singular value decomposition and global exponential fitting. Four apparent lifetimes, #0us, 86us,

and 1.1 ms, were resolved. The near-infrared spectra of the intermediates are extracted on the basis of a
previously proposed mechanism [Sucheta et al. (188@)hemistry 3717905-17914] and compared to

model spectra of the postulated intermediates. The data provide a comprehensive picture of the spectral
contributions of the different redox centers in their respective oxidation or ligation states in the near-
infrared region and strongly support that Qs partially (2/3), but not fully, oxidized in the 3-electron-
reduced ferryl intermediate.

The reduction of dioxygen to water by cytochrome oxidase The formation of P has not been detected by @Rring the
has been extensively studied in the Soret and visible regionsreaction of the fully reduced enzyme with dioxygen, but
by single-wavelength detection (445, 605 nrih)-@), and recent time-resolved optical absorption studies in our labora-
more recently in our laboratory, using a gated multichannel tory using a gated multichannel analyzer have suggested that
analyzer 5—7). These studies, along with time-resolved P is transiently formedg.
resonance Raman (FRstudies 8—14), have indicated that The reduction of dioxygen to water by cytochrome oxidase
the reaction involves the formation of compound A, followed has also been studied at 830 nm, the putative absorbance
by the putative P intermediate (607 nm form), and the maximum of the oxidized Gu (2, 18, 19), and at low
subsequent generation of a ferryl, F (580 nm), form. The temperatures in the near-infrared regi@d-23). However,
generation of the ferryl is followed by a more rapid electron a comprehensive study of this reaction at room temperature
transfer between Guand hemea (7). in the near-infrared region has not been carried out.
The nature of P has been the subject of intensive Moreover, the near-infrared spectral contributions of the

discussion, and recent investigations have suggested that iflifferent redox centers in their respective redox and ligation
is a ferryl (g**=0) with a radical on tyrosine 244 14, states, including those of P and F, have not been clearly

15). This tyrosine has recently been shown by crystal- established. _ _ _

lographic studies to be covalently cross-linked to histidine N this study, we have investigated the reaction of the fully

240, a ligand of Cgin the bovine heart oxidasd , 17). reduced cytochrome oxidase with dioxygen at selected
wavelengths in the near-infrared region at room temperature.
Using singular value decomposition (SVD) and global

G,\;Tsréi%vgo(%gv;\s supported by National Institutes of Health Grant - exponential fitting, we have extracted the near-infrared
* Corresponding author. E-mail: olof@chemistry.ucsc.edu. Fax: SPectra of the intermediates, including that of compound A,

831-459-2935. Tel: 831-459-3155. the putative P, and F.
* Present address: Department of Molecular Physiology and Bio-

physics, Baylor College of Medicine, 1 Baylor Plaza, Houston, TX MATERIALS AND METHODS
77030.

1 Abbreviations: SVD, singular value decomposition; OSMA, optical Cytochrome oxidase was isolated from bovine hearts

spectrometric multichannel analyzel:spectrum, spectral changes ; ; :
associated with a particular first-order process;,Gle mixed-valence accordlng to the method of Yoshikawa et 22.4X, which

copper A center; Gy copper B:a2t, reduced heme; a3, oxidized involves sequential amr_‘nonium _s_ulfate fraqtionations .in
hemea; a;?*, reduced hemes; as*", oxidized hemeas; compound A, cholate and Tween. The final precipitate was dialyzed against
the ferrous-oxy complex of cytochronag; P, a form of the enzyme in - 0.1 M sodium phosphate buffer, pH 7.4. The fully reduced

which hemeas has an absorption maximum at607 nm when . .
referenced against its oxidized state; F, a feragt=O) form of the form was prepared by adding sodium ascorbate and ruthe-

enzyme in which hemes has an absorption maximum a580 nm nium hexammine chloride to an anaerobic oxidized enzyme
when referenced against its oxidized statg;FFin which hemea is solution 6, 6).

oxidized, one proton is at the binuclear center, and tyrosine is The mixed-valence CO-bound enzyme was made by
deprotonated; -F in which hemea is oxidized, one proton is at the

binuclear center, and tyrosine is protonateg|; Fin which hemea is deoxygenating the oxidized enzyme solution with purified
reduced, one proton is at the binuclear center, and tyrosine is protonatedN,, followed by exposure to CO until no further change at

10.1021/bi002220v CCC: $20.00 © 2001 American Chemical Society
Published on Web 01/31/2001



Time-Resolved Near-Infrared Studies of QyOxidase Biochemistry, Vol. 40, No. 8, 20012333

590 nm occurred. Then ferricyanide was added to reoxidize , T T T -
the amount of hemea, which had become reduced under
CO. Compound P was prepared by exposing the oxidized
enzyme to CO in the presence of 5). The F form was
made by adding excess hydrogen peroxide to an oxidized
enzyme solution5). The spectra of the enzyme solutions
were recorded on a Perkin-Elmer Lambda 9 UV/Vis/NIR
spectrophotometer in the 482100 nm region. The spectra
which contained more than one form were fitted to a sum
of the known individual spectra in the 48000 nm region
(6), and the spectra in the entire 480100 nm range were
split according to the composition obtained from the fit. The
concentrations of P and F were calculated on the basis of
their difference spectra using extinction coefficients of 11
mM~t cm™t at 607-630 nm and 5.3 mM cm™! at 580~
630 nm, respectively2@). The model difference spectra were
linear combinations of ground-state spectra of the oxidized,
reduced, mixed-valence CO, and fully reduced CO enzyme
complexes, the spectra of the P and F derivatives, and the
oxidized-minus-reduced spectrum of £he spectrum of
Cua is an extended version of the experimental spectrum of
Cu, from Paracoccus nitrificang27). The spectrum at pH
7 was digitized and fitted to a sum of Gaussian curves in
the respective wavelength region, 33000 nm. The spec-
trum generated from the fit in the extended wavelength range,
350-1100 nm, was used as the model spectrum of.Cu
The fully reduced CO-bound enzyme was obtained by
exposing the fully reduced enzyme to 20% CO and 80% N
for 30—-60 min. It was mixed in a 1:1 ratio with an f t : : :
O,-saturated buffer in a stopped-flow apparatus, which was 4+t
interfaced to a laser photolysis system. The reaction was
initiated with a 532 nm laser pulse (Nd:YAG) 400 ms after 3F
mixing. The reaction was probed at nine different wave-
lengths (597, 605, 615, 655, 705, 745, 795, 835, and 935 2r
nm) using a tungsten lamp and a filter allowing only light
above 580 nm through. The transmitted beam was passed
through a monochromator and measured by a photodiode.
To increase the light intensity reaching the photodiode, the , , , , ,
monochromator slits were set to 2 mm, which resulted in 0.0 05 10 15 20
~30 nm bandwidth. The recorded data were corrected for
the finite bandwidth of the monochromator (Appendix ). Time, ms
The signals were collected by a 500 MHz digitized oscil- Fgure 1: Transient absorbance changes taking place during the

loscope (Le Croy 9350AM). Each kinetic trace was an reduction of dioxygen to water. The transient absorbance changes
average of 20 consecutive runs. are displayed on a linear time scale at nine wavelengths between

Data AnalysisThe transient signals were recorded by the 297 and 935 nm following photolysis of the fully reduced CO
il i fi | a5 E complex. Each kinetic trace represents the average of 20 consecutive
oscilloscope on a linear ime scalé upt@.o ms. EXPO-  ryng The cytochrome oxidase concentration wasM before

nential fits to linearly-spaced time points overemphasize the photolysis, and the effective concentration (after photolysis) was
contribution of the late time points. To circumvent this, the ~2 uM. The reaction was run in 0.1 M sodium phosphate buffer

time-dependent transient signals were converted to a loga-(PH 7.4) at 24°C. The CO and @concentrations after mixing
rithmic time scale before fitting. Each decade in the Were 0.05atm+{504M) and 625:M, respectively.
logarithmic time window was divided into 100 segments,
and data points within individual segments were averaged
to give a single time point. The noise in the logarithmic time
plots is larger at times below 2@s, because of the limited
number of recorded points at early times. Moreover, data
points below 2-3 us may be affected by laser artifact.

The transient data were analyzed at all wavelengths and
time points simultaneously using SVD and global exponential RESULTS
fitting as previously describeds( 6, 28, 29). From the
spectral changed{spectra) and apparent lifetimes, a mech-  The transient kinetic traces for the reduction of dioxygen
anism was proposed from which the spectra of the reactionto water by cytochrome oxidase are shown on a linear time
intermediates were determined. The derived spectra werescale in Figure 1 at nine different wavelengths between 597

A Absorbance, mOD

compared to model spectra to test the validity of the proposed
mechanism. Before a comparison between the intermediate
and model spectra was made, the model spectra were
modified in the 606-650 nm region to account for the
distortion in the transient data caused by the finite band-
pass of the monochromator (Appendix 1).
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FiGurRE 2: Transient kinetic traces in Figure 1 displayed on a logarithmic time scale. The conditions are the same as in Figure 1. The
dashed and solid curves represent three-exponential and four-exponential fits to the transient data, respectively.

and 935 nm. For better visualization of the early time scales, s7* (tapp= 10us) (19). However, this increase was attributed
the traces were truncated at 2 ms. It is clear that at leastto O, binding to Cy™, while we can unequivocally assign
three processes are present. First a very fast process occurshis phase to the binding of 00 hemeag?" based on
which is reflected by a rapid increase in the absorbance atprevious experiments in both the visible and Soret regions
597, 705, and 745 nm, and to a lesser extent at 830 nm.(5, 6). The 36 us lifetime corresponds primarily to the
This is followed by a slightly slower decay at 597 and 615 oxidation of hemea (3, 4, 6, 18, 30, 31), as reflected by a

nm. A slow phase completes the reaction and is characterizedarge spectral change (decrease) between 597 and 615 nm.
by a decay in the absorbance at 597, 605, and 615 nm andSmall spectral changes are observed at the other wavelengths

increased absorbance at the other six wavelengths. on this time scale. The third lifetime reflects the oxidation
The kinetic traces, averaged on a logarithmic time scale, of hemea on a millisecond time scale.
were represented as a two-dimensional (wavelergtielay) It is clear that an additional process (four exponentials)

data matrix that was analyzed using SVD and global (Figure 2,—) is required to account for the Gwxidation at
exponential fitting §, 6, 28, 29). To determine the number 745, 795, and 835 nm. For the remaining wavelengths, the
of processes present, the data were fitted with an increasingspectral changes were not optimal for reliable discrimination
number of exponentials. Figure 2 shows the three-exponentialpetween the two sets. Thus, four lifetimes, %48 us, 40+

(= —) and four-exponential) fits to the time courses at 5 ys, 86+ 30 us, and 1.1+ 0.2 ms, were used to fit the
all nine wavelengths. The data are displayed on a logarithmic data. The four lifetimes represent a unique fit with a local

time scale to better separate individual processes. minimum, and the lifetimes converged to the same values
The apparent lifetimes corresponding to the three- regardless of the initial starting values. These values are
exponential fit were 13s, 36us, and 1.1 ms. The 13s essentially the same as our previously published lifetimes

process reflects the inding to hemeas (2, 4, 6, 12). The (6). The additional 1.5s process, observed in our previous
increase at 830 nm observed upon formation of compoundmultichannel studies in the Soret and visible regidnyj,

A is in agreement with previous single-wavelength studies was not within the time resolution of our single-wavelength
at this wavelength, which reported an absorbance increasedetection system. It should be emphasized that the additional
with an apparent pseudo-first-order rate constant ef 10° lifetime of 86us provides direct evidence for xidation,
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Ficure 3: Ground-state spectra of the oxidized)( reduced FiIGURE 4: Near-infrared spectra of the oxidized-minus-reduced
(= - —), mixed-valence CO-(:), and fully reduced CO (---) cytochrome oxidase), the oxidized-minus-reduced heragCug
enzyme complexes, and the spectra of the-P-(—) and F ¢ —) (= + —), the oxidized-minus reduced herae(:-+), the oxidized-

derivatives in the visible (left) and near-infrared region (right). minus-reduced spectrum of heraemodified to account for the
distortion in the experimental data (- - -) and the oxidized-minus-

during which time small spectral changes are observed for reduced Cu (= -+ —).
hemea in the 597-615 nm spectral region. This indicates
that as soon as an electron is transferred from harte
hemeas on the millisecond time scale, heraemmediately
gets rereduced with an electron from LCu

To extract the spectra of the intermediates, a mechanism 5
must be proposed and tested. One of the criteria for the
validity of a mechanism is a good agreement between the
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spectra. The model spectra of the intermediates are generated%
from linear combinations of the ground-state spectra of the
oxidized, reduced, mixed-valence CO, and fully reduced CO .o} ]
enzyme complexes, the spectra of the P and F derivatives, 0 0 e e 700 800 00 1000 1100
and the reported Gudifference spectrum2(). Figure 3 Wavelength, nm

shows the ground-state spectra of these derivatives in the., . - . roquced-minus-oxidized spectra of hems#Cus in

visible and near-infrared regions. The oxidized sampte (gifferent redox and ligation states referenced agamatCO
has a large absorbance at 830 nm, while the reduced enzym&ug*. The spectra are the oxidized heragCug (ag®t Cug?"

(—+—) and fully reduced CO-bound form (---) do not — a?*CO Cw*) (—), the reduced hemas (ag?* — a#*CO)
absorb in this region, but have an absorption bans &0 (---), P @""=0 Cu* Tyre — a?"CO Cus*) (—+ —), and F
nm (€ = 80 M1 cm™1), which has been assigned to the low- (%" =0 C*" = &*"CO Cy™) (= - ).

spin ferrous hemea (32). The fully reduced enzyme also
has a minor peak at 785 nm, which has been attributed to
the unliganded five-coordinate ferrous hemg" (32—34)

and resembles band IIl observed in deoxyhemoglobin and
deoxymyoglobin 85, 36). The mixed-valence CO enzyme
(--+) and the F form { —) have almost identical spectra in
the near-infrared region, resulting from the oxidized heme
a and Cuy, indicating that the ferryl hemas (az*"=0) has

a minor contribution in this region. It is interesting to note
that compound P~ -- —) has the highest intensity in the ) . X
800-830 nm region, which may reflect the influence of the amplitude changes rapidly with wavelength.

proximity of the proposed tyrosine radical on the near- Figuré 5 shows the spectra of henagCus in dif-
infrared spectrum. ferent redox and ligation states referenced agaigfdiCO

Cug™. These include the oxidized heragCug (ag®" Cug?"

— az?*CO Cw") (—), the reduced hemm (az?" — ag?"CO)
(---), P (@z*™=0 Cuws?" Tyre — ag?"CO Cws*) (— -+ —), and

F (a*'=0 Cw?" — a?'CO Cuw) (— * —). The difference
between hemaeg in the P versus F state is clearly observed.
A shoulder is observed at700 nm in the ferryl difference
spectrum.

Extin

This is necessary before a comparison between the experi-
mentally extracted intermediate spectra and model spectra
can be made in the 66650 nm region. Figure 4 (---)
shows how the oxidized-minus-reduced spectrum of heme
a needs to be modified to account for the distortion in the
experimental data. Similar distortion is observed in the
difference spectra of the P and F forms (not shown). As
discussed above and is apparent from Figure 4, this distortion
is only significant in the 606650 nm region where the

Figure 4 shows the near-infrared spectra of the oxidized-
minus-reduced cytochrome oxidase-)( the oxidized-
minus-reduced hemas/Cug (—  —), the oxidized-minus-
reduced hema (--+), and the oxidized-minus-reduced Lu
(= =+ —). Itis clear that Cw?" is responsible for 77% of the
absorbance at810-820 nm, while the contribution of heme
a and hemeay/Cug is 18 and 5%, respectively.

The transient data between 600 and 650 nm are distortedy | scyssioN
due to the finite monochromator band-pass. However as
shown in Appendix I, we can modify the model spectra of  The kinetic analysis described here involves extracting
the various intermediates to take into account this distortion. information about the underlying mechanism and the spectra
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Scheme 1: A Proposed Mechanism for the Reduction of Dioxygen to W&jter (

_1*
T on ) ke =1.1x106sT
aZt-co Cuj kg =9.9x 107 M1s1* 3

ki =1.1x 108 M-1s1
ky3=2.5x10%4571

K4 =kyq/kq4 =1
kys5=1.2x10%s71

3+
33=O0H 4 |6 Ke = kyg/k-g = 2
3 +
G Cus* k;7 =8.8x102s1 P
Fo

aTyrosine 244, represented here as TyrOH, is postulated to function as an H-atom donor during the cleavage-6f tlon@®(A— P). The
rate constant&.; andk-; are from ref 6).

of the intermediates present during the reduction of dioxygen the model spectrum-=) provides satisfactory agreement in
to water by cytochrome oxidase. To a first approximation, the visible region.
we fitted the data to the mechanism in Scheme 1, which is We do not have a model spectrum for intermediate 3,
in accordance with our previously proposed mechan®m (  compound A (Figure 6as), and the spectrum of the reduced
As discussed above, one of the criteria for the validity of a CO-bound enzyme does not appropriately model that of
mechanism is a good agreement between the extracteccompound A (the respective CO-difference spectrum would
spectra of the intermediates and model spectra. Anotherbe zero). The dotted line for intermediate 3 represents a
requirement is that the experimental apparent lifetimes musthypothetical spectrum of compound A based on the previ-
agree with the apparent lifetimes calculated from the ously derived spectrum of this intermediate in the visible
microscopic rate constants (listed in Scheme 1). Becauseregion ©) and on the experimental data points in the near-
apparent lifetimes in a sequential model without back- infrared region. It is clear that compound A has a significant
reactions, like Scheme 1, are themselves the microscopic rateabsorbance in the 75850 nm region, although not a peak,
constants, only the spectral agreement was evaluated. while the fully reduced CO-bound enzyme does not. It also
Intermediate Spectrakrigure 6a,b shows the model dif- has a small absorption band-a660 nm.
ference spectra of the intermediates-6) in Scheme 1 The exact nature of intermediate 4 is unclear, and in Figure
compared to the difference spectra of the intermediates6b we have modeled the experimental difference spectrum
extracted from the original transient data using the mecha- (O) with P and F in a ratio of 1:1 6). As indicated in
nism and the microscopic rate constants in Scheme 1. TheScheme 1, hema is reduced in P and oxidized in F as
spectra in Figures 4 and 5 form the basis for the model previously proposed based on our data in the visible and
difference spectra of the intermediates in Scheme 1. TheSoret regionsf). Although the spectra of henag in P and
experimental and model spectra are referenced versus thé- are somewhat different in the near-infrared, the small
spectrum of the fully reduced CO-bound enzyme, which has absorbance values make it difficult to reliably determine the
insignificant absorbance in the near-infrared region. exact redox and ligation state of the redox centers in
Our time-resolution does not allow us to extract the intermediate 4.
spectrum of intermediate 1 (R*) in Scheme 1. Intermediate  Intermediate 5 (Figure 6ky) is modeled assuming 70%
2 (Figure 6a,®) is the reduced enzyme (R). Because we oxidized Cu and 30% oxidized hemea (-:), and this
could not resolve the first process (S) in Scheme 1in  represents a good agreement with the experimental spectrum
our analysis, the first experimentally observed spectrum is (see below). In our previous studies based on data in the
really a mixture of intermediates 1 and 2 in Scheme 1. Using visible region 6), we reported a ratio of 2:1 for,Fand Fin
the reduced enzyme spectrum alone is not sufficient to intermediate 5, i.e., an equilibrium consténg/k_s of 2. This
account for the amplitude of the experimental absorption value was derived from the absorption of heasince the
spectrum, but including a more red-absorbing B*29) in Cua absorption is relatively small in the visible region. In
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'g i Ficure 7: Difference between the experimental spectrum of
2 ol <] intermediate 6 and intermediate ®)(and model spectra. The
é i difference spectrum was modeled using tagt — az**=0
< L difference spectrum and different contributions, 6-3,(0.5 ¢--),
5 ] and 0.7 (- - -), of the oxidized-minus-reduced difference spectrum
: ; of hemea + Cua.
10 F ] to as R) or close to fully oxidized (85%). This proposal is
[ ] based on transient optical absorption experiments at selected
[ d wavelengths. As stated above, we have previously carried
50 g ] out studies in the visible and Soret regions using an
v ] intensified gated optical multichannel analyzBy §). This

mode of detection has allowed us to monitor the reduction
of dioxygen to water over a large spectral range simulta-
Wavelength, nm neously. Based on our multichannel studies in the visible
region, intermediate 4 was first proposed to be the 607 nm

Ficure 6: Experimental (symbols) and model (lines) spectra of species with 15% of hemeereduced and 85% oxidized)(

the intermediates referenced versus the spectrum of the fully reduce : :
CO-bound enzyme. Top panel: Intermediate @, () and OHowever, we subsequently showed that this model did not

intermediate 3 (compound Ap( -++). Bottom panel: Intermediate  fit the data in the Soret region, while a 1:1 mixture of the
4 (PF,) (O, —), intermediate 5 () (&, +++), and intermediate 6 607 nm and the 580 nm species with heareduced in the
(oxidized enzyme)(, - - -). former and oxidized in the latter provided a good fit in both
regions 6). Therefore, we feel reasonably confident that

the study presented here, we derived the same equilibriumintermediate 4 at pH 7.4 is not simply P in which heanie
constant based on the absorbance in the 800 nm regionoxidized, but more likely a mixture of intermediates. As
where the Cn absorption is dominant. discussed above, the near-infrared data on intermediate 4

The spectrum of intermediate 6 (Figure &l,is in good presented in Figure 61D) cannot be used to discriminate
agreement with the model difference spectrum of the between the two models with certainty because of the small
oxidized enzyme (---). This spectrum shows the largest amplitude of the signal. However, fitting intermediate 4 in
absorbance at 655 nm, which has been attributed to thethe near-infrared region with a 1:1 mixture of P angdas
oxidized hemeas/Cug center 87, 38). It should be noted  shown in Scheme 1 and Figure 60,(—) represents a
that a significant shoulder at 655 nm is not observed for the significantly better agreement than fitting intermediate 4 with
P and the F forms of the enzyme (Figure 5). the spectrum of P alone and heraefully oxidized (not

The Nature of Intermediate 4 (PJF The mechanism in  shown). The recent demonstration that there may be at least
Scheme 1 is largely based on our previous studies in thetwo compounds at the two- and three-electron-reduced state
visible and Soret region§) as well as on previous resonance with the spectral properties of compound &#3(44) (a
Raman studies, which have provided important informa- maximum at 580 nm in the difference spectrum) may suggest
tion regarding the structures of individual intermediates that intermediate 4 is indeed a mixture of P and F-like forms.
(10—14). The near-infrared studies presented here are The Equilibrium between Guand Heme aHemea and
supportive of this mechanism. The mechanism differs from Cu, are in a rapid redox equilibriunt), which is represented
that of Brzezinski and co-worker8%-41) and Wikstfan by R and F,. The portion of Cy oxidized in intermediate 5
and co-workers 31, 42) with regard to the nature of can be deduced not only from modeling of this intermediate,
intermediate 4. Brzezinski and co-worker39{41) and but more easily from modeling the spectral difference
Wikstrom and co-workers 31, 42) have postulated that between the final oxidized state, intermediate 6, and inter-
intermediate 4 is P (the 607 nm form) with hemdoeing mediate 5. This difference spectrum is shown in Figure 7
either fully oxidized (this form of the enzyme is often referred (®). The solid, dotted, and dashed curves show the modeling

600 700 800 900 1000 1100
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of this experimental difference spectrum using th&" — L) =1,(A) x 10°A@ (1)
ax**=0 difference spectrurt- different contributions, 0.3 © -

(—),0.5¢),and 0.7 (- - -), of the (heme + Cua) oxidized- wherel, is the lamp intensity and(1) is the absorbance of

minus-reduced difference spectrum. It should be emphasizedhe sample. The probe intensity of the photolyzed sample
that in this analysis the individual spectra of the hemaand (post-trigger),|(A), is equal to

Cus were not used, but rather the experimental oxidized
(hemea + CgA) ar}d the_reduced (hemee+ Cu_A). In th_e 1(2) = I, (A) x 10 TAAHAAR) )
600 nm region, in which the hema contribution is

predominant, theaf* minusa?") value of 0.7 provides the  \yhereAA(1) is the light-induced absorbance difference. The

best fit to the experimental data. On the other hand, in the 5 ope intensities measured by the photodiode pre-photolysis
800 nm region, the (Gi#" minus Cu*) value close to 0.3 (| y and post-photolysisi ) are
gives a better fit. Thus, it is clear that upon the conversion

of intermediate 5 to intermediate 6 approximately one-third | = ZI (A) x W(L) (3)
of Cua and two-thirds of heme are oxidized, consistent on °
with an equilibrium constarit,¢/k_g of 2. |, = Z'W x W(A) 4)

Brzezinski and co-workers have reported that henie
fully reduced in intermediate 5 in the bovine heart enzyme, whereW(4) is the relative amount of light passing through
while being 60% reduced in thRhodobacter sphaeroides the monochromator.
enzyme 41). These authors also have pointed out that the  One can assume a uniform lamp intensity,and a linear
extent of electron transfer between £and hemea in the response of the photodiode in the band-pass window of the
Rhodobacterenzyme appears to depend on the extent of monochromator. The relative amount of light passing through
proton uptake from the bulk solution during conversion of the monochromator\W(4), can be approximated by a
P to F @5). Gaussian function, with 30 nm half-width (full width at half-
Wikstrom and co-workers assumed an equilibrium con- Maximum intensity) estimated from photocurrent measure-
stant,ke/k_s, equal to 1 in their studies of charge translo- Ments using a HeNe (632.8 nm) laser.

cation during a single turnover of cytochrome oxida48, ( In .practice, the concentration of the bleache_d sample is
47). This corresponds to 0.5 electron being transferred from OPtained from the experimental photocurrent signal where
Cus to hemea in each of the two steps, P F and F— O. the amplitude distortion is negligible. Based on this concen-

This raises the question whether the exact value of the tration, the amplitudes of the bleached model difference
equilibrium constant K.¢/k_s) makes a difference in the spectraAA(4), can be determined. From the sample absor-
determination of charge translocation stoichiometries of the Pance,A(4), and the band-pas$(4), the distorted model
major electrogenic phases in the reaction of cytochrome SPectral changes\Aqx(4), can be calculated using eq 5:
oxidase with dioxygen. However, as Wik&atmoand co- )

workers have shown, the contribution of the electron transfer \ o 3y — og (1 /1 ) = log > 1077-W(A) 5)
from Cu, to hemea to the overall charge being translocated o m ZlO’[A(}'HAAW-W(/I)

is small @7) (~10 and 20% in the case of transfer of 0.5

and 1 electron from Guto hemes, respectively), indicating |t should be emphasized that the undistorted and the distorted

that the exact value of the equilibrium constant is not crucial. model spectral changes are different only below 650 nm,
In conclusion, we have extracted the near-infrared differ- where the absorbance of the sample changes rapidly in the

ence spectra of the cytochrome oxidase intermediates presentnonochromator band-pass window. The distortion in the

during the reduction of dioxygen to water at room temper- spectra below 650 nm results in broader bands and a decrease

ature. There is an excellent agreement between the extracteth amplitude due to the integration of light intensity over a

intermediate spectra and model spectra using the mechanisnnange of wavelengths.

in Scheme 1. Moreover, these data provide for the first time
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