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ABSTRACT. Cytochromec oxidase catalyzes the one-electron oxidation of four molecules of cytochrome

c and the four-electron reduction of dioxygen to water. The process involves a number of intramolecular
electron-transfer reactions, one of which takes place between the two hemes of the enzyme, dreines

as, with a rate 0f~3 x 1P s 1 (r = 3 us). In a recent report [Verkhovsky et al. (20@®ipchim. Biophys.

Acta 1506 143-146], it was suggested that the<31(P s~ electron transfer may be controlled by structural
rearrangements and that there is an additional electron transfer that is several orders of magnitude faster.
In the present study, we have reinvestigated the spectral changes occurring in the nanosecond and
microsecond time frames after photolysis of CO from the fully reduced and mixed-valence enzymes. On
the basis of the differences between them, we conclude that in the bovine enzyme the microscopic forward
and reverse rate constants for the electron-transfer reactions fromeéhentemeas are not faster than

~2 x 10° and~1 x 1P s71, respectively.

Cytochromec oxidase is a membrane-bound enzyme that been used extensively to investigate electron-transfer reac-

catalyzes reduction of Oto water using electrons from
cytochromec. Initially, the electrons are transferred from
cytochromec to the Cu?! center of cytochrome oxidase,
followed by consecutive electron transfer to heaand to
the binuclear center consisting of hemgeand Cy. When

tions in biological systems makes use of compounds that
can be attached to the protein and that eject electrons upon
light excitation [for a review, seel{)]. However, this method

cannot be used to investigate the electron transfer between

the binuclear center is reduced, oxygen binds and is reduced ! Abbreviations: Cw, copper A; Cw, copper B; kinetic difference

in a number of discrete steps.

The crystal structures of several different respiratory
oxidases 1—5) have made it possible to discuss the internal
electron-transfer reactions in cytochrorn@xidase in the
context of theoretical models for electron tunneling in
biological systemsg—10). An experimental method that has

spectrum, the difference, of a kinetic phase, in absorbante-ato

minus that at = 0; 2-us phase, the kinetic phase observed after flash-
induced dissociation of CO from the fully reduced enzyme;s3-
electron transfer, electron transfer from hemdo hemea observed

after flash-induced dissociation of CO from the mixed-valence enzyme;
CO-photolysis step, the unresolved absorbance change upon pulsed
illumination of the enzyme CO complex; CO-photolysis spectrum, the
difference spectrum of the CO-photolysis step with either the mixed-
valence QNAwv.co) or the fully reduced AArrco enzyme; CO-
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the two hemes of cytochromeoxidase because electrons reduces the enzyme by donating two electrons to each
normally enter through Guand the electron transfer from enzyme molecule after which another CO molecule binds
Cu, to hemea is rate-limiting for the electron transfer from to hemeaz (23):
hemea to hemeas. An alternative method that has been
used extensively to investigate intramolecular electron 2co+ H.O + Cu52+a 3+,

) . ) o 2 3
transfer in cytochrome oxidase is based on the possibility

+ +, 2+
to prepare a “mixed-valence” state of the enzyme in which CO,+2H" + Cus a5" (CO) (2)
hemea and Cuy, are oxidized and the binuclear center is

reduced with carbon monoxide bound to heag€12, 13. The enzyme form in which hema/Cug are reduced and

In this form, the CO ligand stabilizes the reduced state of hemea/Cu, are oxidized is called the mixed-valence state.
the binuclear center. Thus, flash photolysis of CO results in The amount of CO consumed during reduction of the enzyme

a lowering of the apparent midpoint potential of hemg is the same as that of the enzymeld uM); i.e., it is
which results in equilibration of the electron with hemme  negligible compared to the total CO concentrationi (nM).
(14-19): At the pH used in the experiments (7.0), the mixed-valence-
CO complex is formed after hours of incubation at room
- Kasd) _ Kea temperature, as defined from its characteristic absorption
ag; —CO Krec g Kab a3 @ spectrum. We monitored the absorption spectra during

formation of the mixed-valence enzyme and used the sample
wherekgis{hv) andkecare the light-dependent CO dissocia- when no further changes in absorbance were observed: i.e.,
tion and recombination rate constants, respectivelykad  the mixed-valence state was formed in essentially the entire
keaare electron-transfer rate constants. A minus sign indicatesenzyme population. Further reduction of the enzyme to form
a reduced site. Even if in this particular experiment the net the three-electron reduced state is a much slower process
electron transfer takes place in the opposite direction and did not occur during preparation of the mixed-valence
compared to the “normal” sequence of electron transfer in state. The reduction level of hensewas monitored fre-

cytochromec oxidase, both the forwarkf = 2 x 10°s™) quently during the flash-photolysis experiments. The forma-
and backwardlka = 1 x 10° s™) rate constants can be tjon of the partly reduced forms of cytochronseoxidase
determined from the observed rate constégy; (which is has also been discussed extensively2d)(where it was
equal tokas + ksa) and the extent [proportional t/(kap + concluded that the mixed-valence state is stable and formed
ko) Of the absorbance changé( 17, 19.and this work)].  in aimost the entire enzyme population. After investigation

These electron-transfer rates are pH-independent (in the ranggf the mixed-valence enzyme, the same sample was reduced
6-10) (14, 19 and do not display any solvent deuterium ysing dithionite ¢500.M) or ascorbate (2 mM) and PMS
iSOtOpe effeCtZO), which indicates that the electron transfer (5 ﬂM) to form the fu”y reduced enzyme, and the measure-
on this time scale is not coupled to protonation reactions. ments were then repeated.

During enzyme turnover, the electron-transfer rate from  inetic MeasurementsThe kinetic measurements were
hemea to hemea; varies depending on the state of the performed using a locally modified flash-photolysis setup
binuclear center and the presence of bound oxygen inter-(| ks 60 from Applied Photophysics) described in detail in
mediates, but it is normally much slower than the rate (25 \where applicable, the rise time of the setup was
observed after flash photolysis of CO from the mixed-valence jmproved up to~10 ns (see figure legends). The timing of
enzyme {-3 x 10° s, see above). Recently, Verkhovsky the experiment was controlled by a Digital Delay/Pulse
etal. @1) reported that there may be an even faster electron Generator (Berkeley Nucleonics, model 555-4c). The 150-W
transfer between the two hemes. This electron transfer wasyenon bulb providing the monitoring beam was pulsed,
not resolved kinetically, and the evidence was obtained producing a stable light level during500 us. The signal
indirectly from an analysis of the extent of kinetically was recorded using a photomultiplier (R928, Hamamatsu,
unresolved absorbance changes after illumination of the 5 stage), and either it was amplified using a current-to-
mixed-valence-CO complex of the bovine enzyme. In this yojtage converter (Femto, model HCA 40M-100k-C, with a
study, we have reinvestigated the flash-induced absorbanceyandwidth of 40 MHz and amplification of 2&//A) or the
changes in the mixed-valence and fully reduced enzymesqytput current was passed through a G0resistor and
and conclude that the rate constant of the electron transfergmpiified using an amplifier (EG&G PARC, model 115, with
from hemea to hemeas is maximally~2 x 10°s™tinthe 3 pand width of 70 MHz and a rise time of 7 ns). The voltage
bovine enzyme. changes were monitored using a digital oscilloscope (Hewlett-

Packard, model Infinium 54820A, 500 MHz). The reaction
MATERIALS AND METHODS was initiated by flash photolysis of the enzym@O complex

Enzyme PreparationThe enzyme was prepared from using a 6-ns;-50-mJ laser flash at 532 nm (Quantel Brilliant
bovine hearts as describea?y. B, Les Ulis Cedex, France).

Preparation of the Mixed-Valence and Fully Reduced At each wavelength, *Qpoints were collected, and the
EnzymesThe enzyme was solubilized at a concentration of data set was then reduced+da000 data points by averaging
14 uM in 0.1% dodecylB-p-maltoside, 130 mM KCI, 100  over a progressively increasing number of points (logarithmic
mM HEPES at pH 7.0, and the sample was transferred to atime scale). Kinetic difference spectra were obtained from a
modified anaerobic cuvette. For measurements 20 °C, global fit, with an exponential function, of kinetic traces
30% glycerol was added to the enzyme solution. The collected at single wavelengths. The difference amplitudes
atmosphere in the cuvette was exchanged;toriNa vacuum at each wavelength were determined from the absorbance at
line followed by addition of CO at 1 atm. Carbon monoxide t— c minus that extrapolated to= 0. The CO-photolysis
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Ficure 3: Difference spectra (CO-photolysis spectra) of the rapid,
unresolved absorbance changes (CO-photolysis steps) observed
upon flash-induced dissociation of CO from the mixed-valence
(AAwv.co, “O”) and fully reduced AAsrco “W”) enzymes. The
difference spectra were determined as the absorbance difference
immediately after the laser flash (with a resolution of 20 ns between
measured points) minus that before the flash. Please note the
different ordinate scales in the two parts of the graph. Conditions
were the same as in Figure 1.

Ficure 1. Absorbance changes at 430 nm after flash-induced
dissociation of CO (at= 0) from the mixed-valence and the fully
reduced enzymes. The time resolution of the experimental setup
was~20 ns (bandwidth of the amplifier 40 MHz). The traces are
the averages of30 traces and have been filtered over a number
of points that increased with increasing time. Conditions:u 04
cytochromec oxidase in 0.1% dodecyl-pD-maltoside, 130 mM KCl,

100 mM HEPES at pH 7.0, 1 mM CQ, = +20 °C.

-20% at 445 nm and-20°C. As seen in the figure, the absorbance
increases with a time constant ef10 ns, i.e., the time
resolution of our measuring system. No significant absor-
I +20°C, 3us electron transfer 1 bance changes were observed other than a decrease in
absorbance with a rate constante x 10* s™%. The~2 x
10* st decrease is due to electron transfer from hegi®
hemea; i.e., it corresponds to the & 10° s™! reaction
discussed above measuredt&t0 °C (also shown in Figure
2).
0 40 80 50 100 150 Also with the fully reduced enzyme, the initial rapid,
kinetically unresolved decrease in absorbance at 430 nm is
_ i ) L associated with dissociation of CO from hemg(Figure
28“?;?;%??%?%5 %?fgg_%i%%igfﬁgﬁg”gfg gsr?r?gggon of 7). 1t is followed by a slower increas_r—.l in absorbance at 430
°C compared to those measuredte0 °C. The bandwidth of the M With a rate constant of & 10° s™* (z = 2 us, called
experimental setup was 70 MHz (the rise time 7 ns). The traces “2-uS phase” throughout the text). This absorbance change
are the averages of20 traces, and the traces on the right-hand has previously been attributed to structural rearrangements
side have been ﬁgere(?tioo"rfsr \?v Q:‘erqﬁgrso;ggig: itrTaFtiinucrreeaisee?(z\gthtat the binuclear center associated with the release of CO from
Increasing time. Condi . : . . . :
that the tegmperature was as indicated in the graph an%l 30%’glyce£)ICUB. tq which it binds transiently after flash-lnducgd dis-
was present in the sample measured-a60 °C. sociation from hemeas (26—28). With both the mixed-
valence and fully reduced enzymes, CO recombines on a
spectra (the difference spectra of the CO-photolysis steps atmillisecond time scale to the original states, which makes it
various wavelengths) were determined as the difference inpossible to repeat the experiment and average many traces
absorbance dt= 0, immediately after the flash minus that (see figure legends). Both theu®-electron transfer and the

time (ns) (us)

before the flash. 2-us phase are seen also at other wavelengths (see below).
Traces at 430 nm are shown in Figure 1 because at this
RESULTS wavelength the absorbance changes are relatively large and

Figure 1 shows absorbance changes after flash-induced'ave different signs.
dissociation of CO from the mixed-valence bovine enzyme  Figure 3 shows the CO-photolysis spectra (i.e., the
at 430 nm (lower trace). The initial, kinetically unresolved difference spectra of the CO-photolysis steps) measured with
decrease in absorbancet at 0 (called “CO-photolysis step”  the mixed-valenceAAwy,co) and fully reduced £Aer co
throughout the text) is associated with dissociation of CO forms of the enzyme. These changes include only the
from hemeas (see also Discussion). It is followed by a unresolved (on atime scale of 20 ns) flash-induced changes
further decrease in absorbance with a rate constantsof 3 in absorbance, before the.3-electron transfer in the mixed-
10Fslat 20+ 1°C (v = 3 us, called “3us electron transfer” ~ valence enzyme or the 2 phase in the fully reduced
throughout the text), associated with net electron transfer énzyme. As seen in Figure 3, these initial, unresolved
from hemeaz to hemea. This electron transfer is followed absorbance Changes are different in the two enzyme forms.

by an electron equilibration between hemand Cuy with Figure 4 shows the difference between the two spectra
a time constant of 3@s, but the extent of this reaction is shown in Figure 3 (i.e., the CO-photolysis difference
less than 5% in the bovine enzyme. spectrumAAwy.co — AArrco). It is displayed together with

Figure 2 shows absorbance changes following flash- the kinetic difference spectrum of theu3-electron transfer
induced dissociation of CO from the mixed-valence enzyme measured with the mixed-valence enzyme and the kinetic
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Ficure 4: Kinetic difference spectra of the & phase measured
with the fully reduced enzyme W) (see Figure 1), 3¢s electron
transfer between hemes and hemea in mixed-valence enzyme
(“O") (see Figure 1), and the CO-photolysis difference spectrum,
AAwv.co — AAsrco (“ X", see Figure 3). The lines are guides for
the eye. Please note the different ordinate scales in the two part
of the graph. Conditions were the same as in Figure 1.

difference spectrum of the 2s phase measured with the fully Thi
reduced enzyme (see Figure 1). These kinetic difference IS con

spectra were obtained from a global fit of data collected at
single wavelengths.
In experiments with the fully reduced enzyme, the same

results were obtained independently of whether ascorbate or

dithionite was used to reduce the enzyme.

DISCUSSION

Accelerated Publications

difference spectrum with static absorbance spectra corre-
sponding to electron transfer from hemmgto hemea (see
Supporting Information).

In a recent study by Verkhovsky et a21), the difference
between the rapid, unresolved absorbance changes upon CO
dissociation from the mixed-valence and fully reduced
enzymes (i.e., the CO-photolysis difference spectrum) was
compared to the kinetic difference spectrum of thgs3-
electron transfer in the alpha region (57620 nm). On the
basis of a similarity between these spectra, they suggested
that there is an additional, “ultrafastt (< 100 ns) electron
transfer hidden in the CO-photolysis step of the mixed-
valence enzyme. We also found a similarity between the
kinetic difference spectrum of the:as electron transfer and
the CO-photolysis difference spectruuy.co — AArrco
in the alpha region (cf.©” and “x” in Figure 4). However,
in the Soret region (408470 nm), these difference spectra

Sare very dissimilar, which indicates that there is no additional
internal electron transfer in the mixed-valence enzyme
“hidden” within the unresolved absorbance change=aD.

clusion is further supported by results from experi-
ments with theR. sphaeroidesytochromec oxidase. With
this enzyme, the extent of the® electron transfer is about

3 times larger than that found with the bovine enzyme, i.e.,

90% (not shown). This means that a potential ultrafast

electron transfer from hereg to hemea could account for

at most 10% in th&R. sphaeroideenzyme, as compared to

35% estimated for the bovine enzyn®#). Different extents

of ultrafast electron transfer should be manifested in different

~

The distance between the iron ions, i.e., the centers of theamplitudes of the CO-photolysis difference spectra. Never-

hemes, is~13 A, while the shortest distance between the theless, these spectra were the same for the two enzymes,
edges of the aromatic heme systems~i& A (1, 2, 5. which indicates that the CO-photolysis difference spectrum
Therefore, when calculating the electron-transfer rate betweenmust be due to some other process than electron transfer.
the hemes using theoretical models, the result depends To further investigate the presence of any rapid absorbance
strongly on the distance used, i.e., whether the electronchanges after flash photolysis of CO from the mixed-valence

transfer is assumed to occur between the iron ions or theenzyme, we did measurements -aR0 °C with a time

edges of the heme groups. Using one appro8chi@ and

resolution of 10 ns (see Figure 2). The results indicate that

a reasonable driving force, a reorganization energy, and athere is no electron transfer from hemgto hemea on this

distance of 6.9 A, the rate was estimated to be T8 s1
(21). Another approach7j which takes into account possible

time scale. If there was an electron transfer and it had a
slightly larger extent compared to that of the«8-electron

pathways between the hemes gave rates close to the measurarhnsfer (as suggested &1), it would be manifested as a

~10° s71 (29, 30.

In this study, we have investigated absorbance change
following flash-induced dissociation of CO from the mixed-
valence and fully reduced bovine cytochroomxidase. With

decrease in absorbance with a slightly larger amplitude than
ghat of the 2x 10* s ! phase (corresponds to the«8-electron
transfer at+20 °C, cf. Figure 2). Assuming the parameters
given in 1), the electron-transfer rate would be about 10

the mixed-valence enzyme, photodissociation of CO resultstimes slower at—20 °C than at+20 °C. Therefore, the
in absorbance changes with an observed rate constant ofibsence of absorbance changes in Figure 2 (where absor-

3 x 10° st (t = 3 us) (14, 18, 19. Earlier studies
[(15—-17, 2], see alsoX4, 19] have shown that the kinetic
difference spectrum of the 8 10° st event fits well with

a static difference spectrum corresponding to electron transfer

from hemeaz to hemea, AA(az? a3 — agz*"a?" ). Also the
results from this study are consistent with thex3L0P s
absorbance change being associated with hemee
electron transfer with an extent 630%, which is slightly
larger than reported befordg, 19. It is not clear whether
or not the events associated with the®2phase (observed
with the fully reduced enzyme) also take place in the mixed-

bance changes were measured with a time resolutierl6f
ns) indicates that at room temperature there are no electron-
transfer reactions that are in the rang& ns—3 us.

In addition, we also did a preliminary study of absorbance
changes after flash photolysis of CO from the mixed-valence
enzyme-CO complex with femtosecond time resolution
(unpublished results) and could not observe any absorbance
changes associated with electron transfer on a time scale
100 fs—600 ps.

As seen in Figure 4, the CO-photolysis spectra obtained
with the fully reduced and mixed-valence enzymes are not

valence enzyme (because the time constants are so similar)identical (obtained 20 ns after the flash). As discussed above,
Independently of whether of not absorbance changes of thethis difference is not due to electron transfer. Even though

2-us phase are subtracted from those of thes3electron
transfer, it is possible to obtain a reasonable fit of the kinetic

upon flash photolysis of CO from the fully reduced enzyme
no internal electron-transfer reactions can take place, absor-
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bance changes have been observed after CO-photol\sis ( *AArrco I A
17, 27, 28, 31 It was proposed that after dissociation from L0 [oAAMy Conorm o ne 1 % 1 010
hemeas, CO binds to Cy, which is followed by absorbance s o oo
changes on a picosecond time scale, interpreted in terms of 05 <N . " %, 1005
structural rearrangement&%, 31). The binding of CO to ) 8,‘% ; °
Cus is transient, and the ligand is released to the bulk solution 00 1"&7@;:0 * - % 0.00
with a rate constant of 4.% 10° s (cf. 2-us phase in this . o
work). The release of CO from Gugives rise to an 05 .-° T oo, o 1-0.05
absorbance change, proposed to be due to structural changes °%o ™
around heme (17, 26-28). 5 10r % R R
We observed an absorbance change with a rate of 5 e s 00 | e B 5
10° st (r = 2 us) after flash-induced dissociation of the 04 | Ay cOnom—2AFR.CO ,3‘,,,;,‘ ] 0.04
CO ligand from the fully reduced enzyme. A Kkinetic re r, "{y\
difference spectrum of the phase in both the Soret and the o2 A 3 °¥ 0.02
alpha regions is shown in Figure 4, together with the kinetic °‘““:§%" Y c,é "ag\\x
difference spectrum of the @s electron transfer in the 00 [P 3£ o ot &1 0.00
mixed-valence enzyme. As seen in the figure, these kinetic s{a : P °°°° 4 S
difference spectra have similar features in the alpha region,  -02} faoj,,-"’ T e 1002
while in the Soret region the contribution of thex®-phase i x
is clearly different from the kinetic difference spectrum of 041 ) S 100
the 3us electron transfer. 400 420 440 460 580 590 600 610 620 630
As discussed above, both the picosecond absorbance wavelength (nm)

changes and t?eﬂs phajehhave Pr?]en attr;]bUted o StrUCtUI;aI Ficure 5: (A) The CO-photolysis spectrum measured with the
rearranggmen S aroun. erag esg changes may not = ,iyeq-valence enzymeMAwv, co norm) Was normalized at 592 nm
necessarily take place in both the mixed-valence and fully to that measured with the fully reduced enzyneAég co (cf.
reduced enzymes, or the absorbance contributions of theFigure 3). The 592-nm wavelength is an isosbestic point for the
corresponding events may be different in the two enzyme hemeag to hemea electron transfer (see text). (B) Kinetic difference

forms. Such differences in the picosecond event would result SPectrum of the Js electron transfer between hemeand heme
ain mixed-valence enzyme@”) (see Figure 1) and the normalized

in different CO-photolysis steps in the two enzyme forms. co_photolysis difference  spectrumMAwy conorm — AArrco

The study of Verkhovsky et al2() was stimulated by [ x”, see (A)]. The lines are guides for the eye. Please note the
the observation that during steady-state illumination of the different ordinate scales in the two parts of each graph. Conditions
mixed-valence enzymeCO complex (or removal of CO),  Wwere the same as in Figure 1.
the fraction electron transfer from heragto hemea was prepared by incubation of the oxidized enzyme under a CO
larger than that observed during the transient reaction with atmosphere in the absence of(@ee Materials and Methods).
a time constant of @s. However, it is difficult to compare  Since CO is a two-electron donor, the one-electron reduced
rapid, flash-induced absorbance changes on the microsecondtate is unlikely to be populated. The level of the three-
time scale with spectral changes that occur under steady-electron reduced enzyme can easily be controlled and kept
state illumination. This is because the light-induced CO at negligible level (see Materials and Methods). Thus, the
dissociation may be followed by other events, such as only enzyme form that may be present in addition to the
structural rearrangements and changes in the protonatiomrmixed-valence state in the sample is the fully oxidized
states of groups at the binuclear center, resulting in further enzyme. As described under Materials and Methods, presum-
spectral changes. These events would not be seen in thebly the fraction of oxidized enzyme in the mixed-valence
kinetic experiments if they are slower than CO recombina- sample is negligible. However, below we discuss what
tion. In addition, the details of the static absorbance spectra,consequences on the calculated kinetic difference spectra the
used to calculate the difference spectrum of the electron presence of a fraction oxidized enzyme would have if this
transfer from hemeg to hemea, vary, which most likely is form was present in the mixed-valence enzyme sample.
due to the variation in the initial states of the enzyme  The oxidized enzyme does not contribute to any of the
[(15, 32, 33; see also Supporting Information]. Moreover, absorbance changes, and therefore the only effect would be
we noticed that upon continuous illumination of the mixed- to lower the effective concentration of the reacting enzyme.
valence enzyme there was additional reduction of hame If the net concentration is lower and we want to compare
during the illumination process, which also gives a larger the CO-photolysis difference spectra measured with the fully
apparent degree of electron transfer. reduced and mixed-valence enzymes, we have to rescale the

One complication in the comparison of the absorbance mixed-valence traces and normalize them to 100% reactive
changes measured with the mixed-valence and fully reducedenzyme. Verkhovsky et al2{) suggested that the unresolved
enzymes is that the populations of the hem& —CO CO-photolysis step consists of only CO dissociation and
complexes may be different in the two samples. Since the hemeas; to hemea electron transfer. Assuming this scenario,
fully reduced state is prepared by addition of a reductant to the amplitude of the CO-photolysis steps should be equal in
the mixed-valence sample, in this enzyme form the popula- size for both the mixed-valence and fully reduced enzymes
tion of hemeaz? —CO is expected to be essentially 100%. at 592 nm, which is an isosbestic point for the herheme
The question therefore arises whether or not the hefie- electron transfer. We note that after rescaling, (Figure 5A)
CO complex is formed at 100% also after preparation of the the spectra are essentially identical to those presented
mixed-valence-CO state. The mixed-valence-CO complex is previously 1) and that the CO-photolysis difference
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spectrum in Figure 5B is similar to the kinetic difference
spectrum of 3us electron transfer in the alpha region.
However, in the Soret region, these spectra are different. In
fact, there is no scaling factor between the CO-photolysis
steps that would produce a CO-photolysis difference spec-
trum similar to that of the 3 electron transfer. Conse-
quently, we cannot attribute the difference between the CO-
dissociation steps measured with the mixed-valence and fully

reduced enzymes to unresolved electron transfer from heme 10
11.

as to hemea.

CONCLUSIONS

Our results show that there is a difference between the
CO-photolysis spectra measured with the mixed-valence and
fully reduced enzymes. The CO-photolysis difference spec-
trum is, however, not similar to the kinetic difference
spectrum of the 3s electron transfer from henag to heme
a. Thus, we conclude that the unresolved spectral difference
does not correspond to electron transfer between hemes
andas, and the fastest electron-transfer rate from harte
az in cytochromec oxidase is about X 1 s (forward
rate constant). Even though this rate is several orders of
magnitude slower than the recently estimated rafg, (t is
still much faster than any of the catalytic reaction steps
observed during turnover of the enzyme. The results do not
exclude the possibility that the 2 10° s™* rate is controlled

by structural changes and/or ligand exchange at the binuclear 22,

center.
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SUPPORTING INFORMATION AVAILABLE

A figure is presented in which we show a comparison of
different static difference spectra corresponding to stoichio-
metric electron transfer from hensg to hemea and the
kinetic difference spectrum of the /s electron transfer in
mixed-valence cytochrome& oxidase. This material is
available free of charge via the Internet at http://pubs.acs.org.
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