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ABSTRACT: The photolysis intermediates of partially and fully reduced CO-bound cytochrome oxidase 
derivatives were investigated. A gated optical spectrometric multichannel analyzer was used to collect 
visible and near-infrared transient difference spectra on time scales from nanoseconds to milliseconds. 
The spectra were analyzed by a singular value decomposition method combined with a global exponential 
fitting procedure. Global analysis of the mixed-valence CO complex transient difference spectra shows 
that five intermediates are present with apparent lifetimes of 1.4 ps, 4.8 ps, 76.7 ps, 10.6 ms, and 21.6 
ms. The data were fitted to a kinetic model involving a sequential pathway with accompanying equilibria. 
On the basis of this mechanism, the absorption spectra of the intermediates were determined. The first 
step, also present in the fully reduced enzyme, is attributed to a conformational change at cytochrome a3. 
The spectral changes associated with the second step are similar to those expected for 1 : 1 electron transfer 
from cytochrome a3 to cytochrome a, except for a higher absorbance between 480 and 550 nm. A 
comparison of the experimental spectral change associated with this step, (a2+ minus a3+) minus 
minus ~ 3 ~ 9 ,  and the calculated spectral change, (a2+ CUA+ minus a3+ CUA~+)  minus (as2+ CUB+ minus 
a33+  CUB^+), allowed extraction of the absorbance spectrum of C U A ~ +  in the 480-550 nm region. The 
spectral change associated with the third step is consistent with the oxidation of cytochrome a. A decrease 
in the 830 nm band on the same time scale indicates that the electron acceptor is CUA. The data also 
suggest that the redox state of CUB significantly affects the absorption spectrum of oxidized cytochrome 
a3 in the visible region. The two processes on a millisecond time scale are attributed to CO recombination 
and intramolecular electron transfer. 

Intramolecular electron transfer in cytochrome oxidase can 
be investigated by photolyzing CO from the mixed-valence 
CO complex (cytochrome U ~ ~ + - C O  CUB+ cytochrome a3+ 
CUA~+) '  (Boelens & Wever, 1979; Boelens et al., 1982; 
Brzezinski & Malmstrom, 1987; Morgan et al., 1989; 
Oliveberg & Malmstrom, 1991; Einarsddttir et ai., 1992a; 
Verkhovsky et al., 1992; Georgiadis et al., 1994; HallBn et 
al., 1994) and the three-electron-reduced CO compound 
(Morgan et al., 1989; Oliveberg & Malmstrom, 1991). The 
apparent reduction potential of the binuclear site is lowered 
upon CO photolysis, leading to electron transfer from the 
binuclear site to the low potential redox centers, cytochrome 
a and CUA (Boelens & Wever, 1979; Boelens et al., 1982). 
Oliveberg and Malmstrom (1991) observed two processes 
at 445 and 605 nm, with apparent rates of 2 x lo5 s-l and 
1.3 x lo4 s-l, following photolysis of the mixed-valence 
CO enzyme. The two processes were attributed to electron 
transfer between cytochrome a3 and cytochrome a and 
between cytochrome a and CUA, respectively. By following 
electron transfer at individual wavelengths in the Soret 

t This work was supported by National Institutes of Health Grant 

* Author to whom correspondence should be addressed. 
@ Abstract published in Advance ACS Abstracrs, December 15,1994. 

Abbreviations: CcO, cytochrome c oxidase; SVD, singular value 
decomposition; b-specmm, spectral changes associated with a particular 
fist-order process; OSMA, optical spectrometric multichannel analyzer; 
kapp, apparent rate constant; t, apparent lifetime; CUA, copper A; CUB, 
copper B; a*+, reduced cytochrome a; a3+, oxidized cytochrome a; a3*+; 
reduced cytochrome a3; &+, oxidized cytochrome a3. 

GM45888. 

region, Verkhovsky et al. (1992) reached similar conclusions. 
A slow phase (kam -500 s-') has also been reported by the 
Goteborg group (Brzezinski & Malmstrom, 1987; Oliveberg 
& Malmstrom, 1991; Halltn et al., 1994). This phase had 
been attributed to a structural change (Oliveberg & Malm- 
strom, 1991), but a more recent kinetic difference spectrum 
indicates that it is due to electron transfer from cytochrome 
a3 to cytochrome a (HallCn et al., 1994). The phase was 
found to be sensitive to pH and D20, suggesting that it is 
coupled to proton transfer events. 

In recent studies from our laboratory, intramolecular 
electron transfer in cytochrome oxidase was investigated in 
the Soret region following photolysis of the mixed-valence 
CO complex (Georgiadis et al., 1994). Time-resolved 
difference spectra were collected using a gated optical 
spectrometric multichannel analyzer (OSMA) system and 
analyzed by a global exponential fitting routine combined 
with a singular value decomposition method. Modeling of 
the data suggested that a conformational change at cyto- 
chrome a3 preceded electron transfer from cytochrome a3 to 
cytochrome a on an early microsecond time scale (Georgiadis 
et al., 1994). This was followed by electron transfer from 
cytochrome a to CUA in agreement with previous studies 
(Oliveberg & Malmstrom, 1991; Verkhovsky et al., 1992). 
The global analysis also indicated two millisecond processes. 

A comparison of the experimental and predicted absor- 
bance changes associated with the two electron transfer steps 
in the Soret region indicated some spectral interactions 
among the redox centers, but no major contribution due to 
the oxidized coppers was detected in this region (Georgiadis 
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et al., 1994). Due to the intense JZ - n* transitions of the 
hemes in the Soret and visible regions, extraction of the 
absorbance spectra of the oxidized coppers has been difficult. 
However, low-temperature magnetic circular dichroism 
measurements have shown a transition at -520 nm which 
was attributed to CUA~+ (Greenwood et al., 1983, 1988; 
Thomson et al., 1986; Farrar et al., 1991). A visible spectrum 
with a maximum at -530 nm has been reported for a CUA 
mutant of subunit I1 of cytochrome bo from Escherichia Coli 
(van der Oost et al., 1992; Kelly et al., 1993). Lappalainen 
et al. (1993) and von Wachenfeldt et al. (1994) recently 
obtained similar spectra for the CUA domains of cytochrome 
c oxidase from Paracoccus denitrijicans and caag oxidase 
from Bacillus subtilis, respectively. Therefore, several lines 
of evidence indicate that CUA*+ has an optical absorption in 
the visible region between 480 and 550 nm. 

In this study, we probed transient absorbance changes in 
the visible and near-infrared regions following photolysis of 
CO bound to the mixed-valence, three-electron-reduced, and 
fully reduced complexes. The data are consistent with our 
previously reported mechanism involving a conformational 
change at cytochrome a3, followed by electron transfer from 
cytochrome a3 to cytochrome a with subsequent electron 
transfer to CUA (Georgiadis et al., 1994). Our data also 
provide evidence for an optical absorption due to C U A ~ +  in 
the 480-550 nm region and suggest that the redox state of 
CUB significantly affects the spectrum of oxidized cyto- 
chrome a3. 

MATERIALS AND METHODS 

Cytochrome oxidase was isolated from fresh beef hearts 
according to the method of Yoshikawa et al. (1977) with a 
final dialysis against 0.1 M sodium phosphate buffer, pH 
7.4. The mixed-valence CO complex was obtained by 
incubating a deoxygenated enzyme solution under CO for a 
few hours. The three-electron-reduced CO complex was 
made by a prolonged incubation (5-10 h) under CO. 
Enzyme concentration was determined spectrophotometri- 
cally using extinction coefficients of 8.5 mM-’ cm-’ at 598 
nm for the oxidized enzyme or 19.9 mM-’ cm-’ at 604 nm 
for the reduced protein (Yoshikawa et al., 1977) and is 
expressed in terms of the concentration of cytochrome 
oxidase (i.e., 50% of the heme a concentration). The CO 
complexes were characterized by their visible spectra which 
were recorded before and after the photolysis measurements 
to ensure that the samples did not change during the 
measurements. 

The CO complexes were photolyzed with a DCR-11 Nd: 
YAG laser (532 nm, 45 &/pulse). A 10 x 4 mm cuvette 
was used with the laser photolysis beam along the 4 mm 
path length and the probe beam along the 10 mm path length. 
The probe beam was a pulsed xenon flashlamp light source 
with time resolution of 4 ps (full width at half-maximum). 
The transient optical signals were detected by a gated optical 
spectrometric multichannel analyzer (OSMA) connected to 
the spectrograph’s (Aries, FF250; 150 grooves/” grating) 
output port. Further experimental details were provided in 
a previous paper (Georgiadis et al., 1994). 

The time-resolved data were 
analyzed at all wavelengths and times simultaneously as 
described previously (Georgiadis et al., 1994), combining 
exponential fitting and singular value decomposition (SVD) 

Global Data Analysis. 

procedures (Hug et al., 1990; Thorgeirsson et al., 1991, 
1992). The analysis consists of three steps carried out using 
Matlab software (Mathworks), the first of which is the SVD. 
The SVD procedure gives the minimum number of orthonor- 
mal basis spectra that are needed to represent the whole data 
set and thereby reduces the number of parameters required 
for the subsequent exponential fitting (Golub & Reinsch, 
1970; Henry & Hofrichter, 1992). In the second stage of 
the analysis, the reduced data set is fitted to a sum of 
exponentials. The output of this process are the apparent 
(observed) rate constants, k,, and the spectral changes 
associated with the apparent rates, or the b-spectra (Hug et 
al., 1990; Thorgeirsson et al., 1991, 1992). The number of 
exponentials constituting the fitted linear combination was 
increased until a random pattern was obtained in the plot of 
the residuals as a function of both wavelength and time. 
Further details of the data analysis have been reported 
previously (Hug et al., 1990; Thorgeirsson et al., 1991, 1992; 
Georgiadis et al., 1994). 

The final step in the spectral analysis involves testing 
different mechanisms by extracting the spectra of the 
intermediates based on a set of microscopic rate constants 
(Georgiadis et al., 1994). Alternatively, b-spectra and 
apparent lifetimes can be calculated if the spectra of all the 
intermediates and the microscopic rate constants are known. 
A comparison of the experimental and calculated b-spectra 
and the corresponding apparent lifetimes then provides a 
criterion for the validity of a given kinetic model (Hug et 
al., 1990; Thorgeirsson et al., 1991, 1992; Georgiadis et al., 
1994). In the present study, model spectra of the intermedi- 
ates were appropriate linear combinations of the ground state 
spectra of the oxidized, fully reduced, mixed-valence CO 
and fully reduced CO enzyme complexes. Calculated 
b-spectra were obtained from the model spectra of the 
intermediates using optimized values of the microscopic rate 
constants. For each mechanism tested, the microscopic rate 
constants were varied iteratively by the simplex optimization 
algorithm. The search terminated when a set of microscopic 
rate constants gave a local minimum of the following 
weighted sum of relative deviations: 

where k is the number of apparent rates, b(jl)data and b(A)cdc 
are the experimental and calculated b-spectra, respectively, 
and zdU and zcdc are the experimental and calculated apparent 
lifetimes, respectively. The weighting factors, wsFc and whe ,  
serve to normalize the contributions to s from the residuals 
arising from the b-spectra and apparent lifetimes, respec- 
tively. The value of s is affected to a much greater extent 
by the discrepancy between the experimental and calculated 
b-spectra than by the corresponding difference in the 
lifetimes. This is due to the number of parameters involved 
in the b-spectra, ( k  + 1) x m (where m is the number of 
wavelengths monitored), compared to k parameters in case 
of the apparent lifetimes. The factor 6 is an estimate of the 
average relative error in each z. Its value was assumed to 
be identical to the tolerance used as the convergence criterion 
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FIGURE 1: Transient absorption difference spectra of fully reduced CO-cytochrome c oxidase (A and B) and mixed-valence CO-cytochrome 
c oxidase (C and D) in the visible region. The spectra were obtained at 55 delay times between 40 ns and 300 ms after CO photolysis. The 
number of delay times in each time decade were as follows: 10 between 40 ns and 1 ps, 6 between 1 and 10 ps, 9 between 10 and 100 
ps, 9 between 100 ps and 1 ms, 8 between 1 ms and 10 ms, and 13 between 10 and 300 ms. Each spectrum represents 128 accumulated 
averages. The cytochrome oxidase concentration was 43 fiM in 0.1 M sodium phosphate buffer (pH 7.4) at 24 “C. The CO concentration 
was 1 atm. 

in the previous multiexponential fitting step. In the process 
of evaluating various mechanisms, several starting sets of 
the microscopic rate constants were tested in order to assure 
that the local minimum was the “best” minimum attainable. 
If multiple minima were detected, a direct comparison of 
the resultant s values was used to determine the most 
appropriate values for the microscopic rate constants. 

RESULTS 

Visible Region: (A) Fully Reduced CO-Cytochrome c 
Oxidase. The transient absorption difference spectra fol- 
lowing photolysis of the fully reduced CO complex are 
shown in Figure 1 (panels A and B). The spectra, which 
represent the absorbance of the photoproducts minus that of 
the unphotolyzed fully reduced CO complex, were collected 
at 55 time delays between 40 ns and 300 ms after CO 
photolysis. The peak in the 40 ns difference spectrum is at 
-614 nm and the trough at -592 nm. The peak has a 
significantly higher intensity than the corresponding peak 
in the difference spectrum of the fully reduced unliganded 
enzyme and the fully reduced CO complex. The transient 
difference spectra show a substantial decrease and a small 
blue shift (-1-2 nm) in the a band between 40 ns and 25 
ps following CO photolysis (Figure 1A). The microsecond 
changes are followed by the CO recombination on a 
millisecond time scale (Figure 1B). 

Global exponential fitting analysis of the transient differ- 
ence spectra supports the presence of two processes with 
apparent lifetimes of 1.5 ps and 1 1  ms. Figure 2A shows 
the spectral changes (b-spectra) associated with the two 
processes. The residual spectra from the two-exponential 
fit (the difference between the transient data and the fit) are 
shown in Figure 2B. The residuals show primarily random 
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FIGURE 2: (A) Spectral changes (b-spectra) associated with the two 
lifetimes, 1.5 pus (solid) and 11.0 ms (dashed), from a two- 
exponential fit of the time-resolved data of the fully reduced CO 
complex (Figure 1A,B). (B) Residuals (data minus fit) from a two- 
exponential fit of the time-resolved data of the fully reduced CO 
complex. The residuals are separated by a constant factor and are 
plotted on the indicated absorbance scale. 

structure; however, it was found that, upon addition of one 
more lifetime, z -200 ps, the total residual was decreased 
further. The amplitude of the corresponding b-spectrum was 
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FIGURE 3: Subset of residuals (data minus fit) on microsecond and 
millisecond time scales from (A and B) a three-exponential fit (zapp 
= 1.8 ps, 50.8 ps, and 15.4 ms) and (C and D) a five-exponential 
fit (tam = 1.4 ps, 4.8 ps, 76.7 ps, 10.6 ms, and 21.6 ms) of the 
mixed-valence CO complex transient data in Figure 1, panels C 
and D. The residuals are separated by a constant factor. Each line 
(from top to bottom) represents the absorbance difference of the 
data and the least-squares fit at the following time points after 
photodissociation of CO from cytochrome u3: (A and C) 3, 5 ,  10, 
16, 28,47, 80, and 130ps and (B and D) 9, 15, 25, 43, 72, 130, 
240, and 300 ms. 

very small, and therefore this process was omitted in further 
analysis. 

Visible Region: (B)  Mixed-Valence CO- Cytochrome 
Oxidase. Figure 1 (panels C and D) shows the transient 
difference spectra in the visible region following photolysis 
of CO from the mixed-valence CO complex. The peak in 
the 40 ns transient difference spectrum of the mixed-valence 
CO compound is at -611 nm and the trough at -591 nm. 
It is clear that the spectral changes on an early time scale 
(40 ns-25 ps) are not the same for the fully reduced CO 
complex (Figure 1A) and the mixed-valence CO derivative 
(Figure IC). The transient difference spectra of the mixed- 
valence CO complex show a blue shift and a slight increase 
in the intensity of the a band on an early microsecond time 
scale. This is accompanied by a substantial increase at -520 
nm (Figure IC), indicative of the reduction of cytochrome 
a.  The transient difference spectra also show a small increase 
at 675 nm on a microsecond time scale (z -1-5 ps). Figure 
1D shows the transient absorbance changes between 25 ps 
and 300 ms following photolysis of the mixed-valence CO 
enzyme. 

The transient difference spectra of the mixed-valence CO 
complex (Figure 1C,D) were analyzed using a combination 
of global exponential fitting and SVD. Based on the relative 
magnitude of the first few singular values [9.6, 1.2, 0.275, 
0.108, 0.095, 0.0479, 0.0355, 0.0329, ... (55 singular values 
total)], which provide an estimate of the number of inter- 
mediates present, global fits assuming three, four, and five 
intermediates (not counting the final product, the mixed- 
valence CO complex) were compared. The residuals from 
a three-exponential fit of the data in Figure 1, panels C and 
D, are shown in Figure 3, panels A and B, for selected time 
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FIGURE 4: Spectral changes (b-spectra) from the five-exponential 
fit of the mixed-valence CO complex transient data (Figure 1C,D). 
(A) The b-spectra associated with the first three lifetimes, 1.4 ps 
(solid line), 4.8 ps (bold dotted line), and 77 ps (unbold dotted 
line). (B) The b-spectra associated with the two millisecond 
processes, 10.6 ms (solid line) and 21.6 ms (dashed line). 
points in the microsecond and millisecond time regimes, 
respectively. The corresponding apparent lifetimes were 1.8 
ps, 50.8 ps, and 15.4 ms. The residuals on both microsecond 
and millisecond time scales display a nonrandom pattern 
implying that additional processes occur on these time scales 
(Figure 3A,B). The residuals from a five-exponential fit of 
the mixed-valence CO complex transient difference spectra 
are shown in Figure 3, panels C and D, for the microsecond 
and millisecond time scales, respectively. It is clear that the 
nonrandom pattern present in the residuals resulting from a 
three-exponential fit (Figure 3A,B) has disappeared. The 
apparent lifetimes from the five-exponential fit were 1.4 ps, 
4.8 ps, 76.7 ps, 10.6 ms, and 21.6 ms. These lifetimes are 
almost identical within experimental error to those obtained 
using a five-exponential fit on the transient difference spectra 
of the mixed-valence CO complex in the Soret region 
(Georgiadis et al., 1994). The b-spectra associated with the 
three microsecond and two millisecond processes are shown 
in Figure 4, panels A and B, respectively. 

Visible Region: ( C )  Three-Electron-Reduced CO-Cyto- 
chrome Oxidase. Figure 5 (panels A and B) shows absor- 
bance changes following photolysis of the three-electron- 
reduced CO complex. The transient difference spectra are 
similar, but not identical, to those of the mixed-valence CO 
complex. This is reflected in the b-spectra (Figure 5C,D) 
resulting from a five-exponential fit of the transient data, 
which show different relative intensities compared to those 
of the mixed-valence CO compound (Figure 4A,B). The 
apparent lifetimes of the five processes in the three-electron- 
reduced CO complex were 1.2 ps, 5.2 ps, 77.6 ps, 8.7 ms, 
and 18.3 ms. 

Near-Infrared Region. Figure 6 shows transient absor- 
bance changes in the near-infrared region following pho- 
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FIGURE 5: (A and B) Transient absorption difference spectra of three-electron-reduced CO-cytochrome c oxidase between 30 ns and 20 
ps (A) and 25 ps and 300 ms (B) after photolysis of CO from cytochrome a3. The spectra were collected at 54 delay times after the laser 
pulse with the number of time points in each decade similar to that described in Figure 1. (C and D) Spectral changes (b-spectra) from a 
five-exponential fit of the three-electron-reduced CO complex transient data. (C) The b-spectra associated with the first three lifetimes, 1.2 
ps (solid line), 5.2 ps (bold dotted line), and 77.6 ps (unbold dotted line). (D) The b-spectra associated with the two millisecond processes, 
8.7 ms (solid line) and 18.3 ms (dashed line). The concentration of oxidase and conditions were the same as those listed in Figure 1. 
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FIGURE 6: Transient absorption difference spectra in the near- 
infrared region following photolysis of CO from (A) the fully 
reduced CO, (8) the mixed-valence CO, and (C) the three-electron- 
reduced CO enzyme derivatives. Cytochrome oxidase concentration 
was 160 pM in 0.1 M sodium phosphate buffer (pH 7.4) at 24 OC. 
The CO concentration was 1 atm. 

tolysis of (A) the fully reduced CO, (B) the mixed-valence 
CO, and (C) the three-electron-reduced CO derivatives (C). 
There is a decrease at -830-840 nm on a microsecond time 
scale (t -50-100 ps) in the transient difference spectra of 

the mixed-valence and three-electron-reduced enzyme CO 
derivatives (Figure 6B,C), reflective of the reduction of CUA 
(Wharton & Tzagoloff, 1964; Beinert et al., 1980). The 
apparent lifetime of this process (t -50- 100 ps) is similar 
to the 77 ps apparent lifetime observed in the visible region, 
indicating that both phases represent the same electron 
transfer process. The three-electron-reduced CO compound 
shows a significantly larger absorbance decrease at 830 nm 
(Figure 6C) than the mixed-valence CO complex (Figure 6B) 
in agreement with previous studies by Oliveberg and 
Malmstrom (1991). As expected, no absorbance decrease 
is observed at 830 nm on a microsecond time scale following 
photolysis of the fully reduced CO complex (Figure 6A). 

A band at 785 nm is observed in the transient difference 
spectra of all three complexes (Figure 6) .  We previously 
attributed this band, which disappears on the time scale of 
the CO recombination, to the unliganded five-coordinate 
high-spin cytochrome u3*+ (Einarsddttir et al., 1992b). This 
conclusion is consistent with a previous magnetic circular 
dichroism assignment of this band (Eglinton et al., 1980) 
and recent studies by Rich and co-workers on cytochrome 
ua3 (Rich et al., 1992) and cytochrome bo from E. coli 
(Ingledew et al., 1992). 

DISCUSSION 

Photolysis of the Fully Reduced CO Complex. The 
microsecond and millisecond processes observed in the CO 
photodissociation dynamics of the fully reduced CO enzyme 
can be represented by Scheme 1 (Woodruff et al., 1991; 
Einarsddttir et al., 1993; Georgiadis et al., 1994). On the 
basis of this mechanism, the microscopic rate constants in 
Table 1, and the b-spectra, the difference spectra of the 
intermediates, i.e., the spectra of the intermediates minus the 
spectrum of the unphotolyzed fully reduced CO complex, 
were determined. These are shown in Figure 7A. As noted 
above, the difference spectrum of intermediate I (Figure 7A, 



Intramolecular Electron Transfer and Conformational Changes in CcO Biochemistry, Vol. 34, No. 2, 1995 501 

,, I ,  I ,  A 

Table 1 

-0.05. 

eauilibrium constants rate constants 

V 

~ ~~ 

~ Scheme 1 
fully reduced kl = 5.6 x lo7 M-' s-l 

k2 = 1.1 x lo3 s-l 
k-1 = 6.2 x lo5 s-l 
k-2 = 0.023 s - ~  

K l =  kllk-1= 90 M-I 
K2 = 4.8 x 10" 

Scheme 2 
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K{ = ksflks, = 0.68 

hu 

dashed line) has a significantly higher absorbance in the a 
band than that of intermediate I1 (Figure 7A, solid line), 
which has a spectrum nearly identical to the difference 

spectrum of the unliganded fully reduced enzyme and the 
fully reduced CO complex. This was used as a criterion for 
100% photolysis and supports our earlier suggestion that the 
spectral change on a microsecond time scale is due to 
relaxation of cytochrome a3 to its unliganded equilibrium 
state (Woodruff et al., 1991; Einarsd6ttir et al., 1993). The 
dotted line along the zero absorbance in Figure 7A represents 
the intermediate 0 difference spectrum, i.e., the difference 
between the final product, the recombined CO complex, and 
the original fully reduced CO enzyme. 

The absorption spectra of the intermediates present fol- 
lowing photodissociation of CO from the fully reduced CO 
complex are shown in Figure 7B. They were obtained by 
adding the spectrum of the fully reduced CO complex to 
the intermediate difference spectra in Figure 7A. The 
absorbance spectra of intermediates I (dashed line) and I1 
(solid line) are the same except the a band of the former is 
red shifted 1-2 nm relative to the latter. A 1-2 nm red 
shift of intermediate I relative to intermediate I1 was also 
noted in the Soret region (Georgiadis et al., 1994). The 
dotted line represents the spectrum of intermediate 0, the 
fully reduced CO complex. Figure 7C represents the spectral 
change between intermediates I and 11. 

The nature of the conformational change in cytochrome 
a3 in intermediate I is not known, but ligand exchange 
between cytochrome a3*+ and CUB+ (Woodruff et al., 1991; 
Einarsd6ttir et al., 1993) or changes in the heme pocket 
causing tilt or rotation of the proximal histidine (Findsen et 
al., 1987; Lou et al., 1993) have been proposed. 

Photolysis of the Mixed-Valence CO Complex. Previous 
studies of the CO photodissociation dynamics of the mixed- 
valence CO derivative have indicated that electron transfer 
from cytochrome a3 to cytochrome a occurs on an early 
microsecond time scale (z -3-5 ps). This conclusion is 
based on absorbance changes observed at 605 and 445 nm 
(Oliveberg & Malmstrom, 1991) or at selected wavelengths 
in the Soret region (Verkhovsky et al., 1992) and, most 
recently, on global analysis of multichannel transient dif- 
ference spectra in the Soret region (Georgiadis et al., 1994). 
As evident from the transient difference spectra in Figure 
lC, there is a small absorbance increase in the a band on a 
microsecond time scale, indicative of the reduction of 
cytochrome a. However, this increase is accompanied by a 
significant blue shift in the a band, suggesting that an 
additional process occurs on a similar time scale. This is 
supported by the global analysis which indicates two 
processes on an early microsecond time scale with apparent 
lifetimes of 1.4 and 4.8 ps. 

Kinetic Modeling. The global exponential fitting analysis 
of the transient difference spectra of the mixed-valence CO 
complex implies that at least five intermediates, in addition 
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and oxidized CUA. This value is identical to the value 
determined from the redox potentials of cytochrome a and 
CUA in the CO-inhibited enzyme (Ellis et al., 1986; Wang 
et al., 1986; Morgan et al., 1989). A corresponding value 
in the Soret region was 1.8 (Georgiadis et al., 1994). 

The millisecond CO recombination originates from inter- 
mediate 1 (Georgiadis et al., 1994). The second millisecond 
process can be attributed either to electron transfer from 
cytochrome a3 to cytochrome a, originating from intermediate 
1, or to electron transfer from CUB to oxidized cytochrome 
a, originating from intermediate 4. The former possibility 
is represented in Scheme 2. The intermediates marked with 
a prime (') in Scheme 2 represent species in which cyto- 
chrome a3 is reduced and CUB is oxidized. Although electron 
transfer between cytochrome a3 and CUB is expected to be 
too fast for our time resolution (z <40 ns), the contribution 
of intermediates 3' and 4' to the transient data, and hence its 
incorporation into the calculated spectra, would depend on 
the relative midpoint potentials of the two metal centers in 
the respective redox states. In our modeling of the transient 
data, the two equilibria (3 - 3' and 4 - 4') were considered 
to be highly favored in the direction of oxidized cytochrome 
a3 and reduced CUB. Consequently, any contribution of the 
spectra of intermediates 3' and 4' was omitted when the 
corresponding model spectra were calculated. 

A higher redox potential of CUB over that of cytochrome 
a3 in intermediate 3 (where cytochrome a is reduced) is 
supported by EPR redox titration studies which show a g = 
6 signal, attributed to cytochrome a3, upon partial reduction 
of the enzyme (Van Gelder & Beinert, 1969; Beinert et al., 
1976; Beinert & Shaw, 1977; Shaw et al., 1978). In these 
studies, no EPR signal due to CUB" was detected, indicating 
that CUB is reduced and the magnetic coupling in the 
binuclear center is broken. The assumption that the potential 
of CUB (-340 mV) is significantly larger than that of 
cytochrome a3 in intermediate 3 is also consistent with 
interpretations of potentiometric results in terms of negative 
redox cooperativity between the two hemes (the neoclassical 
model) (Nicholls & Petersen, 1974). In this model, the 
reduction of either heme would lead to a decrease in the 
redox potential of the other (Wikstrom et al., 1976; Carithers 
& Palmer, 1981). In a partially reduced state of the enzyme, 
like intermediate 3, it follows that the oxidized cytochrome 
a3 center would exhibit a significantly lower potential than 
in the resting enzyme, and therefore, the potential difference 
between cytochrome a3 and CUB would be greater (assuming 
that the potential of CUB stays the same). The relative 
midpoint potentials of cytochrome a3 and CUB in intermediate 
4 are more obscure since the population of this state would 
be expected to be very small at equilibrium (Wikstrom et 
al., 1981). However, redox titrations with dithionite have 
indicated a significant increase in the intensity of the 
cytochrome a33+ g = 6 EPR signal in a time interval where 
the intensity of the g = 3 signal, attributed to the oxidized 
cytochrome a, decreased only slightly (Van Gelder & 
Beinert, 1969). This would suggest that a population of 
molecules in which cytochrome a3 and cytochrome a are 
both oxidized and CUB is reduced, Le., the state of intermedi- 
ate 4, can be present under nonequilibrium conditions. That 
CUB has a higher midpoint redox potential than cytochrome 
a3 in both intermediates 3 and 4 is supported by our previous 
modeling in the Soret region (Georgiadis et al., 1994). 
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to the final product, are present. The analysis gives us the 
minimum number of processes involved, their associated 
b-spectra, and apparent rate constants (lifetimes). The second 
part of the analysis involves testing different mechanistic 
pathways and extracting the kinetics (the microscopic rate 
constants) and absorption spectra of the intermediates 
involved. Our kinetic model must account for the following 
observations: (1) an increase in the absorbance at 520 nm 
and a shift in the a band on an early microsecond time scale; 
(2) two early microsecond processes; (3) a decrease in the 
absorbance at 830 nm on a time scale of 50-100 ps, most 
likely due to the reduction of CUA; (4) the CO recombination 
on a millisecond time scale; and (5) a second millisecond 
process. 

We have fitted our time-resolved data to the pathway in 
Scheme 2, which is consistent with the scheme used to fit 
the transient difference spectra in the Soret region (Geor- 
giadis et al., 1994). The microscopic rate constants for the 
mixed-valence CO complex (Table 1) are similar to those 
observed in the Soret region (Georgiadis et al., 1994). The 
first step in Scheme 2 is attributed to a conformational change 
at cytochrome a3 (Georgiadis et al., 1994). The second (2 - 3) and third steps (3 - 4) are attributed to electron transfer 
between the hemes and between cytochrome a and CUA, 
respectively, in agreement with the results of Oliveberg and 
Malmstrom (1991), Verkhovsky et al. (1992), and recent 
studies from our laboratory in the Soret region (Georgiadis 
et al., 1994). The second step (2 - 3), the electron transfer 
from cytochrome a3 to cytochrome a, is highly favorable in 
the physiological direction, Le., in the direction of reduced 
cytochrome a3 and oxidized cytochrome a, with a value of 
K{ = k2$k2, = 17. A value of 10 was used for the same 
process in the Soret region (Georgiadis et al., 1994). The 
equilibrium constant for the electron transfer between cyto- 
chrome a and CUA is 1.5 in favor of reduced cytochrome a 
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FIGURE 8: Comparison of the experimental (solid lines) and calculated (dashed lines) spectra of the intermediates present following photolysis 
of CO from the mixed-valence CO complex (Scheme 2) .  The experimental spectra were determined based on the mechanism in Scheme 
2, the b-spectra in Figure 4, and the microscopic rate constants in Table 1. The calculated spectra were obtained by the appropriate linear 
combination of the ground state absorption spectra of oxidized, reduced, mixed-valence CO and fully reduced CO derivatives (see text for 
details). (A) The experimental spectrum of intermediate 1 in Scheme 2. (B) The experimental (solid line) and calculated (dashed line) 
spectra of intermediate 2 in Scheme 2. (C) The experimental (solid line) and calculated (dashed line) spectra of intermediate 3 in Scheme 
2. (D) The experimental (solid line) and calculated (dashed line) spectra of intermediate 4 in Scheme 2.  (E) The experimental (solid line) 
and calculated (dashed line) spectra of intermediate 5 in Scheme 2.  (F) The experimental and calculated spectra of intermediate 0 in 
Scheme 2.  

Intermediate Absorption Spectra. The difference spectra 
of the intermediates in Scheme 2 (the difference between 
the absorption spectra of the intermediates and the mixed- 
valence CO complex) were derived using Scheme 2, the 
b-spectra, and the microscopic rate constants in Table 1. The 
experimental absorption spectra of the intermediates were 
obtained by adding the spectrum of the mixed-valence CO 
complex to the intermediate difference spectra. The absolute 
spectra are shown in Figure 8 (solid lines). To evaluate the 
validity of the mechanism in Scheme 2, we have compared 
these spectra to calculated (model) spectra (Figure 8, dashed 
lines) which were obtained from appropriate linear combina- 
tions of ground state spectra of oxidized, reduced, mixed- 
valence CO and fully reduced CO enzyme derivatives 
(Georgiadis et al., 1994). The experimental spectrum of 
intermediate 1 in Scheme 2 is shown in Figure 8A. This 
spectrum was not modeled since we do not know the spectral 
profile of { ~ 3 ~ + } * .  The calculated spectrum of intermediate 
2 (Figure 8B, dashed line), a3*+ CUB+ a3+ CUA”, was 
obtained by subtracting the spectrum of the fully reduced 
CO complex from the sum of the spectra of the mixed- 
valence CO derivative and the fully reduced unliganded 
enzyme. It should equal the experimental spectrum of 
intermediate 2 in Scheme 2 if spectral interactions between 
individual redox centers are ignored. The absorption spec- 
trum of intermediate 3 (Figure 8C, solid line) in Scheme 2, 
a33+ CUB+ a2+ CuA2+, was modeled by subtracting the 
spectrum of the mixed-valence CO complex from that of 
the fully reduced CO complex and adding to the result the 
spectrum of the oxidized enzyme (Figure 8C, dashed line). 
This linear combination gives a33+ CUB*+ a2+ CUA+. In this 
case, the redox states of the hemes are the same in the 
experimental and calculated spectra, whereas the redox states 
of the coppers are not. The experimental absorption 

spectrum of intermediate 4 in Scheme 2, as3+ CUB+ a3+ CUA+, 
is shown in Figure 8D (solid line). It was modeled by the 
spectrum of the fully oxidized resting enzyme, a3+  CUB^+ 
a3+ Cua2+ (Figure 8D, dashed line). Again, the redox states 
of the hemes are the same as those of intermediate 4 in 
Scheme 2, but the coppers are oxidized rather than reduced. 
The possibility that the oxidized cytochrome a3 in intermedi- 
ate 5 has a different structure than in intermediate 3 is 
represented by { ~ 3 ~ + } * .  Since we do not know the spect” 
of { ~ 3 ~ + } * ,  the spectrum of intermediate 5 was modeled by 
the calculated spectrum of intermediate 3 obtained as 
described above (Figure 8E). Figure 8F shows the spectrum 
of the final product, the mixed-valence CO complex. The 
experimental and model spectra of the mixed-valence CO 
complex were identical. Since the majority of the absorption 
in both the Soret and visible regions is expected to be due 
to the n - n* transitions of the hemes, the calculated spectra 
would be expected to represent a reasonable model of the 
experimental spectra if (1) the mechanism in Scheme 2 is 
valid, (2) the microscopic rate constants in Table 1 are 
reasonable, and (3) if spectral interactions between individual 
redox centers and possible absorbance contribution from the 
coppers are ignored. As discussed below, the last assumption 
may not be valid. 

The experimental absorption spectra of the intermediates 
represented in Scheme 2 differ somewhat from the calculated 
spectra (Figure 8). The spectrum of intermediate 2 has a 
slightly higher intensity in the a band than the corresponding 
model spectrum (Figure 8B). The a band in the experimental 
spectrum of intermediate 3 (Figure 8C, solid line) is blue 
shifted 1-2 nm relative to the corresponding model spectrum 
and has a slightly higher intensity. The experimental 
spectrum also has a significantly larger intensity between 
480 and 550 nm than the calculated spectrum. In the case 
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et al., 1990; Antholine et al., 1992). The peak at -605 nm 
and the trough at -615 nm in the difference spectrum in 
Figure 9 are not attributed to CUA~+ or  CUB^+, but are believed 
to result from spectral interactions between the individual 
redox centers (see below) (Blair et al., 1982; Georgiadis et 
al., 1994). The difference between the calculated absorption 
spectrum of intermediate 4, a33+  CUB^+ a3+ CUA~+, and the 
experimental absorption spectrum, a33+ CUB+ a3+ CUA+, in 
the 480-550 nm region is similarly attributed to CUA~+. 

Electron transfer from cytochrome a to CUA in Scheme 2 
(3 - 4) is supported by the near-infrared transient difference 
spectrum which shows a decrease at 830 nm on the 50- 100 
ps time scale (Figure 6B). Using the extinction coefficient 
of 2.3 mM-' cm-' at 830 nm for the reduced-minus-oxidized 
spectrum (Boelens et al., 1982), the amount of CUA being 
reduced, based on the spectral changes in Figure 6B, was 
estimated to be -2-3%. This value is in good agreement 
with the small population of intermediate 4 (3.2%) calculated 
based on Scheme 2 and the microscopic rate constants listed 
in Table 1. 

Included in Scheme 2 is the equilibrium between cyto- 
chrome a3 and CUB (3 - 3' and 4 - 4'). As discussed above, 
the two equilibria are expected to lie in favor of reduced 
CUB and oxidized cytochrome a3. This is supported by the 
fact that the correspondence between the experimental and 
calculated spectra of intermediates 3 and 4 was not signifi- 
cantly improved by model spectra which are a mixture of 
intermediates 3 and 3' and intermediates 4 and 4', respec- 
tively. This was also found to be the case for the Soret 
region (Georgiadis et al., 1994). However, our data do not 
exclude a small fraction of molecules in which cytochrome 
a3 is reduced and CUB oxidized (< 20%). 

Three-Electron-Reduced CO Complex. The transient data 
of the three-electron-reduced CO complex support the 
mechanism in Scheme 2 for the mixed-valence CO enzyme. 
The microsecond time scale transient difference spectra of 
the three-electron-reduced CO enzyme (Figure 5A) appear 
to be a mixture of the corresponding spectra of the fully 
reduced (Figure 1A) and the mixed-valence CO enzyme 
derivatives (Figure IC). A decrease is observed in the a 
band on an early microsecond time scale (Figure 5A) 
analogous to that observed in the fully reduced CO enzyme 
(Figure 1A). However, the decrease is smaller than in the 
fully reduced enzyme due to simultaneous heme-to-heme 
electron transfer spectral changes. The b-spectrum associated 
with the -5 ps lifetime is smaller in the three-electron- 
reduced CO enzyme than the corresponding b-spectrum for 
the mixed-valence CO complex. Conversely, electron 
transfer from cytochrome a to CUA occurs to a greater extent 
following photodissociation of CO from the three-electron 
reduced CO complex compared to the mixed-valence CO 
compound. This is reflected by a larger decrease at 830 nm 
in the three-electron-reduced CO complex, in agreement with 
previous studies (Morgan et al., 1989; Oliveberg & Malm- 
strom, 1991). This is also supported by a significantly larger 
b-spectrum associated with the 77 ps phase in the three 
electron-reduced CO derivative (Figure 5C, unbold dotted 
line) compared to the mixed-valence complex (Figure 4A, 
unbold dotted line). This is to be expected since species 
with partially reduced cytochrome a and CUA dominate in 
the three-electron-reduced CO derivative (Morgan et al., 
1989; Oliveberg & Malmstrom, 1991). Due to intramolecu- 
lar redox equilibria, the population of molecules at the three- 

0.2 I 
I L .  I d .  I 

-0.2 -O"< 650 700 

500 550 600 

Wavelength (nm) 
FIGURE 9: The difference between the experimental spectrum of 
intermediate 3, u33+ CUB+ a2+ C U A ~ +  (Figure 8C, solid line), and 
the calculated spectrum,  CUB^+ a*+ CUA+ (Figure 8C, dashed 
line). The result is equal to CuA2+ - CuA+, CUB+ - CuB2+. 

of intermediate 4, the experimental absorbance spectrum has 
a higher intensity at -600 nm and a deeper trough at -580 
nm than the calculated spectrum (Figure 8D). There are also 
significant differences between 480 and 550 nm and sub- 
stantially higher intensity at -655 nm in the model spectrum. 

The discrepancy between the experimental and model 
spectra of intermediate 3 (Figure 8C) in the 480-550 nm 
region might seem to contradict 1: 1 electron transfer between 
the two hemes previously reported (Oliveberg & Malmstrom, 
1991; Verkhovsky et al., 1992; Georgiadis et al., 1994) by 
suggesting that part of the absorbance increase at 520 nm 
might be due to another chromophore. Indeed, we previously 
suggested that a part of the absorbance increase at 520 nm 
might be due to  CUB^+ being produced upon electron transfer 
to cytochrome a (Einarsd6ttir et al., 1992a). However, we 
now believe there is an alternative explanation. As men- 
tioned above, the experimental and calculated spectra of 
intermediate 3 differ in the redox states of the coppers. The 
difference between the experimental spectrum of intermediate 
3 (Figure 8C, solid line), u33+ CUB+ a2+ CUA~+, and the model 
spectrum, u33+  CUB^+ a2+ CUA+ (Figure 8C, dashed line), is 
equal to C U A ~ +  - CUA', CUB+ - CUB". This difference 
spectrum is shown in Figure 9. Although  CUB^+ has not been 
reported to have an absorption in the visible region [except 
possibly at 585 nm (Karlsson & Andrtasson, 1981)], C U A ~ +  
has been shown by low-temperature magnetic circular 
dichroism spectroscopy to have an absorption band with 
maximum at -520 nm (Greenwood et al., 1983; Thomson 
et al., 1986; Greenwood et al., 1988; Farrar et al., 1991). 
Therefore, we assign the absorbance between 480 and 550 
nm in Figure 9 to CuA2+. The extinction coefficient at 520 
nm, E -3000 M-' cm-', is reasonable for a copper-to-ligand 
charge transfer transition (Solomon et al., 1980). Our 
assignment is supported by the visible spectrum of a CUA 
mutant of subunit I1 of cytochrome bo from E. coli (van der 
Oost et al., 1992; Kelly et al., 1993), which shows an 
absorbance band between 480 and 550 nm. The visible 
spectra of the CUA domains of cytochrome c oxidase from 
P. denitrzjicans (Lappalainen et al., 1993) and caa3 oxidase 
from B. subtilis (von Wachenfeldt et al., 1994) also show 
absorbances in this region. These spectra are similar to the 
spectrum of nitrous oxide reductase and, together with other 
spectroscopic evidence, provide further support for CUA being 
a mixed-valence copper center (Scott et al., 1989; Kroneck 
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electron level of reduction should theoretically account for 
50% of the molecules in the three-electron-reduced CO 
complex (Morgan et al., 1989). However, due to redox 
anticooperativity between cytochrome a and CUA, this 
number has been suggested to be closer to 69% (Copeland 
et al., 1987). Other populations in the three-electron-reduced 
enzyme would be the fully reduced CO derivative and the 
mixed-valence CO complex. Therefore, a mechanistic 
scheme for the three-electron-reduced CO derivative would 
be expected to be significantly more complicated than for 
the mixed-valence CO complex. It could possibly involve 
three sequential pathways, a pathway for the fully reduced 
CO complex (Scheme l), a pathway for the mixed-valence 
CO population (Scheme 2), and a pathway for the population 
of molecules at the three-electron level of reduction, which 
would presumably involve a conformational change at 
cytochrome a3 followed by electron transfer from cytochrome 

The results from our global analysis show two millisecond 
processes in addition to the three microsecond processes, in 
agreement with our results on the mixed-valence CO complex 
in the Soret region (Georgiadis et al., 1994) and recent results 
of Halltn et al. (1994). One of these processes is attributed 
to the CO recombination, which originates from intermediate 
1 (Scheme 2) since CO must bind to CUB+ prior to 
recombining with cytochrome a3 (Woodruff et al., 1991; 
Einarsd6ttir et al., 1993). Our kinetic modeling shows that 
the rate constants for the CO recombination in the fully 
reduced CO enzyme and the mixed-valence CO derivative 
are the same (compare k2 and k4f in Table 1). The origin of 
the second millisecond process is unknown, but it could 
reflect intramolecular electron transfer between the two 
hemes as suggested recently by Halltn et al. (1994). In 
Scheme 2, we have postulated that the millisecond process 
represents electron transfer from cytochrome a3 to cyto- 
chrome a originating from intermediate 1 rather than 
intermediate 2 (Scheme 2 , l -  5). There is good agreement 
between the experimental and model spectra of intermediate 
5 (Figure 8E). Therefore, different conformations of cyto- 
chrome a3 in intermediate 1 and intermediate 2 may account 
for the 103-104-fold difference in electron transfer rates 
between cytochrome a3 and cytochrome a in intermediates 
1 and 2 (Table 1). Alternatively, the second millisecond 
process could reflect electron transfer from CUB to cyto- 
chrome a originating from intermediate 4. Our data alone 
do not allow us to distinguish between the two alternatives, 
since in both cases the resultant intermediate would have 
cytochrome a3 oxidized and cytochrome a reduced. How- 
ever, in view of recent site-directed mutagenesis studies of 
cytochrome bo from E. coli and cytochrome aa3 from 
Rhodobacter sphaeroides (Hosler et al., 1993), which have 
indicated that cytochrome a3 is situated between CUB and 
cytochrome a, electron transfer between the two hemes seems 
like the more attractive possibility. 

The different conformations of cytochrome a3 in interme- 
diates 1 and 5 compared to those in intermediates 2 and 3, 
respectively, also appear to result in different relative redox 
midpoint potentials (and hence different equilibrium con- 
stants) of cytochrome a3 and cytochrome a for the two heme- 
to-heme electron transfer processes. For the millisecond 
process (Scheme 2, 1 - 5) the calculated equilibrium 
constant is 1.5 in the direction of oxidized cytochrome a3 
and reduced cytochrome a, whereas in the case of the 

a to CUA. 
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FIGURE 10: (A) The difference between the experimental spectra 
of intermediates 1 and 2 (Scheme 2)  in Figure 9. (B and C) 
Comparison of the experimentally determined spectral differences 
for the two electron transfer steps in Scheme 2 (solid lines) with 
the calculated difference spectra (dotted lines). The calculated 
spectra were determined from the ground state absorption spectra 
of the oxidized, reduced, fully reduced CO and the mixed-valence 
CO enzyme derivatives. (B) Spectral changes associated with the 
electron transfer between the two hemes and (C) between cyto- 
chrome a and CuA (see text for details). 

microsecond process the reaction is highly favored in the 
direction of reduced cytochrome a3 and oxidized cytochrome 
a (Table 1). 

Spectral Interactions. The experimental spectral change 
associated with the conformational change in the mixed- 
valence CO enzyme (Scheme 2, 2 minus 1) is shown in 
Figure 10A. It is clear that this spectral change is similar, 
but not identical, to that observed for the fully reduced CO 
compound (Figure 7C). The difference is attributed to the 
effect of the redox state of cytochrome a and/or CUA on the 
spectrum of cytochrome a3 in intermediates 1 and 2. This 
is supported by recent resonance Raman studies of the CO 
photodissociation dynamics of the mixed-valence CO and 
the fully reduced CO complexes, which have indicated that 
the redox states of cytochrome a and/or CUA modulate the 
distal heme pocket dynamics (Lou et al., 1993). Figure 10B 
shows a comparison between the experimental (solid line) 
and calculated (dotted line) spectral change associated with 
the electron transfer between cytochrome a3 and cytochrome 
a. The difference between the experimental and calculated 
spectra of intermediates 2 and 3 (Figure 8B and 8C) 
manifests itself as a shift in the a band between the 
experimental and calculated difference spectra (Figure 10B). 
The difference between the experimental spectral change, 

change, (a2+ CUA+ - a3+ CUA”) minus ( ~ 3 ~ +  CUB+ - ~ 3 ~ +  

C@), in the 480-550 nm region, attributed to CuA2+, is 
also clearly observed (Figure 10B). 

(a2+ - a 3+ ) minus ( ~ 3 ~ +  - ~ 3 ~ + ) ,  and the calculated spectral 
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The discrepancy between the experimental and calculated 
spectra of intermediates 3 and 4 (Figure 8C,D) is also 
attributed to spectral interactions among the redox centers. 
In the calculated spectra, the redox centers are assumed to 
be spectrally independent, i.e., the absorbance spectrum of 
each of the metal centers is considered to be independent of 
the ligation or oxidation state of the other redox centers. A 
closer look at the differences between the experimental and 
calculated spectra of intermediates 3 and 4 can give some 
insight into which redox centers are involved. When the 
spectral change associated with the oxidation of cytochrome 
a and reduction of CUA (Scheme 2 , 4  minus 3) is compared 
to the calculated spectral change (Figure lOC), the difference 
in the a band between the experimental and calculated 
spectra of intermediates 3 and 4 (Figure 8C and 8D) 
disappears, and only the difference between the two between 
480 and 550 nm is observed (Figure lOC). This indicates 
that the difference in the a band between the experimental 
and calculated spectra of intermediate 3 is the same as the 
spectral difference between the experimental and calculated 
absorption spectra of intermediate 4. This is supported by 
the following observation. If the experimental spectrum of 
intermediate 4 is used to calculate the spectrum of intermedi- 
ate 3, Le., the spectrum of intermediate 4 rather than that of 
the fully oxidized resting enzyme is added to the difference 
spectrum of the fully reduced CO minus the mixed-valence 
CO enzyme, the experimental and the calculated spectra of 
intermediate 3 match in the a band (they still differ in the 
480-550 nm region as expected) when the mechanism in 
Scheme 2 and the microscopic rate constants in Table 1 are 
used (not shown). The difference between the experimental 
and calculated spectra of intermediate 3 and the correspond- 
ing difference for intermediate 4 were also found to be very 
similar for the data in the Soret region [see Georgiadis et al. 
(1994), Figure 91. 

These results indicate that the spectral interactions are the 
same in intermediates 3 and 4 and therefore due to metal 
centers whose redox states are unchanged between the two 
intermediates. Since both cytochrome a and CUA undergo a 
redox change between intermediates 3 and 4, the difference 
between the experimental and calculated spectra of inter- 
mediates 3 and 4 (Figure 8C,D) is most likely due to the 
effect of the redox state of CUB on the absorbance spectrum 
of cytochrome a3 which is oxidized in both intermediates. 
CUB is in its reduced state in intermediates 3 and 4 in Scheme 
2, whereas it is oxidized in the corresponding model spectra. 
Therefore, if the redox state of CUB has an effect on the 
spectrum of the oxidized cytochrome a3, a discrepancy would 
be expected between the experimental and calculated spectra 
of intermediates 3 and 4. Previous studies have indicated 
that the extinction coefficient of cytochrome a3 in the visible 
region may be significantly affected by the redox state of 
CUB, possibly through electrostatic interactions (Blair et al., 
1982). On the basis of previous EPR redox titration results 
on the partially reduced enzyme, the magnetic coupling 
between cytochrome a3 and CUB would be broken by the 
reduction of CUB in intermediates 3 and 4, and a g = 6 signal 
would be expected (Van Gelder & Beinert, 1969; Beinert et 
al., 1976; Beinert & Shaw, 1977; Shaw et al., 1978). The 
loss of magnetic coupling in the binuclear center could 
undoubtedly affect the spectrum of cytochrome u3. The 
spectral band at 655 nm has been found to have a reciprocal 
relationship with the rhombic signal at g = 6 (Beinert et al., 
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1976), and it has been attributed to cytochrome a3 magneti- 
cally coupled to CUB (Beinert et al., 1976; Mitchell et al., 
1991). The lack of the 655 nm band in the experimental 
spectrum of intermediate 4 reflects that CUB is reduced and/ 
or that the antiferromagnetic coupling between cytochrome 
a3 and CUB is broken. A support for a larger extinction 
coefficient of the a band of cytochrome a3 in intermediate 
4 compared to that of the resting state comes from the EPR 
redox titration with dithionite referred to above (Van Gelder 
& Beinert, 1969). In this experiment a significant intensity 
of the g = 6 signal was observed concomitant with a large 
increase in the a band. However, the value of the g = 3 
signal decreased only slightly. This suggests that the increase 
in the a band is not only due to the reduction of cytochrome 
a but also due to oxidation of cytochrome a3 when CUB is 
reduced. 

The difference between the experimental and calculated 
absorption spectra of intermediates 3 and 4 may reflect the 
fact that cytochrome u3 is not in its oxidized resting 
equilibrium state but rather in a transient “pulsed-like” 
conformation (Antonini et al., 1977; RosCn et al., 1977; 
Brunori et al., 1979), whch may or may not be due the redox 
state of CUB as discussed above. This is supported by a 
higher a band intensity and a deeper trough at -580 nm in 
the experimental spectrum of intermediate 4 (Figure SD), 
and the absence of a significant absorption at 655 nm in the 
spectra of intermediates 3 and 4 (RosCn et al., 1977; Brunori 
et al., 1979; Armstrong et al., 1983). The pulsed cytochrome 
oxidase is formed following reduction by dithionite and 
subsequent oxidation by dioxygen (Antonini et al., 1977; 
Brunori et al., 1979), but can also be obtained by oxidizing 
the reduced enzyme by ferricyanide or porphyrexide (Beinert 
et al., 1976; Beinert & Shaw, 1977; Shaw et al., 1978; 
Brunori et al., 1981; Armstrong et al., 1983). The form 
produced by the anaerobic oxidation is also characterized 
by the generation of the g = 6 signal (Beinert et al., 1976; 
Shaw et al., 1978), suggesting that CUB is reduced in the 
pulsed enzyme. Since cytochrome a3 started out oxidized 
before the mixed-valence CO complex was produced, it has 
already undergone one turnover cycle in intermediates 3 and 
4 and could potentially be in a pulsed-like conformation. 
The experimental spectrum of intermediate 4 and the 
spectrum of the pulsed enzyme, generated upon reoxidation 
of the reduced enzyme by dioxygen (data not shown), are 
in better agreement than when the spectrum of the resting 
enzyme is used. 

CONCLUSIONS 
We conclude from our global analysis of the transient data 

in the visible region that at least two intermediates (in 
addition to the final products) are present in the photodis- 
sociation dynamics of the fully reduced CO complex. Five 
intermediates are present in the case of the mixed-valence 
CO compound. These results are supported by global 
analysis of the transient data in the Soret region (Georgiadis 
et al., 1994). On the basis of the mechanisms in Schemes 1 
and 2 we have determined the visible absorption spectra of 
the intermediates involved in the CO photodissociation 
dynamics of the fully reduced CO complex and the mixed- 
valence CO enzyme, respectively. The good correspondence 
between the experimental and calculated spectra of the 
mixed-valence CO complex in both the visible and Soret 
regions (Georgiadis et al., 1994) argues strongly in favor of 
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the mechanism in Scheme 2. The difference between the 
experimental and model spectra in the 480-550 nm region 
has allowed us to extract the absorbance spectrum of CUA”. 
Our results also indicate that the redox state of CUB may 
have a significant effect on the extinction coefficient of 
oxidized cytochrome a3 in the visible region. Spectral 
interactions between cytochrome a3 and CUB are also sup- 
ported by our previously published data in the Soret region 
(Georgiadis et al., 1994). 

The microscopic rate constants in Table 1 for the mixed- 
valence CO complex in the visible region are similar, 
although not identical, to those reported previously in the 
Soret region. The most noticeable difference is in the 
equilibrium constant of the heme-to-heme electron transfer 
step, K21 = k2f/kZr, which is 10 for the Soret region 
(Georgiadis et al., 1994) and 17 for the visible region (Table 
1). This difference could be due in part to photoreduction 
of cytochrome a which appears to occur to a greater extent 
in more dilute samples (those used for collecting data in the 
Soret region) than in more concentrated ones. Alternatively, 
the equilibrium constant for the visible region may in fact 
be lower than 17. A model in which the equilibrium 
constants for the two electron transfer steps in Scheme 2, 
K{ and K3’, were 1 1.6 and 1.1 fitted the transient data nearly 
as well (data not shown) as when the equilibrium constants 
Ki and K3’ were 17 and 1.5 (Table 1) based on the criteria 
used to select the optimal microscopic rate constants. For 
both sets of microscopic rate constants, there is a significantly 
higher intensity in the a band in the experimental spectrum 
of intermediate 4 than in the corresponding calculated 
spectrum, a considerably higher intensity in the 480-550 
nm region in the experimental spectrum of intermediate 3 
spectrum than in the calculated spectrum, and the near 
absence of the 655 nm band in the experimental spectrum 
of intermediate 4. Therefore, both sets of equilibrium 
constants are consistent with the absorbance of CUA~+ 
between 480 and 550 nm, and both indicate significant 
spectral interactions between cytochrome a3 and CUB. 

Our results are in good agreement with previous studies 
of the CO photodissociation dynamics of the mixed-valence 
CO complex, which reported two apparent lifetimes of 3-5 
and 35-80 ps, attributed to heme-to-heme electron transfer 
and electron transfer between cytochrome a and CUA, 
respectively (Oliveberg & Malmstrom, 1991 ; Verkhovsky 
et al., 1992). Electron transfer between the high and low 
spin hemes also occurs on a microsecond time scale upon 
photolysis of CO from wild-type cytochrome bo and cyto- 
chrome 003 from E. coli and mutant variants of cytochrome 
bo (Morgan et al., 1993; Brown et al., 1994). In addition to 
the two electron transfer processes, our data also show that 
a conformational change, presumably at cytochrome a3, 
occurs prior to the first electron transfer step. Therefore, a 
conformational change may be a prerequisite for fast 
intramolecular electron transfer as suggested earlier by 
Brzezinski and Malmstrom (1987). Our analysis also 
provides evidence for a millisecond process, which we 
attribute to intramolecular electron transfer between cyto- 
chrome a3 and cytochrome a, when the former is in a 
transient reduced conformation and not in its equilibrium 
unliganded conformation. A millisecond process, sensitive 
to pH and D20, was recently reported for the photolyzed 
mixed-valence CO complex (Halltn et al., 1994). The 
process was attributed to heme-to-heme electron transfer and 

was postulated to be coupled to protonation of a group close 
to the bimetallic site. 
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