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ABSTRACT: Resonance Raman spectroscopy was employed to investigate the heme structures of catalytic 
intermediates of cytochrome c oxidase a t  room temperature. The high-frequency resonance Raman spectra 
were obtained for compound C (the two-electron-reduced dioxygen intermediate), ferryl (the three-elec- 
tron-reduced dioxygen intermediate), and the fully oxidized enzyme. Compound C was formed by photolyzing 
CO mixed-valence enzyme in the presence of 02. The ferryl intermediate was formed by reoxidation of 
the fully reduced enzyme by an excess of H202.  Two forms of the oxidized enzyme were prepared by 
reoxidizing the fully reduced enzyme with 02. Our data indicate that, in compound C,  cyt a3 is either 
intermediate or low spin and is nonphotolabile and its oxidation state marker band, v4, appears a t  a higher 
frequency than that of the resting form of the enzyme. The ferryl intermediate also displays a low-spin 
cyt u3, which is nonphotolabile, and an even higher frequency for the oxidation state marker band, v4. The 
reoxidized form of cytochrome c oxidase with a Soret absorption maximum a t  420 nm has an oxidation 
state marker band ( u 4 )  in a position similar to that of the resting form, while the spin-state region resembles 
that of compound C. This species subsequently decays to a second oxidized form of the enzyme, which 
displays a high-frequency resonance Raman spectrum identical with that of the original resting enzyme. 

Cy tochrome  c oxidase is a multisubunit, membrane-bound 
protein that catalyzes the four-electron reduction of dioxygen 
in mitochondria. The oxygen reduction activity of the enzyme 
is coupled to proton translocation across the inner mitochon- 
drial membrane during respiration. The enzyme utilizes four 
redox-active metal centers to perform its catalytic function. 
These centers include two heme A chromophores and two Cu 
ions. The dioxygen reduction site consists of a binuclear heme 
A/Cu cluster (designated cytochrome a3, CU,). The two 
remaining metal centers (designated cyt a and Cu,) mediate 
the electron transfer from ferrocytochrome c to cytochrome 
a3, CU, (Wikstrom et al., 1977, 1981; Palmer et al., 1979). 
Although the dioxygen reduction kinetics have been studied 
extensively by a variety of spectroscopic techniques, much less 
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is known about the structure of the intermediates formed 
during the turnover of the enzyme by O2 [see Hill et al. (1986) 
and Chan et al. (1988) for reviews]. Because the turnover rate 
of the enzyme can be as high as 400 electrons transferred per 
second, spectroscopic studies of the intermediates have been 
difficult. 

Low-temperature transient absorption studies of the fully 
reduced CO photolyzed enzyme in the presence of O2 revealed 
the existence of at least three distinct species during turnover 
(Chance et al., 1975). Recent room temperature resonance 
Raman and transient absorption spectra indicate the possibility 
of four intermediates (Babcock et al., 1985; Hill & Greenwood, 
1984). The first intermediate is believed to be an O2 adduct 
bound to the ferrous heme a3 similar to oxyhemoglobin 
(compound A) (Babcock et al., 1985; Han et al., 1990; Hill 
& Greenwood, 1984). Electron transfers from CU, and heme 
a3 to the bound 0, produce the second intermediate, generally 
assumed to be a peroxo heme a3-Cu, bridged species (com- 
pound C) (Hill & Greenwood, 1984). Blair et al. (1985), using 
EPR spectroscopy in conjunction with the low-temperature 
triple trapping technique pioneered by Chance et al. (1975), 
reported evidence for two distinct intermediates at the 
three-electron level of dioxygen reduction. It has been pro- 
posed that the first of these species is a cupric hydroperoxide 
coordinated to a ferrous heme a3 in the binuclear cluster, while 
the second is an Fe(IV) heme a3 species resulting from 
heterolytic cleavage of the 0-0 bond (Blair et al., 1984). 
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Reoxidation of the fully reduced enzyme results in an unstable, 
fully oxidized form (generally referred to as “pulsed” cyto- 
chrome oxidase), which is spectroscopically distinct from the 
resting enzyme (Kumar et al., 1984). 

Previous studies of the dioxygen chemistry of cytochrome 
c oxidase have been carried out under conditions that may not 
produce physiological forms of these species. Structural and 
kinetic studies that involve photolyzing the fully reduced 
CO-bound enzyme in the presence of 0, may be complicated 
by CO binding to CuB at both low temperatures and room 
temperature. Fourier-transform infrared (FTIR) studies by 
Fiamingo et al. (1 982) have demonstrated that photolysis of 
the CO-bound cytochrome a3 complex at low temperatures 
(10 K) produces a species with CO bound to Cue. Recent 
studies by Dyer et al. (1989) have shown that CO binding to 
CU, subsequent to photolysis from cytochrome a, also occurs 
at room temperature on a microsecond time scale. In addition, 
low-temperature studies involve the use of solvents (such as 
glycerol) that may influence the structures of the dioxygen 
intermediates. 

In  order to characterize the electronic structures of several 
of these species under more physiological conditions and at 
room temperature, we have prepared several “static” deriva- 
tives of the enzyme with spectroscopic properties similar to 
those of the transient intermediates and characterized them 
by room temperature resonance Raman spectroscopy. When 
the CO mixed-valence enzyme (two-electron reduced) is mixed 
with 0, in the presence of light, a species is formed in which 
the 0, bound to cytochrome a3 is at the two-electron level of 
reduction (compound C) (Babcock et al., 1984). The addition 
of excess H 2 0 2  to the fully reduced enzyme produces a species 
with an optical signature and chemical reactivity similar to 
that of the oxyferryl transient (Witt & Chan, 1987). Reso- 
nance Raman spectroscopy has proven to be a powerful tool 
for probing the structure of the heme sites in heme proteins. 
This form of spectroscopy has already been used to charac- 
terize the equilibrium structures and several transient dioxygen 
intermediates, particularly at low temperature, of the enzyme 
[see Babcock (1988) for a general review]. In the present 
study, we show that the Raman spectrum of the two-elec- 
tron-reduced O2 derivative formed from the CO mixed-valence 
enzyme at room temperature is similar to the low-temperature 
spectra previously reported for compound C. The spectrum 
of the reoxidized form of the enzyme is similar to that of 
compound C in the spin-state-sensitive region. The oxidation 
state, however, is identical with that of the resting enzyme. 
Upon incubation of the reoxidized enzyme for > 12 h, a species 
is formed with a distinct optical spectrum and vibrational 
bands that are identical with those of the resting form. Finally, 
the vibrational spectrum of the Fe(1V) derivative is very similar 
to that compound ES of cytochrome c peroxidase with an 
upshifted oxidation state marker and a low-spin heme a, 
center. 

MATERIALS AND METHODS 
Bovine heart cytochrome c oxidase was prepared by the 

method of Hartzell and Beinert (1 974) with some modifica- 
tions. The enzyme was dissolved in 50 mM HEPES containing 
0.5% Brij 35 at pH 7.4 and stored at 77 K until needed. 

Two types of flow cells were employed in this study. In the 
double-mixing flow cell, the sample (cytochrome c oxidase) 
and 0,-saturated buffer are pumped from two reservoirs (one 
of which is anaerobic) through 0.5-mm-i.d. tygon tubing by 
using a Manostat peristaltic pump. The tubes from both 
reservoirs converge at a small capillary (2 mm X 1.5 mm), 
which acts as a “mixer”. The sample/buffer mixture is then 

Biochemistry, Vol. 29, No. 43, 1990 Larsen et al. 

passed into a 5 mm X 0.5 mm capillary, which acts as the 
optical cell for the Raman measurements. The triple-mixing 
flow cell consists of three reservoirs. Two of these reservoirs 
form a double-mixing flow cell, as described above. The 
reactants from the third reservoir combine with the sam- 
ple/buffer mixture just after the mixer capillary. An addi- 
tional mixer allows for input from a third reservoir. The 
mixture is then flowed into a 5 mm X 0.5 mm capillary from 
which the Raman measurements are taken. The maximum 
flow rate for both flow cells is 2 mL/h. 

Various species of oxidase were prepared as follows: (1) 
The 420-nm reoxidized enzyme. Enzyme, 5 mL, 150 pM (per 
aa3), was degassed by five cycles of vacuum/N, in an anae- 
robic optical reservoir connected to a double-mixing flow cell. 
Solid sodium dithionite (Aldrich) was added under positive 
N2 pressure until no further changes were observed in the 
605-nm region of the optical spectrum. The fully reduced 
enzyme was then flowed together with 0,-saturated buffer. 
This protocol results in a slight excess of sodium dithionite, 
which produces small concentrations of H 2 0 2  in the presence 
of 0,. The 420-nm complex may therefore contain small 
subpopulations of compound C. The Raman spectrum was 
collected several millimeters downstream from the initial 
mixing point (- 1 min after mixing). (2) Compound C. This 
intermediate was formed by mixing the CO mixed-valence 
enzyme with 0,-saturated buffer and photolyzing the mixture 
with a laser pulse from a Nd:YAG pumped dye laser 
(QuantaRay DCR-II/DLII). The Raman spectrum was 
collected several millimeters downstream from the initiation 
point (- 1 min subsequent to CO photolysis). The CO mix- 
ed-valence derivative was prepared by incubating 5 mL of 
degassed resting enzyme with CO (60 mmHg) for =48 h at  
10 “C. Complete formation of the derivative was ensured by 
monitoring the 588-nm band in the CO mixed-valence minus 
resting difference spectrum. (3) The oxyferryl species. This 
intermediate was prepared by mixing 150 pM (per aa3) fully 
reduced enzyme with 16 mM H202 in a triple-mixing flow cell 
(final H 2 0 2  concentration was 8 mM after mixing). Ap- 
proximately 60 s after mixing, catalase in HEPES/Brij 35 was 
added to remove excess HzO2. The Raman spectrum was 
obtained several millimeters downstream from the final mixing 
point (- 1 min after mixing). (4) The 415-nm reoxidized 
species. The 415-nm reoxidized form of the enzyme was 
prepared by reoxidizing -500 pL of reduced enzyme with 0, 
and incubating the sample for several hours at 4 OC. The 
Raman spectrum was obtained by using a continuous-loop flow 
cell. 

The absolute absorption spectra were obtained by using the 
following protocols: (1) The 420-nm reoxidized enzyme. 
Enzyme, 200 pL, 100 pM (per aa,), was degassed with five 
cycles of vacuum/N2 in an anaerobic optical cell and reduced 
with solid sodium dithionite. The samples were reoxidized with 
O2 for - 1 min. (2) Compound C. This species was formed 
by mixing 200 pL of 75  pM (per aa,) CO mixed-valence 
enzyme with - 10 pL of 0,-saturated buffer. The sample was 
then exposed to 532-nm radiation from a Nd:YAG pumped 
dye laser for -1 min. (3) Oxyferryl form. The oxyferryl 
species was prepared by reoxidizing -200 pL of 75 pM (per 
aa,) dithionite-reduced enzyme with excess hydrogen peroxide. 
Final H 2 0 2  concentration was 8 mM. Trace amounts of 
catalase were added - 1 min after addition of H202. (4) The 
415-nm reoxidized enzyme. The reoxidized enzyme was ob- 
tained by incubating the 420-nm form of the reoxidized en- 
zyme sample for 12 h at 4 “C. All absorption spectra were 
obtained by using a 2-mm path length quartz optical cell on 
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FIGURE 1:  Resonance Raman spectra in the v4 region: (a) resting 
oxidase, (b) compound C, (c) oxyferryl, (d) 420-nm reoxidized, and 
(e) 41 5-nm reoxidized oxidase (see text for details of sample prep- 
aration). Excitation frequencies used were 428 nm (0.2 mJ/pulse) 
for the oxyferryl and compound C intermediates and 420 nm (0.1 
mJ/pulse) for the resting, 420-nm reoxidized, and 41 5-nm reoxidized 
forms of the enzyme. The spectra are the average of three unsmoothed 
scans recorded at 1 cm-l/s, with a spectral band-pass of - 10 cm-I. 

a Hewlett-Packard HP8452 diode array UV/vis spectrometer. 
The Raman spectrometer consists of an N, pumped dye 

laser (Molectron UV24/DL-14), a SPEX 1402 double mo- 
nochrometer, and a SPEX DM3000R controller [see Findsen 
(1 986) for more details]. The Raman spectra were obtained 
by using a backscattering geometry. This protocol proved to 
be sufficient to obtain high-frequency spectra. However, 
attempts to obtain low-frequency spectra (200-1 000 cm-I) 
were unsuccessful due to low enzyme concentration. Low- 
frequency studies with higher enzyme concentrations are 
currently under way. Both compound C and the oxyferryl 
species were excited at 428 nm, while the reoxidized forms of 
the enzyme were excited at 420 nm. 

RESULTS 
Figure 1 displays the high-frequency resonance Raman 

spectrum in the u4 region (oxidation-state marker band) for 
resting (a), compound C (b), ferryl (c), 420-nm reoxidized (d), 
and 415-nm reoxidized (e) forms of the enzyme. The resting, 
420-nm reoxidized, and 41 5-nm reoxidized forms of the en- 
zyme exhibit oxidation-state marker bands similar to those 
found in ferric heme A model compounds (v4 i= 1372 cm-') 
(Babcock, 1988). In compound C, u4 is up-shifted slightly from 
that of either the 420-nm or the resting forms of the enzyme 
(~1373-1374 cm-I). The largest change in u4 is observed 
(1 376 cm-I) in the oxyferryl species. 

Figure 2 shows the resonance Raman spectrum in the 
1500-1 700-cm-l region for resting, compound C, oxyferryl, 
420-nm reoxidized, and 4 15-nm reoxidized forms of cyto- 

7 1700 
Roman Shift (cm-1) 

FIGURE 2: Resonance Raman spectra of cytochrome c oxidase in the 
1500-1700-cm-' region: (a) resting oxidase, (b) compound C, (c) 
the oxyferryl intermediate, (d) 420-nm reoxidized, and (e) 415 nm 
reoxidized forms of the enzyme. Spectral conditions are the same 
as in Figure 1. 

chrome c oxidase. The 415-nm reoxidized form of the enzyme 
exhibits spectral characteristics similar to those of the resting 
enzyme. Previous studies have characterized vibrational modes 
at - 1572 cm-' (u2 for high-spin heme a3), 1588 cm-l (u2 for 
the low-spin heme a), 1650 cm-I (u- for heme a), and 1676 
cm-' (uc4 for heme a3) for the resting enzyme [see Babcock 
(1988)]. The region between 1560 and 1600 cm-I potentially 
contains contributions from other depolarized modes such as 
v35 and vj7. However, the depolarization ratio (data not shown) 
for scattering in this region indicates that the polarized mode, 
u2, significantly dominates the intensity of the prominent band 
at - 1580 cm-I in the resting enzyme. The high-frequency 
spectra of the compound C, oxyferryl, and 420-nm reoxidized 
species are quite distinct from those of the resting and 41 5-nm 
reoxidized forms. In particular, in the spin-state sensitive 
region, there is a considerable decrease in the relative intensity 
of the high-spin marker band at 1572 cm-I for all the species. 
The data displayed in Figures 1 and 2 show no significant 
evidence for either heme photoreduction or photodissociation 
within the IO-ns pulses. These spectra were obtained under 
"high-power" conditions (- 1 X lo9 W/cm2) that have pre- 
viously been shown to completely dissociate carbon monoxide 
bound to either the fully or partially reduced enzyme (Findsen 
et al., 1987). 

Figure 3 depicts the time course of the decays at  room 
temperature for compound C and the oxyferryl species. The 
decay of compound C was measured by plotting the intensity 
decrease in the 607-nm band of the compound C minus re- 
oxidized absorbance difference spectrum. The decay of the 
oxyferryl intermediate was monitored by the decrease in in- 
tensity of the 580-nm band of the ferryl minus reoxidized 
absorbance difference spectrum. Figure 4 shows the compound 
C minus reoxidized and oxyferryl minus reoxidized absorption 
difference spectra in the visible region of the spectrum. The 
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FIGURE 3: (a) Room temperature decay kinetics of compound C 
formed by photolysis of the CO mixed-valence enzyme in the presence 
of 02. Enzyme concentration, -75 pM (per as).  (b) Room tem- 
perature decay kinetics of the oxyferryl intermediate formed by re- 
oxidation of fully reduced enzyme by excess H202. Enzyme con- 
centration, -75 +M (per a3) ;  path length, 2 mm. 
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FIGURE 4: Absorbance difference spectra: (a) oxyferryl minus 420-nm 
reoxidized, PA at 580 nm is 0.018, and (b) compound C minus 420 
nm reoxidized, PA at 607 nm is 0.07. Conditions are the same as 
in Figure 3. The feature at  -650 nm is an instrumental artifact. 

compound C difference spectrum displays a band at 607 nm, 
while the oxyferryl difference spectrum has a band at 580 nm, 
consistent with previous data (Witt, 1988). 

The absolute absorption spectra of the resting, compound 
C, oxyferryl, 420-nm reoxidized, and 41 5-nm reoxidized forms 
of Cytochrome c oxidase are shown in Figure 5. The positions 
of the bands in the Soret and visible regions )f the spectra are 
also consistent with previous studies by Witt (1988) and Chan 
et al. (1988). 

DISCUSSION 
Compound C.  Transient absorption studies by Hill and 

Greenwood indicate that, upon dioxygen binding to the fully 
reduced cytochrome c oxidase, the first event may be a con- 
certed two-electron transfer from both heme u3 and Cu, to 
02, forming a peroxo-like bridged intermediate. This mech- 
anism circumvents the thermodynamically unfavorable su- 
peroxide radical. It should be pointed out, however, that 
binding of the dioxygen to ferrous heme iron alters the en- 
ergetics of the situation dramatically. In any case, it is 
well-known that a peroxo intermediate of the enzyme may also 
be formed from the CO-inhibited mixed-valence complex 
(Chance et al., 1975). Since this species contains two reducing 
equivalents at the O2 binding site (cyt u3, CU,), a two-electron 
reduced O2 intermediate may be formed by photolyzing CO 
in the presence of 02. The data presented in Figure lb  indicate 
that the peroxo intermediate formed in this manner is relatively 
long-lived at room temperature. The resonance Raman 
spectrum of compound C formed at room temperature is 
similar to that of the transient species (Carter et al., 1981) 
recorded at low temperatures. Because v., is sensitive to both 
oxidation state o ~ '  Fe and to r* density on the porphyrin ring, 

l B  

FIGURE 5: Absolute absorption spectra for (a) resting, (b) compound 
C, (c) oxyferryl, (d) 420-nm reoxidized, and (e) 415-nm reoxidized 
forms of cytochrome c oxidase. Enzyme concentration was 75 pM 
for (a)-(c) and 100 pM for (d) and (e); path length, 2 mm. Spectra 
were normalized for presentation purposes. Panel A: Soret band 
region. Panel B: visible band region. 

the increase in frequency of this mode relative to that of the 
resting enzyme indicates a decrease in the electron density at 
the Fe in heme u3. This effect may be accentuated by the 
electron-withdrawing effects of the bound peroxide. 

The spectral region from 1500 to 1700 cm-I in the resting 
form of cytochrome c oxidase is complex and contains over- 
lapping spectral contributions from both heme u and heme u3. 
Previous studies of heme u model compounds (Choi et al., 
1983; Callahan & Babcock, 1981) and cytochrome c oxidase 
(Callahan & Babcock, 1981; Woodruff et al., 1981) have 
shown that the band centered at - 1585 cm-' contains pre- 
dominant contributions from the spin-state-sensitive band, v2, 
of both low-spin heme u (v2 - 1589 cm-') and high-spin heme 
u3 (v2 - 1572 cm-I). In addition, the band at 1650 cm-' is 
attributed to an in-plane C=O vibration from the formyl 
group of cytochrome u.  The formyl vibration from heme u3 
is weak in the oxidized forms of the enzyme and appears at 
1676 cm-'. 

Upon formation of compound C, the intensity at 1572 cm-I 
(v2, high-spin heme u3) decreases with an apparent increase 
in relative intensity at 1588 cm-I (v2, low spin). This is con- 
sistent with a change in spin state at the ligand-binding heme 
u3 center. Similar spectral changes accompany CN- binding 
to the resting form of the enzyme in which heme u3 is con- 
verted to a low-spin complex (Ching et al., 1985). 

Although the high-frequency spectrum of compound C 
clearly indicates changes associated with the heme u3 site, the 
exact spin state of heme u3 remains uncertain. Carter et al. 
(1 98 1) suggested that compound C may be an intermediate- 
spin (S = 3/2) complex superexchange coupled to cupric CU,, 
on the basis of magnetic circular dichroism data. In such a 
complex, the Fe dz2 orbital would be occupied, while the Fe 
d+,2 would be empty. The porphyrin core size (Ct-N dis- 
tance) in the intermediate-spin complex would be similar to 
that of the low-spin complex (Le., contracted core) due to the 
unoccupied Fe dX2-,,2 orbital. Since v2 is sensitive to the core 
size of the porphyrin macrocycle, both low-spin ( S  = 1/2) 
Fe(+3) and intermediate-spin (S = 3/2) Fe(+3) complexes 
would have similar frequencies for v2. Thus, the data presented 
are consistent with either an intermediate or low-spin ferric 
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heme u3 complex in compound C. 
Oxyferryl Species. Previous optical and EPR experiments 

revealed that reoxidation of the fully reduced enzyme with 
excess H202 produced a low-spin Fe(1V) at the heme u3 ligand 
binding site with a characteristic absorption band at  580 nm 
in the H202 reoxidized minus the 41 5-nm reoxidized difference 
spectrum (Witt & Chan, 1987). The room temperature 
resonance Raman spectrum of this H 2 0 2  reoxidized enzyme 
confirms the presence of a low-spin heme u3. Little or no 
intensity is observed in the u2 region for high-spin heme u3 
(1572 cm-I). The room temperature Fe(1V) species also has 
an oxidation-state marker band (u4) significantly upshifted 
from that of the resting or 420-nm reoxidized forms of the 
enzyme (from 1372 to 1376 cm-I). Low-temperature studies 
of this intermediate also show an increase in the frequency of 
v4 (from 1372 to 1377 cm-I) (Witt, 1988). Similar shifts in 
u4 have been observed in other Fe(1V) species. When met- 
myoglobin is treated with H,O2, an Fe(1V) species is produced 
with u4 at - 1380 cm-I. In contrast, HRP compound I1 has 
u4 - 1378 cm-’ and cytochrome c peroxidase compound I1 
displays u4 at -1375-1377 cm-l (Campbell et al., 1980; 
Oertling & Babcock, 1988; Hashimoto et al., 1986). The shift 
in u4 from 1372 to 1376 cm-’ in the H202-reoxidized form of 
cytochrome c oxidase is consistent with significantly reduced 
electron density on the Fe of heme u3, resulting from the 
oxidation of ferric Fe. This reduced electron density at the 
heme Fe diminishes the interaction between the d-lI orbitals 
of the Fe,, and the porphyrin II* molecular orbitals. The 
somewhat lower frequency observed for u4 in the Fe(1V) form 
of cytochrome c oxidase relative to HRP compound I1 and 
Fe(1V) myoglobin may be attributed to possible distal inter- 
actions with the FeIV=O center, such as H bonding to distal 
residues or possibly the ligands of CuB (His or Cys). Such 
effects could decrease the electron density on the Fe and 
further weaken the d-II/porphyrin II* orbital interactions. 
Since Cue and Fe,, are known to be close (3-5 A), distal 
perturbations of the FeTV=O by the ligands of Cue are not 
unreasonable (Wikstrom et al., 1981), although further ex- 
perimentation is required to verify this point. 

The 420- and 415-nm Reoxidized Forms of Oxidase. 
Previous studies have shown that when fully reduced cyto- 
chrome c oxidase is oxidized by 02, a spectroscopically distinct 
product is formed that displays a slight red shift in the a-band 
region of the visible spectrum and a Soret band located at 420 
nm (Kumar et al., 1984). The room temperature resonance 
Raman spectrum of the 420-nm reoxidized form of cytochrome 
c oxidase appears similar to that of both compound C and the 
oxyferryl form in the high-frequency region, indicating that 
heme u3 is either low or intermediate spin in this species. 
Carter et al. (1 98 1) have characterized the “pulsed” enzyme 
at  low temperature in the presence of glycerol by resonance 
Raman spectroscopy. Their data indicate that the “pulsed” 
enzyme is a ferric, intermediate-spin cytochrome u3 species 
similar to compound C (u4 -1374 cm-I, u2 1591 cm-I with 
a shoulder at 1572 cm-I). These authors attribute the inter- 
mediate-spin state of heme u3 to a weakly coordinated ligand 
at  the sixth axial ligation site. Recent studies by Han et al. 
(1 989) have shown that an Fe,,-OH complex forms subsequent 
to reoxidation of the reduced enzyme. In addition, OH--bound 
hemoglobin is known to form a low-spin, Fe3+-OH complex 
(Iizuka & Kotani, 1969). The position of u4 in the 420-nm 
reoxidized form of the enzyme (1 372 cm-I), however, indicates 
that this species does contain an Fe3+ heme, which is similar 
to the resting and 415-nm reoxidized forms of the enzyme. 
However, the high-frequency resonance Raman spectrum of 
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the 420-nm reoxidized enzyme obtained in this study is con- 
sistent with that of a low-spin, ferric heme u3 complex. The 
increase in bandwidth of u4 in the 420-nm derivative may be 
attributed to a subpopulation of compound C formed by the 
reaction of the 420-nm reoxidized enzyme and H202, since 
peroxide is generated by the reaction of O2 with sodium di- 
thionite. 

When the 420-nm form of the enzyme was incubated for 
several hours at 4 “C, a new species formed, with a blue-shifted 
Soret absorption band (-415 nm) relative to the resting form 
of the enzyme (418 nm). The resonance Raman spectrum of 
this species is nearly identical with that of the resting form 
of the enzyme. In particular, the increased intensity at - 1572 
cm-’ suggests that this species contains a five- or six-coordinate, 
high-spin heme u3 complex similar to that of the resting form 
of the enzyme. The oxidation-state marker band (u4)  is in a 
position (1 372 cm-I) identical with that of 420-nm reoxidized 
and resting forms of the enzyme. Brudvig et al. (1981) have 
proposed a model on the basis of EPR (electron paramagnetic 
resonance) data in which three oxidized conformations of the 
enzyme form sequentially upon reoxidation. The first species 
is a transient ( t l , 2  400 s), which displays a g = 5 EPR reso- 
nance. This species delays into an EPR-silent, “oxygenated” 
form. Both of these conformations are proposed to contain 
an Fe,,3+-OH complex, the latter being magnetically coupled 
to Cue. The oxygenated form then delays to the resting 
conformation with t l I 2  - 1 h. The resonance Raman data 
imply that the decay of the 420-nm reoxidized (oxygenated) 
form to the 41 5-nm reoxidized species may involve displace- 
ment of the OH- group (possibly by C1-) ( Z .  Y .  Li and S .  I. 
Chan, manuscript in preparation), producing a six-coordinate 
high-spin Fe,, complex, which is structurally similar to the 
resting form of the enzyme. 

Photodynumics of the Room Temperature Dioxygen In- 
termediates. The photolability of bound dioxygen in the 
catalytic intermediates of cytochrome c oxidase provides in- 
formation concerning the heme-oxygen interactions in the 
enzyme. Previous studies by Babcock et al. (1985) and 
Varotsis et al. (1989) have shown that the species formed at 
early times ( < l o  ps) in the reaction of fully reduced cyto- 
chrome c oxidase with dioxygen is photolabile. It was sug- 
gested that this intermediate (designated compound A) con- 
tains a dioxygen reduction site with an 0, bound heme (heme 
u3) similar to that of oxyhemoglobin. This intermediate 
subsequently decays into a nonphotolabile species at longer 
times (>40 ps). The resonance Raman data of the room 
temperature dioxygen intermediates demonstrate that both 
compound C and the oxyferryl species are not photolabile 
under conditions where carbon monoxide is fully photolyzed 
from the fully reduced enzyme. This is evident by the position 
of u4 in these species. The frequency of this band is higher 
in both the compound C and oxyferryl forms (relative to the 
resting form of the enzyme), indicating that an electron- 
withdrawing ligand (presumably oxygen) is bound to the heme 
u3 site. 

In addition to photolability, the photoreduction character- 
istics of the room temperature dioxygen intermediates are also 
of interest. The resting form of cytochrome c oxidase can be 
reduced under intense laser illumination (Adar & Yonetani, 
1978; Ogura et al., 1985). Copeland et al. (1985) recently 
reported that the “pulsed” enzyme possesses enhanced pho- 
toreducibility relative to the resting form of the enzyme. The 
Raman spectrum of the 420-nm form of the enzyme at room 
temperature displays a weak band at 1355 cm-I (u4 for reduced 
heme a) .  This band may be due to a small amount of pho- 
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toreduced 420-nm form of the enzyme since multiple laser 
pulses were incident upon a given sample volume at the slow 
flow rates used in this experiment (2 mL/h). The oxyferryl 
species and compound C show no evidence of photoreduction 
under similar experimental conditions. This suggests that the 
420-nm form of the enzyme may be more photoreactive than 
either compound C or the oxyferryl intermediate, although 
further experimentation is required to confirm these results. 

CONCLUSION 
The room temperature resonance Raman spectra of reox- 

idized oxidase, compound C, and the oxyferryl intermediate 
of cytochrome c oxidase presented in this study provide an 
excellent starting point for elucidating the mechanism of di- 
oxygen reduction under physiological conditions. Our data 
support the assignment of a peroxide-bound cytochrome a3 in 
compound C. The oxyferryl intermediate formed by reoxi- 
dation of the fully reduced enzyme with H202 resembles the 
Fe( IV) intermediate of cytochrome c peroxidase compound 
ES, with a low-spin heme a3 and an oxidation-state marker 
band, u4, at higher frequency than in either resting/reoxidized 
enzyme or compound C. Finally, the Raman spectrum of the 
420-nm form of the enzyme is consistent with a six-coordinate, 
low- or intermediate-spin heme a3 site, which decays to a five- 
or six-coordinate species similar to the high-spin complex in 
the resting form of the enzyme. 

Registry No. 02, 7782-44-7; cytochrome c oxidase, 9001-16-5. 
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