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Abstract

Studies directed toward the elucidation of the structures of the metal 
centers in cytochrome c oxidase are reviewed. Progress towards an under­
standing of the interactions between these centers and their spatial distri­
butions within the protein will also be presented. Our studies are based 
primarily on optical and low-temperature electron paramagnetic resonance 
(EPR) spectroscopy. We have employed nitric oxide (NO), as well as 
other exogenous ligands, to probe the O, reduction site of the enzyme. 
In addition, we have isolated auxotrophs of Saccharomyces cerevisiae in 
oider to metabolically incorporate isotopically substituted amino acids 
into the yeast protein. Low-temperature EPR and electron nuclear 
double resonance (ENDOR) spectroscopic studies of these isotopically 
substituted derivatives have provided unambiguous information on the 
structuie of two of the four metal centers. The degree to which metal 
centers within the protein interact with one another has been assessed 
by examining the extent to which redox changes of one metal center 
modulate changes in the EPR and optical characteristics of the other 
centers. Conceptions about the overall spatial distribution of the metal 
centers within the protein emerge from these data. The implications of 
our results with respect to the mechanisms of dioxygen reduction and 
energy conservation in cytochrome c oxidase will be discussed.

Introduction

Cytochrome c oxidase is the terminal enzyme in the respiratory 
chain of eukaryotic organisms. It catalyzes two energy-linked 
chemical reactions: the generation of an electrochemical hydro­
gen ion gradient across the mitochondrial membrane in which 
the enzyme resides, and the transfer o f  four electrons from 
ferrocytochrome c to dioxygen (eq. (1); AG° =  —55kcal 
m°l ) [1]. The free energy released by the latter reaction under 
phyiiological

°j + 4 ferrocytochrome c +  4H+ ->

2H20  +  4 ferricytochrome c (1)

conditions provides the driving force for the former energetically
|2 |*vorable °ne. In living cells, these reactions occur rapidly
prod energy-efficient manner, and without substantial
uyu UCtlon hydroxyl radicals or other toxic intermediates of 
°*ygen reduction.

ĥ  ^  ma 0̂r ôa*s researchers studying cytochrome 
ihj (t(j êen ^ e  elucidation o f the chemical mechanisms of 
detiilj of Phr0cesses “ talyzed by the enzyme. These include the 
t*UouBh°th 6 Cntry e*ectrons into and the flow o f electrons 
10 HiO a * e/ lzyme as weU as the steps by which 0 2 is reduced 
c*tionj , C oxy8 en binding site of the enzyme. All indi- 
from cytoch 31 oxi<*ase receives its reducing equivalents 
•hich rome c on the cytosol side, while the four protons 

C°n8Umed per turnover originate in the matrix. In this

manner, four negative charges are transferred across the inner 
membrane and a transmembrane electrochemical potential 
gradient is established. Evidence is mounting that the enzyme is 
also a proton pump with protons pumped across the inner mem­
brane from the matrix to the cytosol during the electron trans­
port and/or 0 2 reduction processes [3], The number of protons 
(four to eight) pumped per turnover, however, remains unclear.

The structure of the protein has naturally received consider­
able attention. Impressive progress has been made toward 
deciphering the primary sequence and the subunit structure of 
the enzyme [4], A glimpse o f the three-dimensional folding and 
assembly o f the protein (Fig. 1) has also emerged from electron 
microscopy imaging studies [5]. The structures o f the four 
metal centers that are intimately associated with the electron 
transfer, 0 2  reduction, and possibly proton pumping, are begin­
ning to be understood.

In this report, we will review our efforts toward elucidating 
the structures o f and the interactions between the four metal 
centers in cytochrome c oxidase. Our studies are based largely 
on optical absorption and low-temperature electron paramag­
netic resonance (EPR) spectroscopy. We have used nitric oxide 
(NO) and other exogenous ligands to probe the structure o f the
0 2  reduction site. In addition, we have prepared isotopically 
substituted enzyme derivatives from the yeast Saccharomyces 
cerevisiae and studied them by electron nuclear double reson­
ance (ENDOR) spectroscopy. These approaches have provided 
unambiguous information on the ligands of two of the four 
metal centers as well as information regarding the spatial 
relationships o f  the metal centers. The structural results reviewed 
here have furnished valuable insights into the mechanism of 
dioxygen reduction by this enzyme. We feel that an important

100 A
Fig. 1. Three-dimensional folding and assembly of oxidized cytochrome 
c oxidase as revealed by electron microscopy imaging.
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beginning has been made and are optimistic that a detailed pic­
ture of the structure and function o f cytochrome c oxidase is 
on the horizon.

Structure of the cytochrome c oxidase metal centers

Cytochrome c oxidase contains four inequivalent metal centers, 
each o f which accepts a single electron in the conversion of the 
enzyme from the fully oxidized to the fully reduced state [2 ]. 
Two o f the centers are heme A, a unique iron porphyrin with a 
formyl group and a hydrophobic isoprenoid side chain. The 
other two metal centers are unusual copper ions which are struc­
turally and spectroscopically different from one another and 
distinct from any of the types 1, 2, or 3 coppers found in 
laccases and other cuproproteins. The metal ions which comprise 
the 0 2 binding site (FeQ3 and CuB) both have the capacity to 
bind exogenous ligands such as HCN and NO. The other two 
metal ions (Fea and CuA) are shielded from interaction with 
added ligands and serve to mediate the transfer of electrons 
between cytochrome c and the oxygen reduction site. We now 
describe in turn results relating to the structure of each of these 
metal centers. > ■ > •< ••• > • ■■■■-> . •. - <

. '1 3 / -'W O I j. - ri'.jj.-C  < i '  . V
Cytochrome a - v- ; ?».<■; m ■■■*! =.,rr
There seems to be general agreement that cytochrome a (Fea) 
accepts electrons from ferrocytochrome c and transfers them 
to the CuA center. The cytochrome c binding site(s) is located 
on the cytosol side of the inner mitochondrial membrane [6 ]. 
The reduction potential of Fea is similar to that of cytochrome 
c, which is expected if Fea is the point of entry of electrons into 
the protein and degradation of the redox free energy is to be 
minimized in this electron transfer step [7].

All indications are that Fea is six-coordinate and low-spin, 
with nitrogens from two neutral imidazoles as axial ligands. 
Such a structure would be consistent with the proposed electron 
transfer function of Fea. The magnetic circular dichroism (MCD) 
and EPR spectra of Fea demonstrate clearly that Fea is low-spin 
[8 , 9]. There have been two lines of evidence supporting two 
histidine imidazoles as axial ligands. Babcock et al. [10] have 
compared the optical and resonance Raman spectra of Fea with 
those of related low-spin heme A models. Similarly, Peisach 
[11] has compared the g-values of Fea with those of low-spin 
heme A models with known axial ligands. The Peisach com­
pilation of g-values is reproduced in Table I. The ^-values (3.0, 
2.21, 1.45) of Fea (Fig. 2) are reproduced only by the bis
neutral-imidazole complex of heme A. .....  •

' y:;-'■ oij'ii
Copper A
Copper A is the low potential copper in cytochrome c oxidase,

Table I. The relation between EPR parameters and structure o f  
low spin ferric heme compounds ( taken from [11] )

Compound Axial ligands g values

Glycera Hb MeNHj imid r n h 2 3.30 1.98 1.20
Leg Hb pyridine imid pyr 3.26 2.10 0.82
Cytochrome c imid0 met 3.07 2.26 1.25
Bis imid heme imid0 imid0 3.02 2.24 1.51
Bis imid" heme imid' imid" 2.80 2.26 1.72
MbOH imid- OH“ 2.55 2.17 1.85
Cyt. P-450cam imid0 RS" 2.45 2.26 1.92
Cyt. c oxidase imid0 imid0 3.0 2.2 1.5

Fig. 2. X-band EPR spectrum of oxidized beef heart cytochrome c oxj. 
dase at 10 K. .

iK.'ftwX’ ,/k'Vv. '"lUv.v/y
- ‘IxM'i ‘> ■ -f. is i'W v  ■.

and it has been suggested that the function of this metal center 
is to transfer electrons from Fea to the 0 2 reduction site. Its 
reduction potential [7] is similar to that of Fea. Since the first 
reduction potential drop occurs between CuA and the 0 2 reduc­
tion site, Chan et al. have proposed that this redox energy may I 
be conserved and that CuA might serve as the proton pump of 
the enzyme [ 1 2 ].

CuA displays an unusually isotropic EPR spectrum with no 
hyperfine splitting resolved when the spectrum is recorded at 
9 GHz (Fig. 2). Computer simulations of this spectrum [13,14] 
generate a good fit using g-values of 2.18, 2.03, and 1.99. The 
latter g-value has been of particular interest as it is below that 
of the free electron (2.0023), a situation which is not possible 
for simple Cu(II) centers [15]. X-ray absorption edge data 
indicate that the oxidized CuA center is in a highly covalent 
environment and that the copper might even be reduced to 
Cu(I) [16], Substantial delocalization of spin onto an associ­
ated ligand in the oxidized enzyme could explain these results 
[17].

ENDOR studies have shown hyperfine interactions between 
the unpaired electron and various nuclei. Copper ENDOR has 
been reported [18], indicating an unusually small and isotropic 
copper hyperfine interaction. In addition, ENDOR studies 
have demonstrated a 14N hyperfine coupling of 17 MHz and 
two strong *H couplings of 12 and 19 MHz, respectively [19]. 
It has been proposed that these strongly coupled protons are 
the /3-CH2 protons of an associated cysteine ligand [19], in 
which case substantial spin density must reside on the cysteinyl 
sulfur (vide infra). If this is true, another polarizable ligand, 
such as a second cysteine, would be required [2 0 ] to render 
this transfer o f electron density from ligand to metal energetic­
ally favorable.

These considerations led us to propose some years ago [17] 
that the CuA center in cytochrome c oxidase consisted of a 
Cu(I) ion ligated by two cysteinyl sulfurs, one a cysteinate and 
the other a sulfur radical. We have now undertaken experiments 
[2 1 ] to test this model by incorporating cysteine substituted 
with 2H at the /3-methylene carbon ((2H)Cys) into yeast cyto­
chrome c oxidase using a cysteine auxotroph of the yeast Sac- 
charomyces cerevisiae. A histidine auxotroph was also isolated 
and used to incorporate histidine substituted with 1SN at both 
imidazole ring positions (( lsN)His) into the yeast enzyme. Our 
strategy in preparing these enzyme derivatives is to exploit the 
differences in nuclear spin and nuclear magnetic moment of the 
isotopes to identify magnetic interactions between the unpaired 
electron spin and the nucleus in question. Thus, perturbation of 
the EPR spectrum of the metal center by the isotopic substi­
tution or, in the case where the hyperfine interaction is too
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Fig. 3. ENDOR spectra of native, ( l5N)His and (!H)Cys yeast cyto­
chrome c oxidase observed at g = 2.04, microwave frequency 9.12GHz 
and temperature 2.1 K.

small to be discernible in the EPR, modification o f the ENDOR 
spectrum may be used to obtain unambiguous information 
about the involvement of the particular amino acid at the site.

We have compared the EPR spectra o f native, ( 2 H)Cys, and 
(lsN)His yeast cytochrome c oxidase. Differences were noted 
between the EPR spectra of CuA in the native and the isotopic- 
ally substituted yeast proteins, implicating at least one histidine 
and one cysteine as ligands to CuA. Recent ENDOR studies 
carried out in collaboration with Dr C. P. Scholes o f SUNY at 
Albany [21] confirmed these assignments. The CuA ENDOR 
spectra of (2 H)Cys and ( lsN)His yeast oxidase are compared with 
that of the native yeast enzyme in Fig. 3. We note that the spec­
trum observed for the native yeast oxidase is very similar to that 
of the beef heart protein. The two signals seen at 2 1 .7  and 
19.7 MHz are due to strongly coupled protons and correspond 
to proton hyperfine couplings of 1 6 .2  and 1 2 .2  MHz. That these 
signals are due to the methylene protons o f cysteine may be 
ascertained by noting the intensity change in the ENDOR sig­
nals in this region upon deuterium substitution. However, it is 
not clear whether these two signals arise from methylene pro­
tons on the same cysteine ligand or from methylene protons on 
two different cysteine ligands. Comparison of these signals with 
those in model sulfur radicals shows [2 2 ] that in tlie latter case 
the unpaired spin density on the cysteinyl sulfurs ranges from 
14 to 37% for one cysteine and from 2 3  to 5 2 %  for the other 
cysteine. Assuming, however, that the two protons seen by 
ENDOR are from the same cysteine ligand, only two distinct 
solutions are possible, placing either 2 3  or 8 3 %  of one unpaired 
spin on sulfur. Experiments are currently in progress to incor­
porate cysteine substituted with I3C at the methylene carbon 
into yeast cytochrome c oxidase in order to unambiguously 
measure the unpaired spin density on the cysteinyl sulfur 
ligand(s) to CuA. As noted previously, the assignment of both 
strongly coupled protons to a single cysteine ligand would not 
preclude the existence of a second cysteine ligand to CuA. In 
fact, a substantial delocalization of charge onto copper in 
oxidized CuA would require the presence of a second polariz- 
able ligand such as a second cysteine [2 0 ],

The two signals seen at 7 .1  and 9 .2  MHz in the native enzyme 
are split by twice the characteristic l4N Zeeman energy 
( 2 v , , n  =  2 .0 0  MHz) and can be assigned to a I4N with hyper­
fine coupling of 16 MHz. This assignment was confirmed by the 
ENDOR spectrum of the ( lsN)His yeast enzyme. Comparison 
of the ENDOR spectra for the ( ISN)His and native yeast pro­
teins reveals that only the intensities of the ,4N ENDOR signals 
at 7  and 9  MHz are substantially reduced by the isotopic sub­
stitution of the imidazole ring nitrogens. Due to the difference 
in nuclear magnetic moment between the two nitrogen isotopes, 
substitution of the 14N nucleus by 1SN would replace the 14N 
ENDOR signals at 7  and 9  MHz by 15N ENDOR signals at 10  

and 1 3  MHz, respectively. The increased intensity observed in 
the 10-15 MHz region in the ENDOR spectra of the ( ,sN)His 
protein is consistent with the appearance of these 1SN ENDOR 
signals. From these observations, it is clear that there is at 
least one histidine and one cysteine ligand to CuA in cyto­
chrome c oxidase.

The saturation characteristics of the CuA EPR signal are also 
unusual. The temperature dependence of the relaxation rate of  
this site is unlike that o f any copper-containing proteins or 
model compounds which we have studied and more closely 
parallels that o f  Fea or cytochrome c [ 2 3 ] .  This observation has 
led us to propose that the EPR relaxation of CuA is enhanced 
by its proximity to one of the iron centers in the enzyme.

We have recently confirmed that the magnetic relaxation of  
CuA is influenced by interaction with another metal site in the 
enzyme by studying the power saturation of the CuA signal in 
partially reduced enzyme species. In two-electron-reduced, CO­
associated cytochrome oxidase, the oxygen reduction site is

Tem perature (K e lv in s )
Fig. 4. Saturation behavior at several temperatures of the CuA EPR signal 
in partially reduced CO-associated cytochrome c oxidase species. The 
quantity l/T ,T j was determined by a least-squares fit to the equation:

. I  Psignal intensity = 7  =  7 0l --------
11 + C tP

where a is proportional to T ,T 2. The number of equivalents of reductant 
added (electrons, e") was based on measured heme A concentrations by 
assuming 4e" per aa, unit.
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diamagnetic. However, the EPR saturation behavior of CuA in 
this species is only slightly different from that observed in the 
native enzyme (Fig. 4); we attribute this small difference to a 
partial (10-15%) reduction o f Fea which was observed in these 
samples. When more {ca. 1.5 additional) reducing equivalents 
are added, a much larger effect, corresponding to an approxi­
mately two-fold increase in T ^ ,  is observed (Fig. 4). In this 
sample, both Fea and CuA are about 75% reduced. Assuming 
that the redox potentials o f Fea and CuA are uncorrelated, this 
means that most {ca. 75%) of the CuA signal remaining in this 
sample originates from cytochrome oxidase molecules in which 
Fea is reduced and therefore diamagnetic. The change observed 
in the TiT 2 of the CuA signal may therefore be attributed to the 
loss of a relaxation pathway involving a magnetic dipolar inter­
action of this site with Fea. Since the effective range of such an 
interaction is not likely to be greater than about 15 A, we can 
estimate that CuA and Fea are within 15 A of each other. The 
absence of a comparable effect when the CuB-F e „ 3 site is 
rendered diamagnetic indicates that this site is substantially fur­
ther removed from CuA , particularly since this rapidly relaxing, 
5 = 2  site is expected to more efficiently relax other sites than 
does Fea {S — %).

Cytochrome a3 and copper B
Although the binding of externally added ligands to the oxygen 
binding site of cytochrome oxidase has been studied for many 
years (see, for example, the extensive review by Lemberg [24]), 
the structure of this site and the details of the reactions that 
occur there had remained enigmatic. Optical absorption studies 
of the hemes have proven extremely useful, but care must be 
exercised in their interpretation because the contribution of 
individual centers to the overlapping absorption bands must be 
resolved. This difficulty is also encountered in the interpretation 
of the X-ray absorption spectra of the metal centers [25], to 
such an extent that the formulation o f unique structural models 
from these data alone is problematic.

EPR and magnetic susceptibility studies demonstrate that the 
Fe<j3, CuB pair is an S =  2 EPR silent species in both the fully 
oxidized and fully reduced forms of the enzyme [26], In reduced 
cytochrome oxidase, the spin angular momentum of the site 
arises solely from high spin Fe* 2  since Cug1 is d 10 and hence dia­
magnetic. In the oxidized enzyme, in which EPR signals from 
both Fe^ and CuB 2 would ordinarily be expected, the two are 
strongly antiferromagnetically coupled, again yielding a net 
5 = 2  EPR silent site.

To obtain EPR signals from the cytochrome a3 -CuB site, it is 
necessary to convert the site into a half-integral spin system 
which has a ground state Kramer’s doublet [27]. Upon partial 
reduction of oxidized cytochrome c oxidase one observes, at 
neutral pH, a high-spin heme EPR signal at g  =  6 , and at higher 
pH, a low-spin heme EPR signal at g  =  2.6 [28], The high-spin 
heme species has been assigned to a cytochrome a33 • H20  
species in which the antiferromagnetic coupling between cyto­
chrome a3 and CuB has been eliminated by reduction of CuB; 
increasing the pH merely leads to deprotonation of the bound 
water to form the low-spin cytochrome a33 • OH" species.

The antiferromagnetic coupling between CuB and Fe03 can 
also be disrupted by the addition of exogenous ligands. In our 
laboratory, we have probed the structure o f the oxygen binding 
site by using the paramagnetic ligand nitric oxide (NO) to bind 
to, and generate EPR signals from, both Feaj and CuB. The 
EPR signal observed when NO is added to reduced cytochrome

c oxidase is typical of that observed for other nitrosylferro- 
heme proteins such as the NO adducts o f  cytochrome c, hemo­
globin, or cytochrome c peroxidase [29]. In particular, nitrogen 
superhyperfine splittings are observed for both the NO nitrogen 
and an endogenous nitrogen bound axially to Feaj opposite the 
NO (Fig. 5). The g-values for this complex as well as the magni­
tudes of the 14N hyperfine splittings indicate that the endogen­
ous nitrogen ligand of Feaj is most likely from an imidazole ring. 
Unambiguous identification of histidine as the endogenous axial 
ligand to cytochrome a3 [30] was obtained from the nitrosyl- 
ferrocytochrome a3 complex prepared from the ( ( lsN)His) yeast 
oxidase described earlier.

When 14NO is bound to ferrocytochrome a3 of the yeast 
enzyme, the g =  2.006 component of the EPR signal of the 
complex exhibits a nine-line hyperfine pattern which can be 
interpreted in terms of the superposition of three sets of three 
lines arising from two nonequivalent nitrogens ( / =  1 ) interact­
ing with the unpaired electron. The larger of the two hyperfine 
coupling constants is 2 0 . 8  G and the smaller 6 .9 G. When 1SN0 
is used in this experiment, the lsNO-bound protein exhibits an 
EPR spectrum with g-values identical to those of the 14NO-bound 
species, but the g  =  2.006 component shows a hyperfine pattern 
consisting o f two sets of three lines. This pattern is consistent 
with the presence of one 14N and one 15N nitrogen bound axially 
to cytochrome a3 with a 28.2 G splitting for the 15N and a 7.0G 
splitting for the 14N ligand. These spectra of the NO-bound 
native yeast protein are compared with those o f the 14NO- and 
1 5NO-bound ( 1 5N)His yeast cytochrome c oxidase in Fig. 5. It is 
apparent from this comparison that the hyperfine patterns have 
been altered upon ( lsN)His substitution. The ( lsN)His 1SN0- 
bound protein hyperfine pattern consists o f two sets of doub­
lets, with a lsNO nitrogen splitting of 27.5 G and a splitting of 
about 12 G for the 1SN nitrogen of the histidine. The ( 15N)His 
14NO-bound protein hyperfine pattern consists of three sets of 
doublets, with splitting of 21 G and 10.2 G for the 14NO and 
histidine 1SN nitrogen, respectively. These studies provide 
unequivocal identification of histidine as the endogenous 
fifth ligand to cytochrome a3.

Although most ferric hemoproteins do not bind NO, fully 
oxidized cytochrome oxidase exhibits new EPR signals in the 
presence o f NO [31-33]. Signals which are characteristic of 
high-spin heme (gx , gy — 6 ) can be generated by adding NO to 
oxidized cytochrome oxidase (Fig. 6 (b)) or to the fluoride com­
plex of the oxidized enzyme (Fig. 6 (c)). A low-spin {gz —3.5) 
signal is observed when the cyanide complex of the oxidized 
enzyme is treated with NO (Fig. 6 (d)). These spin states are 
consistent with what is known about the binding of F” and 
CN" to Feaj in the absence of NO [8 ,26]. It is therefore 
apparent that NO binds to CuB in the oxidized enzyme, break­
ing the antiferromagnetic coupling between CuB and Fe„ 3 and 
thereby permitting the EPR visualization of the Fe„ 3 center. A 
CuB2-NO complex most likely possesses a diamagnetic ground 
state and therefore is not observable by EPR spectroscopy- 
These observations strongly support the notion that CuB as 
well as FeQ3 can interact with externally added ligands.

The NO complex with the oxidized enzyme can be used 
to ascertain whether the histidine identified earlier as the axial 
ligand to FeQ3 in the reduced protein remains coordinated to the 
heme in the oxidized enzyme. The high-spin heme EPR signal 
seen at g  ~  6  upon binding of NO to CuB 2 (Fig. 6 (b)) arises frofli 
the Ms =  1/2 component (Kramer’s doublet) o f the S =  5/2 spin 
manifold when the applied field is in the plane of the porphyria
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Fig. 5. EPR spectra of the l4NO and 1!NO complexes of reduced native 
and ( ,sN)His yeast cytochrome c oxidase. Frequency, 9.2 GHz; tempera­
ture, 30 K.
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ring. The intensity o f these signals is temperature dependent and 
can be used to measure the zero field splitting D for the high- 
spin heme which can, when compared with those of known 
hemes, in turn be used to infer the nature of the fifth ligand. In 
the absence of exogenous ligands, we measure D to be 9 cm '1, 
and in the presence o f F- , D — 6 cm" 1 [33]. These zero-field 
parameters are indicative o f a high-spin heme with an axial histi­
dine.

Neither the EPR signal from nitrosylferrocytochrome a3 nor 
the high-spin cytochrome a3 signal provides any information 
regarding the position of the histidine vis-a-vis CuB. A bridging 
imidazole has been proposed to provide the exchange coupling 
between the two metal centers [34], However, a triplet EPR 
signal observed from the one-quarter-reduced NO-bound 
enzyme (Fig. 7) provides a measure of the interaction between 
cytochrome a3 and CuB in the nitrosylferrocytochrome a3, 
CuB(II) complex and indicates that NO must bind between 
these two metal ions in this complex; in other words, the 
histidine imidazole of cytochrome a3 is distal to CuB.

In order to obtain the one-quarter-reduced NO-bound 
enzyme, we exploited the high reduction potential of cyto­
chrome a3 to activate the disproportionation of N3 in the 
presence of NO according to the overall reaction

T t
g = 3 . 4 4  g : 3 .0 3

ferricytochrome a3 +  N  ̂+  2NO -*■

nitrosylferrocytochrome a3 +  N2 4- N20t
g = 6 .0

„ . ,  , , .. . .  . .  . The optical spectrum of the resultant nitrosylferrocytochrome'«• 0. EPR spectra of beef heart cytochrome c oxidase with added r  r  . . . .  . _
'^nds. A: no added ligands. B: plus NO (0.9 atm). C: plus KF (1 M) and a> Suggests ^  the imidazole is Still in place. The fact that a
No (0.9atm). D: plus KCN (0.1 M) and NO (0.9atm). Frequency, triplet EPR signal is observed for this complex indicates that
9.2GHz; temperature, 7-12K. NO binds to the ferrocytochrome a3 and the unpaired e_ on
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Fig. 7. X-band EPR spectrum of the nitrosylferrocytochrome a3, CuB(II) 
species at 7K. (Inset): Magnified view of the half-field transition region.

the NO is sufficiently close to interact magnetically with 
CuB(II). The zero-field splitting D of the triplet can be esti­
mated from the breadth of the AMs =  ± 1 transition. We 
obtained a value for |D | of 0 .0 7 cm-1. If we assume a purely 
dipolar interaction between the two spins, we estimate the dis­
tance between the two “spin centers” to be 3.4 A.

The triplet EPR signal from the nitrosylferrocytochrome a3, 
CuB2 species exhibits copper hyperfine splittings on the half­
field transition at g ~  4. The magnitude o f the copper hyperfine 
interaction (~  0 . 0 2  cm-1) is characteristic of a tetragonal/ 
rhombic geometry for CuB. A similar conclusion can be deduced 
from the results of Reinhammar et al [35], who have sub­
sequently reported a new EPR signal from CuB2. This signal, 
which is obtained when the enzyme is reoxidized in the presence 
of bubbling 0 2, exhibits a copper hyperfine coupling of 
0.011 cm-1. Karlsson and Andreasson [36] have assigned this 
signal to a F e^ -O j HO~-CuB 2 species wherein CuB is in an 
unusual rhombic environment. If this interpretation is correct, 
then the ligation of 0 2 to cytochrome a3 must raise its reduction 
potential above that of CuB in a manner analogous to that 
observed in the nitrosylferrocytochrome a3, CuB2 species 
described above.

The ligands to CuB remain uncertain. However, preliminary 
ENDOR data [37] suggest that there are three nitrogens associ­
ated with CuB. Comparative ENDOR studies of the native and 
the lsN(His) yeast oxidase are in progress to ascertain whether 
these nitrogen ligands to CuB originate in histidine imidazoles. 
Recent EXAFS studies have suggested that there might be a 
cysteine ligand to CuB and that the cysteine sulfur might serve 
as a bridging ligand between cytochrome a3 and CuB in some 
states of the oxidized enzyme [25]. Inasmuch as corroborative 
evidence for this cysteine from EPR and optical measurements 
is still lacking, the EXAFS result should be considered prelim­
inary.

The data described above indicate that Feaj and CuB are in 
close proximity and participate in strong magnetic interactions. 
While the optical properties of Fe^ have been the subject of 
numerous investigations, it has generally been overlooked that

these properties might also reflect the proximity of this chromo- 
phore to CuB. Since the absorption properties of heme A model 
compounds are known to be sensitive to environmental factors 
such as solvent polarity [38], one might also expect the absorp­
tion spectrum of Fe0| to be modulated by a change in the redox 
state of CuB. The charges associated with CuB and its ligands 
might substantially influence the polarity of the heme environ­
ment, especially if this environment is hydrophobic as both 
resonance Raman [10] and FT-IR spectroscopy [39] suggest.

The influence of CuB upon the optical properties of Feaa has 
been confirmed by a comparison of the absorption spectrum of 
the one-quarter reduced NO-associated enzyme (prepared as 
described above) to that of the one-half reduced NO-associated 
enzyme which is prepared by treating the fully reduced N0- 
bound protein with ferricyanide (Fig. 8 ). EPR characterization 
of the latter species indicates that Feas and CuB are reduced 
while Fea and CuA are oxidized. The two species therefore 
differ only with respect to the oxidation state of CuB, but this 
difference has pronounced effects on their optical spectra. In 
the spectrum of the one-quarter reduced species, the intensity 
of the alpha band (~  600 nm) is substantially greater and its 
position somewhat (ca. 70 cm-1) red-shifted relative to that 
observed in the half-reduced protein. The strongest features in 
the difference spectrum comparing the two species are three 
to four times sharper than the charge transfer bands of blue 
copper proteins and are comparable in width to cytochrome 
transitions. We therefore assign the observed differences to an 
influence of the oxidation state of CuB upon the absorption 
properties of Fea3. A similar effect has been observed in a 
chlorophyll model compound when a group on the periphery 
of the macrocycle is ionized [40]. In this case, the spectral 
change is almost certainly due to the electrostatic effect of the 
additional charge upon the wavefunctions of the macrocycle. 
This suggests that the CuB-F eaj optical interaction may be 
simply electrostatic in nature. However, we cannot yet elimin­
ate the possibility that a specific interaction between CuB and 
the NO molecule coordinated to Feaj is involved.

If the observed interaction between CuB and Fea3  is electro­
static and does not involve the inhibitor ligand, then one would

‘ W avelength ( nm)

Fig. 8. Absorbance spectra of partially reduced NO-associated species of 
beef heart cytochrome c oxidase in the 700nm-350nm region. Solid 
trace: one-quarter reduced NO-associated species (Fe’+CuA Cug+F c^ ' 
NO). Dashed trace: one-half reduced NO-associated species 
(Fe^Cu^Cug Fe^-NO). The vertical scale in the 350-475 nm region is 
5x that indicated.
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eXpect it to be manifested in the native protein as well as in the 
UlO derivative. If this is the case, it raises the interesting poss- 
jbility that the oxidation state o f CuB influences the redox 
otential of Fe0j. A reduction potential interaction between 

these metal centers has been less frequently proposed than a 
Fe -F eo, interaction, in spite o f  the known proximity of CuB 
and Fe„ . Measurements o f the reduction potential(s) of CuB 
ox difficult because this center has no strong optical absorption 
jnd because low-temperature EPR data, which can provide infor­
mation on the oxidation state o f CuB> are not necessarily 
relevant to room temperature thermodynamic properties. We 
hope to characterize the influence o f CuB upon the optical 
properties of the native enzyme and exploit this effect to 
learn more about the redox properties o f the CuB-F ea couple.

Other metal-metal interactions
We have presented evidence for interactions between Fea and 
CuB and between Fea and CuA. Interactions between the 0 2 

reduction site (FeQ-CuB) and the other metal centers in the 
enzyme are also o f considerable interest since coupling of this 
land may have implications for the mechanisms by which the 
enzyme regulates intramolecular electron transfer and con­
serves the free energy released in the oxygen reduction reaction. 
The interaction models which have been proposed are prin­
cipally of two kinds, involving either interactive redox poten­
tials (i.e., a mechanism in which an oxidation state change in 
one metal center modifies the reduction potential o f other 
centers) [41, 42] or interactive optical properties (i.e., a 
mechanism in which an oxidation state change in one metal 
center modifies the optical absorption spectrum o f other metal 
centers) [43]. In both cases, attention has in the past been 
focused on interaction between Fe„ and the metals of the oxy­
gen reduction site rather than upon interactions between CuA 
and the oxygen reduction site.

While some available Soret region magnetic circular dichro- 
ism data [8 ] are relevant to the question of spectroscopically 
detectable interactions between Fe0  and the CuB-F eaj couple, 
no systematic study has been made of the influence of changes 
at the oxygen reduction site upon the optical properties of Fea. 
We have explored this question by recording reduced-minus- 
oxidized difference spectra o f Fe0  in a large number of different 
inhibitor derivatives of the enzyme which differ with respect to 
the redox and/or spin state o f the metals at the oxygen reduc­
tion site. Some of these results are displayed in Fig. 9. Both of 
the traces shown are reduced-minus-oxidized spectra o f Fea in 
the 700nm -350nm  region (CuA also undergoes redox changes 
during these experiments, but its contribution is expected to 
be negligible relative to those o f Fea in this region of the spec­
trum), but in one case the CuB-F eaj couple is oxidized and 
inhibited with cyanide, while in the other it is reduced and 
inhibited with carbon monoxide. The two spectra are substan­
tially similar but exhibit small differences near 425 nm and in 
the region between 450 nm and 500 nm. These differences may 
reflect an influence of the redox and/or ligation state of the 
oxygen reduction site upon the optical properties o f Fe0; how­
ever, they are relatively small in magnitude, and we feel that 
other effects might be responsible, for example, the presence of 
small quantities of absorbing impurities or the formation o f a 
small concentration of so-called “pulsed” oxidase during the 
slow turnover o f the cyanide-inhibited enzyme. Thus, while we 
cannot eliminate the possibility o f  subtle interactions between

Wavelength (nm )

Fig. 9. Reduced-minus-oxidized FeA difference spectra obtained by two 
methods. Dashed trace: the Fen difference spectrum obtained using 
cyanide to stabilize Fe*3 and Cu^(Fe“*Cu\*Cu^*Fe3* • CN* minus 
Feg*CuACuB*Fe£* • CN"). Solid trace: the Fea difference spectrum 
obtained using carbon monoxide to stabilize FeJ* and 
Cu£(Fe’*CuX*Cu£Fe£* • CO minus Fe’*CuXTub’Fe”  • CO). '

Fea and the oxygen reduction site, it is clear that no strong 
interaction of this kind is manifested in the optical spectrum.

The absorption spectrum o f oxidized cytochrome oxi­
dase has a relatively broad band centered near 825 nm 
(e — 2 0 0 0  M” 1 cm-1) which is eliminated upon reduction of the 
enzyme. Copper depletion studies [44] indicate that this band is 
due to one or both of the copper centers. In partially reduced 
samples o f the enzyme monitored by both absorption and EPR 
spectroscopy, the intensity of this band correlates with the 
intensity o f the CuA EPR signal [45], suggesting that this band 
originates in a charge transfer transition involving CuA. How­
ever, reflectance spectra o f partially reduced inhibitor complexes 
of the enzyme have been used to support assignment of this 
band to both CuA and CuB in roughly equal amounts [46], In 
order to investigate this question and to explore the possibility 
of spectroscopically detectable interactions between CuA and 
the oxygen reduction site, we have employed an approach simi­
lar to that described above in connection with Fea. Inhibitors 
were used to stabilize the CuB-F e0j couple in either the reduced 
or the oxidized state while the redox states of CuA and Fea 
were changed; the effects of these redox changes were studied 
by calculating oxidized-minus-reduced difference spectra for the 
825 nm absorbance. Some of our results are given in Fig. 10 
together with Gaussian fits to the spectra. A primary impli­
cation o f these experimental results is that the 825 nm band 
does not contain a substantial contribution due to CuB or Fe. . 
The change in extinction accompanying reduction o f CuA and 
Fea is very close to 2000 M~* cm- 1  and thus is comparable to 
the change accompanying the transition o f the enzyme from the 
fully oxidized to the fully reduced state. This conclusion is 
more directly substantiated by our observation (data not shown) 
that the near-infrared spectrum of the half-reduced carbon 
monoxide complex of the enzyme is superimposable upon that 
of the fully oxidized enzyme. These results are in contrast to 
those reported in the reflectance spectroscopy study of Powers 
e t al. [46], Another important conclusion is that the oxidized- 
minus-reduced absorbance at 825 nm is very well fitted by a 
single Gaussian, which is consistent with assignment to an
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'' ■  ̂ v  ■ nm ■
Fig. 10. Oxidized-minus-reduced difference spectra of CuA obtained by 
two methods. Top: oxidized-minus-reduced difference spectrum of CuA 
obtained using formate inhibition of CuB and Fea (Fe*3CuACuB FeJ3 • 
HCOO" minus FeJJCuACug2Fe*3 • HCOO"). The circles represent a 
Gaussian with \ m ax =  825, hwhh= 1.43 X lO’ cm '1. Bottom: oxidized- 
minus-reduced difference spectrum of CuA obtained using CO inhibition 
of CuB and Fe^CFe^Cu^Cujj'Fe** • CO minus Fe*2CuAlCuB‘Fe** • CO).
The circles represent a Gaussian with \ r 
103 cm '1.

=  823, hwhh =  1.41 X

individual charge transfer band from one metal center. Finally, 
it is apparent that changes in the redox and ligation state of the 
CuB-F eaj couple do not significantly influence the energy, the 
intensity, or the width of this transition. These parameters are 
expected to be quite sensitive to the details of the CuA site 
geometry, so this result indicates that the structure o f this site 
is not substantially affected by changes in redox state, spin 
state, or ligation of the oxygen reduction site.

The available visible and near-infrared absorption data thus 
suggest that there is little, if any, evidence for structural coupl­
ing between the CuB-F eQ3 site and the other metal centers. 
Important structural interactions which are not detectable by 
this method may nevertheless occur, particularly in the case of 
Fea, since the optical properties of the heme may be relatively 
insensitive to many environmental factors. Furthermore, there 
is some evidence, for example, from MCD studies [42], that the 
reduction potential of Fea is strongly influenced by the redox 
state of FeQ3; presumably this involves some change in the struc­
ture of either ferrous or ferric Fea. We feel that this important 
problem requires further study and accordingly plan to explore 
this matter in greater detail in the future.

Structural model

We present in Fig. 11a  model for oxidized cytochrome c oxi- 
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dase. This model summarizes the structural results obtained to 
date.

Generally speaking, the metal centers can be grouped into i 
two pairs: (1) Fea and CuA , and (2) the 0 2 reduction site, com­
posed of FeQ3 and CuB. The EPR relaxation studies described 
above show that cytochrome a and CuA are within ~  15 A of 
each other. The close proximity of Feaj and CuB in the 0 2 

reduction site is now well established. The distance between 
them seems to be about 5 A, but quite likely varies with the 
state of the enzyme. It seems clear that this proximity is critical 
for efficient electron transfer and for the stabilization of 0 2 

reduction intermediates during the 0 2 reduction process. On the 
other hand, the two pairs of metal ions seem to be relatively far 
apart, as we have been unable to detect by EPR any substantial 
effect o f the spin state of the 0 2  reduction site on the EPR 
relaxation behavior of cytochrome a or CuA .

There now exists convincing evidence that Fea and CuA are 
located near the cytosol side of the mitochondrial membrane 
[2, 6 ], where cytochrome c is known to bind. The location of ; 
the 0 2 reduction site is, however, less certain. Recently, w e| 
obtained preliminary EPR results which place Fe0j and CuBji 
closer to the matrix side than the cytosol side of the mito- 1 
chondrial membrane. This location of the oxygen reduction 
site is reasonable, since the consumption of matrix-derived 
protons in the reduction of oxygen will contribute to the 
electrochemical gradient across the inner mitochondrial 
membrane.

In terms of function, the general consensus is that Fea and 
CuA serve to accept electrons from cytochrome c and transfer 
them to the 0 2 reduction site. However, the exact sequence of 
this electron transfer remains unsettled, in part due to the rapid 
redox equilibrium which exists bween these two centers [47]. 
The rate determining step in the overall 0 2 reduction process is 
probably electron transfer between the Fea/CuA pair and the
0 2 reduction site [48]. It has been known for some time that 
the turnover rate is sensitive to environmental factors, including 
the fluidity of the lipid medium in which the protein is 
embedded [49]. In view of this sensitivity and the apparently 
large distance over which the electrons must transfer between 
Fea/CuA and the 0 2 reduction site, we surmise that this elec­
tron transfer process may be coupled to some conformational 
change which serves not only to control directed electron trans­
fer over the relatively large distance between the two metal ion 
pairs, but to couple the redox energy to the pumping of protons 
across the mitochondrial membrane. ■*< •.». < . .

. ), . . !M
' ;:i>- -".v< .■?

Mechanism of oxygen reduction

Our structural results on FeQ3 and CuB lend considerable insight 
into the role that these two metal centers play in the 0 2  reduc­
tion process. The observation that the binding of 0 2 raises the 
reduction potential of Fefli above that of CuB has suggested to 
us that the role o f FeQ3 might be to anchor 0 2  and its reduction 
intermediates, at least during the early stages of 0 2 reduction. 
CuB would then serve to transfer electrons into the site. The 
close proximity of the two metal ions may serve both to facili­
tate electron transfer and to stabilize reactive intermediates. On 
the basis o f these considerations we proposed some years ago 
[32] a mechanism for dioxygen reduction which involves both a 
peroxo and a ferryl intermediate. Since that time, new evidence 
has been obtained in support of this mechanism, and additional 
results pertinent to the rest of the cycle have become available.
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Fig. 11. A model for oxidized cytochrome c oxidase.

An elaborated version o f our earlier proposed scheme is pre­
sented in Fig. 12. For clarity, only the Fe^-Cua site is shown.

The scheme begins with the binding of 0 2 to reduced Fea . 
This is followed by the rapid transfer o f an electron from CuB 
to yield an intermediate which is, at least formally, equivalent 
to peroxide bound to the oxidized site. The proposal o f such an 
intermediate has recently gained support from the observation 
[50] that oxidized cytochrome c oxidase binds hydrogen per­
oxide tightly (A'd ~  10 mM)- It is likely that the bonding in this 
first intermediate resembles that in the oxidized enzyme- 
peroxide complex. In recent optical experiments in our labora­
tory, we have noted a close spectroscopic similarity between the 
peroxide adduct of the oxidized enzyme and the species formed 
by the addition o f oxygen to the two-electron reduced enzyme. 
These species merit further study by resonance Raman and 
other spectroscopic methods.

The next step in the sequence is the transfer of an electron 
from Fea/CuA to the 0 2 reduction site. In our earlier form­
ulation, we proposed that the transfer o f this electron leads to 
rupture o f the oxygen-oxygen bond and the formation of a 
ferryl species adjacent to CuB2. Indeed, evidence for such an 
intermediate has since been reported by Karlsson et al. [51]. In 
studies of the low-temperature reoxidation of the reduced 
enzyme, they reported the observation o f an EPR signal from 
Cub2 with unusual relaxation properties. In this intermediate, 
Cu£ 2 appears to be influenced by a nearby rapidly relaxing para­
magnetic center such as Fe(IV), consistent with our previously 
proposed intermediate.

To complete the reduction o f dioxygen, a second electron is 
transferred to the site from Fea/CuA. This results in the for­
mation o f a species in which both metal ions o f the 0 2 reduc­
tion site are in the oxidized state. In limited turnover exper­
iments, Brudvig e t al. [33 ] have shown that this species can 
relax slowly in succession to a number o f “dead end” forms of 
the oxidized enzyme. In the scheme presented here, the first 
such species is denoted as “oxygenated.” It is characterized by 
rather strong antiferromagnetic exchange coupling between 
FeQ) and CuB which is mediated by a readily exchangeable 
bridging ligand, possibily the hydroxide anion. According to 
Brudvig et al. [3 3 ], this form of the enzyme decays slowly 
( tm  ~  1 h) to another form which exhibits an X-band EPR 
signal near #  ~  12. The bridging ligand in this “g l 2” species was 
found to be almost substitutionally inert, and it has been pro­
posed that the strongly bound bridging ligand is a n-oxo.

The reduction of 0 2  is a very rapid and efficient process. 
Accordingly, the direct observation o f 0 2 reduction intermedi­
ates is difficult. Chance e t al. [52 ] have developed a low- 
temperature trapping technique capable o f stabilizing several 
o f the intermediate species, allowing them to be probed spectro­
scopically. With this technique, Clore et al. [5 3 , 54] recently 
completed a careful study o f the intermediates involved in 0 2 

reduction and characterized them using optical and EPR spec­
troscopies. Starting from either the fully reduced enzyme or the 
mixed valence state in which only Fea and CuB are reduced, 
they have characterized three species which appear to corres­
pond well spectroscopically and kinetically with the first three
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We have reviewed the progress that has been made toward 
elucidating the structure of the metal centers in cytochrome c 
oxidase. In our work, we have employed NO and other ligands 
to probe the structure of the 0 2 reduction site. We have also 
exploited partially reduced states o f the enzyme to study the 
interactions between the centers. By manipulating the yeast sys­
tem Saccharomyces cerevisiae, we have been able to incorporate 
isotopically substituted amino acids into the enzyme. These 
approaches, coupled with optical and low-temperature EPR and 
ENDOR spectroscopies, have proven to be extremely powerful 
for obtaining unambiguous information on the ligands of the 
metal centers and the disposition of these centers within the 
protein. From such studies, a clear picture o f the functioning 
enzyme is beginning to unfold.
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