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The aim of this study was to elucidate the mode of action 
of cytochrome c in mediating electron transfer from 
ubiquinol-cytochrome c reductase (Complex III) to 
cytochrome c oxidase (Complex IV). The overall reaction 
has been referred to as quinol oxidase activity.

A preliminary investigation of the kinetics of quinol 
oxidase activity in submitochondrial particles showed them 
to be too complex to analyse satisfactorily. The two 
enzymes were therefore purified from beef heart and a 
reconstituted system, involving both Complexes III and IV 
and cytochrome c, established and characterised.

The kinetics of reconstituted quinol oxidase were 
examined under a variety of conditions using: high and low 
lipid to protein ratios; various molar ratios of Complex III 
to Complex IV and several ratios of cytochrome c to enzyme.
A theoretical model has been developed from these data.

A covalent cytochrome c - cytochrome c oxidase complex 
was prepared to examine the necessity for cytochrome c diffusion. Although active with artificial electron donors, 
the complex was ineffective in the reconstitution of quinol 
oxidase activity.

The effect of a lipid phase transition on quinol oxidase activity was examined using enzymes whose natural lipid had 
been replaced by dimyristoylphosphatidylcholine. The data obtained showed cytochrome c diffusion to be required for 
quinol oxidase activity.

Spin labelled derivatives of the three proteins (Complexes 
III and IV and cytochrome c) were prepared and used to 
examine the rotational motion of these components under 
various conditions using electron spin resonance spectroscopy.

Based on these results a mechanism for the action of 
cytochrome c as an intermediary electron carrier in quinol oxidase has been proposed. The mechanism envisages 
cytochrome c as a mobile, lipid associated pool mediating 
electron transfer between separate, freely diffusing 
molecules of Complex III and Complex IV.
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Chapter 1 
Introduction



General Introduction

1.1 Historical background.
Much of the energy required by eukaryotic cells is 

produced in the mitochondria, subcellular organelles which 
are bounded by two membranes, the inner of which is highly 
convoluted. It has been known for some years now that the 
enzymes ror the final stage of respiration, the electron 
transport chain, are associated with the inner mitochondrial 
membrane. These enzymes catalyse the passage of electrons 
from HADH and reduced flavoproteins, produced in the 
metabolism of foodstuffs, to oxygen. These reactions 
release a large amount of free energy which is conserved as 
chemical energy by coupling the process to the formation of 
ATP. Similar electron transfer systems occur in many 
prokaryotic cells although oxygen is not always the final 
acceptor. The chain can be considered to consist o: two 
basic classes of electron carriers, firstly, non-isopotential 
electron transfer proteins, those capable of conserving a 
change in the electromotive potential of a reducing electron 
as a form of useful chemical energy and secondly isopotential 
®i®bL.ron carriers which transrer electrons between the sites 
of energy conservation. Carriers of the former class 
include the large transmembranous protein complexes labelled 
I, III and IV in Fig. 1.1, each of which contains several 
prosthetic groups. Carriers of the latter class are the 
lipid soluble ubiquinone molecule and cytochrome c, a 
peripheral membrane protein.

The sequence of the redox components in intact 
mitochondria was first studied by examining their 
spectroscopic properties. Much of this early work was 
reviewed by Chance and williams (1956) who suggested a 
scheme oi involvement for the then identified components, 
the flavoproteins and cytochromes. These techniques are 
limited to the examination of spectroscopically visible 
components. The isolation of sections of the respiratory 
chain, responsible for catalysing partial reactions of the 
overall electron transport sequence provided a means of
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looking at these reactions in more detail (Green, 1959).
By 1961, Complexes I, II, III and IV had been partially
purified and shown to interact in order to reconstitute the 
entire electron transport chain which also required the 
presence of the smaller components ubiquinone and 
cytochrome c (Hatefi et aJL. , 1962a). These reconstituted 
systems were shown to have high specific activities and 
inhibitor responses similar to the native chain as found in 
intact mitochondria or submitochondrial particles. The 
components of the electron transport chain are not present 
in a 1:1 stoichiometry in the inner mitochondrial membrane. 
In a recent review (Capaldi, 1982) the stoichiometry of the 
respiratory components was given as 1 Complex I ; 2 Complex 
II : 3 Complex III : 6 cytochrome c : 6 cytochrome c oxidase, 
Ubiquinone is thought to be present in a 6-8 fold molar 
excess over cytochrome c oxidase.

1.2 Aims of this work.
The aim of this work was to look at the latter part of 

the respiratory chain as it is found in beef heart 
mitochondria. It was hoped to elucidate something of the 
manner in which the three protein components, Complex III, 
cytochrome c and Complex IV, interact to accomplish the 
reaction from quinol to oxygen. Previously a similar study 
had been carried out on the section of the respiratory chain 
catalysing electron transfer from VADH to cytochrome c 
(^agan and Heron, 1978; Heron et al., 1978 and 1979). Here 
the electron carrier between the two proteins is the lipid 

ubiquinone^Q molecule. Kroger and Klingenberg 
(1973a and b) had already demonstrated that ubiquinone^g 
functions as a uniform pool, by quantitatively correlating 
the steady state redox level of ubiquinone^Q and the 
kinetics of its oxidation and reduction with the overall 
flux of electron transport through the system. However, 
the kinetic studies of Ragan and coworkers revealed the 
possible existence of a transient ternary complex, between 
Complex I, ubiquinone^Q and Complex III under low lipid to 
protein ratios, which was capable of electron transfer.



-A is suos'trt-Onpi^x y cg LFig HctiivG unit iotr G'is’’Ctron
kransfer :rom _AUH to cytocnrome c io nitochondria.
Co^oarinn tnis system to the section of the resoiratory 
chain catalysing the reaction from quinol to oxygen, one 
najor di:—erence is immediately obvious. The intermediary 
electron carrier is a peripheral membrane orotein, 
cytochrome c. not a small lipid soluble molecule like 
ubiquinone. Cvtocnrome c is located on the cytoplasmic 
side o_ the inner mitochondrial membrane, however its exact 
location at any time with respect to the lipid bilayer and 
-he enzymes with which it interacts during electron transfer 
are less clearly defined.

In order to clarify some of the problems concerning 
how Complex III, cytochrome c and Complex IV interact in 
the membrane, a reconstituted, membranous quinol oxidase 
system containing all three components was established. 
-irs‘_ly uiie problem was approached by studying the kinetics 
- “-he system under various conditions and by monitoring 

tne steady state redox level of cytochrome c + c^. fo 
estaplisn whether these data were consistent with oool 
nineties, uhey were subjected to an analysis similar to 
that of Kroger and Klingenberg (1973a and b). The 
temperature dependence of the quinol oxidase reaction was 
also studied using lipid-depleted or enriched enzymes and 
also under conditions of defined lipid composition. In the 
latter experiments enzymes were used whose natural lipid 
had been exchanged for dimyristoylphosphatidylcholine (LMPCj. 
A cross-linked cytochrome c - cytochrome c oxidase complex 
was also prepared to investigate the necessity for 
cytochrome c mobility. Lastly, spin labelled derivatives 
ol the protein components of the system were prepared and 
electron spin resonance spectroscopy used to assess their 
mobility under various conditions.

The renainder of this chapter has been devoted to an 
introduction to the present knowledge of each of the three 
components involved in this study, cytochrome c and 
Complexes III and IV. in section 1.31 the possible ways in



which bhe three components could interact has been considered 
in the light of the current literature.

An Introduction to Cytochrome c

1.3 Properties of c-tyoe cytochromes.
C-type cytochromes seem to be common to many forms of 

electron transport chain and are defined as proteins having 
one or more protoheme IX prosthetic groups covalently bound 
to the polypeptide chain by thioether linkages which result 
from the condensation of heme vinyl groups with polypeptide 
cysteine sulphydryl groups (Salemme, 1977), Fig. 1.2 shows 
the structure of the heme group and the positions of its 
attachments to the apoprotein. bp till 1979 c-type 
cytochromes had been isolated and completely sequenced from 
at least 80 eukaryotic species and at least partially 
sequenced from 26 prokaryotic species (rimkovitch, 1979). 
From the wealth of sequence data that has accumulated it is 
felt that these cytochromes form a homologous, closely 
related evolutionary series and comprehensive reviews are 
available on this subject (Dickerson and rimkovitch, 1975; 
Ferguson-Miller e^ a^y, 1979a). From the physical data, 
mammalian mitochondrial cytochrome c seems to fit into a 
subclass which can be grouped as having a relatively high 
redox potential, in the range from +150 to +380 mV, 
consisting of a single polypeptide chain (85-135 residues 
long) and containing a single heme prosthetic group 
covalently bound near the h-terminal. rhe axial ligands in 
this group are usually the imidazole ring nitrogen of 
histidine 18 and the sulphur of methionine 80 (numbered 
according to the horse protein).

Cytochrome c from such sources as bakers yeast and 
horse heart, as used in this study, are small, globular, 
water soluble molecules. The protein contains more basic 
than acidic charges giving it an overall pi of greater than 
10. The surface of the protein has a nett charge of +8 at 
neutral pH although this charge is assymmetrically located 
giving it a significant dipole moment (Koppenol and



5.....cysteine

Figure 1.2; Structure of the heme prosthetic group of
cytochrome c.

This is a protoheme IX group which is covalently bound to 
the polypeptide chain by two thioether linkages. The 
thioether sulphur bond to ring 1 is provided by cysteine 
residue 14 and that to ring 2 by cysteine residue 17 
(numbered according to the horse heart protein).



[argoliash, 1Q62). nature of heme moieties in proteins
is greatly modified by the oolypeptide component. The 
protein controls the function the heme will perform, 
magnifying one property while inhibiting others. For 
instance, in the case of the cytochromes the electron 
transfer activity of the heme group is enhanced while in 
hemoglobins and myoglobins, the heme has been adapted for 
oxygen carrying, forming a stable intermediate with oxygen 
while undergoing no redox changes (Ferguson-Xiller et al., 
1979a). Cytochrome c in its native conformation is 
unreactive towards such heme ligands as cyanide, CO, NO and 
0^ and is not autooxidisable. ^hen the protein's integrity 
is destroyed, by extreme acid or alhaline treatment, 
reactivity with these ligands is similar to that of the 
non-en/ymatic species hematin. It has been shown using 
model compounds that the midpoint potential is also 
controlled by the polypeptide, since a heme moiety with the 
same ligands as seen in cytochrome c has a midpoint 
potential of -5 mV in an aqueous environment compared with 
around ^250 mV in the hydrophobic environment provided by 
the protein (Timkovitch, 1979). maintenance of such
properties as the redox potential and unreactiveness of the 
heme provides a means of establishing the intactness of the 
protein. This is also characterised by spectral properties, 
for example the presence of a band at 695 nm in the oxidised 
form indicates that the methionine - iron - histidine 
linkaoe is intact.

1.4 Location of cytochrome c in the cell.
Cytochrome c from mammalian heart mitochondria is a 

peripheral membrane protein located in the intermembrane 
space, possibly in association with the phospholipids and/ 
or proteins of the inner mitochondrial membrane. That this 
protein is located externally to the inner mitochondrial 
membrane is supported by several lines of evidence, some of 
which are presented here (see review by ^icholls, 1974 and 
references therein). (a) Antibodies raised specifically 
against cytochrome c are effective inhibitors of electron



bransport in mitoplasts. Inhibition of electron transport 
in submitochondrial particles, which have the opposite 
orientation to mitochondria, was only achieved with these 
antibodies when they were trapped within the particles.
(b) Mitochondria can be depleted of cytochrome c by 
treatment with high salt concentrations. The removal of 
cytochrome c is parallelled by a decrease in respiratory 
activity which can be relieved by restoration of 
cytochrome c. The for cytochrome c in restoring 
respiratory activity is sensitive to external ion 
concentrations but unaffected by treatment with valinomycin. 
This latter agent is expected to modify the internal cation 
concentration. (c) Examination of the reduction of 
cytochrome c by the membrane impermeant reagent, ascorbate, 
in the presence and absence of the membrane permeant agent, 
phenazine methosulphate and by succinate indicate that it is 
externally located in mitochondria but internally located in 
submitochondrial particles. (d) deduced cytochrome c is 
oxidised rapidly by mitochondria lacking the outer membrane. 
This rate is unaffected by the addition of the non-ionic 
detergent Lubrol, while in submitochondrial particles the 
oxidation is dependent on disruption of the membrane by the 
determent.

1'5 Purification of cytochrome c.
Mitochondrial cytochrome c was first isolated in an 

impure form by Keilin (1930) from Delft yeast. since this 
first isolation several changes in procedure, including the 
introduction of cation exchange resins have resulted in 
greatly improved purifications (see review by Ferguson- 
Miller et al., 1979a and references therein). A current 
method of preparation of this protein has been described by 
Brautigan et al. (1978a). general principle involves
displacing the cytochrome c from a suitable tissue 
preparation with aluminium sulphate at pH 4.5. Removal of 
the aluminium ions allows collection of the orotein on a 
cation exchange resin. Further purification is achieved by 
ammonium sulphate fractionation and cation exchange



chromatography.
Pure mammalian heart cytochrome c has an iron content 

of 0.45% and a molecular weight of close to 12400 daltons, 
with some species variation.

1.6 The structure of cytochrome c.
From the vast accumulation of sequence data,

cytochrome c appears to be a highly conserved protein with 
several invariant amino acids in equivalent sequence 
positions. The overall tertiary structure of the protein 
is also well conserved and it would appear that even where 
exact amino acids have not been preserved, the chemical 
nature of the group has, or several complementary changes 
have occurred to preserve the structure (Ferguson-Miller 
et al^. , 1979a; Timkovitch, 1979). Cytochrome c has been 
crystallised from several species and electron density maps 
to varying degrees of resolution have been obtained for the 
protein from horse heart (Dickerson et a_l., 1971), bonito 
(Ashida et al., 1973) and tuna (Swanson et aly, 1977;
Takano et al., 1977; Takano and Dickerson, 1981a and b) as 
well as from three prokaryotic species (Dickerson and 
Timkovitch, 1975). All the eukaryotic cytochromes c studied 
so far seem to have a similar polypeptide backbone shape 
which defines a structure called the 'cytochrome fold'.
This structure is also common to some prokaryotic 
cytochromes c (Margoliash, 1972). Cytochrome c conforms to 
the oil droplet principle of many globular, water soluble 
proteins and has most of its hydrophilic, charged amino acid 
side chains exposed to the aqueous phase covering the 
hydrophobic residues, which are turned in towards the heme 
moiety, located in the centre of the protein. Only pyrrole 
ring 2 and the edges of rings 2 and 3 are exposed to the 
surface since the protein is folded around the heme to 
enclose it in a hydrophobic cleft.

Fig. 1.3 shows a ribbon diagram for the polypeptide 
backbone of cytochrome c. Following the polypeptide chain 
around the molecule the nomenclature used for the orientation
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Figure 1.3; Ribbon diagram of tuna cytochrome c.
The protein chain (103 amino acids) is represented as a 
folded ribbon with an amino acid side chain at each fold. 
The heme group (solid black) is seen edge on with the 
'front' of the protein facing forwards. The side chains of 
some important amino acids have also been included, for 
example the two cysteine residues involved in covalently 
binding the heme group and the heme iron ligands, 
methionine 80 and histidine 18 (from Dickerson, 1980).
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of cyLochrome c can be explained. Facing the exposed heme 
edge, with pyrrole rings 1 and 2 at the top, the ^ terminus 
starts as an«-helix at the top of the protein from residues 
1-12. Residues 14-17 are oriented for binding pyrrole rings 
1 and 2 to cysteines 14 and 17 while putting histidine Id in 
the correct position to form the axial heme ligand on what 
is then designated the right side of the molecule. Residues 
19 to 46 cover this side and are linked by a short hinge at 
the bottom of the molecule to residues 50-89 which cover the 
left side of the heme and align the methionine-80 residue 
for axial co-ordination with the heme iron. Both the 
sequences from residues 19 to 46 and 50-89 also contribute 
to filling in the back of the molecule. Residues of the 
C-terminus form another oc-helix perpendicular to the heme, 
crossing the N terminal helix and adding substance to the 
top of the molecule (Timkovitch, 1979). Sequence additions 
and deletions in different species are observed mainly at 
major bends in the cytochrome fold. In all species studied 
these changes are incorporated by forming additional loops 
or by shortening intermediate regions such that the 
polypeptide chain returns to the same backbone shape and 
preserves the heme crevice structure.

The stability of the heme crevice of cytochrome c has
been measured by Osheroff et aly (1980a) for cytochromes c 
which contain single residue modifications and for the 
protein isolated from different species. By looking at the 
stability of the crevice versus the amino acid sequence they 
concluded that two surface interactions were important for 
the maintenance of the native closed heme crevice structure. 
These interactions were a salt bridge at the top of the heme 
crevice between the E-amino group of a lysine, residue 13 
and the ^-carboxyl group of a glutamic acid, residue 90 and 
a hydrogen bond at the bottom of the crevice between the 
amino group of a lysine, residue 79 and the backbone carboxyl 
group of residue 47. The stability of the closed structure 
was parallelled by the stability of the histidine - heme iron 
- methionine bonds. Since these bonds are electrostatic they 
are susceptible to ionic strength effects and the binding of
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specific anions such as phosphate and citrate (section 1.10)

1.7 Modifications of cytochrome c.
Because the structure of cytochrome c appears to be so 

well conserved, several attempts have been made to determine 
the functions of individual amino acids by introducing 
modifications. There have been many, sometimes conflicting, 
reports on the results of chemical modification of 
individual residues. Such differences may be due to 
insufficient purification of the modified protein to ensure 
complete homogeneity. fb assess the effect of changing one 
amino acid it is necessary to ensure that the overall 
protein structure has not been affected. Lists of 
modifications and their results have been presented by 
Brautigan et aly (1978a) and Ferguson-Miller et al. (1979a) 
and only a brief summary will be included here.

Tryptophan and tyrosine modifications tend to cause 
changes in the tertiary structure of the protein. Many of 
the internal amino acids are aromatic, so these changes in 
structure indicate the importance of such residues for 
structural stability. Electron transfer activity is also 
affected but this is likely to be because of the decreased 
structural integrity rather than any indication of a 
catalytic role for these residues, although such a role was 
once postulated (Margoliash et aly, 1973 and the proposals 
of Minfield and Dickerson described in section 1.12). The 
modification of tyrosine 74, the only surface tyrosine 
residue, using lactoperoxidase catalysed iodination is 
interesting since it altered neither the gross structure nor 
the activity, indicating that this residue is not important 
in electron transfer (Osheroff et a^., 1977).

Derivatisation of either methionine 80 or histidine 18 
causes disruption of the axial ligand bonds to the heme iron 
and usually results in loss of structural integrity, as 
monitored oy the decrease in the 695 nm band (section 1.3) 
and loss of electron transfer activity. Modification of tne 
surzace histidine and methionine residues leaves both the
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activity and overall structure of the molecule intact. 
Cysteines other than those involved in heme binding are not 
present in many cytochromes c. Yeast cytochrome c contains 
one extra cysteine residue at position 103, which is located 
on the back surface of the molecule. This residue can be 
used to dimerise the protein via a disulphide linkage or to 
introduce a strong negative charge (SOg ) with no resultant 
change in structure or function. This residue has been 
used as a site to attach nitroxide spin labels to study the 
protein's interactions with other proteins and lipids, 
apparently without interference with the properties of the 
native protein (section 4.1).

That the overall charge of cytochrome c is functionally 
important is exemplified by the sensitivity of its 
interactions and reactions, with lipids and its redox 
partners, to ionic strength (Nicholls, 1974). The reaction 
of cytochrome c with its oxidase is also inhibited by the 
presence of polycations such as polylysine. The involvement 
of charge in the interaction of cytochrome c with its redox 
partners could be interpreted in two ways. Either the 
overall charge is affecting the rate of electron transfer 
in a bimolecular reaction which does not require stable 
complex formation, or specific charges may be responsible 
for the binding of cytochrome c by its redox partners. In 
this latter case, only modifications of essential charged 
groups would affect activity since the surface distribution 
and not the overall charge would be important. The results 
obtained using many reagents to modify cytochrome c indicate 
that specific cationic charges on some lysine residues are 
important for activity. Modification, involving removal of 
the cationic charge, of between 1 and 6 surface lysines, 
out of a total of 18 or 19, can completely destroy activity. 
The difference in number of modifications required may be 
due to the specificities of certain of the reagents used, 
reagents such as o-methylisourea, which convert lysine 
residues to homoarginine thus preserving their cationic 
nature, leave activity with cytochrome c oxidase unimpaired 
(Hettinger and Harbury, 1964; Brittain and Greenwood, 1975).
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It has been postulated from specific lysine residue 
modifications that a ring of lysine residues around the heme 
crevice define a binding domain on cytochrome c for its 
redox partners, however, these results will be considered in 
more detail in section 1.9.

Because charge seems to be such an important feature, 
it is expected that hydrolysis of any glutamine or 
asparagine residues to the corresponding acids would cause 
changes in reactivity. This is especially true for the 
glutamine residue at position 16 which is considered to be 
an invariant amino acid. This residue is present in the 
interaction domain on cytochrome c for its redox partners 
where the distribution of charge is especially important, 
as mentioned above. Iwo arginine residues, 38 and 91, are 
also highly conserved and this may imply some functional 
significance for the guanidinium group.

1.8 Comparison of oxidised and reduced forms of
cytochrome c.
The original X-ray crystallographic work showed no 

differences between the basic structures of the oxidised 
and reduced forms even though they do not give the same 
crystal form (Swanson et a_l. , 1977; Takano et al. , 1977). 
Also, a crystal of one redox form is not easily converted 
to the other with oxidising or reducing agents without 
breaking of the crystal structure. More recently however, 
Takano and Dickerson (1980 and 1981a and b) have achieved 
greater resolution for tuna cytochrome c crystals and have 
shown subtle differences in the polypeptide structure 
between the two redox states. They show that the lengths 
of the histidine - heme iron - methionine bonds are not 
changed but that changes do arise in the surface structure 
at the bottom of the molecule and on the methionine 80 side 
possibly due to internal rearrangements. This now supports 
a bank of physicochemical evidence that the two redox 
states are structurally different with ferrocytochrome c 
being the more compact stable structure. Many of the early
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discoveries have been reviewed by Margoliash and achejter 
(1966), Sale^me (1977) and rinkovitch (1979). These 
features include the greater thermal stability and resistance 
to proteolytic digestion of ferrocytochrome c. The two 
forms differ in their denaturation and renaturation 
nineties, ability to bind inorganic ions and in oinding as 
a macromolecule to ionic resins. Some titrable side chains 
behave with apparently different pK^'s in the two forms and 
the rate of hydrogen deuterium exchange at peptide bonds is 
greater in the ferric form. Northrup et aly (1980) implied 
greater atomic motion and bden et aly (1982) showed a 
greater adiabatic compressibility in the ferric form, 
consistent with these observations. Bosshard and Zurrer 
(1980) have shown localised conformational changes on the 
surface of the molecule to the lower left and below the heme 
crevice. These changes were inferred from studies on the 
differential chemical reactivity of surface lysine residues 
in the two redox states. They found decreased reactivity 
of lysines to the lower left and below the heme crevice in 
the ferrous compared to the ferric form. Thus although 
gross rearrangements of the peptide backbone during the 
electron transfer process are unlikely, subtle changes do 
occur in the arrangement of individual amino acids and 
trapped water molecules. Takano and Dickerson (1981a and b) 
also show a change in the heme structure. In the oxidised 
state the heme ring is flatter and shifted slightly out of 
the heme crevice compared to the reduced form. This revises 
earlier work which implied that the heme ring was planar in 
both states. The changes discussed by Takano and Dickerson 
(1931b) for the crystalline protein were interpreted as 
effects rather than causes of th^ change in heme redox 
state. However, if its redox partners were to induce one 
or other conformation, then electron transfer would probably 
be facilitated. Changes in structure with redox state may 
also help to explain the observed differences in binding in 
the oxidised and reduced states.
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1.9 Interaction of cytochrome c with its redox partners.
The interaction of cytochrome c with its reductase and 

oxidase is largely electrostatic in nature involving the 
surface lysines of cytochrome c and negatively charged 
groups on the surface of its redox partners. It is 
generally accepted that the dipole moment of the molecule 
serves to orient and align it, even at a distance, to 
present a specific surface area to interact with its redox 
partners (Koppenol et a_l. , 1978). The area on the 
cytochrome c molecule which interacts with its redox 
partners has been studied by various methods: (a) measuring 
the kinetics of different singly modified cytochrome c 
derivatives with cytochrome c oxidase and reductase;
(b) looking at the differential chemical reactivity of 
surface lysine residues of cytochrome c free ih solution and 
in a complex with either of its redox partners; (c) by 
looking at evolutionarily conserved structures in the 
molecule and (d) looking at the reactivity of cytochrome c 
from different sources, both eukaryotic and prokaryotic, in 
relation to their structure.

The last method listed above was employed by Errede and 
Kamen (1978) who showed that cationic residues of the 
peptide chain surrounding the exposed heme edge of 
cytochrome c are involved in the interaction with 
cytochrome c oxidase. They implicated lysine residues 13,
27, 72 and/or 73 and 86 and/or 87. (Fig. 1.4 shows the 
distribution of lysine residues on the surface of 
cytochrome c). They showed that binding constants dominate 
the kinetic parameters and that these constants have a 
greater correlation with activity than either the midpoint 
potential or the isoelectric point of the cytochrome c 
proteins studied. Also from these results it would appear 
to be the location of charge and not the nett charge which 
is important. These authors saw some differences in the 
reactivity of cytochrome c oxidase and reductase with the 
different cytochromes c indicative of slightly different 
structural features being essential in the two cases. As
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Piaure 1.4: Schematic of the distribution of surface 
lysine residues on cytochrome c.

The numbers in the circles represent the positions of 
individual lysine residues (numbered according to the 
horse heart protein). The heme moiety has been 
represented as a rectangular block with the solid side
representing the solvent exposed edge. (From a recent 
review, Capaldi et al., 1982).
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has been mentioned earlier the positively charged lysine 
residues around the opening to the heme crevice on the front 
face of the molecule are highly conserved. This has led to
the implication that these residues are involved in binding 
and that this area may be involved in electron transfer 
reactions (section 1.12).

The first two techniques listed above are complementary 
although both have their drawbacks. The differential 
chemical modification technique involves comparing the 
reactivity of individual groups on cytochrome c free in 
solution and in a complex with one of its redox partners.
No actual activity measurements were made and thus the 
possibility exists that Ume complex being studied is not bhe 
correct, active complex. The alternative technique of 
measuring the kinetics of cytochrome c singly modified at 
individual lysine residues, to assess the importance of 
individual residues in complex formation, means that at 
least the activity of the complex is always monitored. 
However, in this system it is difficult to be sure that the 
modification itself has not caused the observed changes in 
kinetic behaviour. similar results obtained from the two 
methods would thus provide a more sound basis from which to 
draw conslusions.

Rieder and Bosshard (1978 and 1980) have used the 
technique of differential chemical modification utilising 
both acetylation and methylation of free E-amino groups of 
lysine residues. From changes in reactivity observed for 
residues in free cytochrome c compared to cytochrome c 
complexed to cytochrome c oxidase they calculated shielding 
factors which revealed the involvement of certain lysine 
residues. Residues 8, 13, 72 and/or 73 and 86 and/or 87 
were most shielded, while lysine residues 5, 7, 25, 27, 79 
and 88 were only slightly affected, being possibly involved 
around the periphery of the binding area. The reactivity of 
lysine residues 22, 39, 53, 55, 60, 99 and 100 were not 
affected by complex formation. The interaction domains on 
cytochrome c for Complex III and cytochrome c oxidase were
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shown to be indistinguishable when defined solely in terms
of th^ surface lysine residues involved.

A method for preparing cytochrome c molecules modified 
at single lysine residues with 4-chloro-3,5-dinitrobenzoate 
to give the negatively charged carboxydinitrophenyl lysine 
(CDN'P-lysine) derivatives has been developed by Brautigan 
et al. (1978b and c) and extended by Osheroff et a_l. (1980b). 
Using the derivatives of Brautigan et al. (1978b and c), 
Ferguson-Miller e_t al_. (1978) have shown altered activities 
for these derivatives with cytochrome c oxidase. Compared 
to native cytochrome c, cytochrome c modified at lysine 13 
was most affected. For the derivatives studied the 
activities in the cytochrome c oxidase reaction were 
13 <72 <87<8<27«22/99 <39<60<native. In both this 
work and that of Osheroff et al_. (1980b) the order of 
decreasing activity (increasing Kj^) was shown to correlate 
with the order of decreasing binding (increasing 
Speck et (1979) have used similar derivatives and shown
the interaction domains on cytochrome c to be similar for 
the reaction with Complex III. smith et a_l. (1980) have
used cytochrome c modified at individual lysine residues by 
trifluoroacetylation to study the interaction domain on 
cytochrome c for cytochrome c oxidase and reductase. This 
modification neutralises the positive charge of the E-amino 
groups of lysine residues, rather than converting them to a 
negative charge as is the case for CDNP-lysine derivatives. 
From this study and work presented in previous papers 
(Standenmayer e_t a_l. , 1976 and 1977) they propose the lysine 
residues in decreasing order of involvement, for the reaction 
with Cytochrome c reductase, are 13 > 72 ~ 79 ~ 27 - 87 > 8 > 88 
and with cytochrome c oxidase are 13 > 72 ~ 25 = 87 > 8 >79 > 27. 
In all cases they found the was increased for these 
derivatives although the maximum velocity obtainable was 
unchanged.

The data obtained by these two methods, using singly
modified cytochrome c derivatives and the differential 
chemical reactivities of surface groups, have been compared
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by Rieder and Bosshard (1980) and shown to yield remarkably 
similar results, both between methods and for the domain 
defined for the interaction with cytochrome c oxidase and 
reductase. The binding area is thus thought to be defined 
by lysine residues 8, 13, 27, 72 and/or 73 and 86 and/or 87. 
This area involves the top left front surface of cytochrome c 
and is centred on the ^-carbon atom of phenylalanine 82, 
close to where the positive dipole crosses the surface 
(see Figs. 1.4 and 1.5). The domain surrounds the top of 
the heme cleft, consistent with electron transfer occurring 
through the solvent exposed heme edge as discussed in 
section 1.12. The results of chemical modification using 
the CDNP-lysine derivatives have recently been updated by 
Koppenol and Margoliash (1982). Calculations performed by 
these authors indicate that t]he cytochrome c molecule must 
have the correct dipole moment to align itself properly for 
binding to its redox partners. Thus, changing the native 
lysine plus one charge to the CDN^-lysine minus one charge 
will affect the alignment even when the change does not 
involve a lysine residue in the actual binding domain.
Changes in reactivity of these molecules are then due to 
formation of inactive complexes which, once formed, need 
rotation of the cytochrome c molecule to give the active 
conformation. Making allowance for contributions of changed 
dipole moments they have refined the binding domain to 
involve only four lysine residues for cytochrome c oxidase, 
which are in order of decreasing involvement, residues 13,
72, 86 and 27. In the case of cytochrome c reductase the 
domain was refined to five lysine residues, which are in 
order of decreasing involvement, residues 13, 72, 86, 27 
and 87 (Fig. 1.5).

Thus a specific area on the surface of cytochrome c 
aopears to be common for tne interaction of cytochrome c 
with hath its redox partners in the electron transport 
chain. rurther to this, this area also seems to be common 
for tne interaction of cytochrome c with cytochrome bg 
(smith et aly, 1980), cytochrome c peroxidase (Kang et al., 
1978; Smith and Millett, 1980) and sulphite oxidase (Webb



Figure 1.5; Schematic representation of the domains on
cytochrome c for the interaction with beef
heart cytochrome c reductase and oxidase.

The hatched rectangle represents the solvent-accessible 
heme edge. The number of circles around a given lysine 
residue is proportional to the percentage of the inhibition 
of the CDNP-cytochrome c modified at that position which is 
unaccounted for by the alteration in dipole moment. The 
radii of the circles are multiples of an arbitrary value of 
0.25 nm. The numbers indicate the relative positions of 
the oc-carbons of the residues and D is the point near the 
p-carbon of phenylalanine 82, at which the dipole axis of 
native cytochrome c crosses the front surface of the 
protein. (From Koppenol and Margoliash, 1982).
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CYTOCHROME c REDUCTASE (COMPLEX III)

CYTOCHROME c OXIDASE (COMPLEX IV
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et 1980; Speck et aly, 1981). This area on
cytochrome c would also appear to be involved in the 
interaction of this molecule with the cation exchange resin 
CM-cellulose (Ferguson-Miller et al., 1978).

1•10 Interaction of cytochrome c with ions.
As reviewed by Nicholls (1974) many ions affect the 

properties of cytochrome c. It has already been noted that 
cytochrome c binding to its redox partners is strongly 
dependent on ionic strength. Some anions, however, seem to 
have effects beyond those of ionic strength. Monovalent 
anions such as chloride and, to some extent, cacodylate and 
acetate are competitive inhibitors of cytochrome c binding 
to the high affinity site on cytochrome c oxidase, while 
polyvalent anions such as phosphate, ADP and ATP can almost 
completely abolish cytochrome c binding to this site 
(Perguson-Miller et al., 1976). iVo phosphate binding sites 
have been located on the surface of the cytochrome c 
molecule in the vicinity of lysine residues 72 and/or 73 and 
86 and/or 87 respectively (Osheroff et aly, 1980c). Both 
these sites are close to the interaction domain previously 
described for cytochrome c oxidase and reductase on 
cytochrome c. Binding of phosphate would decrease the nett 
charge in this area and would thus decrease any interaction 
with oppositely charged molecules, such as the binding 
domains for cytochrome c on its redox partners. That this 
electrostatic explanation is correct is supported by the 
observation of an increased rate of electron exchange, 
between cytochrome c molecules of different redox states, 
in the presence of phosphate. In this case the repulsion 
which would exist between the two like charged surfaces is 
reduced and thus tne reaction rate, which depends on 
collisions, is increased. Phosphate and other anions which 
bind to the site on the top left of the molecule may also 
be responsible for increasing the stability of the closed 
heme crevice structure, although the exact biological 
significance of this is not clear. These specific effects 
should always be taken into account when considering the
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choice of buffering ions in which bo assay either Complex 
III or complex IV, as the presence of phosphate or chloride 
can cause inhibition. care should also be taXen when 
comparing rates measured under different ionic conditions.

A further electrostatic effect is observed when looking 
at electron transfer from small charged molecules to 
cytochrome c. The reactions between cytochrome c and 
ferricyanide, dithionite and ascorbate have all been shown 
to be dependent upon ionic strength (Petersen and Cox. 1980a 
and references therein). Ascorbate and dithionite reduction 
of cytochrome c are also inhibited when the protein is 
complexed to cytochrome c oxidase, as observed by Mochan and 
^Icholls (1972) and Petersen and Cox (1980b) respectively.
To show that these effects are electrostatic in nature, a 
study of the redox properties of cytochrome c using 
polyanions to complex with the cytochrome c was carried out 
by Petersen and Cox (1980a). This work showed inhibitory 
effects of complex formation for redox reactions between 
cytochrome c and negatively charged species (for example, 
ascorbate, dithionite and ferricyanide). little effect on 
reactions with neutral reagents (such as N.N.N'.N'-TMPD) and 
a stimulatory effect on the oxidation of cytochrome c by the 
positively charged (phenanthroline)cobalt III ion.

1.11 Interaction of cytochrome c with phospholipids.
That cytochrome c can bind to phospholipid vesicles has 

been shown by many techniques including direct binding 
studies using gel filtration, fluorescence quenching by the 
heme moiety of a membrane bound fluorescent probe and 
electron spin resonance studies using spin labelled 
cytochrome c (reviewed by Nicholls, 1974). The interaction 
is sensitive to ionic strength and is believed to be largely 
electrostatic in nature. Addition of 0.4 M KCl to the 
medium will remove most cytochrome c from an association 
with a phospholipid membrane.

There are three major constituent classes of 
phospholipid in the mitochondrial membrane, phosphatidyl­
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choline. phosphabidylekhanolamine and cardiolipin (also 
called diphosphatidylglycerol) (Colbeau et aly, 1971; Krebs 
et aj^. , 1979). Cytochrome c has been shown to bind most 
tightly to negatively charged phospholipids such as 
phosphatidic acid, phosphatidylinositol, phosphatidylserine 
and cardiolipin, however, of these only cardiolipin is 
present in the inner mitochondrial membrane. There is some 
evidence that this binding is dominated solely by 
neutralisation of charge. Green and Fleischer (1963) showed 
no binding to the zwitterionic phosphatidylcholine and only 
limited binding to phosphatidylethanolamine which is the 
salt of a strong acid and a weaK^r base. Cardiolipin 
however could bind one cytochrome c molecule per 8-9 
phospholipid phosphates, compared to a ratio of 1 per 100 
for phosphatidylethanolamine. The amount of binding seems 
to reflect the number of negatively charged phospholipid 
molecules present in the membrane (Green and Fleischer,
1963; Van and Griffith, 1975), decent determinations using 
asolectin vesicles at very low ionic strengths have shown a 
ratio of one cytochrome c bound per 14 phospholipid 
phosphate groups, which is close to bhe maximum surface 
packing possible (Cannon and Erman, 1980). The ratio of 
binding was again very dependent upon ionic strength.

Van and Griffith (1975) concluded that the electrostatic 
interaction between cytochrome c and phospholipid bilayers 
is confined to the phospholipid head group region and argued 
against any deep penetration of cytochrome c into the 
membrane. This conclusion was drawn from electron spin 
resonance studies using lipid spin labels which indicated 
that the fluidity gradient of the phospholipid molecules 
across th^ membrane was not effected by the binding of 
cytochrome c. Other parameters measured were the spectral 
anisotropy and polarity profile, neither of which were 
significantly affected. These results contrast sharply with 
the perturbations observed by similar tech^^ques for lipid 
bilayers containing cytochrome c oxidase which is intrinsic 
to the membrane. b^own and Wuthrich (1977) used both 
nuclear magnetic resonance and electron spin resonance to
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stu^y cybochrome c binding bo phospholipid vesicles 
conbaining cardiolipin and phosphabidylcholine. They 
confirmed bhab cybochrone c is associabed mainly via bhe 
surface charges leaving bhe hydrophobic lipid bilayer 
inbacb. In bhese experimenbs cybochrome c was bound 
preferenbially bo bhe cardiolipin molecules and formed 
uabches of surface immobilised phospholipid head groups. 
Birrell and Griffibh (1976) also showed laberal phase 
separabion of cardiolipin from bhe bulk lipid phase in bhe 
presence of cybochrome c. Despibe bhese observabions 
cybochrome c does appear bo cause some physical changes in 
bhe lipid bilayer since bhere are reporbs of cybochrome c 
binding increasing ion permeabiliby, inducing phase changes 
and modifying bhe bransibion bemperabure of bhe membrane bo 
which ib is complexed (bicholls, 1974 and references 
bherein). kosb of bhese changes are probaoly localised and 
may be caused simply by bhe surface disburbances wibh only 
a small penebrabion inbo bhe bilayer, or by inducemenb of 
non bilayer sbrucbures as seen by Le Kruijff and Cullis 
(1930).

Cybochrome c seems bo bind bo bobh mibochondrial 
membranes (Vanderkooi eb al., 1973a) and synbhebic bilayers 
(Brown and AUbhrich, 1977 and Teissie, 1981) wibh a 
preferred orienbabion. Vanderkooi eb al^ (1973a) reached 
bhis conclusion from a sbudy of bhe mobiliby of spin labels 
abbached bo differenb posibions on bhe cybochrome c molecule, 
Thus on binding spin labelled yeasb cybochrome c bo 
mibochondrial membranes, a spin label abbached bo mebhionine 
residue 65 showed a decreased mobiliby while one abbached bo 
cysbeine residue 103 showed no change in mobiliby (see Fig. 
1.3 for bhe relabive posibions of bhese residues). The same 
orienbabion was implied by Brown and Wubhrich (1977) from 
nuclear magnebic resonance specbroscopy daba which indicabed 
bhab mebhionine 65 was closely associated wibh bhe membrane. 
Teissie (1981) used fluorescence quenching bo measure bhe 
orienbabion of the heme moiety. These results implied that 
the heme crevice was fully accessible to the aqueous phase 
and thus the molecule must be bound bv a differenb domain bo
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that observed for the interaction with its redox partners. 
Some evidence to suggest that ferricytochrome c is bound 
more strongly than ferrocytochrome c has been presented (as 
reviewed by ^icholls, 1974 and Ferguson-Miller et al., 
1979a). The dissociation constant for the interaction of 
cytochrome c with phospholipid membranes is in the range of
10 M (Vanderkooi et al., 1973b)

1.12 The mechanism of cytochrome c redox reactions.
Despite the vast structural knowledge of cytochrome c, 

the exact details of how electrons are accepted from and 
donated to its physiological redox partners have not yet 
been elucidated. In both reactions heme groups act as the 
electron transfer partners. Several mechanisms have been 
proposed from a variety of studies and these will be 
considered here in outline only. Two basic chemical 
mechanisms are available for transition metal electron 
transfer reactions and these are classed as inner and outer 
sphere mechanisms. The former requires that a ligand 
becomes common to the co-ordination shell of the two complex 
metal ions involved, whereas in the latter there are no 
changes in the co-ordinating ligands during electron 
transfer. An inner sphere mechanism appears unlikely since 
the heme iron is in a low spin hexaco-ordinate state buried 
within the protein, studies on model systems have been used 
to simplify the system but must be interpreted with caution. 
For instance, an inner sphere mechanism appears to operate 
for the reaction of cytochrome c with chromous ions, however 
this causes major disruptions to the protein and is thus 
unlikely to be physiologically significant (Ferguson-Miller 
et al., 1979a). An outer sphere mechanism, attributed to 
Winfield and Dickerson, involved electron donation from a 
redox partner to tyrosine 74 on the surface of the molecule, 
followed by a series of free radical transfers through a 
channel of aromatic amino acids which ended up close to the 
heme iron, as shown in Fig. 1.6 (reviewed by Timkovitch,
1979). A similar free radical mechanism was then proposed 
for electron donation to another redox partner involving



Figure 1.6; Winfield and Dickerson model for cytochrome c 
reduction.

(a) One electron from the reductase is transferred to 
tyrosine 74 and from there to the parallel tryptophan 59. 
Another electron, from tyrosine 67, reduces the heme iron 
of cytochrome c.
(b) A slight but rapid conformational change on reduction 
of the heme, the first electron transfers from tryptophan 
59 to tyrosine 67 thus eliminating the ion pair.

The net result of these two steps is an irreversible 
flow of an electron from the reductase to the heme iron of 
cytochrome c (from Takano et a_l., 1973).
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(b)
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phenylalanine 10 and tyrosine 97 although in a later version 
of this theory the direct oxidation of the heme via the 
exposed heme edge was postulated (palemme, 1977). These 
models were attractive in that they presented different 
sites for the passage of electrons to and from the heme iron 
which would allow cytochrome c to form a stationary bridge 
between its ohysiological oxidase and reductase. However 
the theory was largely discredited when cytochromes c were 
isolated which, although lacking some of the 'essential' 
residues, were still active. Also, the observation that 
tyrosine 74 is not involved directly in electron transfer 
(Osheroff e^ al^, 1977) and that the energetic considerations 
are not favourable, have led to the shelving of this 
mechanism. A second mechanism was proposed by balemme et al. 
(1973a) which was originally intended to describe the 
reaction of rubrum cytochrome c^ but was later extended 
to mitochondrial cytochromes c (salemme et a^., 1973b).
This mechanism involved an essentially reversible electron 
transfer to and from the exposed heme edge. The mechanism 
proposed facilitation by changes in internal hydrogen 
bonding systems. The generality of this mechanism has been 
questioned by the absence of certain structures in c 
cytochromes from some species. noth these mechanisms have 
been discussed in greater detail by Salemme (1977).

Two other mechanisms are still thought to be viable 
although there is no evidence to distinguish between them, 
both require the correct alignment of the heme moieties to 
allow electron transfer to occur via the exposed heme edge. 
One mechanism involves delocalised"M^orbital overlap between 
the two hemes. There is some evidence that electrons are 
delocalised towards the exposed heme edge in cytochrome c 
(Timkovitch, 1979). The second involves the theory of 
quantum mechanical tunnelling which considers an electron as 
a wave with a finite probability of crossing a potential 
barrier. In this case the proteins would be present purely 
to align the hemes to the position requiring the least 
energy for electron transfer to occur. Studies with model 
comDounds have shown cytochrome c to possess the physical
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properties required to be capable of either of these
mechanisms (reviewed by Ferguson-Miller ^t 1979a).
Even in non-physiological systems the exposed heme edge of 
cytochrome c seems to be involved in electron transfer 
reactions. In many cases, for non-physiological redox 
reactions with cytochrome c, the rates are similar, implying 
some common mechanism. In the enzymatic system the rates 
are 2-5 orders of magnitude faster than with the non- 
ohysiological redox partners which implies a specific 
alignment of the hemes during the reaction between 
cytochrome c and both its reductase and oxidase. Thus the 
functions of the polypeptide of heme-proteins is at least 
partly to provide interaction domains to correctly align the 
reacting heme moieties (Ferguson-Miller et a_l., 1979a; 
Timkovitch, 1979).

1.13 The motion of cytochrome c in situ.
For an understanding of how cytochrome c fulfils its 

function of linking cytochromes c reductase and oxidase, it 
is important to know how fast it can move. It is by no 
means certain where cytochrome c is located throughout the 
electron transfer process, whether it remains attached to 
one of the larger proteins, to the bilayer surface or 
whether it is free in solution in the intermembrane space.
If it is attached to the lipid surface there are two 
possibilities for motion, does it remain attached to the 
same lipid molecules and move with them, or does it 'roll' 
across the surface? A recent study (Dixit e_t a_l. , 19b2) 
using fluorescence and phosphorescence anisotropy decay of 
metal-free cytochrome c and zinc cytochrome c respectively, 
bound to mitochondrial membranes and phospholipid vesicles, 
has yielded some very interesting results. Cytochrome c 
bound to phospholipid vesicles had a decay time of 75 ns 
which 'may be due to the motion of the phospholipid itself'. 
Presumably, this implies that cytochrome c remains attached 
to and moves with one or a group of phospholipid molecules. 
Bound to the mitochondrial membrane, cytochrome c had a much 
slower rotational relaxation time (300 j^s), with no motion
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in Lhe sub nanosecond range. This rotational
relaxation time is close to that seen for cytochrome c 
oxidase in mitochondrial membranes, as measured by Kawato 
et al. (1960). Dixit et al. (1982) suaqest that the 
similarity of these rotational relaxation times is indirect 
evidence that cytochfome c is associated with its oxidase 
in the inner mitochondrial membrane.

These aspects of cytochrome c motion will be considered 
in section 1.31 in conjunction with the motion of its redox 
partners and the proposed mechanisms of electron transfer.

An Introduction to Complex III

1.14 General Introduction.
Complex III from beef heart (DC 1.10.2.2.) is a large 

transmembranous multiprotein complex which is located in the 
inner mitochondrial membrane and comprises some 10^ of the 
total protein therein. It has been variously called 
Complex III, ubiquinol-cytochrome c reductase, cytochrome c 
reductase and the be complex. The last term is however 
sometimes used to describe the complex devoid of one of its 
subunits, namely the lieske iron-sulphur protein (Von Jagow 
et a_l. , 1977 and 1978) . As its name implies this enzyme 
catalyses the transfer of electrons from ubiquinol to 
cytochrome c.

Cytochrome c reductase has been isolated from several 
sources including W^urosoora crassa (Aeiss and Juchs, 1978), 
Saccharomyces cerevisiae (Siedow aly, 1978, improved by 
Aidhu and Beattie, 1982), rat liver (Gellerfors et al.,
1931) and beef heart (Hatefi e^ aly, 1962b, modified by 
lieske, 1967). IT^ isolated enzyme contains between 3.4 and 
4 nmol of cytochrome c per mg of protein and around 7 nmol 
of cytochrome b per mg of protein.

1.15 Role of phospholipid in Complex III.
Cytochrome c reductase, as isolated, is a lipoprotein 

complex although the exact lipid content varies according to
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the isolation procedure. Isolated by the method of Rieske 
(1967), the enzyme contains some 50-100 mol of mixed
phospholipid/mol of cytochrome c^. The enzyme has an 
absolute requirement for phospholipid (Yu and Yu, 1980) 
which fulfils two roles; a dispersive role which may be 
fulfilled by various phospholipids or detergents and a
specific requirement for cardiolipin to achieve maximal 
activity (Fry and Green, 1981).

1.16 Polypeptide composition and function of Complex III.
In all preparations of Complex III the presence of 

between 7 and 9 non-identical polypeptides has been shown 
by polyacrylamide gel electrophoresis under dissociating 
conditions. At least 8 have been established as bona-fide 
members of the beef heart enzyme (^ieske, 1976; G^llerfors 
and Nelson, 1975), The inclusion of the smallest 
polypeptides has been challenged recently for the yeast 
enzyme (Sidhu and jeattie, 1982). Ih^ molecular weights of 
these subunits as they appear on polyacrylamide gel 
electrophoresis are presented in Table 1.1. The complex 
contains four redox centres, two b type cytochromes 
(cytochromes ^^^2 ^^66^' cytochrome c^ and an iron
sulphur protein.

Cytochrome b has been determined as subunit III on most 
gel systems. There are however some discrepancies in 
determining its molecular weight since cytochrome b runs 
anomalously in some gel systems, a phenomenon attributed to 
its hydrophobicity (Von Jagow and Sebald, 1980). This 
subunit is the only mitochondrially synthesised subunit in 
Complex III as first shown for the Neurospora crassa enzyme 
(Weiss and Ziganke, 1974) and later for the rat liver enzyme 
by Gellerfors and Nelson (1981). There is some evidence 
that cytochrome b may control the assembly of the 
cytoplasmically made subunits into the mitochondrial 
membrane of yeast (Clejan et aly, 1980). There are two 
cytochrome b polypeptides per monomer of Complex III, the 
apoproteins of which may well be the product of one gene
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Table 1.1: Subunit composition of Complex III

Subunit
number

MW determined
from PAGE
(daltons)

Comments

50000 Core protein I,

II

III

47000

27000-33000

Core protein II.

Contains cytochrome b, 
Possible proton pump 
and/or antimycin A 
binding site.

IV 29000-33500 Contains cytochrome c, 
and the binding site 
for cytochrome c.

25000 Rieske iron-sulphur 
protein.

VI 15000 Associated with 
subunit IV.

VII 11500 Possible antimycin A 
binding protein.

VIII 5000-8000
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(Roberts et aly, 1980). rbo spectral distinction between 
the two cytochromes is thought to be caused by the heme 
environments within the complex as only one spectrum is 
observed when the two polypeptides are isolated. The 
cytochromes also have different redox potentials, +30 to +90
mV for cytochrome b. and -30 mV for cytochrome b^
(Rieske, 1976). An alternative model has been suggested for 
the strucLure of Complex III in which both heme moieties 
are located within one polypeptide subunit of 42505 Mw (heme 
free) (Slater, 1981). Owing to the pH dependence of the 
redox potentials of cytochrome b it has been suggested as a 
possible proton translocating site (Von Jagow and Engel,
1980). (For reviews see Rieske, 1976 and Von Jagow and 
Sebald, 1980).

Subunit IV has been identified as containing the c 
heme moiety. There is now considerable evidence to suggest 
that this subunit contains the binding site for cytochrome c 
(see section 1.20). When cytochrome c is split away from 
the main complex it has often been reported to be an 
association between two polypeptides, one containing the 
heme moiety (MW 29000, subunit IV) and one containing no 
prosthetic group (MW 15000, subunit VT) (Yu et al., 1972;
;<im and King, 1981). It has also been isolated as a single, 
31000 MW subunit by Konig eh aly (1980a) who report it to be 
capable of the rapid reduction of ferricytochrome c.
However Kim and King (1981) report that the 15000 MW subunit 
is necessary for the formation of a cytochrome c./ 
cytochrome c complex, even though the actual binding site is 
most probably on subunit IV. Cytochrome c^ has a midpoint 
potential of +230 mV.

The iron-sulphur protein, also called the Rieske iron- 
sulphur protein was isolated in reconstitutively active form 
from beef heart mitochondria by Trumpower and Edwards (1979). 
This polypeptide gives rise to subunit V on polyacrylamide 
gel electrophoresis and can be studied using electron spin 
resonance spectroscopy since it gives a signal at g=1.90 in 
the reduced state (Hieske e^ aly, 1964). The function of
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this subunit in Complex III has been reviewed by Trunpower 
(1981).

The two largest subunits of Complex III are called the 
core proteins and comprise some 45-50^ of the total protein 
nass of the enzyme (M^ndel-aartvig and nelson. 1981; 
hendel-Hartvig, 1982). specific function has been
attached to these proteins since large modifications can be 
introduced without affecting the overall activity of the 
complex (hendel-Hartvig. 1982). subunit VI has already 
been mentioned in conjunction with cytochrome c . cubunit 
VII has been proposed as the antimycin A binding protein 
(Das Gupta and Giesice, 1973). proposal was based on
data obtained using a photoaffinity labelled derivative of 
the inhibitor to covalently bind to the beef heart enzyme. 
The conclusion from these data is disputed by others who 
propose cytochrome b as a likely candidate for the 
antimycin A binding site. pome evidence to support this 
conclusion has been derived from studies using mutant yeast 
strains (Roberts et al., 1980;.

1 Ideology o: Complex III.
The complex has been prepared from beef heart 

mitochondria as both a monomer (MA 270000) by fractionation 
with bile salts and ammonium sulphate (Rieske, 1967) and 
also as a dimer (XW 500000-550000) using Triton X-lOO and 
hydroxyapatite column chromatography (bngel et aly, 1980). 
There is some debate as to which is the functional unit 
within the inner mitochondrial membrane.

Many workers have set out using various methods to 
examine both the overall topology and the location of each 
individual subunit within the complex. The overall topology 
of the Veurospora crassa enzyme has been studied using 
electron microscopy and X-ray diffraction data (Leonard et 
al., 1981). These studies have revealed the enzyme to be 
present in a dimeric form in the membrane crystals studied, 
rhe crystals had been formed by removal of detergent from a 
mixture of enzyme-Triton and phospholipid-Triton micelles.
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They found bhe en/yme complex to oe assymmetrically located 
across the membrane having an elongated structure and 
orotruding from the membrane on both sides. There was a 3 
nm orojection from the cytoplasmic surface of the membrane.
5 nm spanning the membrane and a 7 nm projection from the 
matrix surface of the membrane (Fig. 1.7). Each portion 
contained 20, 30 and 50% of the total protein respectively. 
The enzyme dimers had a 2 fold axis of symmetry perpendicular 
to the plane of the memorane. These results were supported 
by the further electron microscopy of Lepault et al. (1981). 
[here is some evidence from electron microscopy of Complex 
III from beef heart that this enzyme may be a sphere of 
diameter 7.5-9.0 nm (Vail et aly, 1975). This sized 
particle would correspond to a monomer of MW 250000.
Ozawa eh aly (1980a) have crystallised Complex III from beef 
heart as a complex with cytochrome c in preparation for 
X-ray crystallographic studies.

1.18 Location of subunits within Complex III.
35Results from labelling studies using E-diazobenzene- 

sulphonate, a membrane impermeant reagent, on the beef heart 
enzyme have shown that cytochrome c , the Fe/S protein, 
cytochrome b, the core proteins and subunits VT and VII can 
all be labelled in mitoplasts, that is they are exposed on 
the cytoplasmic surface (gell et aly, 1979). These 
experiments also showed that cytochrome b and core protein 
II are exposed on the matrix side of the inner mitochondrial 
membrane. Core protein I and the Fe/S protein may also 
extend from the matrix side, however the label incorporation 
was too low to be sure. Chemical cross linking (smith e_t 
al., 1978) and lactoperoxidase iodination (Gellerfors and 
Nelson, 1977) both suggest a transmembranous location of the 
core proteins and cytochrome b, with cytochrome c^ and the 
Fe/S protein exposed only on the cytoplasmic side of the 
membrane. Cytochrome c^ has been shown to be an amphipathic 
polypeptide with one domain anchoring it to the membrane and 
and the heme containing domain being exposed to the 
cytoplasmic surface, this later point being supported by
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Figure 1.7; Structure of Complex III.
The overall topology of Complex III (from Neurospora 
crassa) has been established from studies on two dimensional 
crystals of the protein. The enzyme has been represented as 
a dimer with individual polypeptides placed, with respect to 
the bilayer (hatched), within the overall shape. Each 
subunit of the dimer however, contains one or more copies 
of each polypeptide, as described in the text. (Taken from 
a recent review, Capaldi, 1982).
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antibody binding (Schneider et , 1972), binding of 
cytochrome c (Erecinska et al^ 1980a) and localisation of 
the heme of cytochrome c^^ to be within 1 nm of the 
cytoplasmic surface (Case and Leigh, 1976). In the 
SeurosDora crassa enzyme the Fe/S protein has also been 
shown to be amphipathic with the Fe/S centre located in the 
more hydrophilic domain (Li et aly, 1981). In the beef 
heart enzyme this polypeptide may be located more firmly 
within the membrane. Cytochrome b, a highly hydrophobic 
protein, has been variously described as having a 
transmembranous location, exposed on both the matrix and 
cytoplasmic surfaces as described above, and as being 
embedded within the membrane. Using ESR, Case and Leigh 
(1976) have shown both cytochrome b hemes to be located 
within 1 nm of the cytoplasmic surface, indicating that both 
proteins must at least be close to this side of the membrane 
(not one on either side giving the appearance of a 
transmembranous location). Itde result is contrary to many 
who locate one heme on each side of the membrane. Labelling 
the enzyme with photoactivatable lipid analogues has shown 
the cytochrome b polypeptides form part of the lipid protein 
boundary within the bilayer (Gutweniger et a^., 1981a). The 
core proteins appear to penetrate the membrane and may 
extend from both sides. In the Neurospora crassa enzyme, at 
least, the large projection of Complex III into the matrix 
has been assigned to the core proteins.

In summary then (Fig. 1.7), Complex III spans the inner 
mitochondrial membrane projecting into the aqueous phase on 
both sides of the membrane. fhe four redox centres are 
located on different polypeptides, the cytochrome c^ subunit 
is exposed on the cytoplasmic surface, the cytochrome b 
polypeptides are embedded in the membrane, possibly exposed 
on both sides and the Fe/S protein appears to be located 
towards the cytoplasmic side of the membrane. There are 
strong interactions between the Fe/S protein and 
cytochrome . The core proteins extend from the matrix 
surface and are possibly transmembranous. They appear to be 
required structurally although no definite function has been
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assigned to them or to the remaining smaller subunits. 
There is evidence tnat the enzyme may exist as a dimer, 
esoecially in the absence of Complex 11 (succinate 
dehydrogenase) (Cutweniger et aly, 1981a). The enzyme has 
been isolated as both a monomer and a dimer depending upon 
the isolation procedure used.

1.19 Mechanism of electron transfer within Complex III.
The exact route of electron transfer through this 

enzyme has oeen the subject of much debate and there is a 
wealth of evidence to suggest that it does not occur via a 
linear sequence of intermediates. The behaviour of 
cytochrome b is in particular not easy to explain within the 
framework of a linear sequence. The evidence for the 
paradoxical behaviour of cytochrome p and for its explanation 
in terms of a Q-cycle has recently oeen reviewed py plater 
(1981). The basic idea of a Q-cycle is that one species of 
semiquinone acts as a reductant and another species as an 
oxidant of cytochrome b and that tne two species of 
semiquinone do not come into contact. The Q-cycle proposed 
by Mitchell (1976) has been subjected to many modifications 
and the model described here is cased on that put forward by 
slater (1981) (Fig. 1.3). Such a model accepts the concept 
of the Q/QHp couple having a pool function, as proposed by 
Kroger and Xlingenberg (1973a). Looking at the left hand 
part of Fig. 1.8, the <ieske Fe/s protein is responsible for 
the reduction of to the semiquinone O'" which in turn
reduces cytochrome b. The b cytochromes are reduced in 
sequence, first and then These proposals are
supported by the observation that the reduction of 
cytochrome b is dependent upon the intactness of the dueske 
Fe/s protein. Either extraction or destruction of this 
protein, which is BAL sensitive, results in a decrease in 
the amount of cytochrome b reduced. The Fe/S protein itself 
is insufficiently strongly reducing to directly reduce 
cytochrome b. The semiquinone Q" was only a hypothetical 
component when this cycle was proposed (plater, 1981) but 
has since been identified and shown to be a distinct species
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out in

2H

Figure 1.8; Q-cycle.
Curved arrows represent chemical equations, straight full 
arrows, the pathway of electron transfer and dotted arrows, 
diffusion. BAL is British Anti Lewisite (2,3-dimercapto- 
propanol) and AN, antimycin A. is the antimycin-
sensitive ESR detectable ubisemiquinone. For further 
explanation of this cycle see the text, (From slater,
1981).
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(De Vries et al.. 1982a). It should be noted that the 
source of QH2 does not matter but it is crucial that it 
should be oxidised near the outer surface of the membrane.

The next feature of this cycle is that cytochrome b^.^ 
is oxidised by Q'" in an antimycin-sensitive step. The 
species has been identified (Yu et aly, 1978 and 1980)
and is likely to be protein bound. further evidence that it 
is cytochrome rather than which is oxidised in
this reaction comes from the effect of antimycin binding on 
th^ optical and E5R spectrum and the midpoint potential of 
cytochrome bcc2' The properties of cytochrome b^^g are not 
similarly affected by antimycin binding. The formation of 
Q'" in the scheme of Fig. 1.8 is envisaged as occurring via 
a reverse dismutation of Q and QH2 to give . It is 
crucial in this scheme that this semiquinone (G/ ) is both
formed and reduced near the matrix side of the membrane.
This part of the model, the formation of the semiquinone 
(Q'" in Fig. 1.8) has been modified by proposing a Q-cycle 
which depends upon cytochrome c reductase being present as 
a dimer (De Vries et al., 1982b). In this revised model it 
is envisaged that when two identical monomers of cytochrome 
c reductase form a dimer, the individual molecules undergo 
subtle changes such that the two protomers become 
distinguishable. Such a revised Q-cycle is shown in Fig. 
1.9, where it should be noted that the oxidant for 
cytochrome bg^2 different in the two protomers. Thus, in 
one protomer the oxidation of cytochrome ^^^2 Q results 
in the formation of Q'" which is then responsible for the 
oxidation of the second molecule of cytochrome h^^2' 
biological advantage of this system then is that the dimeric 
enzyme is a self-contained QH2:cytochrome c oxidoreductase. 
This scheme is of especial interest since it gives some 
functional support to the structural evidence that 
cytochrome c reductase may exist as a dimer in the 
mitochondrial membrane.

The Q-cycle as shown in Fig. 1.9 is dependent upon the 
presence of semiquinone radicals. There are several reports
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Figure 1.9; Three dimensional representation of a double
0-cycle requiring a dimeric cytochrome c
reductase.

The front and rear faces carrying the cytochrome b 
polypeptides, represent the membrane fractions of the two 
monomers making up the dimeric enzyme. The two identical 
monomers undergo slight changes on dimerisation giving two 
distinct protomers which have been denoted as I and II.
The division of kucc and bcco and 2Fe-2s ^ and 2Fe-2s ^
between the two protomers is however arbitrary. Curved 
arrows represent chemical equations and straight arrows, 
the pathway of electron transfer. Q and QHg are freely 
diffusible while the semiquinone anions are fixed. The 
pathway of protons is omitted. Antimycin A binding sites 
are represented by ant. The subscripts Ip and hp stand for 
the low and high potential forms of cytochrome bg^- 
respectively. (From DeVries et aj^. , 1982b).
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bo suggesb khab bhose radicals, free in solubion, would be 
boo shorb lived bo have any biological significance.
However, in associabion wibh 'quinone binding' probeins bhe 
lifebime of bhese radicals could be subsbanbially increased. 
Several quinone binding probeins have been postulabed and 
bhe evidence for bhese probeins was bhe subjecb of a review 
by Yu and Yu (1981).

There are several inhibitors of bhe overall reaction 
catalysed by Complex III. two of the most well known being 
BAL and antimycin A. The former acts on bhe ^ieske Fe/S 
probein as described previously. The sibe of acbion of 
antimycin A is thought to oe at the stage of oxidation of 
cvtochrome as shown in Figs. 1.8 and 1.9. This
inhibitor acts almost stoichiometrically with Complex III 
giving nearly 130^ inhibition at 1 mol of inhibitor bound/ 
mol of Complex III.

Under optimal conditions rates of 1000 ^mol of 
cytochrome c reduced/min per mg of Complex III protein have 
been measured using ubiquinol-2 as the substrate (\elson and 
Sellerfors. 1978). Ihe activity of the enzyme will however 
be dependent upon both the isolation and assay procedures 
used.

Complex III is also a proton translocating site, for 
which process, two basic models have been proposed. It is 
held to occur either by a Q-cycle mechanism (Mitchell, 1976) 
or by acid/base changes in a component protein, possibly 
cytochrome b (Von Jagow and Bngel, 1980).

In looking at the interactions of Complex III with 
cytochrome c and cytochrome c oxidase, it is necessary to 
have some idea of its size, shape and orientation in the 
membrane. Other areas of great interest are its interaction 
with its redox partner cytochrome c and its ability to move 
within the membrane.

1.20 Interaction of cytochrome c with Complex III.
More than one molecule of cytochrome c has been shown
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to bind bo Complex III under conditions of low ionic 
strength in both the beef heart (wosshard e^ a^., 1979) and 
■ s'eurosoora crassa enzymes (Weiss and Juchs, 1978). In beef 
heart the stoichiometry was two molecules of cytochrome c
per cytochrome c^, an observation which has since been 
supported by crystallisation of a cytochrome c/Complex III 
complex which contains two cytochrome c molecules per
ytochrome c^ (Ozawa et a_l 1980a). In the heurospora

crassa enzyme the stoichiometry was as high as 3:1. In both 
cases a high affinity binding site for at least one molecule 
of cytochrome c was identified and characterised, by gel 
filtration, to have a K^^O.l pM. Cytochrome c binding is 
very sensitive to ionic strength and increasing the ionic 
strength can increase the dissociation constant by more than 
10 fold (Weiss and Juchs, 1978). These same authors found a 
redox dependence for cytochrome c binding. Because of the 
ionic strength dependence, cytochrome c binding is thought 
to be largely electrostatic in nature involving positively 
charged surface lysine residues on cytochrome c and 
negatively charged groups on Complex III (Smith et al., 
1931). In addition to a general ionic strength effect, 
there are also specific inhibitory effects caused by some 
anions, for example phosphate and chloride, which are 
thought to interact with cytochrome c. These effects are 
also seen in the interaction of cytochrome c with 
cytochrome c oxidase (section 1.29).

several studies have identified the exact region on the 
surface of cytochrome c and the lysine residues which 
interact with its redox partners (see also section 1.9).
Two methods have given very similar results, one uses the 
kinetics of Complex III with modified cytochrome c molecules 
containing a single modified lysine residue (Speck et a_l., 
1979; Konig et aT., 1980b) and the other the differential 
chemical reactivities of lysine residues to acetylation in 
free cytochrome c and in cytochrome c complexed to a redox 
partner (Rieder and Bosshard, 1980). Both Konig e^ al. 
(1980b) and Rieder and Bosshard (1980) have shown that the 
same residues on cytochrome c are involved whether it is
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comolexAd o the complete Complex 111 molecule or to the
Gel filtration binding 

tudies have shown a K <U.l pm for Complex 111 and the
isolated cvtochrome c^ subunit.1

D
isolated cytochrome c^ subunit (Bosshard e^ aly, 1979) also 
indicating that this subunit is the most likely binding site 
for cytochrome c in this complex. under similar conditions 
Bosshard e^ aly (1979) demonstrated that cytochrome c would 
not bind to the isolated cytochrome b subunit. Kinetic 
studies have also shown that the cytochrome c. subunit is

I (capable of interaction with cytochrome c (Konig e^ al.,
I9dl) and also that this interaction is susceptible to ionic 
strength. Cytochrome c has also been covalently linked into 
the succinate - cytochrome c reductase complex of complete 
nitochondria using a photoaffinity labelled derivative of 
cytochrome c (Erecinska et aly, I9y0a). These authors 
suggest cytochrome c^ as a possible site for this attachment, 
Broger e^ a^y (19B0) have also shown that cytochrome c, 
labelled with an arylazido group at a lysine residue located 
within the binding domain (lysine 13), binds to the 
cytochrome c subunit on activation with UV light. A 
derivative labelled at lysine 22 which is not involved in 
the binding domain, could not be cross linked to the enzyme. 
This is again evidence that cytochrome c. is the binding 
partner as well as the redox partner of cytochrome c. The 
exact position of more than one cytochrome c binding site is 
not established, although the cytochrome c^ subunit can 
accommodate non-specific binding of cytochrome c (Weiss and 
Juchs, 1978). Iho kinetics of this complex indicate only 
one phase of activity on Eadie-Hofstee plots (Speck et al., 
1979) which could mean that only one site, the high affinity 
binding site, is kinetically active.

1.21 Motion of Complex III in phospholipid membranes.^
Tho rotational motion of Complex III has been studied 

using saturation transfer electron spin resonance 
spectroscopy (Poore et a_l. , 1982). The enzyme was 
derivatised with 3-maleimido-2,2,5,5-tetramethyl-l- 
pyrrolidinyloxyl to attach a nitroxide spin label. The
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rotational correlation times obtained varied both with 
temperature and the lipid composition of the sample. At a 
ratio of 0.25 ^mol of mitochondrial phospholipid/mg of 
protein, the rotational correlation time was 90 psec, 
decreasing to 20 psec on doubling the phospholipid to 
protein ratio. This latter lipid to protein ratio is close 
to the levels found in mitochondria whereas the former 
represents the complex as it is isolated. The motion was 
thus increased by increasing the lipid to protein ratio, 
while decreasing the temperature decreased the rotational 
motion.

An Introduction to Complex IV

1.22 General Introduction.
Comolex IV from beef heart (EC 1.9.3.1.) is a large 

transmembranous, lipoprotein complex located in the inner 
mitochondrial membrane and has been variously called 
Complex IV. cytochrome c oxidase and the cytochrome aa^ 
complex. It is the terminal member of the electron 
transport chain and is responsible for the reduction of 
dioxygen to water using electrons passed into the complex 
from reduced cytochrome c. The enzyme also appears to act 
as an ion-transporter and possibly as an outwardly directed 
proton pump. It is both a very complex and highly studied 
enzyme. It has been isolated by a variety of methods as 
reviewed by Azzi (1980 and references therein). Isolation 
of Complex IV from eukaryotic species generally requires 
solubilization of the mitochondria followed by fractionation 
with such agents as ammonium sulphate, although column 
chromatographic procedures, including affinity columns with 
bound cytochrome c have been employed. Both ionic and non­
ionic detergents have been utilised in the different 
isolation procedures. The enzyme has been isolated from the 
^^uld Xeurospora crassa (Weiss and Sebald, 1978), from yeast 
(Rubin and Tzagoloff, 1973) and from several mammalian 
sources including beef heart (for example Hartzell et al., 
1978), rat tissues (Merle and Kadenbach, 1980) and human
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^itccnoncrid (Hare ek ^1., I9d0). The enzyme has also been 
isolated from many prokaryotic species, some of the most 
interesting being Paracoccus denitrificans (Ludwig and 
Schatz. 1980). Thiobacillus novellus (Yamanaka and Pujii.

) • rnermus thermophilis and hitrobacter aqilis (Fee et
a 1. , 1980).

On purification each monomer of cytochrome c oxidase 
trom beef neart contains 10-14 ^mol of heme a/g of protein 
anc 11-13 ^mol of Cu/g of protein depending upon the 
isolation procedure used. rhe minimum molecular weight of 
the enzyme, based on the heme content, has been calculated 
to be 140000 daltons (Azzi, 1980).

1-23 Role of phospholipids in Complex IV.
y^Q‘-nrome c oxioase is isolated as a lipoprotein

complex although the exact amount of lipid associated with 
the comolex is dependent upon the isolation procedure

-bom 1 to 206 phospholipid by weicht (Hartzell et 
a^y, 1978). vik et al^ (1981) have calculated that 50-60 
liyid molecules would be required to maintain a sinole layer 
o_ oouncary phospholipids around the lipid embedded portion 
o: tne bovine heart cytochrome c oxidase monomer. These 
numbers are in fairly close agreement with those calculated 
by Post et aly (1977) and Knowles et al. (1981) using ESR 
spin labelling studies. A complete boundary layer composed 
o_ eitner lipid or lipid and detergent appears necessary for 
activity (Robinson e_t aj^. , 1980). This boundary layer 
appears to contain a proportionately larger amount of 
cardiolipin compared to the composition of the inner 
mitochondrial membrane (Robinson and capaldi, 1977). The 
lipid isolated with cytochrome c oxidase can be divided into 
tnree broad categories, 40-45 molecules which can easily be 
displaced by non-ionic detergents or exogenous phospholipids, 
o 8 molecules which are more tightly bound but can be 
exuiacted with increased concentrations of detergents and 
2-3 molecules of tightly bound cardiolipin (Robinson et al., 
198u; Robinson, 1982). fhe first two classes do not appear
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to D0 esssntiHl for activity sine© setivity esn be restored
by assaying in a suitable detergent such as rween 80. Their 
general role would appear to be dispersive with some 
indication that delipidation can cause aggregation and 
covering of cytochrome c binding sites. There appears to be 
little or no head group specificity for these phospholipids, 
however a fluid fatty acid environment with some degree of 
unsaturation seems to be optimal (Robinson and Capaldi,
1977; Vik and Capaldi, 1977). The third class showed a 
specific requirement for cardiolipin, removal of these 
tightly bound molecules is correlated with a decrease in 
activity when assayed in Tween 80 or any other suitable 
dispersing agent. This activity could only be restored by 
the readdition of cardiolipin, other classes of phospholipid 
were ineffective (Robinson et al., 1980; Vik et al., 1981). 
That these molecules are tightly bound is supported by their 
resistance to simple solvent extraction. It would appear to 
be the unique structure of cardiolipin and not its charge or 
fatty acid composition which these high affinity lipid 
binding sites recognise (Robinson, 1982). Adriamycin has 
been shown to inhibit cytochrome c oxidase by displacing 
cardiolipin from the enzyme into a separate phase 
(Goormaghtigh e_t a_l. , 1982 ). All these results seem to 
indicate that the 2-3 tightly bound cardiolipin molecules 
are essential for the full activity of this enzyme. Removal 
of the last cardiolipin molecule is associated with some 
denaturation of the enzyme (Vik et al., 1981) indicating a 
possible structural as well as functional role for this 
lipid. The functional role of cardiolipin is discussed in 
greater detail in section 1.29.

1'24 Subunit composition and function of Complex IV.
Cytochrome c oxidase from Aeurospora crassa appears to 

be composed of some 8 different polypeptide subunits (Sebald 
al^, 1973; Werner, 1977) while that from yeast contains 

only 7 (Mason et al., 1973; Rubin and Tzagoloff, 1973;
Foyton and Schatz, 1975). From tne similarity in 
electrophoretic protein profile of cytochrome c oxidase from
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yeast and neef heart, it was proposed that th^ latter enzyme 
might also contain 7 subunits (Schatz and Mason, 1974).

The nomenclature for the subunits has been confused oy 
the anomalous migration of some of the polypeptides under 
different electrophoretic conditions. Capaldi e_t aJ^. (1977) 
have compared various electrophoretic systems and advocate 
numbering the subunits according to their apparent molecular 
weights obtained on highly cross linked gels in the presence 
of SDS and urea (Swank and Munkres, 1971). Ihe subunit 
composition of Complex IV from beef heart according to 
Capaldi et a_l. (1977) is presented in Table 1.2. These 
subunits were originally thought to be present in a one to 
one stoichiometry (Yu and Yu, 1977). There is little 
dispute now over the identities of subunits I-V but there is 
still some debate over the stoichiometry and number of the 
lower molecular weight subunits. ause and Steffens (1978) 
and Merle and Kadenbach (1980) advocate the presence of 12 
subunits in the enzyme isolated from beef heart and rat 
liver respectively. They claim that these subunits have not 
been seen before due to the insufficient resolving powers of 
the electrophoretic gel systems used previously. The 
subunit composition according to Merle and Kadenbach (1980) 
is also given in Table 1.2.

It now seems quite well established that there are more 
than 7 subunits in cytochrome c oxidase from beef heart even 
though there is disagreement as to the exact number and the 
nomenclature to be used. Kadenbach and Merle (1981) 
compared the various proposals for subunit composition of 
cytochrome c oxidase from different species and tissues and 
the nomenclature used. The authors present evidence for a 
12 subunit composition of the enzyme from both mammals and 
birds. The 12 subunits from rat liver cytochrome c oxidase 
appear to be present in stoichiometric amounts (Merle and 
Kadenbach, 1980). Although this has not been confirmed for 
the beef heart enzyme (Huse and Steffens, 1978) there may be 
quite plausible reasons for the substoichiometric amounts of 
some of the smaller subunits (Kadenbach and Merle, 1981).
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Table 1,2!1 Subunit composition of Complex IV.

Subunit MW according to Comments
number Capaldi et al. Merle and

(1977) Kadenbach
(1980)

I 35300 43000 Lipoprotein.
Associated with
cardiolipin.
Contains heme a_

II 24200 27000 contains heme a
and two copper
atoms. provides
high affinity 
cytochrome c 
binding site.

III 21000 25700 Possible proton
pump.

IV 16200 16200 Although
no specific

V 12100 10700 catalytic
functions

VI 6700 a 9100 have been
b 8100 assigned to
c 8100 subunits

IV - VIII,
VII 3000-4400 a 5400 they may

b 5000 have some
c 4700 structural or

regulatory
VIII - 3900 role.
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There is some evidence that subunits I and III may oe 
larger than suggested from polyacrylamide gel electrophoresis 
since their molecular weights from DsA sequencing are 57057 
and 29945 daltons respectively and no evidence has been 
found for their subsequent processing (Darley-Usmar and 
Fuller, 1961).

Subunits I to III have been shown to be products of the 
mitochondrial genome and are very hydrophobic, while subunits 
IV-VII are cytoplasmically produced (Schatz and Mason, 1974). 
The enzyme from Paracoccus denitrificans contains only two 
subunits which aopear to correspond to the mitochondrially 
synthesised subunits I and II of the oeef heart enzyme. The 
subunit molecular weights are I, 45000 and II. 28000. 
Cytochrome c oxidase from each of the bacterial sources 
listed in section 1.22 also contain two subunits with 
apparent molecular weights in the range of subunits i and il 
from the beef heart enzyme.

The enzyme, from each of the sources mentioned above, 
contains four redox components, two a type hemes which are
designated heme a and a^ in tne complete complex and two 
copper atoms. bach of the centres is capable of a one 
electron transfer. Tnere is much debate over which subunits 
contain these components and over the exact functioning of 
each of the components. One difficulty in locating the heme 
and copper moieties is that they are not covalently attached 
bo the polypeptides and are easily caused to migrate (winter 
et ^1., 1980). A brief survey of the nature and possible 
functions of each of the subunits follows.

Subunit 1 as mentioned a.oove is a mitochondrially 
synthesised protein and is extremely hydrophobic. Fry et ai, 
(1980) have shown that this polypeptide is most probably a 
lipoprotein specifically associated with tightly bound 
caraiolipin. Winter e_t al. (1980) have shown that when 
cytochrome c oxidase is electrophoresed under very mild 
conditions this subunit contains half the total heme content 
out that with increasing tine this heme will migrate to 
subunit '/. These authors also show that under the same
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conditions the remaining heme and 90y& of the copper is
located with subunit II. ITiey suggest heme is associated 
with subunit I and heme a with subunit ll. subunit ii like 
subunit I is a mitochondrially synthesised hydrophobic 
polypeptide. There are several lines of evidence includina 
tinat just mentioned to suggest that thds subunit contains 
the enzyme's copper atoms. The sequence of subunit II has 
been determined and shown to have a remarkable homology with 
those of blue copper proteins (azurins, plastocyanins and 
stel1acyanins) (Steffens and Buse, 1979). X—ray work with 
plastocyanin shows that the copper is co-ordinated to four 
residues, two histidine, one cysteine and one methionine. 
Appropriate alignments with the amino acid sequence of 
subunit II shows identical amino acids located at the 
equivalent positions (Azzi, 1980). Also, Darley-Usmar et al. 
(1981) have observed that the two cysteines of subunit li 
are involved in ligand binding, probably to copper and/or 
possibly to heme. Subunit II has also been proposed as the 
binding site for cytochrome c (Bisson et al., 1980) (see 
also section 1.29).

The idea of all the heme a and copper being located 
within these two subunits has become very attractive since 
the isolation of a two subunit cytochrome c oxidase from 
Paracoccus denitrificans which appears spectrally very 
similar to the beef heart enzyme (Ludwig and Schatz, 1980). 
The paracoccus enzyme is capable of carrying out a similar 
redox reaction to the reef heart enzyme and thus it is 
tempting to draw parallels between the two enzymes. This 
would make subunits I and II the redox core of the enzyme, 
the smaller molecular weight subunits being a later 
evolutionary addition possibly involved in ion transport, 
proton translocation or in stabilizing the structure in the 
membrane. Kadenbach and Merle (1981) propose that 
cytoplasnically produced subunits are tissue specific and 
thua account for the variability observed in cytochrome c 
oxidases isolated from different sources.

Subunit III is the third mitochondrially synthesised
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oolyoppbide of cytochrome c oxidase and its amino acid 
sequence sho^s it to contain nainly hydrophooic residues. 
Saraste et a^. (I9dl) have isolated cytochrome c oxidase 
lacking this subunit and found it to have no significant 
spectral differences from the 7 subunit enzyme. This 6 
subunit enzyme is catalytically competent with respect to 
its redox function but is lacking some crucial part of the 
proton pumping mechanism. Previous to this. Casey et al. 
(1979 and 1960) had shown that DCCL, a well known inhibitor 
of oxidative phosphorylation and the mitochondrial Afpase. 
inhibits proton pumping in this segment of the respiratory 
chain and binds specifically to subunit ill of cytochrome c 
oxidase. If this polypeptide is arranged within the 
membrane to incorporate as many of the hydrophobic amino 
acids as possible within the oilayer and similarly the 
hydrophilic amino acids outside, a structure remarkably 
similar to bacteriorhocopsin is achieved (Azzi, 1960). 
Although this latter point is pure speculation there is now 
certainly some evidence that this subunit is involved in 
proton translocation.

Yeast cytochrome c can be covalently attached through 
cysteine 103, via a disulphide linkage, to subunit 111 of 
cytochrome c oxidase from both yeast and peef heart 
(Birchmeier et al., 1976 and Fuller et al., 1981. 
respectively). TVo lines of evidence indicate that this 
subunit is not the functional partner of cytochrome c. 
Firstly cysteine 103 is on the opposite side of the 
cytochrome c molecule to the binding domain for cytocnrome c 
oxidase and secondly the results of Saraste et al^ (1981) 
show that the enzyme's redox activity is not affected by the 
absence of this subunit. Cytochrome c may however bind 
within a cleft formed oetween subunits 11 and III which 
would explain these observations (see section 1.29).

Although many of the smaller polypeptides have been 
sequenced no definite functions have been assigned to them. 
Seiter e^ aly (1979) suggested subunit IV, a mostly 
hydrophilic protein with a small hydrophobic anchor, as a
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possible cyLochrome c binding site. This has not been 
supoorted by other investigators and seems unlikely since 
its location on the matrix side of the membrane would make 
it inaccessible to cytochrome c on the cytoplasmic side. 
Subunit V was sequenced by ranaka e^ aly (1977) who observed 
some sequence homology with hemoglobin. Yu et al. (1977) 
also claimed heme binding to this polypeptide. The work of 
Winter et aly (1980) however indicates that any heme 
associated with this polypeptide is artifactual and inactive, 
The spectrum of heme a associated with subunit v is similar 
to that of the non-enzymatic species hematin a, whereas its 
spectrum associated with both subunits I and II is close to 
that of the native enzyme. Erecinska e^ aly (1980b) using a 
photoaffinity derivative of yeast cytochrome c found it to 
bind to one of the small subunits (VI or VII) of 
cytochrome c oxidase when activated in the presence of 
cytochrome c depleted pigeon heart mitochondria. From the 
evidence now available this would not seem to be the 
physiologically significant binding site (see section 1.29).

1.25 Asymmetric location of Complex IV across the membrane.
The whole enzyme has been shown to asymmetrically 

traverse the membrane by surface labelling techniques (Eytan 
et aly, 1975), antibody binding experiments (Chan and Tracy, 
1978) and by the interpretation of electron micrographs and 
X-ray diffraction patterns of two dimensional crystals. 
Crystalline arrays have been obtained from the Triton- 
extracted enzyme by Henderson e^ aly(1977) and from the 
deoxycholate extracted enzyme by Fuller e^ aly (1979), In 
the former case the enzyme is dimeric and embedded within 
the bilayer of collapsed but closed vesicles and in the 
latter case it is monomeric with no continuous bilayer.
Using both sets of data the enzyme appears as a lopsided Y 
shape extending approximately 11 nm across the bilayer 
(Fiq. 1.10). The stem of the Y protrudes some 5.5 nm from 
the membrane on the cytoplasmic side as determined by Frey 
et al. (1978). The two arms of the Y are about 5 nm in
length and separated by about 4 nm. poth arms are largely
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Figure 1.10: Structure of Complex IV.
The overall shape of the enzyme and its position in the 
bilayer were deduced from studies on two dimensional arrays 
of the protein. The dimeric structure of the enzyme is 
seen most clearly in the right hand diagram. In the left 
hand diagram the arrangement of subunits is shown within 
the overall shape. Each monomer obviously contains at 
least one copy of each subunit polypeptide. The presence 
of multiple copies of some of the smaller polypeptides has 
led to confusion in the analysis of some protein labelling 
experiments. (From Capaldi et , 1983).
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embedded in the membrane probruding only 1-2 nm from bhe 
matrix surface. More recent studies using electron 
microscooy of the Triton derived vesicle crystals have 
further refined this structure (Deatherage et al., I9y2a 
and b). These studies have revealed that the stem of the Y 
which protrudes from the cytoplasmic surface can be divided 
into three domains; and close to the bilayer and 
above C^. The membrane embedded arms of the Y have been 
designated and M2 attached to and Cg respectively.
The molecules of cytochrome c oxidase are present as closely 
paired dimers in both the vesicle crystals and probably in 
the mitocnondria1 membrane. The dimers are closest in the 
^2 up to a distance of 3 nm from the bilayer surface.
Above this the two regions are separated by a deep cleft, 
the centres of mass of these regions being some 5.5 nm 
apart. :vithin the membrane the monomers are largely 
separated oy lipid regions. The exposed protein of the c 
domain makes up about 50.^, of the total protein mass as 
calculated from volume occupied under a certain electron 
^ensi_y contour lifie. Tne total molecular weight per 
monomer calculated by this metnod is between 110000 and 
180000.

Cytochrome c oxidase has also been crystallised as a 
i : couylex v,ith cytochrome c. Binding of cytochrome c 
causes the oxidase, which has been severely lipid depleted, 
to form a more hydrophilic conformation which lends itself 
to crystallisation (uzawa et a1., IQdUb), This sort of 
s^udy IS aimea at elucidating such things as heme to heme 
cistances anc orientations within the complex.

our^ace labelling techniques and the use of hydrophobic 
labelling reagents has led to some knowledge of how the 
subunits are arranged within the gross structure of the 
enzyme as described above. Tlie results of some of these 
studies are summarised in Table 1.3. surface labelling with 
the memorane impermeant reagent diazobenzenesulphonate has 
Shown subunits ll, iii, ly, y and VTI can be labelled in the 
isolated enzyme (Prochaska et al^ 1980) and suggests at
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Table 1.3; summary of surface labelling data for 
Complex IV.

Label used Subunits
(according to Capaldi et al., 1977)

I II III IV V VI VII
DABS
(i) Prochaska et aj^. + + + + — +

(1980)
(ii) Eytan et aly (1975) c c m c c
(iii) Ludwig et al_. (1979) m m m m m

Subunit specific
antibodies
(Chan and Tracy, 1978)

c c m c/m c/m

Photoactivatable + +* 4- ^ 4*

arylazido phospholipid 
(Bisson et al., 1979)

c = labelled on cytoplasmic side 
m = labelled on matrix side
* = less than for subunits I, III and VII
** = only poorly labelled
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least a oartial exposure of these suounits to the surface o 
the nemtrane. Studies ^ith tee same label in oriented 
oreoarations have sho^n suounits ii and ill and possibly V 
and Yll to be exposed on the cytoplasmic side while suounit 
IV (Eytan e^ al^, 1975) or II, III, IV. V and VII (Ludwig 
et al.. 1979) appear exposed on the matrix surface. 
Cia^obenxenesulphonate does not label suounits I and VI in 
the menbranous enzyme although another surface labelling 
reagent NAP-taurine apparently labels all 7 subunits. Chan 
and Tracy (1978) prepared monospecific antibodies to 
subunits I and IV to VII and a mixed antibody against 
subunits II and III. All antisera except that against 
subunit I bound and inhibited tne activity of the detergent 
solubilised enzyme. from this and the data above it would 
appear that subunit I is buried within the membrane. Using 
the antibodies with whole mitochondria, inhibition was

with those directed against subunits V. VI. ana ii
and Ill. In inverted vesicles radioactively labelled 
antibodies against subunits iV, V and VII were bound.
Cytochrome c has also been as a surface label.
Cytochrome c is present on the cytoplasmic side of the 
membrane in mitochondria and tnus its specific binding sites 
must also be exposed on the cytoplasmic surface.
Cytochrome c has been covalently attached to both subunit II 
(Bisson et al., 1980) and III (Birchmeier et al., 1976;
Fuller et aly, 1981) altnough only the former is thought to 
contain an active site.

Cerletti and schatz (1979) have used hydrophobic 
arylazides which partition into the lipid phase to try to 
elucidate the lipid protein boundary of cytochrome c oxidase, 
Their results showed heavy labelling of subunits l-lll and 
to a lesser extent subunits V and VTI. Bisson et al. (1979) 
using arylazidophospholipids with the reactive group either 
near the phospholipid head group or further down the fatty 
acid chain showed subunibs I, III and VII were labelled 
heavily, subunit II to a lesser extent and subunit IV very 
poorly. Of these subunits subunit 1 was labelled more 
strongly by the deep probe and subunit VII by the shallow
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orobe. The same group (Gutweniger et ^1., I9yib) using 
photoactivatable phospholipids showed subunits I, II and III 
were labelled with only minor labelling of subunits V and 
VII, that of subunit V being confined to a small terminal 
region.

putting all this data together (Fig. 1.10), subunit I 
emerges as being a very hydrophobic protein embedded in the 
lipid bilayer and forming part of the lipid protein boundary. 
Subunit VI also appears to be buried and probably shielded 
from the lipid by other polypeptides. Subunits II and III 
are exposed cytoplasmically probably forming the majority of 
the stem of the Y and providing the cytochrome c binding 
site in this region. They also extend into the bilayer 
bossibly being transmembranous, and both form at least some 
part of the protein/lipid boundary. Subunit IV appears 
exclusively on the matrix side of the membrane with a thin 
but deep hydrophobic anchor. The location of subunits V and 
VII is less clear although they appear to have both 
hydrophilic and hydrophobic domains. The confusion over 
subunit VII may be due to the presence of multiple species 
of this subunit (Merle and Kadenbach, 1960; Xadenbach and 
Merle, 1981).

I"26 Functional species of Complex IV may be a dimer.
As mentioned previously cytochrome c oxidase appears to 

oe crystallised as a dimer in Triton and a monomer in 
deoxycholate. The effect of detergents on the aggregation 
state of cytochrome c oxidase has been studied by Aobinson 
and Capaldi (1977) who conclude that the more active form is 
the dimeric protein. This conclusion is supported by 
Rosevear et aTy (1980) who studied the effects of alkyl 
glycosides on the activity of cytochrome c oxidase. They 
too found the dimer to be the more easily activated species. 
The work of aisson et ^1. (1980) on cytochrome c binding 
would indicate that the enzyme may well function as a dimer. 
Further structural support comes from the isolation of the 
complex as a dimer (r^araste et al_. , 1981) and the electron
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^^cro<copy of cytochrono c crystalline arrays (Deatherage 
a^y, llW2a and c). These studies all seem to indicate 

that tne native menorane species of cytochrome c oxidase may 
be a dimer.

1■2 / Reaction catalysed by cytochrome c oxidase.
The basic reaction catalysed oy this complex is

'errocytochrome c +i irij^ 0 2 4 ferricytochrome c
-r ( n-4 ) riownere and are protons in the matrix and cytosol

1 o
respectively. As mentioned earlier, the minimal unit of 
cytochrome c oxidase contains two heme a moieties (a and a^) 
and two copper atoms. The heme moieties differ in their 
axial ligands and have been shown to differ in their 
Spectral prooerties (noth optical and electron paramagnetic 
resonance), midpoint potential and ligand binding 
capabilities. each heme moiety seems to be at least 
xineuicaxly associated with a cooper atom. Heine a and its 
associated copper atom (designated Cu.) both have a midpointri ^potential of approximately 215 - 10 mV, close to that of 
cytochrome c, while neme a^ and its associated copper atom 
(designated Cu^^ h^n/e midpoint potentials closer to that of 
oxygen, being approximately 340 - 10 mV and 350 - 10 mV 
respectively (Azzi, 1960). There is a wealth of evidence to 
imply that (a) the heme a iron is in a low spin, magnetically 
isolated state in ooth the fully reduced and fully oxidised 
enzymes and is ESR detectable in the ferric state; (b) one 
copper atom (Cu^^ is magnetically isolated and tPR 
detectable in the cupric state and (c) the heme a^ iron is 
in a high spin state in both the fully reduced and oxidised 
enzymes and is antiferromagnetically coupled to the other 
copper atom (Cu^^, forming a spin coupled dimer. Thus in 
the fully oxidised enzyme neither heme a^ or cu is ESR 
detectable (see Clore eh aly, igyOa and references therein), 
meme a^ can be distinguished from heme a as the former but 
not the latter will bind O2, CO, azide and Ch". This 
binding is dependent upon the redox state of the enzyme 
(Xalmstrom, 1979).
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rhe en/yme appears able bo exist in several 
conformations. The 'resting' oxidised enzyme is spectrally 
distinct from the enzyme after one catalytic cycle, this 
latter form being called the 'oxygenated' enzyme. The 
'resting' and 'oxygenated' forms are two conformational 
variants of the oxidised protein. This is significant since 
it is an oxidised form other than the resting enzyme which 
represents the catalytic species. Much information on the 
spectral variations of these differing forms of cytochrome c 
oxicase has been gathered by wicholls and co-workers (review 
by Malmstrom, 1979 and references therein).

The sequence of electron transfer within cytochrome c 
oxidase currently in favour can be expressed very simply
ferrocytochrome c ^cytochrome a cytochrome

------
CU

rw'o -vinetic phases, a fast phase followed by a slow phase,
with rates of approximately 10^ hT^s"^ and 1-3 s"^ 
respectively have been observed for the reaction of 
cytochrome c oxidase with ferrocytochrome c (Antalis and 
Palmer, 1962). Three lines of evidence have led to the 
proposal of heme a as an early electron acceptor, (i) the 
initial rate of oxidation of ferrocytochrome c monitored at 
550 nm is equivalent to the rates obtained from monitoring 
absorbance changes at 443 and 003 nit, wavelengths which 
'.lOnitor uhe neme a moiety; (ii) cyanide has no effect on tiie 
initial rate of electron transrer and (iii) photosensitivity 
develops slowly in the oresence of carbon monoxide. Points 
(ii) and (iii) imply heme a^ is not involved since as 
mentioned above it is this moiety which is responsible for 
ligand binding (see Antalis and Palmer, 1982 and references 
therein). Antalis and Palmer (1982) looking at the reaction 
between ferrocytochrome c and cytochrome c oxidase under 
strictly anaerobic conditions have confirmed that heme a is 
the initial electron acceptor from ferrocytochrome c and 
have shown that electrons accepted by heme a are in rapid 
equilibrium with Cu,. These same authors show that a
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maximum of two electrons can be accepted in the absence of 
oxygen and that at any stage these are equally distributed 
between the heme a and Cu moieties. Under these conditions 
the electrons are not kransferred to heme a^ or Cu . They 
have investigated this block and concluded that it is of a 
kinetic rather than redox nature.

The kinekics of reackion between heme a^ and 0^ are 
less clear. bince the heme and copper moieties of this 
complex are one electron carriers one might expect to see 
one electron transfers to dioxygen, however this would 
involve the stabilisation of very reactive free radicals 
such as OH'. The high reduction potential of cytochrome c 
oxidase also makes the transfer of one electron to dioxygen 
an unfavourable reaction. since this reackion is very fast, 
conventional techniques are inadequate for the identification 
of intermediates in this part of the reaction. To look at 
this reaction. Chance et aly (1975) developed a novel triple 
trapping technique. Using this they have identified three 
types of intermediates in the reaction of membrane bound 
cykochrome c oxidase with oxygen. The technique involves as 
a first stage oxygenating the carbon monoxide inhibited 
enzyme in the liquid phase at a temperature so low that the 
carbon monoxide does not exchange for oxygen at a 
significant rate. Secondly the sample is frozen and the 
CO - cytochrome c oxidase complex is split by flash 
photolysis in the presence of oxygen, allowing a reaction to 
take place. Thirdly to monitor khe reaction spectro­
scopically under static conditions the sample is trapped or 
quenched by freezing to very low temperatures (liquid 
nitrogen for optical spectroscopy and liquid helium for ESH 
spectroscopy). They identified three categories of 
intermediates (A,B and C) which were formed at different 
temperatures. lype A compounds do not involve electron 
transfer and occur between 148 and 168 K. They include 
oxy-compounds of the nature [Cu^a^^\02] and [cu^^a^^^.02] 
whose formation depends upon the initial state of the enzyme, 
oxygen is easily dissociated from such complexes. The type 
B or peroxy-compounds, [cu^^a^^^\02^"]and[Cu^^a^^^.U2M2],
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were formed between 168 and 213 X. Above 213 K these 
compounds could accept electrons from cytochromes a, c and
c1'

Type C compounds were formed above 173 K from
cytochrome c oxidase which started in a mixed valency state. 
These compounds may contain the heme iron in a valency state 
higher than +3. The major findings of this and later work 
by the same group have been confirmed and extended by the 
work of Clore and Chance (see review by Malmstrom, 1979 and 
references therein).

Clore ejt al. (1980a and b) have looked for intermediates
produced at 173 X from soluble cytochrome c oxidase starting
in the fully reduced [ a^ 2+^..+g Cu ] or mixed valence 
[a cu ^a^ ^Cu^] state using a technique similar to that 
described above. They have obtained both optical and ES^ 
spectra under identical conditions so that direct 
comparisons could oe made. They find it most convenient to 
consider heme a^ and Cu as a linked system since they have 
been unable to unambiguously define the valence states of 
the individual components. using the fully reduced enzyme 
rour intermediates were found and the sequence presented in 
Fig. 1.11a proposed. Although intermediate III has the same 
formal valency as the fully oxidised enzyme plus two 
molecules of water it has been shown to be a distinct 
species and a true intermediate in the reaction sequence. 
Using the fully reduced enzyme is somewhat artificial and 
starting with the mixed valence state of the enzyme only 
three intermediates were found. These compounds were put 
into a sequence as shown in Fig. 1.11b. From the results of 
the two papers they propose a catalytic cycle for 
cytochrome c oxidase which is presented here in Fig. 1.12.

Further study in this area will hopefully bring more 
clear cut answers and maybe the confirmation of the sequence 
of intermediates proposed by Clore et aT^ (1980b) for the 
catalytic cycle of cytochrome c oxidase. The exact valence 
state of the individual components in the [cu a^.o^] 
complexes (e.g. hikstrom, 1981) also need confirmation. 
Creenwood (1980) has described the application of natural
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Figure 1-11: Internal reaction of cytochrome c oxidase,

(a) (from Clore^ol.,1980a)
K

a 2^

Cu
[Cuga^] + 0 K.1

2 <-
A K.

Ua-^iii

'llB

where

1= nA= _ [Cugag - O2]
CuA

a2*
c^^^-Ggag O2]

CuA
III a3+

(b) (from Clore^^., 1980b)

Q',3 +

Cu
2^[Cuga2l * O2 C 7 Im-------z.inn ------ z^^^m
A

11, nil

where

= [Cu|a2*'^.o;‘h
Cu2*

3 ^Ilm “ ICug Qq ■ 0^ ]
Cur

a3+
^ CuZ^^^B (^3 ' O2 ' X ] X = a free radical

which may be protein free or a porphyrin IT-cation

radical.



-64-

+
CO

(SIOCO

+
CO

COa
o

+
COo

CSJ
DU E

UJ

CO CsjO
COo003
U

+
(SIO

+CS|<(
3
O

(Uino
[U
X
o
u

CD

o
L_
JZ
u
o
>
u

c
ov_
tjOJ
O)

>
o

O
Q_

(S|

<Dv_
3
O'
Ll

+in
CO
%
3
U

+ + <( 
(SI 3

O (_)

a>+

J3 LO
O CO
CO o
CD CD

-J| ool
+

4- (SI <C
dll (N 3
CD

o CJ

CJ
/

E
oi—

(
0)
+

4*
KT)

CO
00

3CJ
4-CO
O

*■csi <c
3
O

o
(SI

X
(SI

sT
+

(U
4*

+
CO

(SI
So
*^00
3
O

+
(SIo o

+CSI
(SI

O
CO

3U
+

COo O

<s|
So

3
CJ

4"COo O



-65-

and na^n^Lic circular dichruis^ bo bhe examination oF the 
nature of tne heme iron and copper atoms in cytochrome c 
oxidase. Further use of these techniques nay shed some more 
li^ht on this area of the cytocnrone c oxidase reaction.

In summary then, ferrocytochrome c donates electrons to 
cytochrome a which is in equilibrium with Cu,. Electrons 
nass from here throuTh a complex sequence to oxygen. fhis 
involves several intermediates which can only be studied 
under very unphysiological conditions in the frozen enzyme. 
Heme a_ ligands the dioxygen molecule and must co-ordinate 
the transfer of four electrons from the other redox centres 
of the enzyme to effect the reduction of oxygen to water.

1.28 Proton translocation by cytochrome c oxidase.
rhe mechanism and stoichiometry of proton translocation 

in the respiratory chain has been much disputed. Tne h//e 
stoichiometry associated with the oxidation of quinol by 
oxygen has been reported as 2, 3 or 4 by various research 
groups. Ih^ n/e stoichiometry for quinol oxidation by 
cytochrome c reductase seems established as 2, leaving 
either 0, 1 or 2 as the possible ratio for the cytochrome c 
oxidase segment. The experimental evidence for proton 
translocation by cytochrome c oxidase has been presented in 
a review by Wihstrom and Xrab (1979j. The proton 
translocating activity of cytochrome c oxidase has 
previously been discussed with respect to the function of 
subunit III of the enzyme (section 1.24). Recent results 
(Wikstrom and Penttila, 1982) have suggested that proton 
translocation by cytochrome c oxidase is restricted to 
electron transfer from cytochrome c bound at the high 
affinity site (section 1.29). [hey propose that the 
proportion of electron transfer going through the high vs 
the low affinity cytochrome c binding sites could be used to 
regulate the efficiency of energy conservation.

In studying the interaction of cytochrome c oxidase 
with cytochrome c and Complex III it is instructive to nave 
an overall picture of the enzyme's composition, shape and
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orienLabion in the membrane and of the reaction it catalyses 
Areas of especial interest however are those concerning the 
interaction and reaction of cytochrome c with its oxidase 
and also the mobility of this portion of the electron 
transport chain in the membrane.

1.29 Interaction of cytochrome c with its oxidase.
The domain of interaction for cytochrome c oxidase on 

cytochrome c has be^^ considered in section 1.9 and shown to 
be similar to that for cytochrome c reductase (Fig. 1.5).
In both cases the domain on cytochrome c involves residues 
situated around the top of the heme crevice on the front 
surface of the molecule. The interaction is mainly 
electrostatic in nature involving surface lysine residues on 
cytochrome c and negatively charged groups on the surface of 
the cytochrome c oxidase molecule.

There appear to be two structurally and functionally 
distinguishable binding sites for cytochrome c on cytochrome 
c oxidase. Ferguson-Miller e^ aly (1976) distinguished two 
binding sites using gel-filtration to separate free 
cytochrome c from cytochrome c bound to detergent solubilised 
cytochrome c oxidase. The dissociation constants for the 
two sites were shown to be 0.1 and 1 for the high and 
low affinity sites respectively. Two phases of activity can 
be distinguished on Eadie-Hofstee plots with values very 
similar to the dissociation constants observed (Ferguson- 
Xiller et aly, 1976; Errede and xamen, 1976; smith et al., 
1979). doth the dissociation constants and values have 
a similar dependence on ionic strength, anion binding and 
several other physical properties, which has led Ferguson- 
Xiller et al. (1978) to propose that the two phases of 
activity correspond to activity through the two interaction 
sites with cytochrome c.

Further studies on the nature of the two binding sites 
nave been provided by the covalent cross-linking of 
cytochrome c to cytochrome c oxidase. disson et al. (1980), 
using arylazido-derivatives of cytochrome c, have shown that
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cyLochrone c nodlEied ak lysine residue 13, in khe cenkre of 
khe proposed oinding conain on cykochrome c, can be cross- 
linXed ko bokh subnnik Ii of khe oxidase and ko some 
phospholipid molecules, closely associaked wikh khe enzyme. 
The preparakion of cykochrome c oxidase used by Bisson ek al 
(1980) contains few lipid molecules and these are mostly 
cardiolipin molecules. Cytochrome c derivatised at lysine 
residue 22 was shown to bind only to phospholipid molecules. 
Lysine 22 is well away from khe binding domain described for 
cytochrome c oxidase on cytochrome c. These same authors 
have shown by binding studies, using gel filtration, that 
cytochrome c cross-linked to subunit li of the enzyme was in 
the high affinity site. Cytochrome c covalently bound to 
subunit II was found to inhibit electron transfer with added 
ferrocytochrome c. Cytochrome c oxidase activity was 
completely inhibited by covalent attachment of one 
cytochrome c molecule in the high affinity site per dimer of 
the enzyme. Cytochrome c covalently bound to lipid was 
implicated as being present in the low affinity binding site. 
Cytochrome c bound in this way was shown to have no 
measurable effect on cytochrome c oxidase activity measured 
with added native ferrocytochrome c. Presumably this free 
cytochrome c could bind and transfer electrons into the high 
affinity site, no activity being directly associated with 
the low affinity binding sites. vik et al. (1981) have 
shown that on depletion of the essential cardiolipin 
molecules from cytochrome c oxidase the high phase of its 
activity is lost. In such cases a single low phase is 
observed but with a decreased value of compared to the
unmodified low phase. Activity can be restored to near 
normal values, and the high phase returned by adding back 
cardiolipin. This is further evidence for cardiolipin 
providing the low affinity site.

Fuller a^y (iGdl) have covalently bound yeast 
cytochrome c to beef heart cytochrome c oxidase via a 
disulphide linkage utilising a cysteine residue, at position 
103, on the back surface of cytochrome c (see section 1.6 
for nomenclature) and a free sulphydryl group on subunit III
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of the oxidase. This had previously been done for the yeast 
enzyme by jirchmeier et aly (1976). The former authors have 
shown cytochrome c thus linked to be in the high affinity 
site, leaving low affinity binding unaffected. They give 
evidence that electrons are accepted into subunit il from 
the front surface of the cytochrome c molecule and that 
covalent linkage to subunit III implies that cytochrome c is 
in a cleft between these two subunits. The cleft may be 
formed between two subunits of one cytochrome c oxidase 
molecule or between subunits from two molecules which 
constitute dimeric cytochrome c oxidase, the form present 
under these conditions. The work of Deatherage et al.
(1982a and b) has shown a cleft of the appropriate 
dimensions between two subunits of the different monomers 
composing a dimer. They thus conclude that this cleft is 
probably the location of the high affinity site for 
cytochrome c on cytochrome c oxidase. Cytochrome c 
covalently linked to subunit III, as described above, was 
found to completely inhibit the oxidase reaction, at one 
mole of cytochrome c bound per monomer of cytochrome c 
oxidase, when assayed spectrophotometrically. In this assay, 
reducing equivalents are added as reduced cytochrome c which 
requires that a molecule of ferrocytochrome c is bound for 
each turnover of the enzyme. Thus it would appear that 
cytochrome c cannot transfer electrons into the low affinity 
site since these are the only sites available to bind the 
added native cytochrome c. This result supports those of 
disson et al. (1980) described previously, where the low 
affinity sites appeared incapable of independent activity, 
khen the covalent complex of Fuller e^ aly (1981) was 
assayed polarographically using ascorbate as the reductant, 
which can reduce bound cytochrome c, an electron transfer 
activity of some 15-20^, of the maximum control rates was 
observed in the absence of added cytochrome c. When 
cytochrome c was added to fill the low affinity sites, the 
activity was increased to near maximal control levels. From 
this they concluded, in contrast to the proposal of 
Ferguson-Miller et al. (1978) that the two sites are
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independent, that the low affinity site is not capable of 
electron transfer activity independent of the high affinity 
site. They (Fuller eh a^y, 1981) propose three possible 
mechanisms to account for the available data: (a) that 
cytochrome c bound in the low affinity site can increase the 
activity through the high affinity site by speeding up the 
internal rate of electron transfer possibly via the 
induction of some sort of conformational change in 
cytochrome c oxidase; (b) that electron transfer can occur 
through the low affinity site but that it is dependent on 
the functioning of the high affinity site, needing reduced 
cytochrome c in this site; (c) that cytochrome c bound in 
the low affinity site could speed up electron transfer 
through the high affinity site by increasing the off rate 
for oxidised cytochrome c from cytochrome c oxidase. These 
authors favour the latter argument quoting the work of 
Vilms et aly (1981) who have shown that the off constant for 
cytochrome c bound in the high affinity site can be 
increased by the binding of a positively charged molecule in 
tne low affinity site. Ailms e_t a_l. (1981) propose negative
co-operativity between the two sites to account for the 
ionic strength optimum and the non-linear Eadie-Hofstee 
plots observed by several groups. They prefer to analyse 
these plots as curves rather than two straight lines 
accounting for two phases of activity. Their data were 
obtained using polylysine as the positively charged 
molecule and their results extrapolated to cytochrome c. I 
do not find the interpretation of their results completely 
unequivocal and fail to see how this explanation accounts 
for the results of Fuller et a_l. (1981) for two reasons. 
Firstly in their experiments the cytochrome c was covalently 
bound to cytochrome c oxidase and thus cytochrome c 
'dissociation' could only be partial. More significantly 
however, Fuller e^ aly (1981) used a polarographic assay 
for cytochrome c oxidase with ascorbate and M,M,M',M'-TMPD 
to reduce the cytochrome c. This system can reduce 
cytochrome c bound to cytochrome c in solution (see section 
2.11g). Thus the dissociation of cytochrome c from
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cytochrome c oxidase seems somewhat irrelevant in such a 
system. Ferouson-xiller et a^. (l979b) using an oft
constant of 10-50 s ^ for cytochrome c dissociation, have 
calculated that cytochrome c oxidase would not be capable of 
the turnovers measured for electron transport in intact 
mitochondria. These calculations assume that cytochrome c 
must dissociate from the oxidase during each catalytic cycle 
(The kinetic values used in these calculations may now be 
out of date).

Thus the exact functional relationship between the high 
and low affinity sites is still in debate. The most 
prevalent theory at the moment however, would appear to be 
that cytochrome c can transfer electrons only into the high 
affinity site and that the low affinity site is responsible 
in some way for modifying this activity. borne groups 
however still propose activity through the low affinity site 
both from auxiliary donor systems (jernardi and Azzone,
1981) and in normal respiratory activity (Aikstrom and 
Penttila, 1982). Antalis and palmer (1982) have recently 
tried to account for the kinetic data by proposing only one 
binding site and calculating that biphasic hadie-Hofstee 
plots would still be seen. nowever this work seems to 
ignore a wealth of evidence which advocates the existence of 
two binding sites.

1.30 Mobility of cytochrome c oxidase.
from the results described which indicate that 

cytochrome c oxidase has a fixed sidedness in the membrane, 
its rotation must be confined about an axis normal to the 
plane of the membrane. The early results of Junge and 
DeVault (1975), looking at the time dependence of linear 
dichroism following flash photolysis of a CO - cytocnrome c 
oxidase complex in intact mitochondria, showed the enzyme to 
be apparently completely immobile in the membrane. The work 
of hochli and hackenbrock (1976 and 1979) however, indicates 
that long range lateral diffusion is possible (section 1.31), 
Later studies on the rotational movement of cytochrome c
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oxidase in membranes have ubilised one of two basic 
techniques, saturation transfer electron spin resonance 
epectroscopy and measurements of absorption anisotropy 
following photolysis of a Cu - cytochrome c oxidase complex. 
These two techniques have been compared by Cherry (1979) 
where he points out the fundamental differences in the 
parameters measured by the two systems. For at least one 
system, rhodopsin, the two techniques seem to give 
comparable answers (Cherry, 1979).

Ariano and Azzi (1980) attached the spin label
4-maleimido-2,2,6,6-tetramethylpiperidinooxyl to subunit III 
of the complex and using saturation transfer electron spin 
resonance spectroscopy, found the rotational correlation 
time for cytochrome c oxidase attached to asolectin vesicles 
to be 34 ^s. This is a little smaller than the value of 
52 calculated for the membrane bound enzyme from the 
Stokes-Einstein equation. The discrepancy is probably due 
to the fact that some of the enzyme is exposed to the lower 
viscosity aqueous phase. A second study using the same spin 
label attached to cytochrome c oxidase showed two 
populations of the enzyme in reconstituted vesicles with 
differing mobilities, the proportions of the two populations 
being dependent upon the method of preparation of the enzyme. 
One population was fairly mobile, having a rotational 
correlation time of 40 (similar to that seen by Ariano 
and Azzi, 1980), the other being largely immobile having a 
rotational correlation time of 1 ms. This latter 
population was attributed to protein aggregates (Ewanson et 
aly, 1980).

Xawato et ah. (1930) have developed a technique to 
measure rotational relaxation times which involves a time 
dependent study of the decay in absorption anisotropy 
following the photolysis of a CO - cytochrome c oxidase 
complex induced by a vertically polarised laser flash. They 
present evidence that the parameters used in this study are 
more sensitive than those employed by Junge and Levault 
(1975) for analysis of rotational movements. In this work
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they looked at cytochrome c oxidase in mitochondria and 
submitochondrial particles where they found two populations 
of cytochrome c oxidase characterised by decay time constants 
of several hundred microseconds and several milliseconds for 
the more mobile and immobile populations respectively. Ihey 
calculate that between 30 and 50/b of the cytochrome c 
oxidase present in the membrane is present in an immobilised 
form, possibly self aggregated or in aggregates with other 
membrane proteins. In later work by the same group they 
have shown two rotationally distinct populations of 
cytochrome c oxidase in reconstituted vesicles of both high 
and low lipid to protein ratios. The ratio of rotationally 
mobile to rotationally immobile (rotational relaxation times 
of 500 and 20 ms respectively) was higher in vesicles 
with the greater lipid to protein ratio (Kawato et a^., 1981). 
Txiis result was reinforced in further experiments by this 
group (Kawato et aly, 1982) when they showed a similar trend 
for cytochrome c oxidase mobility in lipid enriched 
mitoplasts. since both the freely diffusible and aggregated 
forms of the protein appear to be equally active, there is 
some debate as to their significance. That the aggregates 
are probably non specific protein-protein interactions as a 
consequence of the low lipid to protein ratio is discussed 
in more detail with respect to the overall mechanism of 
electron transfer in section 1.31.

1-31 Current theories on the interaction of cytochrome c 
A'/ith its redox partners during electron transfer.
Assuming that cytochrome c does form a substrate/ 

enzyme complex as a necessary step in electron transfer, 
wnich appears to be the case at least with cytochrome c 
oxidase (Ferguson-Miller et a_l., 1979b), there are three 
basic ways in which cytochrome c can effect electron 
transfer between its reductase (Complex III) and its oxidase 
(Complex IV). These three models are presented
diagrammatically in 1.13. fig. 1.13a denicts the
possibility that cytochrome c forms oart o; a stable three



Figure 1.13: Possible mechanisms for mediation of electron 
transport between Complex III and Complex IV.

(a) This represents the solid state model for electron 
transfer from cytochrome c reductase (III) to cytochrome c 
oxidase (IV). The three components form a ternary 
supercomplex with cytochrome c (cyt c) acting as a channel 
between its redox partners. Such a mechanism requires two 
separate sites on cytochrome c (4-14.) for interaction and 
reaction with its reductase and oxidase.
(b) In this model a ternary supercomplex is formed in 
which cytochrome c is free to rotate allowing Complexes III 
and IV to react in turn with a single domain on 
cytochrome c.
(c) This represents the free diffusion or pool model for 
electron transfer from cytochrome c reductase to 
cytochrome c oxidase. In this model, cytochrome c diffuses 
between its redox partners combining, reacting and being 
released, by each in turn.
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(a)

(b)

(c)
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componenb supercomplex with Complexes III and IV. This 
implies cytochrome c can interact simultaneously with both 
enzymes and in this case the interaction domain on 
cytochrome c for its two redox partners would be different. 
There would be no prerequisite for any of the three 
components to be able to move within the membrane. The 
second possibility, represented in Fig. 1.13b is that 
Complexes III and IV form a binary supercomplex in which 
the cytochrome c can oscillate freely. The third possibility 
is that all three components are freely diffusible and that 
cytochrome c first binds to Complex III, is reduced, falls 
off, combines with Complex IV, is oxidised and then released 
ready for reaction with Complex III. This model would 
require dissociation constants and mobility of the 
components sufficient to account for physiological electron 
transfer rates.

The first of these models now seems rather unlihely 
from an accumulation of several pieces of evidence. fhe 
interaction domain on cytochrome c for both its oxidase and 
reductase appear very similar (as described in section 1.9) 
and are virtually superimposable. Xyer et aly (1980) 
suggest, from studies using derivatised cytochrome c in 
assays of cytochrome c reductase and oxidase activity that 
there are subtle differences in the exact interactions of 
these enzymes with cytochrome c. This result is supported 
by the work of Errede and xamen (1978) who h^ive shown that 
cytochrome c from different species can react preferentially 
with either the oxidase or reductase. However, these subtle 
differences do not sufficiently alter the fact that an 
essentially similar area on cytochrome c is involved in its 
interaction with both redox partners (Fig. 1.5) and thus 
cannot really be quoted in support of a completely static 
model. Also as mentioned in section 1.1, the three 
components, Complex III, cytochrome c and Complex IV are not 
present in one to one stoichiometries in the inner 
mitochondrial membrane. If there were a rigid 1:1:1 
supercomplex, this would imply the presence of redundant 
proteins, which seems unlikely. Also, the individual
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componenbs can be isolabed quite easily and thus would not 
appear to be permanently associated.

Another line of argument to distinguish between the 
ideas of a stationary supercomplex and separately diffusible 
components is the work which has been done on the mobility 
of the complexes under various conditions. riochli and 
Hackenbrock (1976) have studied the anility of integral 
membrane proteins to diffuse laterally within the bilayer 
using freeze fracture electron microscopy. They have shown 
that membranes prepared at 30^C, fixed with glutaraldehyde 
and then freeze fractured to preserve structure show a 
random distribution of proteins in the inner mitochondrial 
membrane. If fixation with glutaraldehyde is omitted, small 
areas of smooth lipid are seen on the electron micrograph 
with the integral proteins pushed into slightly more ordered 
arrays around them. These lipid patches must presumably 
have formed even in the short time taken to freeze the 
membranes. If the membranes were incubated at temperatures 
below the lipid phase transition for the membrane lipid (-8 
to -12°C for inner mitochondrial memoranes; where lipid/ 
protein segregation is liable to occur, large areas of 
smooth lipid were seen with the proteins pushed together, 
^hen the sample was taken to these temperatures and then 
thawed for a rew seconds before being prepared for freeze 
fracture, the random lipid protein arrays returned. Thus 
they have shown that these integral membrane proteins are 
not fixed to any cytoskeletal structure but are able to 
diffuse freely in the membrane. This conclusion was reached 
because the transition between the clumped and randomly 
organised proteins, produced by changing the lipid phase, 
was freely reversible. in a later paper, Hochli and 
Hackenbrock (1979) reacted Complex IV with divalent 
monospecific antibodies and caused the proteins to clump 
together by lowering the temperature before further reacting 
the membranes with another antibody raised against the 
Complex IV antibodies. They showed that when the membranes 
were warmed above the phase transition temperature of the 
lipids that irreversible clumping of some of the large
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^enbrane proteins hac occurred. however in these 
rxcorirents sons of the snailer integral memorane proteins 
rrdiffused to a randon array in the r^mnrane indicating that 
thev were still free to i^ve. These authors could not 
distinguish between the oossibility that cytochrome c 
oxidase alone had been trapped, or whether it was associated 
with some other proteins. These results would seem to argue 
against a really rigid arrangement in the membrane however 
and for a system in which the components could diffuse 
freely.

The motion of the individual components has been 
discussed briefly in sections 1.13, 1.21 and 1.30. in this 
section they will be considered in relation to each other, 
hawato et aly (1961) have shovn that the rotational 
relaxation time of cytochrome c oxidase in phospholipid 
vesicles of high lipid to protein ratio, containing mostly 
mobile enzyme, was the sane in the presence and absence of 
Complex III. The presence of cytocnrome c in the vesicles 
containing both enzyme complexes still caused no change in
the rotational motion of cyto rome c oxidase ir
cytochrome c oxidase and reductase were to form a super
complex, the diameter of the protein in the membrane would
increase to 1.5 tines that of cytochrome c oxidase alone.
Such a change in diameter would be expected to give a 2-3
fold increase in the rotational relaxation time. since this
parameter remains constant, it seems unlikely that the two
enzymes form a permanent complex. Kawato et al. (l9o2) as
mentioned in section 1.30, have obtained rotational
correlation times for cytochrome c oxidase in the
mitochondrial membrane. They have used these data to
calculate a local lateral diffusion coefficient of

-9 2approximately 3 x 10 cm /s for the faster rotating 
cytochrome c oxidase population. This is somewhat faster 
than the long range lateral diffusion coefficients seen for 
many integral membrane proteins in other membranes, where a 
value of < 10 cm^/s was obtained (Cherry, 1979).
This is consistent with the ideas of Hackenbrock (1961) that 
the inner mitochondrial memcrane is a verv fluid membrane.
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The available data on lipid composition is in support of
this argument, as 80^ of the phospholipid is composed of
phosphatidylethanolamine and phosphatidylcholine, containing
53% unsaturated fatty acids, the remaining 20% of the
phospholipid is cardiolipin which contains 90% unsaturated
fatty acids. This is a rather higher proportion of
unsaturated fatty acids than found in most membranes. There
is also a complete lack of cholesterol in these membranes,
a component which is thought to increase the rigidity of
lipid bilayers (Colbeau et al., 1971). Kawato et al. (1981)
have used the data available for the membrane bound
amphipathic apolipoprotein, Apo C-III, which has been shown
to have a lateral diffusion coefficient of 3 x lO'^ cm^/s
(Vaz et ^1., 1979), close to that of phospholipids in a
bilayer, to postulate that cytochrome c may have a similar
lateral diffusion coefficient. They have calculated the
average area of the inner mitochondrial membrane per heme02aa_ to be 40000 A and, using the calculated lateral 
diffusion coefficients, shown that cytochrome c oxidase 
could sweep out such an area in approximately 5 ms, while 
cytochrome c could do so in 0.5 ms. Assuming Complex III 
behaves similarly to cytochrome c oxidase they estimate that 
several collisions of the appropriate proteins could occur 
in the time required for one electron transfer reaction from 
Complex III to oxygen (approximately 25 ms/e/heme aa^^.
Thus they propose that the freely diffusing system is 
theoretically capable of the known rates of electron 
transfer in terms of protein collisions.

Une problem with the theory described above is that 
both Kawato eb aly (1980 and 1982) and pwanson et aly (1980) 
observe not only a mobile population of cytochrome c oxidase 
as described above, but also quite a large population which 
is effectively immobilised, with rotational correlation 
times in the millisecond time range. They show in studies 
using lipid enriched samples that the amount of aggregation 
decreases with increasing lipid to protein ratio (Xawato e^ 
al., 1982). They claim that high levels of aggregation are 
caused by the low lipid to protein ratio present in the
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inner mibochondrial membrane and that these aggregates give 
rise to the slower moving population of cytochrome c oxidase 
This population is however equally active compared to the 
more mobile population, which sheds some doubt on the above 
calculations if the movement of cytochrome c oxidase is 
important. However, the work of Schneider et a_l. (1980a) 
implies that the diffusion of Complex IV is unlikely to be 
rate limiting for electron transfer. This conclusion was 
reached from the demonstration that the activity from 
cytochrome c to oxygen via Complex IV was not decreased by 
increasing the lipid to protein ratio of the sample.

Schneider et aly (I9y0b) have developed a method for 
enriching the lipid to protein ratio in mitochondrial 
membranes. This technique can raise the lipid to protein 
ratio by between 30 and 700.6. Freeze fracture electron 
micrographs of the lipid enriched vesicle formed have shown 
an increase in the distance between individual membrane 
proteins. The proteins were however still randomly 
dispersed indicating that they must be freely diffusing (as 
also demonstrated by Hochli and Hackenbrock, 1976 and 1979, 
using phospholipid vesicles). ^chneider et aly (1980a) 
measured the activities of various segments of the electron 
transport chain in their lipid enriched samples, to look for 
any changes in activity which would imply diffusional 
limitation. The effects of diffusion would be more 
pronounced under these conditions. A decrease in the 
electron transfer rate between and cytochrome c was
taken as evidence that ubiquinone may be diffusionally 
limiting under these conditions. In this work no evidence 
was seen for a decrease in rate between Complex III and 
Complex IV, indicating no diffusional limitation by 
cytochrome c. ^are recently the analysis of these results 
was revised and it is now proposed that there is some 
decrease in electron transfer rates from quinol to oxygen 
(Hackenbrock, 1981). These data on the motion of the 
individual components, taken together, seem to argue 
against the presence of a rigid stationary tertiary complex.
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of the points raised in the preceding discussion 
^ould also seem to argue against the second proposal, that 
is the presence of a binary complex in which cytochrome c 
can rotate. However, if we propose a transient rather than 
a permanent complex, most of these objections are overcome, 
for example, the presence of non-stoichiometric amounts of 
each complex in the mitochondrial membrane is no longer a 
problem. Indeed a transient binary complex between HALH 
dehydrogenase and Complex III may be the reactive species 
for HADH cytochrome c oxidoreductase activity (lagan and 
Heron, 197P). results of Schneider e^ aly (1980a)
could be considered to argue against this proposal for NADH 
cytochrome c oxidoreductase activity, however, these two 
sets of results may not be contradictory if taken in the 
light of the experimental conditions. The latter authors 
were working with vesicles containing natural and higher 
than natural lipid to protein ratios, whereas the former 
authors were working with nembranes containing natural and 
less than natural lipid to protein ratios. In the same way, 
the results of HChneider et al. (1980a) concerning the 
latter portion of the electron transport chain do not 
completely rule out the possibility of transient complexes 
here.

There is still much debate as to which of the 
alternative models, as presented in Fig. 1.13, is correct, 
or whether one of the many intermediate possibilities is 
true. In both the models described in Figs. 1.13b and 1.13c, 
a further question arises of where the cytochrome c goes 
when it is not passing electrons to or from the complexes. 
Does it fall off into solution in the intermembrane space, 
remain associated with th^ surface of the bilayer membrane 
or does it remain associated in some way with one of the 
en/yme complexes? Cytochrome c has been shown to be able to 
bind to certain phospholipids as discussed earlier (section 
1.11) and thus the suggestion that cytochrome c remains 
floating on the bilayer surface would appear to be a 
possibility. The work of nernardi and Azzone (19dl; on 
cvtochrome c as an electron shuttle between the inner and



80-

outer mitochondrial membranes suggests Lhat only 
cytochrome c associated with the lipid bilayer is capable of 
catalysing electron transfer between its reductase and 
oxidase. This would thus favour cytochrome c remaining in 
association with the membrane (protein or lipid). it would 
appear that the amount of cytochrome c available on the 
surface of the membrane is dependent upon the ionic strength 
and pH in the intermembrane space, parameters which are very 
hard to determine. The reaction studied by many steady 
state kinetic analyses is that of the solution catalysed 
reaction since this would be promoted under the assay 
conditions used (high cytochrome c concentrations and high 
ionic strength). It could be argued that this is the most 
likely reaction in the mitochondrion considering that the 
ionic strength of the cytosol is at least as high as that 
used in these assays. Under these conditions the high 
affinity site on cytochrome c oxidase would behave in a 
manner more closely resembling that of the low affinity 
site. Ferguson-Hiller eh aly (1979a) suggest that the 
ionic strength of the intermembrane space may be lower than 
that of the cytosol and be maintained by a selectively low 
permeability of the outer mitochondrial membrane. They 
propose that under these conditions most cytochrome c would 
be found associated with the high affinity sites on 
cytochrome c oxidase. If true, this would favour the model 
of Fig. 1.13b requiring rotation of cytochrome c. The work 
of Dixit e^ aly (1982) described in section 1.13 would lend 
support to the suggestion that cytochrome c is attached to 
its oxidase in the natural membrane since it shows 
rotational motion very similar to that of the oxidase. As 
considered further in Chapter 5 however, it is possible that 
even if present they would not see a faster moving component 
under the conditions of their assays. The motion they 
observed is much slower than calculated by Kawato et aly 
(1981). In any of these cases cytochrome c binding will be 
susceptible to changes in ionic strength and specific ions 
such as phosphate. Cytochrome c binding to cytochrome c 
oxidase high affinity sites is especially sensitive to the
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physiological polyanions ATP and ADP (Ferguson-Miller et al., 
1976). These effects could thus possibly represent a mode 
of control of electron transfer by controlling whether 
cytochrome c is bound or free in the intermembrane space.
A further complication in considering any mechanism is the 
presence of two binding sites on cytochrome c oxidase and 
the incomplete knowledge of how these two sites interact.

The work of Kawato et aly (1981) as discussed above 
favours the freely diffusible non-interacting model (but 
note the objections to this in view of the data concerning 
cytochrome c motion as measured by Dixit et aly, 1982). 
Alternatively, Erecinska e^ aly (1980a) show rapid electron 
transfer from succinate to oxygen with cytochrome c 
covalently bound to the mitochondrial membranes in the 
succinate-cytochrome c reductase segment. This implies 
cytochrome c mobility is not absolutely necessary. However, 
as pointed out by koppenol and Hargoliash (1982) much of the 
cytochrome c in these preparations is bound to phospholipids 
and the rate of movement of these molecules may be fast 
enough to account for the electron transfer rates seen.

Capaldi e± aTy (1982) propose a scheme in which the 
components are all freely diffusible. They use the 
calculations of Kawato et aA. (1981), on the capacity of
cytochrome c diffusion to account for measured electron 
transfer rates, as support. They also discuss the 
possibility that the dissociation of cytochrome c from the 
high affinity sites on cytochrome c oxidase would possibly 
become rate limiting, but take the data of ^ilms et aly 
(1981) as evidence that this step is competent to maintain 
the physiological electron transfer rates. The data of 
Ailms e^ a^y (1981) as described previously concerns the 
stimulation of the off rate for cytochrome c from the high 
affinity site on cytochrome c oxidase when a polycation is 
bound in the low affinity site. There is, however, no clear 
evidence that this is the way the low affinity sites work.
A conformational change increasing electron transfer rates 
within the cytochrome c oxidase comolex has not been_
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disproved as a mode of acbion for cytochrome c bound in the 
low affinity sites. Ferguson-hiller et aly (19790) 
advocates the second model (Fig. 1.13b) claiming that the 
off rates from the high affinity sites are not sufficiently 
fast and that the partial dissociation required for rotation 
is more likely. Also they give greater credence to the 
evidence that cytochrome c. can transfer electrons to 
cytochrome c bound to cytochrome c oxidase in the high 
affinity site. Koppenol and nargoliash (1982), calculating 
the changes in dipole moment during a redox cycle and also 
those required for cytochrome c rotation conclude that the 
changes which occur during a redox cycle are insufficient to 
facilitate the required cytochrome c rotation.

Thus, there is still much confusion and no really 
clearcut data have been presented to distinguish between the 
models presented in Figs. 1.13b and 1.13c.



Chapter 2
Kinetic study of quinol oxidase activity.
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2.1 Introduction
The experiments described in this chapter can be 

divided into four major categories. The first group of 
experiments described were designed to look at quinol 
oxidase activity in the native membrane, in the form of 
submitochondrial particles. As described in the previous 
chapter, much of the discussion on the mode of interaction 
of Complex III, cytochrome c and cytochrome c oxidase is 
based on data obtained for the individual solubilised 
enzymes. The use of submitochondrial particles was an 
approach to looking at this activity in a more natural 
system. The results of these studies were, however, rather 
too complicated to analyse satisfactorily. Thus a 
reconstituted system was established using cytochrome c 
reductase and oxidase isolated from beef heart mitochondria 
and purified horse heart cytochrome c, in which both the 
enzymes and cytochrome c were all present in the same 
membranous aggregate. The second group of experiments 
describe the preparation and characterisation of such a 
system. The methods for isolating each of the enzymes were 
chosen to avoid the use of non-ionic detergents, such as 
Triton X-100, as they are usually harder to remove by 
dialysis or centrifugation and thus interfere with the 
reconstitution process. In general detergents which form 
large micelles and have a low critical micelle concentration 
are less suitable for use in reconstitution studies. The 
general principles outlined by Hatefi et al^. (1962a) were 
used to establish a suitable method of reconstitution for 
the quinol oxidase system. A reconstituted system has 
several advantages over the natural membrane in that it 
lends itself to variation of the proportions of the 
components present. Thus the effects of altering the 
phospholipid to protein, cytochrome c to enzyme and 
Complex III to cytochrome c oxidase ratios can all be 
tested.

Most of the experiments in the remaining part of this 
chapter were aimed at examining the kinetics of the quinol 
oxidase system in a manner analogous to the experiments
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performed on the reconstituted NADH-cytochrome c 
oxidoreductase system (Ragan and Heron, 1978j Heron et al., 
1978). In both cases the questions to be answered concerned 
the mechanism by which a small redox carrier mediates 
electron transfer between two large integral membrane 
proteins. In both cases the two basic models which could 
be distinguished, using the principles outlined by Kroger 
and Klingenberg (1973a and b), were whether the intermediate 
carrier operated solely as a serial mediator from one 
electron transfer complex to the next or as both a serial 
and lateral mediator between individual respiratory chains. 
This latter mode of action implies a 'pool' function for the 
intermediate carrier, whereas the former has been considered 
as a stoichiometric interaction. A theoretical analysis of 
these results is developed in section 2.29 of this chapter.

The last series of experiments described in this 
chapter examined more directly the need for cytochrome c 
diffusion in the quinol oxidase system. Cytochrome c was 
covalently attached to cytochrome c oxidase to form a binary 
complex. This complex was initially made by Birchmeier et 
al' (1976) using both cytochrome c and cytochrome c oxidase 
from yeast. The two were covalently bonded via a disulphide 
linkage utilising the free sulphydryl group of cysteine 103 
on the back surface of the cytochrome c molecule and a free 
sulphydryl group on subunit III of tbe oxidase, A similar 
complex was prepared by Fuller et (1981) using yeast
cytochrome c and cytochrome c oxidase from beef heart.
Again the cytochrome c was linked to subunit III of the 
oxidase and was shown to be present in the high affinity 
site, as described previously (section 1.29). The complex 
prepared in this way was shown to be capable of electron 
transfer from artificial electron donors to cytochrome c, 
through to oxygen. However the complex was not capable of 
accepting electrons from added reduced cytochrome c. In the 
present context the cytochrome c - cytochrome c oxidase 
complex was used in the reconstitution of quinol oxidase to 
see if the covalently attached cytochrome c was capable of 
accepting electrons from cytochrome c reductase.
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2.2 Materials
All chemicals used in this and subsequent chapters were 

of reagent grade and obtained from B.D.H. Chemicals, Ltd., 
U.K., except where otherwise stated. The following 
chemicals were obtained from Sigma chemical co. Ltd., u.K.i 
duroquinone (tetramethyl-p-benzoquinone), Hepes (2-[N“2- 
Hydroxyethylpiperazine-N'-2]ethanesulphonic acid), Tris 
(Tris[hydroxymethyl]aminomethane), N,N,N’,N*-TMPD 
(N.N,N',N’-tetramethyl-p-phenylenediamine), antimycin A, 
cholic acid (grade II) and deoxycholic acid (grade II).
Both cholic and deoxycholic acids were used as solutions of 
their sodium salts. The c type cytochromes used in this 
study, type III, from horse heart and type VTII from 
Saccharomyces cerevisiae, were also obtained from Sigma. 
Sephadex G25 and g75 superfine were obtained from Pharmacia 
Fine Chemicals, Uppsala, Sweden. The uncoupling agent, 
bis(hexafluoroacetonyl)acetone was obtained from E.I. Dupont 
de Nemours and Co. (inc). Central Research Department, 
Experimental Station, Wilmington, Delaware, U.S.A. 
Ubiquinone-2 was a gift from Hoffman La Roche, Basel, 
Switzerland.

METHODS

2.3 Protein determinations.
These were carried out either by the 'Biuret' method 

(Gornall ^ sLi* > 1949) or by the 'Lowry* method (Lowry et 
al». 1951) using bovine serum albumin (Fraction V, Sigma 
Chemical Co. Ltd., U.K.) as the protein standard.

2_u4 Analysis of the total phospholipid content.
The total phospholipid content was determined by 

analysis of phosphate content after digestion with 
perchloric acid (Bartlett, 1969). Cytochrome c oxidase as 
isolated (see section 2.5c) was dissolved in 0.1 M potassium 
phosphate buffer, pH 7.4. Thus to remove the inorganic 
phosphate, samples of this enzyme were exhaustively dialysed
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against 4 changes of 1000 vols. 0.67 M sucrose/50 mM Tris- 
HCl, pH 8.0, over a 48 hour period at 4°C, prior to analysis 
by this method.

2.5 Preparation of enzyme complexes.
Complexes I, III and IV, can all be obtained from the 

same batch of mitochondria by selective solubilisation with 
the ionic detergents cholate and deoxycholate and 
fractionation with ammonium sulphate and ammonium acetate. 
Crude preparations of Complexes III and IV were obtained 
from the purification of Complex I from beef heart. Thus 
the necessary parts of the procedure for Complex I isolation 
will be described indicating the points at which crude 
pellets of the enzymes of interest were obtained. The 
methods described were chosen because they avoided the use 
of non-ionic detergents which may interfere in reconstitution 
studies. All stages of the preparation were performed at 
between 0 and 4 C. Buffers, ammonium acetate and ammonium 
sulphate solutions were prepared at 4°C. Routinely 10 fresh 
beef hearts were packed in ice at the slaughter house and 
used within one hour for each preparation.

2.5(a) Preparation of crude Complexes III and IV.
This procedure is essentially similar to that described 

by Hatefi and Rieske (1967).
day 1 Preparation of beef heart mitochondria.

The cardiac muscle tissue was cut from the hearts and 
trimmed to remove fat and connective tissue. The 'lean 
meat' was minced using a heavy duty industrial mincer and 
the mince weighed. The mince was suspended in 0.25 M 
sucrose/10 mM K.PO. (3 1/kg of mince). Aliquots of 800 ml 
were taken and homogenised for 45 s in a waring blender at 
top speed. Sufficient 6 M KOH was added to each portion to 
give a final pH of between 7.2 and 7.4. The homogenate from 
this stage was then centrifuged at 1600 x g for 7 min in an 
'MSB Mistral* centrifuge and the supernatants poured through 
muslin to remove any large fat particles. The supernatant
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was then diluted with 0.2 vol. of 0.25 M sucrose. The 
resulting solution was then centrifuged twice in a 
'Sharpies' continuous flow centrifuge at 65000 x g with a 
flow rate of approximately 500 ml/min. The mitochondria, 
collected as a dark brown precipitate in the rotor, were 
suspended in about 500 ml of 0.25 M sucrose, homogenised by 
hand and then centrifuged at 28000 x g for 15 min in an 
MSE '18' centrifuge. The supernatants were discarded and 
the pellets resuspended in 0.25 M sucrose. The resulting 
suspension was then centrifuged as before. This washing 
step was repeated until the supernatant obtained was no 
longer pink. Finally, the mitochondria were resuspended in 
0.25 M sucrose and a Biuret protein determination made.
The mitochondria were divided into batches containing 6 g 
of protein in approximately 100 ml, frozen at -20°C and 
stored for the next stage.
DAY 2

One 6 g batch of mitochondria was thawed and diluted 
with 0.67 M sucrose/50 mM Tris-HCl, pH 8.0, to give a final 
protein concentration of 23 mg/ml. Sodium deoxycholate 
(2.73 ml of a 10% (w/v) stock solution) and solid KCl 
(3.33 g/g of protein) were added with continuous stirring. 
After stirring for a further 5 min the suspension was 
centrifuged at 75000 x g for 30 min in an MSE '65' 
centrifuge. This step yields a green pellet containing 
crude cytochrome c oxidase which was suspended in a minimum 
volume of 0.67 M sucrose/50 mM Tris-HCl, pH 8.0, and stored 
frozen at -70°c ready for further purification. The red 
supernatant was diluted with 0.25 vol, of cold distilled 
water and centrifuged again at 75000 x g for 30 min as 
above. The supernatant obtained from this stage was 
dialysed against 4 1 of 10 mM Tris-HCl, pH 8.0, for 1 to 2 
hours until the solution became turbid. The suspension was 
centrifuged at 120000 x g for 75 min. The supernatant from 
this step and any loose material on the surface of the 
precipitate were discarded. The precipitate was suspended 
in a small volume of sucrose/Tris buffer and stored frozen
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at -20°C. This stage was repeated until all the mitochondria 
had been processed.
DAY 3

The suspensions from the previous stage were thawed, 
pooled and homogenised by hand. The protein content was 
determined by the 'Biuret’ method and the concentration 
adjusted to 10 mg of protein/ml with sucrose/Tris buffer, 
sodium deoxycholate (4.55 ml of a 10% (w/v) stock solution/g 
of protein) was added slowly to the stirred suspension.
Then 50% saturated ammonium acetate (17.25 ml/g of protein) 
was added in a similar manner. After 5 min the suspension 
was centrifuged at 75000 x g for 30 min in an MSB '65' 
centrifuge. To determine the amount of ammonium acetate to 
be added in the next stage a sample titration was performed. 
Samples of the supernatant (10 x 5 ml) were treated with 
between 5 and 9.5 ml of ammonium acetate/100 ml of 
supernatant. After thorough mixing these samples were 
centrifuged at 75000 x g for 30 min. The tubes were 
examined for the presence of a 'red button’ lying below the 
larger light brown precipitate. The amount of ammonium 
acetate required to give a small but distinct red button was 
chosen and added to the remaining supernatant. The ammonium 
acetate was added slowly with stirring and after standing 
for 5 min the suspension was centrifuged at 75000 x g for 
30 min. The resulting supernatant was pooled with those 
obtained from the titration tubes which contained a red 
button. The supernatant from this stage should contain all 
of the NADH-ubiquinone oxidoreductase activity originally 
present and assays were routinely done to check this.
Ammonium acetate (3.5 ml of a 50% saturated solution/100 ml 
of supernatant) was added with stirring and after 5 min the 
resulting suspension was centrifuged at 75000 x g for 40 
min. If more than 15% of the NADH-ubiquinone oxidoreductase 
activity was present in the supernatant at this stage, a 
further addition of ammonium acetate was made (0.5 ml/100 ml 
of supernatant) and the centrifugation step repeated. When 
less than 10-15% of the activity remained in the supernatant,



-89"

the precipitate, containing pure Complex I-III was dissolved
in a small volume of sucrose/Tris buffer and frozen at -20°C 
until the next stage. The supernatant from this stage was 
treated with solid ammonium acetate (450 g/l of supernatant), 
The resulting suspension was centrifuged at 75000 x g for 
40 min. The supernatant from this centrifugation step was 
discarded and the pellet, containing crude Complex III, was 
dissolved in a small volume of sucrose/Tris buffer, frozen 
and stored at -70°C ready for further purification.

2.5(b) Purification of Complex III.
This procedure is essentially similar to that described 

by Pieske (1967). The suspension of crude Complex III from 
day 3 (section 2.5a) was thawed and homogenised by hand.
The protein content was determined by the 'Biuret' method 
and the concentration brought to 10 mg of protein/ml with 
0.67 M sucrose/50 mM Tris-HCl, pH 8.0. sodium cholate 
(0.114 ml of a 20% (w/v) stock solution/lO ml of the 
Complex III suspension) was added with continuous stirring 
followed by saturated ammonium sulphate to 35% saturation 
(5.4 ml of saturated ammonium sulphate/10 ml of supernatant). 
The resulting suspension was left for 5 min before 
centrifugation at 75000 x g for 15 min in an MSB '65' 
centrifuge. The precipitate was discarded and saturated 
ammonium sulphate added to the supernatant to 40% saturation 
(0.835 ml of saturated ammonium sulphate/10 ml of 
supernatant). The resulting suspension was left for 5 min 
before being centrifuged as in the previous stage. After 
this stage two paths were possible depending upon the extent 
of the initial solubilisation. (i) if most of the red 
material had been precipitated the pellet was redissolved in 
sucrose/Tris buffer and added back to the supernatant. Half 
the total volume of 20% (w/v) sodium cholate which had been 
added in the initial solubilisation of the crude Complex III 
was then added to this solution. Saturated ammonium 
sulphate was then added to 42% saturation. (ii) if most of 
the red material was not precipitated the pellet was 
discarded and saturated ammonium sulphate added to the



-90-

supernatant to 42% saturation (0.345 ml of saturated 
ammonium sulphate/10 ml of supernatant)• in either instance 
the resulting suspension was centrifuged at 75000 x g for 
15 min. The precipitate obtained at this stage occasionally 
contained a considerable proportion of the Complex III and 
was thus retained for analysis of the cytochrome c^ content. 
Only batches with greater than 3.5 nmol of cytochrome c^/mg 
of protein were used in the experiments described in later 
sections. The supernatant from this stage should contain 
most of the Complex III and this was precipitated by the 
addition of saturated ammonium sulphate to 48% saturation 
(1.15 ml of saturated ammonium sulphate/10 ml of 
supernatant). The resulting suspension was centrifuged at 
75000 X g for 15 min. The supernatant was discarded and the 
red precipitate dissolved in a small volume of sucrose/Tris 
buffer. The precipitate from this stage was quite 
frequently found to float and was recovered by filtration of 
the infranatant liquid through glass wool. The solid dark 
red material vas dissolved in a small volume of sucrose/
Tris buffer. After determination of protein content by the 
'Lowry' method, Complex III was stored at -70°C in 5 to 10 
mg aliquots at a protein concentration of between 15 and 40 
mg/ml. The yield of protein was routinely 0.8% of the 
starting material. The molarity of Complex III solutions 
(section 2.13) was based on the cytochrome c^ content and an 
assumption of one cytochrome c. per molecule of enzyme. The 
cytochrome c^ content of Complex III was routinely between
3.5 and 4.0 nmol/mg of protein. The spectrum of a typical 
sample of Complex III is presented in Fig. 2.1. Purity was 
also checked by SDS-polyacrylamide gel electrophoresis.
Fig. 2.2 is a photograph of such a gel showing the 
electrophoretic pattern for Complex III isolated in this 
way. The conditions for sample preparation and 
electrophoresis are given in the figure legend. The major 
bands have been labelled.

2.5(c) Purification of Complex IV.
This procedure is essentially similar to that described



Figure 2,1: spectra for the determination of the molarity 
of solutions of Complex III and Complex IV.

(a) The ascorbate reduced minus ferricyanide oxidised 
spectrum of a solution of Complex III (1 rag of protein per 
ml in 0.67 M sucrose/50 mM Tris-HCl, pH 8.0).
(b) The dithionite reduced minus ferricyanide oxidised 
spectrum of a solution of Complex IV (1 mg of protein per 
ml in 0.1 M potassium phosphate buffer, pH 7.4),
Molarities were determined as described in section 2.13.
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