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The aim of this study was to elucidate the mode of action
of cytochrome ¢ in mediating electron transfer from
ubiquinol-cytochrome ¢ reductase (Complex III) to
cytochrome ¢ oxidase (Complex 1V). 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 ¢, 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 ¢ - cytochrome ¢ 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been replaced by dimyristoylphosphatidylcholine.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 ¢ as a mobile, lipid associated pool mediating
electron transfer between separate, freely diffusing
molecules of Complex III and Complex IV.



ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr. Ian Ragan
for his help and patience during the production of this
thesis and Professor M. Akhtar for providing the excellent
research facilities within the department. I would also
like to thank Mike Cleeter for running the polyacrylamide
gels; Dr. V.M. Poore for her help in the initial stages of
the ESR work and the members of the Ragan Empire for
helpful discussions. Thanks are also due to Hoffman La
Roche (Basel, Switzerland) for the kind gift of the
ubiquinone-~2 used in this study and to the Science and
Engineering Research Council for providing the financial
support for this work. I would like to express my
gratitude to Mrs. Fiona Daniels for typing this manuscript
(and remaining my friend). Finally, I would like to thank
my husband Steve and Fiona's husband Rob for their patience
during the production of this thesis.



To my family and friends

with many thanks.

Anyone who loves knowledge wants to be told when he is
wrong. It is stupid to hate being corrected.

(Proberbs 12:1)

Praise the lLord, my soull! All my being, praise his holy

name! (Psalms 103:1)



PUBLICATIONS

Some of the work presented in this thesis has already
been reported in the following publication;

Diggens, R.J. and Ragan, C.I. (1982). Properties of
ubiquinol oxidase reconstituted from ubiquinol-cytochrome c
reductase, cytochrome ¢ and cytochrome c oxidase.
Biochem J. 202, 527-534.




CDNP-lysine
CL
CM-cellulose
Complex III
Complex IV
DABS

DMF

DMPC

DTNB
Duroquinone
EDTA

ESR

Hepes

ITCSL

MSL

NADH

NAP-taurine

NMR

N,N,N',N'~TMPD

PC
PE

O/ QH,
SDS
SMP
SuCSL

Te
TLC

TNB-cytochrome c

Tris
Vl spectrum

V2' spectrum

ABBREVIATIONS

carboxydinitrophenyl=-lysine

cardiolipin (diphosphatidylglycerol)
carboxymethylcellulose
ubiquinol~cytochrome ¢ reductase
cytochrome ¢ oxidase
diaminobenzenesulphonate

dimethylformamide
dimyristoylphosphatidylcholine (1, 2-
ditetradecanoyl~sn-~glycero-3-phosphocholine)
5,5'=dithiobis~(2~nitrobenzoic acid)
tetramethyl-p~benzoquinone
ethylenediaminetetraacetic acid

electron spin resonance

2= (N=2-hydroxyethylpiperazine-~N'-2)ethane~-
sulphonic acid
3-(isothiocyanatomethyl)-2,2,5, 5~
tetramethyl-l-pyrrolidinyloxyl
3-maleimido~2,2,5,5~tetramethyl-1~
pyrrolidinyloxyl

nicotinamide adenine dinucleotide

(reduced form)
N-(4-azido-2-nitrophenyl)-2-aminoethyl-
sulphonate

nuclear magnetic resonance
N,N,N',N'-tetramethyl-p-phenylenediamine
phosphatidylcholine
phosphatidylethanolamine

oxidised/reduced ubiquinone

sodium dodecyl sulphate

submitochondrial particles
succinimidyl-2,2,5,5~tetramethyl-3-
pyrrolin-l-oxyl-3-carboxylate

rotational correlation time

thin layer chromatography
thionitrobenzoate derivative of cytochrome ¢
I'ris(hydroxymethyl )aminomethane
conventional first derivative ESR spectrum

saturation transfer ESR spectrum



Page

CHAPTER 1: INTRODUCTION

General Introduction

1.1 Historical background

1.2 Aims of this work 3

An Introduction to Cytochrome c

1.3 Properties of c~type cytochromes 5

1.4 Location of cytochrome ¢ in the cell 7

1.5 Purification of cytochrome ¢ 8

1.6 The structure of cytochrome ¢ 9
Modifications of cytochrome ¢ 12

1.8 Comparison of oxidised and reduced forms of 14
cytochrome ¢

1.9 Interaction of cytochrome ¢ with its redox 16
partners

1.10 Interaction of cytochrome c with ions 22

1.11 Interaction of cytochrome ¢ with phospholipids 23

1.12 The mechanism of cytochrome ¢ redox reactions 26

1.13 The motion of cytochrome ¢ in situ 29

An Introduction to Complex III

1.14 General introduction 30

1.15 Role of phospholipid in Complex III 30

1.16 Polypeptide composition and function of 31
Complex III

1.17 Topology of Complex III 34

1.18 Location of subunits within Complex III 35

1.19 Mechanism of electron transfer within 38
Complex III

1.20 Interaction of cytochrome ¢ with Complex III 42

1.21 Motion of Complex III in phospholipid 44
membranes

An Introduction to Complex IV

1.22 General introduction 45

1.23 Role of phospholipids in Complex IV 46



1.24 Subunit composition and function of
Complex IV
1.25 Asymmetric location of Complex IV across
the membrane
1.26 Functional species of Complex IV may be a
dimer
1.27 Reaction catalysed by cytochrome ¢ oxidase
1.28 Proton translocation by cytochrome ¢ oxidase
1.29 Interaction of cytochrome ¢ with its oxidase
1.30 Mobility of cytochrome ¢ oxidase
1.31 Current theories on the interaction of
cytochrome ¢ with its redox partners during
electron transfer
CHAPTER 2: KINETIC STUDY OF QUINOL OXIDASE ACTIVITY
Introduction
. Materials
Methods
2.3 Protein determinations
2.4 Analysis of the total phospholipid content
2.5 Preparation of enzyme complexes
(a) Preparation of crude Complexes III and IV
(b) Purification of Complex III
(c) Ppurification of Complex IV
. Preparation of SMP by ultrasonication
. Preparation of mixed soya-bean phospholipids
from 'L- ~Lecithin®
2.8 Reconstitution of quinol oxidase activity
from Complexes III and 1IV
2.9 Assays of quinol oxidase activity
2.10 Assays of cytochrome c¢ reductase activity
2,11 Assays of isolated Complex IV
2.12 Assays of enzymes containing a high 1lipid
to protein ratio
2.13 Determination of molarities
2.14 Preparation of reduced quinones

58

59
65
66
70
72

83
85

85
85
86
86
89
90
94
95

95

96
97
99
102

103
104



2.16
2.17

Results

2.18

2.19
2.20

2.21

CHAPTER

Preparation of reduced, monomeric horse
heart cytochrome c

Measurements of cytochrome ¢ binding
Preparation of a cytochrome ¢ - cytochrome ¢

oxidase covalent complex

Quinol oxidase activity of submitochondrial
particles

Reconstitution of quinol oxidase activity
The effect of increasing the phospholipid to
protein ratio on quinol oxidase activity

The dependence of quinol oxidase activity on
the molar ratio of Complex III to

cytochrome ¢ oxidase

variation of activity with pH and buffer
composition

Binding of cytochrome ¢ to Complex III and
cytochrome ¢ oxidase

Binding of cytochrome ¢ to reconstituted
quinol oxidase

Cytochrome c titrations of gquinol oxidase
activity reconstituted under non-standard
conditions

Antimycin A inhibition of quinol oxidase
activity

Steady state redox behaviour of cytochrome ¢
+cy
Characterisation of the cytochrome c -

cytochrome ¢ oxidase complex

Discussion

3+ TEMPERATURE DEPENDENCE OF QUINOL OXIDASE

ACTIVITY

Introduction
Materials

108

112
115

118

122

124

127

132

133

139

146

152

172
175



Methods

3.3

Precautions for measuring enzyme activities
at different temperatures

Calibration of the oxygen electrode

Lipid replacement

Extraction and characterisation of

phospholipids

3.7 Reconstitution of quinol oxidase activity
from lipid-replaced enzymes

Results

3.8 Replacement of the natural lipids of
Complexes III and IV with DMPC

3.9 Reconstitution of DMPC-replaced Complexes
III and IV to give antimycin A-~sensitive
quinol oxidase activity

3.10 The Arrhenius behaviour of cytochrome ¢
reductase and cytochrome ¢ oxidase activities

3.11 The Arrhenius behaviour of reconstituted
quinol oxidase

3.12 Discussion

CHAPTER 4: STUDY OF THE ROTATIONAL MOBILITY OF THE

PROTEIN COMPONENTS OF QUINOL OXIDASE USING
ELECTRON SPIN RESONANCE SPECTROSCOPY

4.1 Introduction

4.2 Materials

Methods

4.3 Gel filtration

4.4 Preparation of a spin~labelled derivative of
cytochrome ¢ using succinimidyl-2,2,5,5-
tetramethyl-3-pyrrolin-l-oxyl-3~-carboxylate

4.5 Preparation of a spin-labelled derivative of

cytochrome ¢ using 3-(isothiocyanatomethyl)-
2,2,5,5~-tetramethyl~1l-pyrrolidinyloxyl

175
176
176

178

179

181

185

186

197

202

207
212

212
212

213



4.10

4,11
4.12

4.14
4.15

4.16
(a)
(b)

4,17

Results

4.18

4.19
4.20

Preparation of spin-labelled derivatives of
cytochrome ¢ using 3-maleimido-2,2,5,5-
tetramethyl-l-pyrrolidinyloxyl

Synthesis of methylacetimidate

Determination of available sulphydryl groups
in yeast cytochrome ¢

Cysteine and ferricyanide treatment of
MSL-labelled cytochrome ¢

Preparation of samples containing MSL-labelled
cytochrome ¢ bound to Complex III or 1V for
ESR spectroscopy

Cytochrome ¢ absorption to CM~cellulose
Preparation of a spin-labelled derivative of
Complex IV using 3-maleimido-~2,2,5,5-
tetramethyl-l-pyrrolidinyloxyl (MSL)
Preparation of a spin-~labelled derivative of
Complex III using 3-maleimido-2,2,5,5-
tetramethyl=-l-pyrrolidinyloxyl (MSL)
Cytochrome ¢ binding to liposomes

Preparation of samples containing lipid bound
MSL-labelled cytochrome ¢

ESR spectroscopy

Conventional ESR spectra (Vl)
Saturation transfer ESR spectra (VZ')
Measurement of rotational correlation times
from Vl and VZ' spectra

Development of an appropriately spin-labelled
derivative of cytochrome ¢

Studies on MSL-labelled Complexes III and IV
MSL-labelled cytochrome ¢ in association with
its redox partners

MSL-labelled cytochrome ¢ in assocliation with
phospholipid vesicles

Discussion

218
218

219

219

220
220

221

221
223

223
224

224
228

233

245
248

255

266



CHAPTER 5: DISCUSSION

5.1 General discussion 273

5.2 Evidence for cytochrome ¢ pool behaviour 274

5.3 Is the cytochrome ¢ pool scluble or membrane 278
bound? '

5.4 How does cytochrome ¢ move between its redox 284
partners?

5.5 Anomaly of stoichiometric cytochrome ¢ binding 290

References 292



Chapter 1

Introduction



ceneral Introduction

1.1 Historical background.

Much of the energy required by eukaryotlic cells is
produced in the mitochondria, subcellular Srganelles which
are pounded by two membranes, the inner of which is highly
convolutecd. It has been known £or some years now that the
enzymes for the final stage Of respiration, the electron
transport chain, are associated with the inner mitochondrial
menbrane. Fhese enzymes catalyse the passage of electrons
from NADH and reduced flavoproteins, produced 1n the
metabolism of foodstuffs, to oxygen. [hese 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 1in many
orokaryotic cells although oxygen is not always the final
acceptor. The chaln can be consldered to consist oF 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 Zorm Df useful chemical enerygy and secondly isopotential
electron carriers which transfer 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
prostnetic groups. Carriers of the latter class are the
lipid soluble ubliquinone molecule and cytochrome c, a

veripheral membrane protein.

Tne sequence of the redox components in intact
mitochondria was first studied by examining their
spectroscopic properties. Much of this early work was
reviewed py Chance and w~illiams (1956) who suggested a
scheme of 1nvolvement for the then identified components,
the Zlavoproteins and cytocnromes. These techniques are
linited to the examination oOf spectroscopically visible
comsonents. The 1solation of sections of the resplratory
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).

3y 1901, Complexes I, IIL, III and IV had been partially
ourified 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 ¢ (Hatefi et al., 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 Comnlex I : 2 Complex
II : 3 Complex III : 6 cytochrome c : 6 cytochrome ¢ oxidase.
Ubiquinone is thought to be oresent in a -3 fold molar

excess over cvtochrome c oxidase.

1.2 Alms 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 1in which the three protein components, Complex III,
cytochrome ¢ 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 resplratory chain
catalysing electron transfer from ~NADH to cytocnrome ¢
(Ragan and Heron, 1978; Heron et al., 1978 and 1979). Here
the electron carrier between the two proteins is the lipid
soluble ubiquinone molecule. KrSger and Klingenberg

10

(1973a and b) had already demonstrated that ubiquinonelo
functions as a uniform pool, by quantitatively correlating

the steady state redox level of ubiquinone and the

10
Kinetics of its oxidation and reduction with the overall
flux of electron transport through the system. However,
the Kinetic studies of 2agan and coworkers revealed the
nOossible existence of a transient ternary complex, between
Complex I, ubiquinonelo and Complex III under low lipid to

orotein ratios, which was capable of electron transfer.



This suvercouplex nay ce the active unit For electron
transfer from .ADH to cytocarome c in nltochondria.
Commaring this svsten to “he section of the resoiratory
chailn catalysing the reaction from quinol to oxygen, one
najor difference is immecdiately obvious. The internediary
electron carrier 1s a rnerivnheral membrane orotein,
Cytochrome ¢, not a small lipid soluble molecule like
ubiquinone. Cytochromne ¢ is located on the Cytoplasmic
side 0of the inner wmitochondrial membrane, however its exact
location at any time witn respect to the lipid bilayer and
the enzymes with which it interacts during electron transfer

are less clearly defined.

In order to clarify sone of the problems concerning
Oow Complex III, cytocnrome ¢ and Complex IV i1nteract in
the menbrane, a reconstituted, menbranous guinol oxidase
sveten containiny all taree cowponents was established.

ly the oroblem was aporovached by studylng the kinetics

-
[t
n
[u

DI the system under various conditions and by monitoring

—~

the steady state redox level of cytochrome c + cy o
establish whether these cdata were consistent with pool
<lnetics. they were subjected to an analysis similar to

n
that of Krgger and Klingenberg (1973a and b). [he
temperature dependence of the quinol oxidase reaction was
also studied using lipid-depleted or enriched enzynes and
also under conditions of defined 1linid composition. In the
latter experiments enzymes were used whose natural linid
nad been exchanged for dimyristoylphosphatidylcholine (LMPC).
A Ccross-linked cytochrome c - Cytochrome ¢ oxidase complex
was also n»nrepared to investigate the necessity for
Cytocnrome ¢ mobkility. Lastly, spin labelled derivatives
Of the proteln components of the system were prepared and
electron soin reszonance Spectroscopy used Lo assess bhelr

nobility under varsious conditions,

The remainder of this chapter has been devoted to an
introduction to the present Knowledge of each of the three
components involved in this study, cytochrome ¢ and

Comolexes III and IV. In section 1.31 the cossible ways in



which the three components could lnteract has been considered

in the licht of the current literature.

An Intreoduction to Cytochrome ©

1.3 Properties of c-type cvtochromes.

-type cytochromes seem to pe common to many forms of
electron transport chain and are defined as proteins having
one or more protoheme IX prosthetic groups covalently bound
£o the polyveptide chailn 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., Up till 1979 c~-type
cytochnromes had been 1solated and completely sequenced from
at least 30 eukaryotlic species and at least partially
sequenced Irom 26 prokaryotic species (Tiunkovitch, 1979).
from the wealth of sequence data that nas accumulated it 1is
felt that these cytochromes form a homologous, closely
related evolutionary series and comprehensive reviews are
available on this subject (Dickerson and Timkovitch, 1975;
Ferguson-+iller et al., 1979%a). From the physical data,
mammalian mitochondrial cytochrome ¢ seems to fit into a
subclass whilich can be grouped as having a relatively high
redox potential, 1in the range from +150 to +380 mv,
consisting of a single polypeptide chain (85-135 residues
lonyg) and containing a single heme prosthetic group
covalently bound near the w~terminal. The axial ligands in
this group are usually the imlidazole ring nitrogen of
histidine 18 and the sulphur of methionine 80 (numbered

according to the horse proteln).

Cytochrome ¢ from such sources as bakers yeast and
horse heart, as used 1in this study, are small, globular,
water goluble molecules. The protein contalns more basic
than acidic charges giving it an overall pI of greater than
10. The surface of the protein hasg a nett charge of +3 at
neutral pH although thils charge is assymmetrically located

gliving it a significant dipole moment (Xoppenol and
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Fiqure 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).



‘argollash, 1982). The nature of heme molietlies in proteins
is areatly modified by the oolycepticde component. I'he
oroteln controls the function the heme will perform,
magnifying one property while lnhipiting others. For
instance. 1in the case 0f the cytochromes the electron
transfer activity of the reme group 1is enhanced while 1in
nemoglobing ard myoglobins., the heme has been adapted for
oxygen carrying, forming a stable lntermediate wilth oxygen
while undergoing no redox cnanges (Ferguson-siller et al.,
197%a). Cytochrome ¢ in its native conformation is
unreactive towards such hene ligands as cyanide, CUO, ~NU and
O, and 1s not autooxidisaple. shen the protein's integrity
is destroved, by extreme aclcd or alkaline treatment,
reactivity with these ligands is similar to that of the
non-enzvmatlic species hematin. It has been shown using
rodel compounds that the midooint potential is also
controlled by the nolypeptide, since a heme molety with the
same ligands as seen ln cvtocnrome C has a midopolnt
cotential of -3 mV 1in an agueous environment compared with
around +250 mV in the hvcrosnoblc environment provided by
the protein (Timkovitcn, 1279). ne malntenance of such
croverties as the redox notential and unreactiveness of the
heme provides a means of establishing the intactness of the
orotein. This 1s also characterised by spectral properties,
for example the presence of a band at 995 nm in the oxidised
form indicates that the methlonine - iron - histidine

linkage 1s 1ntact.

1.4 Location of cytochrome ¢ in the cell.

Cytochrome ¢ from mamunallian heart mitochondria is a
peripheral membrane protein located 1in the intermembrane
svace, pnossibly in association with the phospholipids and/
or oroteins of the inner mitochondrial membrane. That this
crotein 1s located externally to the inner mitochondrial
membrane 1s supported by several lines of evidence, some oOf
which are presented here (see review by nNicholls, 1974 and
references therein). (a) antipodies raisecd specifically

against cytochrome ¢ are effective 1nhlbltors of electron



transoort in mitoplasts. Inhibition of electron transport
1n 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. TI'he removal of
cytochrome ¢ 1s parallelled by a decrease in respiratory
activity which can be relieved by restoration of

cytochrome c. The K, for cytochrome ¢ 1in restoring
respiratory activity 1is 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
Ccytochrome c by the membrane impermeant reagent, ascorbate,
in the vpresence 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) Reduced 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

detergent.

1,5 Purification of cvtochrome c,

Mitochondrial cytochrome ¢ was first isolated in an
lmpure form by Xeilin (1930) from Lelft yeast. Since this
first isolation several changes in orocecure, including the
introduction of cation exchange resins have resulted in
greatly 1mproved 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). The general orinciple involves
displacing the cytochrome ¢ from a suitaple tissue
oreparation with aluminium sulphate at oH 4.5. Removal of
the aluminium ions allows collection of the protein on a
cation exchange resin. Ffurther purification is achieved by

ammonium sulphate fractionation and cation exchange



chromatography.

Pure mammalian heart cytochrome ¢ has an iron content
of 0.45% and a molecular welght of close to 12400 daltons,

with some species variation.

1.6 The structure of cytochrome c.

From the vast accumulation of sequence data,
cytochrome ¢ 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 ¢ has been
crystallised from several species and electron density maps
to varying degrees of resolution have been obtained for the
orotein from horse heart (Dickerson et al., 1971), bonito
(Ashida et al., 1973) and tuna (Swanson et al., 1977;
Takano et al., 1977; Takano and Dickerson, 198la and b) as
well as from three prokaryotic species (Dickerson and
Timkovitch, 1975). All the eukaryotic cytochromes ¢ 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
cvtochromes ¢ (Margoliash, 1972). Cytochrome ¢ conforms to
the oil droplet principle of many clobular, 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 chalins 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 cytochrome ¢ can be explained. Facing the exposed heme
edge, with pyrrole rings 1 and 2 at the top, the N terminus
starts as an oo—helix at the top of the protein from residues
1-12. Residues 14-17 are orilented for binding pyrrole rings
1 and 2 to cysteines 14 and 17 while putting histidine 18 1in
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 o«—helix perpendicular to the heme,
crossing the N terminal helix and adding substance to the
too of the molecule (Timkovitch, 1979). Sequence additions
and deletions in different species are observed mainly at

ma jor bends in the cytochrome fold. In all species studied
these changes are i1ncorporated by forming additional loops
or by shortening intermecdiate reglons such that the
volypeptide chain returns to the same backbone shape and

preserves the heme crevice structure.

The stability of the heme crevice of cytochrome ¢ has
been measured by Osheroff et al. (1980a) for cytochromes c
which contain single residue modifications and for the
oroteln isolated from different species. 2By 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 nheme crevice structure.
lhese interactions were a salt bridge at the top of the henme
crevice between the £~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 thne crevice between the

amino group of a lysine, residue 793 and the backbone carboxyl

agroup of residue 47. fhe stabllity 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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svecific anlons such as phosphate and ciltrate (section 1.10).

1.7 Modifications of cytochrome cC.

Because the structure of cytochrome ¢ 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. [o assess the effect of changing one
amino acid 1t 1s necessary to ensure that the overall
protein structure has not been affected. Lists of
modifications and their results have been presented oy
drautigan et al. (1978a) and Ferguson-¥iller et al. (1979a)

and onlyv a prief summary will be included here.

I'ryotophan 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 1n
structure indicate the importance of such residues for
structural stabllity. Electron transfer activity 1is also
affected put this 1s 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 al., 1973 and the proposals
of +infield and Dickerson described in section 1.12). The
modification of tyrosine 74, the only surface tyrosine
residue, using lactoperoxidase catalysed iodination is
interestiny since it altered neither the gross structure nor
the activity, indicating that this residue is not lmportant

in electron transfer (Osheroff et al., 1977).

Derivatisation of either methionine 80 or histidine 18
causes disruption of the axlal ligand bonds to the heme iron
and usually results in loss of structural integrity, as
monlitored oy the decrease in the 695 nm band (section 1.3)
and loss of electron transfer activity. Modification of tne

surface 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
oresent 1n many cytocnromes c. Yeast cytochrome ¢ contains
one extra cysteine residue at position 103, which i1s located
on the pack surface of the molecule. This residue can be
used to dimerise the protein via a disulphide linkage or to
introduce a strong negative charge (803*) with no resultant
change in structure or function. T[his 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 ¢ is functionally
imoortant is exemplified by the sensitivity of its
interactions and reactions, with lipids and its redox
vartners, to ionic strength (Nicholls, 1974). The reaction
of cytochrome ¢ with its oxidase is also inhibited by the
presence of polycations such as polylysine. The involvement
0of charge in the interaction of cytochrome c with its redox
nartners could be interpreted in two ways. Elither the
overall charge 1s 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 ¢ 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
okbtained using nany reagents to modify cytochrome ¢ indicate
that specific cationic charges on some lysine residues are
lmportant 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 ¢ oxidase unimpaired

(Hettinger and Harbury, 1964; prittain 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 ¢ for its
redox partners, however, these results will be considered in

more detalil in section 1.9.

Because charge seems to be such an important feature,
it is expected that hydrolysis of any glutamine or
asvaragine residues to the corresponding acids would cause
changes 1n 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. Two 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 gt al., 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 198la and b) have achieved
greater resolution for tuna cytochrome ¢ 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 peen reviewed by Margoliash and schejter
(1965), Salemme (1977) and TIinkovitch (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
Kinetics, ability to bind inorganic ions and in binding as

a macromolecule to ionic resins. sSome titrable side chains
behave with apparently different pKy's in the two forms and
the rate of hydrogen deuterium exchange at peptide bonds is
greater 1in the ferric form. northrup et al. (1980) implied
greater atomic motion and Lden et al. (1982) showed a
greater adliabatic compressibility in the ferric form,
consistent with these observations. sosshard and Zurrer
(1980) have shown localised conformational changes on the
surface of the molecule to the lower left and below the heme
crevice. [hese changes were inferred from studies on the
differential chemical reactivity of surface lysine residues
in the two redox states. They found decreased reactivity
0f lysiunes to the lower left ancd 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 chancges do
occur in the arrangement of individual amino acids and
trapped water molecules. rakxano and Dickerson (198la and b)
also show a change in the heme structure. In the oxidised
state the heme ring 1is 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
(1981b) for the crystalline protein were interpreted as
effects rather than causes of the 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 cvtochrome ¢ 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 ¢ and negatively charged
groups on the surface of its redox partners. It 1is
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 (Xoppenol et al., 1978). The area on the
cytochrome ¢ molecule which interacts with its redox
vartners has been studied by various methods: (a) measuring
the kinetics of different singly modified cytochrome ¢
derivatives with cytochrome ¢ oxidase and reductase;

(b) looking at the differential chemical reactivity of
surface lysine residues of cytochrome ¢ free in 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 ¢
from different sources, both eukaryotic and prokaryotic, 1in

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 ¢ 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
cvytochrome 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
1s important. These authors saw some differences in the
reactivity of cytochrome ¢ 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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Figure 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 nolety has been
represented as a rectangular block with the solid side
recresentlny 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 croups on cytochrome ¢ 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 the complex being studied is not the
correct, active complex. The alternative technique of
measuring the kinetics of cytochrcme ¢ 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, 1in 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 £-amino groups of
lysine residues. From changes in reactivity observed for
residues in free cytochrome ¢ compared to cytochrome c
complexed to cytochrome ¢ 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 ¢ for Complex III and cytochrome ¢ oxidase were
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shown to be indistinguishable when defined solely in terms

0f the surface lysine residues involved.

A method for preparing cytochrome ¢ molecules modified
at single lysine residues with 4-chloro-3,5~dinitrobenzoate
to give the negatively charged carboxydinitrophenyl lysine
(CDNP-lysine) derivatives has been developed by Brautigan
et al. (1978b and c) and extended by Osheroff et al. (1980b).
Using the derivatives of Brautigan et al. (1978b and c),
Ferguson-Miller et al. (1978) have shown altered activities
for these derivatives with cytochrome ¢ oxidase. Compared
to native cytochrome ¢, cytochrome ¢ modified at lysine 13
was most affected. For the derivatives studied the
activities in the cytochrome ¢ oxidase reaction were
13<72<87<8<27<<22/99<39<60<native. 1In both this
work and that of Osheroff et al. (1980b) the order of
decreasing activity (increasing K,) was shown to correlate
with the order of decreasing binding (increasing KD).

Speck et al. (1979) have used similar derivatives and shown
the interaction domains on cytochrome ¢ to be similar for
the reaction with Complex III. Smith et al. (1980) have
used cytochrome ¢ modified at individual lysine residues by
trifluoroacetylation to study the interaction domain on
cytochrome ¢ for cytochrome ¢ oxidase and reductase. This
modification neutralises the positive charge of the &-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 et al., 1976 and 1977) they propose the lysine
residues 1in decreasing order of involvement, for the reaction
with c¢ytochrome ¢ reductase, are 13>72=79=27=87>8>88
and with cytochrome ¢ oxidase are 13>72=25=87>8 >79>27.
In all cases they found the Xy was increased for these
derivatives although the maximum velocity obtalnable was

unchanged.

The data obtained by these two methods, using singly
modified cytochrome ¢ derivatives and the differential

chemical reactivities of surface groups, have been compared
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by Rieder and Bosshard (1980) and shown to vield 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 B-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 the cytochrome ¢ 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 CDNP-lysine minus one charge
will affect the alignment even when the change does not
involve a lysine residue in the actual binding domain.
Changes 1n reactivity of these molecules are then due to
formation of inactive compléxes which, once formed, need
rotation of the cytochrome ¢ molecule to glve 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 ¢ oxidase,
which are in order of decreasing involvement, residues 13,
72, 86 and 27. In the case of cytochrome ¢ 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 ¢
avpears to pbe common for the interaction of cytochrome ¢
with both its redox partners in the electron transport
chain. Further to this, this area also seems to be common
for the interaction of cytochrome ¢ with cytochrome be
(Smith et al., 1980), cytochrome ¢ 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 ¢ 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 o~carbons of the residues and D is the point near the
P-carbon of phenylalanine 82, at which the dipole axis of
native cytochrome ¢ crosses the front surface of the
protein. (From Koppenol and Margoliash, 1982).
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et al., 1980; Speck et al., 1981). This area on
cytochrome ¢ 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 cvtochrome ¢ with ions.

As reviewed by Nicholls (1974) many ions affect the
properties of cytochrome c. It has already been noted that
Cytochrome ¢ 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 ¢ binding
to the high affinity site on cytochrome ¢ oxidase, while
polyvalent anions such as phosphate, ADP and ATP can almost
completely abolish cytochrome ¢ binding to this site
(Ferguson-Miller et al., 1976). Two phosphate binding sites
have been located on the surface of the cytochrome ¢
molecule in the vicinity of lysine residues 72 and/or 73 and
86 and/or 87 respectively (Osheroff et al., 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 ¢ on its redox partners. That this
electrostatic explanation is correct is supported by the
observation of an increased rate of electron exchange,
between cytochrome ¢ molecules of different redox states,
in the presence of phosphate. In this case the repulsion
which would exist between the two like charged surfaces 1s
reduced and thus the 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 to assay either Complex
ILI or Complex [V, as the presence of phosphate or chloride
can cause inhibition. Care should also be taken when

comparing rates measured under different ionic conditions.

A further electrostatic effect 1s observed when looking
at electron transfer from smnall charged molecules to
cytochrome c. The reactions between cytochrome ¢ and
ferricvanide, dithionite and ascorbate have all been shown
to be devendent upon ionic strength (Petersen and Cox, 1980a
and references therein). Ascorbate and dithionite reduction
of cytochrome ¢ are also inhibited when the protein is
complexed to cytochrome ¢ oxidase, as observed by Mochan and
Nicholls (1972) and Petersen and Cox (1980b) respectively.
To show that these effects are electrostatic in nature, a
study of the redox proverties of cytochrome ¢ using
volyanions to complex with the cytochrome ¢ was carried out
by Petersen and Cox (19380a). This work showed inhibitory
effects of complex formation for redox reactions between
cytochrome ¢ 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 ¢ by the
positively charged (phenanthroline)cobalt III ion.

1.11 Interaction of cytochrome ¢ with phospholipids.

That cytochrome ¢ can bind to phospholipid vesicles has
been shown by many technigues 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 ¢ (reviewed by wicholls, 1974). The interaction
is sensitive to ionic strength and is believed to be largely
electrostatic in nature. Addition of 0.4 M XCl 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. phosphatidylethanolamine and cardiolipin (also
called dipvhosphatidylglycerol) (Colbeau et al., 1971; <rebs
et al., 1979). Cytochrome c has been shown to bind most
tightly to negatively charged phospholiplds such as
phosphatidic acid, phosphatidylinositol, phosphatidylserine
and cardiolipin, however, of these only cardiolipin is
nresent in the inner mitochondrial membrane. There is somne
evidence that this binding is dominated solely by
neutralisation of charge. Green and Fleischer (1963) showed
no obinding to the zwitterionic phosphatidylcholine and only
linited binding to phosphatidylethanolamine which is the
salt of a strong acid and a weaker base. Cardiolipin
nowever could bind one cytochrome c molecule per 8-9
nshosvholipid phospvhates, compared to a ratio of 1 per 100
for phosphatidylethanolamine., The amount of binding seens
to reflect the number 0of negatively charged phospholipid
molecules present in the membrane (Green and Fleischer,
1963; van and Griffith, 1975). Recent determinations using
asolectin vesicles at very low ilonic strengths have shown a
ratio of one cytochrome ¢ bound per 14 phospholipid
ohosphate groups, wnich is close to the maximum surface
nacking possible (Cannon and krman, 1980). The ratio of

binding was again very dependent upon ionic strength.

Van and Griffith (1975) concluded that the electrostatic
interaction between cytochrome ¢ and phospholipid bilayers
is confined to the phospholipid head group region and argued
agalnst any deep penetration of cytochrome ¢ into the
nembrane. This conclusion was drawn from electron spiln
resonance studies using l1lipid spin labels which indicated
that the fluidity gradient of the phospholipid molecules
across the membrane was not effected by the binding of
cytochrome ¢. oOther 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 techniques for 1lipid
bilayers containing cytochrome ¢ oxidase which is intrinsic
to the nembrane. srown and aathrich (1977) used both

nuclear macgnetic resonance and electron spiln resonance to
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stucdy cytochrome ¢ binding to phospholipid vesicles
containing carcdiolivcin and phosphatidylcholine. They
confirmed that cytochrone ¢ 1s associated mainly via the
surface charges leaving the hydrophobic lipid bilayer
intact. In these experiments cytochrome ¢ was bound
preferentially to the cardiolipin molecules and formed
vatches of surface 1mmobilised phospnolipid head groups.
2irrell and Criffith (1976) also showed lateral phase
separation of cardiolipin from the bulk lipid phase in the
vresence of cytochrome c¢. [Despite these observations
Cytochrome c does appear to cause some physical changes in
the lipid bilayer since there are reports of cytochrome c
binding increasing ion permeability, inducing phase changes
and modifying the transition temperature of the membrane to
which it is complexed (wicholls, 1974 and references
therein). Jost of these changes are probaply localised and
may be caused simply by the surface disturbances with only
a small penetration into the bilayer, or by inducement of
non bilayver structures as seen by Le Kruijff and Cullis
(1920).

Cytocnrome ¢ seems to bind to poth mitochondrial
membranes (Vanderkool et al., 1973a) and synthetic bilayers
(Brown and n&thrich, 1977 and Teissie, 1981) with a
preferrecd orientation. vVanderkool et al. (1973a) reached
this conclusion from a study of the mobility of spin labels
attached to different positions on the cytochrome ¢ molecule.
Thus on binding spin labelled yeast cytochrome c to
mitochondrial membranes, a spin label attached to methionine
resicdue 65 showed a decreased mobility while one attached to
cysteilne residue 103 showed no change in mobility (see Fig.
1.3 for the relative positions of these residues). The same
crientation was implied by srown and wﬁthrich (1977) from
nuclear magnetic resonance spectroscopy data which indicated
that methionine 65 was closely associated with the membrane.
Teissie (1981) used fluorescence quenching to measure the
orientation 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 by a different domain to
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that observed for the interaction with its redox partners.
Some evidence to suggest that ferricytochrome ¢ is bound
more strongly than ferrocytochrome ¢ has been presented (as
reviewed by ~Nicholls, 1974 and Ferguson-Miller et al.,
1979%9a). The dissociation constant for the interaction of

-

cytochrome ¢ with phospholipvid membranes is in the range of
-8 )
10 © M (vanderkooi et al., 1973b).

1.12 The mechanism of cytochrome ¢ redox reactions.

Desvlte the vast structural knowledge of cytochrome c,
the exact details of how electrons are accepted from and
donated to 1ts physiological redox partners have not yet
been elucidated. 1In 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 1n the latter there are no
changes 1n 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 lnner sphere mechanism appears to operate
for the reaction of cytochrome ¢ with chromous ions, however
this causes major disruptions to the protein and is thus
unlikely to be physiologically significant (Ferguson-Miller
et al., 197%a). 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 ¢

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 ¢ (from Takano et al., 1973).
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phenvlalanine 10 and tyrosine 97 althouch in a later version
0f this theory the direct oxidation of the heme via the
exposed heme edge was postulated (salemmne, 1977). These
models were attractive 1n that they presented different
sites for the passage of electrons to and from the heme iron
which would allow cytochrome ¢ to form a stationary bridge
between its ohyvsiological oxidase and reductase. However
the theoryv was largely discrecdited when cytochromes c were
isolated which. although lacking some of the 'essential'
residues, were still active. 21so, the observation that
tyrosine 74 is not involved directly in electron transfer
(Osheroff et al., 1977) and that the energetic considerations
are not favourable, have led to the shelving of this
mechanism. A second mechanism was proposed by Salemme et al.
(1973a) which was originally intended to describe the
reaction of 2. rubrum cytochrome c, but was later extended
to mitochondrial cytochromes c (sSalemme et al., 1973b).
This mechanlism involved an essentially reversible electron
ransfer to and from the exposed heme edge. The mechanism
provosed facilitation by changes in internal hydrogen
bonding systems. The generallity of this mechanism has peen
questioned bv the absence of certain structures in ¢
cytochromnes from some specles. pBoth these mechanisms have

been discussed 1n greater detail by Salemme (1977).

Two other mechanisms are gtill thought to ke viable
althouch there is no evidence to distinguish between themn.
motn require the correct alignmuent of the heme moieties to
allow electron transfer to occur via the exposed heme edge.
One mechanism involves delocalised MM-orbital overlap between
the two hemes. There 1s some evidence that electrons are
celocalised towards the exposed heme edge in cytochrome ¢
(Timkovitch, 1979). The second involves the theory of
quantum mechanical tunnelling which considers an electron as
a wave with a finite probabllity of crossing a potential
parrier. 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

compounds have shown cytochrome ¢ to possess the physical
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properties required to be capable of elther of these
mechanisms (reviewed by Ferguson-dMiller et al., 1979a).

Even in non-vhysioclogical systems the exposed heme edge of
cytochrome ¢ seems to be involved in electron transfer
reactions. In many cases, for non-physiological redox
reactions with cytochrome ¢, 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-
vhysioloolical redox partners which implies a specific
alignment of the hemes during the reaction between
cytochrome ¢ 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 al., 1979a;

Timkovitch, 1979).

1.13 The motion of cytochrome ¢ in situ.

For an understanding of how cytochrome ¢ fulfils its
function of linking cytochromes ¢ reductase and oxidase, it
is 1mportant to know how fast it can move. It 1s by no
means certain where cytochrome ¢ 1s 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 1s 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 et al., 1982)
using fluorescence and phosphorescence anisotropy decay of
metal-free cytochrome ¢ and zinc cytochrome ¢ respectively,
bound to mitochondrial membranes and phospholipid vesicles,
has ylelded 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 ¢ remains attached
to and moves with one or a group of phospholipid melecules.
sound to the mitochondrial membrane, cytochrome ¢ had a much

slower rotational relaxation time (300 pus), with no motion
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in the sub nanosecond time range. This rotational
relaxation time 1s close to that seen for cytochrome ¢
oxlidase 1n mitochondrial membranes, as measured by Kawato
et al. (1930). Dixit et al. (1982) suggest that the
similarity of these rotational relaxation times is indirect
evidence that cytochrome c is associated with its oxidase

in the inner mitochondrial menbrane.

These aspects of cytochrome ¢ motion will be considered
in section 1.31 in conjunction with the motion of its redox

partners and the oroposed mechanlisms of electron transfer.

An Introduction to Complex [IT

1.14 General Introduction.

Complex III from beef heart (EC 1.10.2.2.) is a large
transmembranous multiprotein complex which 1s located in the
inner mitochondrial membrane and comorises some 10% of the
total orotein therein. It nas been variously called
Complex III, ubliguinol=-cytochrome ¢ reductase, cytochrome cC

recuctase and the bc, conplex. The last terin 1s however

1
sometimes used to descrice the complex devoid of one of its
subunits, namely the Rieske i1ron-sulphur protein (vVon Jagow
et al., 1977 and 1978). As 1ts name implies this enzyme
catalyses the transfer of electrons from ubiquinol to

cytochrome cC.

Cytochrome ¢ reductase has been isolated from several

sources including peurosvora crassa (weiss and Juchs, 1978),

caccharomyces cerevisiae (Siedow et al., 1978, improved by

s1dhu and Beattie, 1982), rat liver (Gellerfors et al.,
1981) and beef heart (Hatefi et al., 1962b, modified by
Rieske, 1967). The isolated enzyme contains between 3.4 and
4 nmol of cytochrome ¢, per ng of protein and around 7 nmol

0f cytochrome b per g of protein.

1.15 Role of vhospholipid in Complex III.

Cytochrome ¢ 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

vhospholipid/mol of cytochrome ¢ The enzyme has an

absolute requirement for phosphoiipid (yu and vu, 1980)
which fulfils two roles; a dispersive role which may be
fulfilled by wvarious phospholipids or detergents and a
specific requirement for cardiolipin to achleve 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
nembers 0f the beef heart enzymne (Rieske, 1976; Gellerfors
and Nelson, 1973). The inclusion of the smallest
nolypeptides has been challenged recently for the yeast
enzyme (Sidhu and seattie, 1982). The molecular welghts of
these subunits as they appear on polyacrylamide gel
electrovhoresis are presented in Table 1.1. The complex
contains four redox centres, two b type cytochromes
(cytochromes b562 and b566)’ one cytochrome cl and an iron
sulphur protein.

Cytochrome b has been determined as subunit [II on most
gel systems. There are however some discrepancies 1in
determining its molecular weight since cytochrome b runs
anomalously 1in some gel systems, a phenomenon attributed to
its hydrophobicity (vVon Jagow and Sebald, 1980). This
subunit is the only mitochondrially synthesised subunit in

Complex III as first shown for the Neurospora crassa enzyme

(wWeiss 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 al., 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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Contains cytochrome b.
Possible proton pump

Contains cytochrome <,

and the binding site

Rieske iron-sulphur

Possible antimycin A

Table 1.1: Subunit composition of Complex IIIL
Subunit MW determined Comments
number from PAGE
(daltons)
I 50000 Core protein I.
II 47000 Core protein II.
IIX 27000-33000
and/or antimycin A
binding site.
v 29000-33500
for cytochrome c.
\'% 25000
protein.
VI 15000 Associated with
subunit IV.
VII 11500
binding protein.
VIII 5000-~8000
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(Roberts et al., 1980). fhe 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 1solated. The
cytochromes also have different redox potentials, +30 to +90
mV for cytochrome b562 and -30 mV for cytochrome b566
(Rieske, 1976). An alternative model has been suggested for
the structure 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 Riesxe, 1976 and Von Jagow and
Sebald, 1980).

Subunit IV has been identified as containing the cy
heme moiety. There 1s now considerable evidence to suggest
that this subunit contains the binding site for cytochrome c
(see section 1.20). when cytochrome cy 1s 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 (M4 15000, subunit VI) (vYu et al., 1972;
Xim and Xing, 1981). It has also been isolated as a single,
31000 MW subunit by Konig et al. (1980a) who report it to be
capable of the rapid reduction of ferricytochrome c.

However Xim and King (1981) report that the 15000 Mw subunit
is necessary for the formation of a cytochrome Cl/
Cytochrome ¢ complex, even though the actual binding site is
most probably on subunit [V. Cytochrome c, has a midpoint

potential of +230 mV.

The iron-sulphur proteln, 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 (Rieske et al., 1964). The function of
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this supunit in Complex I1I nas been reviewed by TIrunpower
(1981).

The two laragest subunits of Complex I[II are called the
core proteins and comprise some 45-50% 0f the total protein
nass of the enzyne (Mendel-nartvig and wnelson. 1981;
sendel-Hartvig, 1982). ~o specific function has been
attached to these proteins since large modifications can be

introduced without affecting the overall activity of the

complex (Mendel-Hartvig, 1982). subunlt VI has already
been mentioned in conjunction with cytochrone c,- subunit

VII has bpeen propnosed as the antimycin A binding protein
(Das CZupta and Rleske, 1973). Fhis 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 1s disputed by others who
sronose cytochrone b as a likelv candidate for the
antinycin A binding site. some evidence to support this

conclusion has been derived from studies using nutant yeast

strains (Roberts et al., 19us0j.

1.7 Toonology of Complex III.

The complex has been prepared from beef heart
miltochondria as both a monomer (Mw 270000) by fractionation
with bile salts and ammonium sulphate (2ieske, 1967) and
also as a dimer (/W 500000~-550000) using Triton X-100 and
hydroxyapatite column chromatography (tngel et al., 1980).
There is some dekate as to which 1s 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 Jeurospora crassa enzyme has been studied using

electron microscooy and X-ray diffraction data (Leonard et
al., 1981). These studies have revealed the enzyme to pe

present in a dimeric form in the membrane crystals studied.
'he crystals had been formed by renoval of detercent from a

mixture of enzyme-Triton and phospholipid-Triton nicelles.
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They found the enryme complex to pe assymmetrically located
across the membrane having an elongated structure and
protruding from the membrane on botnh 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 memkrane (Fig. 1.7). Lkach 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 menmprane. These results were supported
py the further electron microscopy of Lepault et al. (1981).
There 1s 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 al., 1975). This sized
varticle would correspond to a monomer of MW 250000.

Ozawa et al. (1980a) have crystallised Complex III from beef
heart as a complex with cytochrome ¢ in preparation for

X-ray crystallographic studies.

1.18 Location of supunits within Comnlex IIL.

, : . : 35 .
Results from lakelling studies using S-dlazobenzene-
sulvhonate, a membrane impermeant reagent, on the beef heart

enzyme have shown that cytochrome c the Fe/S proteiln,

,
cytochrome b, the core proteins andlsubunits VI and VII can
all be labelled in mitoplasts, that 1s they are exposed on
the cytoplasmic surface (zell et al., 1979). These
exveriments 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 7e/S protein may also
extend from the matrix side, however the label incorporation
was too low to he sure. Chemical cross linking (5Smith et
al., 1978) and lactoperoxidase i1odination (Gellerfors and
Nelson, 1977) both suggest a transmembranous location of the
core vroteins and cytochrome b, wlth cytochrome cl and the
Fe/S protein exposed only on the cytoplasmic side of the
membrane. Cytochrome = has been shown to be an amphipathic
polypeptide with one domain anchoring i1t to the membrane and
and the heme containing cdomailn 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.
a recent review, Capaldi, 1982).

(Taken from
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antibody binding (schneider et al., 1972), binding of
cytochrome ¢ (Erecinska et al, 1980a) and localisation of
the heme of cytochrome c, to be within 1 nm of the
cvtoplasmic surface (Case and Leigh, 1976). In the

Neurospora 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 al., 1981). In the beef
heart enzyme this polypeptide may be located more firmly
within the membrane. Cytochrome b, a highly hydrophobic
srotein, has been variously described as having a
transmembranous location, exposed on both the matrix and
cytoolasmic surfaces as described above, and as being
embedded within the membrane. Using ESR, Case and Leigh
(1978) have shown both cytochrome b hemes to be located
witnin 1 nm of the cytoplasmic surface, indicating that both
vroteins must at least be close to this side of the membrane
(not one on elither side glving the appearance of a
transmembranous location). This 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 al., 198la). 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 agueous phase on
poth sides of the membrane. he four redox centres are
located on different polypeptides, the cytochrome c, subunit
is exposed on the cytoplasmic surface, the cytochrome b
volypentides are embedded in the membrane, possibly exposed
on both sides and the Fe/$ protein appears to be located
towards the cytoplasmic side of the membrane. There are
strong interactions between the Fe/S protein and

cytochrome c The core protelns extend from the matrix

1°
surface and are possibly transmembranous. They appear to be

required structurally although no definite function has been
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to them or to the remaining smaller subunits.
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evidence that the enryme nay exist as a diaer,
esneclally in the absence of Conplex L{ (succinate
dehvdrogenase) (3utweniger et al., 138la). 'he enzyme has
been 1solated as both a nonomer and a dimer depending upon

the 1solation vrocedure used.

1.19 Mechanism of electron transfer within Complex ITI.

lhe exact route of electron transfer throuch this
enzyme has peen the subject of much debate and there is a
wealth of evidence to suggest that 1t does not occur via a
linear sequence of intermedliates. TI'he behaviour of
cytochrome b 1s in particular not easy to explain within the
frameworkX of a linear sequence. e evidence for the
varadoxical behaviour of cytochrowme o© and for 1ts explanation
in terms of a (Q-cycle has recently ceen reviewed py slater
(1981). The basic idea 0f a (-cycle 1s that one species of
semiquinone acts as a reductant and another species as an
oxlidant of cvtochrome © and that tne two species of
seniguinone do not come 1nto contact, The j-cycle osroposed
by ¥itchell (1976) has peen subjected to many modifications
and the model cdescriped nere 1s pased on that put forward by
slater (1981) (Fig. 1.8). such a model accepts the concept
of the Q/QH2 couple having a pool function, as proposed by
Krager and Xlingenkeryg (1973a). Looking at the left hand

part of Fig. 1.8, the leske Fe/s protein is responsible for

the reduction of QHZ to tne semiquinone ¢  which in turn

reduces cytochrome b. he b cytochromes are reduced in

sequence, first b... and then b. . These proposals are
q 566 - 562° ¢ prop

suvported oty the observation that the reduction of
cytochrome b is devendent upon the intactness of the lieske
Fe/s vrotein. kither extraction or destruction of this
orotein, which 1s BAL sensitive, results in a decrease in
the amount of cytochrome b reduced. The Fe/S protein itself
is insufficlently strongly reducing to directly reduce
cytochrome b. The semiguinone Q° was only a hypothetical
comnonent when this cycle was proposed (slater, 19381) but

has since been identified and shown to be a distinct species
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out in

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. Qé‘ is the antimycin-
sensitive ESR detectable ubisemiquinone. For further
explanation of this cycle see the text. (From Slater,
1981).
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(Le vries et al.., 1982a). [t should be noted that the
source of QHz does not matter but it 1s crucial that it
should be oxidised near the outer surface of the membrane.
The next feature of this cycle 1s that cytochrome b562
is oxidised by Q' in an antimycin-sensitive step. The
species Qé~ has been identified (Yu et al., 1978 and 1980)
and is likely to be protein bound. Further evidence that it
is cytochrome b562 rather than bg.. which is oxidised in
this reaction comes from the effect of antimycin binding on
the optical and ESR spectrum and the midpoint potential of
cytochrome b562’ The properties of cytochrome b566 are not
similarly affected by antimycin binding. Trhe formation of
Qé" in the scheme of Fig. 1.8 is envisaged as occurring via
a reverse dismutation of Q and QH, to give Qé". It is
crucial in this scheme that this semiguinone (Qé*) is both
formed and reduced near the matrix side of the membrane.
This part of the model, the formation of the semiguinone
(Qé- in Fig. 1.8) has been modified by proposing a Q-cycle
which depvends upon cytochrome ¢ 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
o 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 b562 is different in the two protomers. T[hus, 1in
one protomer the oxidation of cytochnrome b562 by Q results
in the formation of Q' +which is then responsible for the
oxidation of the second molecule of cytochrome b562' The
biological advantage of this system then is that the dimeric
enzyme i1s a self-contained QHZ:cytochrome ¢ oxldoreductase.
This scheme is of especial interest since it gives some
functional support to the structural evidence that
cytochrome ¢ reductase may exist as a dimer in the

mitochondrial membrane.

The O-cycle as shown in Fig. 1.9 is dependent upon the

nresence of semiquinone radicals. here are several reports
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Figure 1.9: Three dimensional representation of a double

p-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 beeo and boog and  2Fe-2S 1 and 2Fe-2S 2
between the two protomers is however arbitrary. Curved
arrows represent chemical equations and straight arrows,
the pathway of electron transfer. @ and QH2 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 1p and hp stand for
the low and high potential forms of cytochrome b562
respectively. (From DeVries et al., 1982b).
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to suggest that these radicals, free in solution, would be
too short lived to have any biological significance.
However, 1in association with 'quinone binding' proteins the
lifetime of these radicals could be substantially increased.
Several quinone binding proteins have been postulated and
the evidence for these proteins was the subject of a review

by Yu and Yu (1981).

There are several 1lnnibitors of the overall reaction
catalysed by Complex III. two of the most well known peing
BAL and antimycin A. The former acts on the lleske Fe/S
protein as described previously. Trhe site of action of
antimycin A 1s thought to pe at the stage of oxidation of

cytochrome by as shown 1n figs. 1.8 and 1.9. This

62’
inhibitor acts almost stolchiometrically with Complex III
giving nearly 100% inhibition at 1 mol of inhibitor bound/

nol of Complex III.

Under ootimal conditions rates of 1000 pmol of
cytochrome ¢ reduced/min per mg of Complex III protein have
been measured using ubliguinol-2 as the substrate (nelson and
Sellerfors, 1978). The activity 0f the enzyme will however
be dependent upon both the isolation and assay procedures

used.,

Complex III 1s also a proton translocating site, for
which process, two basic munodels have been proposed. It 1is
held to occur either by a J-cycle mechanlism (Mitchell, 1976)
or by acid/base changes 1n a component protein, possibly

cytochrome b (Von Jagow and mngel, 1980).

In looking at the interactions of Complex [II with
cytochrome ¢ and cytochrome c oxidase, 1t 1s 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 cvtochrome ¢ with Complex III.

More than one molecule o0f cytochrome ¢ has been shown



-43-

“o rind to Complex III under conditions of low ionic
strencth 1n both the beef heart (posshard et al., 1979) and

Leurosvora crassa enzymes (welss and Juchs, 1978). In beef

neart the stoichiometry was two molecules of cytochrome C

ner cytochrome C an observation which has since been

l’
supported by crystallisation of a cytochrome c/Complex III

complex which contains two cytochrome ¢ molecules per

cvtochrome = (Ozawa et al., 1980a). In the Neurospora
crassa enzvme the stoichiometry was as high as 3:1. 1In both
cases a high affinity binding site for at least one molecule
0f cvtochrome ¢ was 1ldentified and characterised, by gel
filtration, to have aiﬂ)so.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 (wWeiss and Juchs, 1978). These same authors found a
redox dependence for cytochrome ¢ bindlng. Because of the
icnic strength dependence, cytochrome ¢ binding 1s thought
to pe largely electrostatic in nature involving positively
charoed surface lysine residues on cytochrome c and
exatively charged groups on Counplex III (smith et al.,
19%1)., In addition to a general ilonic 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 ¢ with

cytochrome ¢ oxidase (section 1.29).

Several studies have identified the exact region on the
surface 0f cytochrome ¢ 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 ¢ molecules
containing a single modified lysine residue (Speck et al.,
1979; Kgnig et al., 1980b) and the other the differential
chemical reactivities of lysine residues to acetylation in
free cytochrome ¢ and in cytochrome ¢ complexed to a redox
partner (Rlieder and Bosshard, 1980). Both KSnig et al.
(1980b) and Rieder and Bosshard (1980) have shown that the

same residues on cytochrome ¢ are involved whether it is
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comnlexed -0 the couplete Complex [IL molecule or to the
iesnlated cvtochrone = subunit. Jel filtration binding
studies have shown a ﬂJg(Ll poi for Complex [ILI and the

isolated cvtochrome ¢, subunit (Bosshard et al., 1979) also

1
indicating that this subunit 1s the most likely binding site

for cytochrome ¢, in this complex. Under similar conditions

1
Bosshard et al. (1979) demonstrated that cytochrome ¢ would
not bind to the isolated cytochrome p subunit. XKinetic
studies have also shown that the cytochrome <y subunit 1is
capable of 1interaction with cytochrome ¢ (Kgnig et al.,
1931) and also that this interaction is susceptible to ionic
strength. Cytochrome ¢ has also been covalently linked into
the succinate - cytochrome ¢ reductase complex of complete
nitochondria using a photoaffinity labelled derivative of
cytochrome ¢ (Erecinska et al., 1980a). These authors

sugyest cytochrome ¢, as a possioble site for this attachment.

1
Broger et al. (1950) nave also shown that cytochrome c.
labelled with an arvlazido group at a lysine residue located
within the binding domain (lysine 13), binds to the
cvtochrome ¢, subunit on activation with UV light., A
derivative labelled at lysine 22 which 1s not involved 1in

the vindinc domain, could not be cross linked to the enzyme.

This 1s again evidence that cytocnrome ¢, 1s the binding

1
nartner as well as the redox partner of cytochrome ¢. The
exact position of more than one cytochrome ¢ pinding site 1is
not established, although the cytochrome N subunit can
accommnodate non-specific pinding of cytochrome ¢ (Welss and
Juchs, 1978). The kinetics of this complex indicate only
one nhase of activity on kadie-dofstee plots (Speck et al.,
1979) which could mean that only one site, the high affinity

binding site, is Xinetically active.

1.21 Motion of Comolex III in ohospholipid membranes.,

The rotational motion 0f Complex III has been studied
using saturation transfer electron spin resonance
spectroscopoy (Poore et al., 1982). The enzyme was
derivatised with 3-maleimido-2,2,5,5-tetramethyl-1~

nvrrolidinvloxyl to attach a nitroxide spin label. 'he
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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 pmol of mitochondrial phospholipid/mg of
orotein, the rotational correlation time was 90 psec,
decreasing to 20 usec on doubling the phospholipid to
protein ratio. This latter 1lipid to protein ratio is close
to the levels found in mitochondria whereas the former
represents the complex as it 1is 1solated. 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 Seneral Introduction.

Complex 1V from beef heart (EC 1.9.3.1.) 1s a large
transmenbranous, lipoprotein comnplex located in the inner
mitochondrial membrane and has been variously called
Complex IV. cytochrome c oxidase and the cytochrome aa,
complex. It 1s the terminal member of the electron
transport chain and is responsible for the reduction of
dioxygen to water using electrons passed into the couplex
rom reduced cytochrome c¢. The enzyme also appears to act
as an lon-transporter and possibly as an outwardly directed
proton pump. It 1s both a very complex and highly studied
enzymne. It has been isolated by a variety of methods as
revieved by azzl (1980 and references therein). Isolation
oI Complex IV from eukaryotic species generally requires
solubilization of the mitochondria followed by fractionation
with such agents as ammonium sulphate, although column
chromatocraohic procedures, including affinity columns with
bound cytochrome ¢ have been employed. Both ionic and non-
ionic detergents have been utilised in the different
isolation procedures. The enzyme has been isolated from the

mould Neurospora 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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mitcchoncdria (Hare et al., 1930). Fhe enzvme has also been

lsolated from many nrok Karyotic species, some of the most

Interesting belng Paracoccus denitrificans (Ludwig and

Schatz, 1930), rhiobacillus novellus (Yamanaka and Fujii,

1930). Ihermus thermophilis and nitrobacter agilis (Fee ¢t
al., 1950).

Jn purification each monomer of cytochrome ¢ oxidase

from beel heart contains 10-14 umol of heme a/g Of protein
and 11-13 pumol of Cu/g of protein depending upon the

1solation procedure used. rhe minimum molecular welght of
the enzyme, based on the heme content, has been calculated

to pe 140000 daltons (Azzi, 1930).

1.23 Role of phospholipids in Comolex IV.

Cvtochrome ¢ oxidase is isolated as a lipoprotein
comclex although the exact amount of livid associated with

the compnlex 1s devendent uvcon the isolation procedure

U

rving from 1 to 20% phoscholipid py welcnt (Hartzell et

K%

bt

al., 1978). Vik et al. (1981) have calculated that 50~60

|

lizid molecules would be required to maintain a single layer
cf poundary phospholipids around the lipid embedded portion
of tne bovine heart cytochrome ¢ oxidase monomer. These
nuwcers are in fairly close agreement with those calculated
bv Jost et al. (1977) and Xnowles et al. (1981) using ESR
soin labelling studies. A complete boundary layer composed
of either lipid or 1lipid and detergent appears necessaryv for
activity (Robinson et al., 1980). This bouncdary layer
apnears to contaln a proportionately larger amount of
carciolipin compared to the composition of the inner
mitochondrial membrane (Robinson and Capaldi, 1977). The
lioid isolated with cytochrome ¢ oxidase can be divided into
three kroad categories, 40-45 molecules which can easily be
dlisplaced by non-ionic detergents or exogenous phosoholipids,
6-8 molecules which are more tightly bound but can be
extracted with increased concentrations of detergents and
2-3 molecules of tightly bound cardiolipin (Robinson et al.,
193035 Robkinson, 1982). [he first two classes do not appear
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to be essential for activity since activity can be restored
by assaying in a suitable detergent such as Iween 80. Their
ceneral role would appear to be dispersive with some
indication that delipidation can cause aggregation and
covering of cytochrome ¢ binding sites. There appears to be
little or no head group specificity for these phospholipids,
however a fluld fatty acid environment with some degree of
unsaturation seems to be ootimal (Robinson and Capaldi,
1977; vik and Capaldi, 1977). The third class showed a
specific requirement for cardiolipin, removal of these
tightly bound molecules 1s correlated with a decrease in
activity when assayed in Iween 80 or any other suitable
dispersing agent. This activity could only be restored by
the readdition of cardiolioin, 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. [t would appear to
pte the unique structure of cardiolipin and not its charge or
fatty acid composition which these high affinity lipid
binding sites recognise (zobinson, 1982). Adriamycin has
been shown to inhibit cytochrome c oxidase by displacing
cardiolipin from the enzyme into a separate phase
(Coormacghtigh et al., 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 cardiolivin molecule is associated with some
denaturation of the enzyme (Vik et al., 1981) indicating a
vossible 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 ¢ oxidase from seurospora crassa appears to

be composed of some 8 different polyveptide subunits (serald
et al., 1973; Werner, 1977) while that from yeast contains
only 7 (Mason et al., 1973; Rubin and Tzagoloff, 1973;
Poyton and Schatz, 1975). From tne similarity in

electrophoretic protein profile of cytochrome ¢ oxidase from
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yeast and peef heart, 1t was proposed that the latter enzyme

might also contain 7 subunits (Schatz and Mason, 1974).

T'he nomenclature for the subunits has been confused oy
the anomalous migration of some of the polypeptides under
different electrophoretic conditions. Capaldi‘gg al. (1977)
have compared various electrophoretic systems and advocate
numpering the subunits according to their apparent molecular
welchts obtained on highly cross linked gels in the presence
0f SDS and urea (Swank and sunkres, 1971). The subunit
composition of Complex 1V from beef heart according to
Capaldi et al. (1977) is presented in Table 1.2. These
subunits were originally thoucght to be present in a one to
one stoichiometry (Yu and Yu, 1977). There 1s little
dispute now over the ildentities of subunits I-V but there is
still some debate over the stoichiometry and number of the
lower molecular welght subunits. suse and Steffens (1978)
and Merle and Kadenbach (1980) advocate the presence of 12
subunits 1in 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. T'he
subunit composition according to Merle and Kadenbach (1980)

is also given in Table 1.2.

It now seems guite well established that there are more
than 7 subunits in cytochrome ¢ oxidase from peef heart even
thouch there 1s disagreement as to the exact number and the
nomenclature to be used. Kadenbach and Merle (1981) have
compared the various proposals for subunit composition of
cytochrome ¢ oxidase from different species and tissues and
the nomenclature used. r'he authors present evidence for a
12 subunit comvosition of the enzyme from both mammals and
birds. The 12 subunits from rat liver cytochrome c oxidase
apoear to be present in stoichiometric amounts (Merle and
radenbach, 1980). Although this has not been confirmed for
the beef heart enzyme (Buse and Steffens, 1978) there may be
guite plausible reasons for the sukstoichiometric amounts of

some of the smaller subunits (rRadenpach and Merle, 1981).
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Table 1.2: Subunit composition of Complex IV.

Subunit MW according to
number Capaldi et al. Merle and
(1977) Kadenbach
(1980)
I 35300 43000
IT 24200 27000
III 21000 25700
Iv 16200 16200
\' 12100 10700
VI 6700 a 9100
b 8100
c 8100
VII 3000-4400 a 5400
b 5000
c 4700
VIII - 3900

Comments

Lipoprotein.
Associated with
cardiolipin.
Contains heme ag.

Contains heme a
and two copper
atoms. Provides
high affinity
cytochrome ¢
binding site.

Possible proton

pump.

Although

no specific
catalytic
functions
have been
assigned to
subunits
Iv-- VIII,
they may
have some
structural or
regulatory

role.
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lhere 1s sowme evidence that subunits I and I[I may oe
larger than sucggested from polvacrylamide gel electrophoresis
since thelr molecular weights from Duwa sequencing are 57057
and 29945 daltons respectively and no evidence has been
found for their subsequent processing (Darley-Usmar and

Fuller, 1881).

Subunits I to ILI 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 avpear to correspond to the mitochondrially
synthesised subunits I and II of the peef heart enzyme. The
subunit molecular weights are I, 45000 and I, 28000.
Cytochrome ¢ oxidase from each of the bacterial sources
listed in section 1.22 also contain two subunits with
apparent molecular welghts in the range of subunits { and LI

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 as in tne conplete complex and two
Ccopper atoms. pach of the centres is Capaple 0f a one
electron transfer. There 1s nuch debate over which subunits
contain these components and over the exact functioning of
each of the components. One difficulty in locating the hene
and copper moleties is that they are not covalently attached
Lo the polypeptides and are easily caused to migrate (Winter
et al., 1980). A brief survey of the nature and possible

functions of each 0f the sukbunits follows.,

Subunit I as mentioned acove is a mitochondrially
synthesised protein and is extremely hydrophobic. Fry et al.
(1980) have shown that this polypeptide is most probably a
lipcprotein specifically associated with tlghtly bound
cardiolipin. winter et al. (1980) have shown that when
Cytochrome ¢ oxidase 1s electrophoresed under very mild
conditions this subunit contains half the total heme content
but that with increasing tine this heme will migrate to

subunit V. These authors also show that under the same



conditions the remaining heme and 90% of the copper 1s
located with subunit II. They suggest heme ag is associated
with subunit I and heme a with subunit II. Subunit [I like
subunit I i1s a mitochondrially synthesised hydrophobic
polypeptide. There are several lines of evidence including
that just mentioned to suggest that this subunit contains
the enzyme's conper atoms. ['he sequence of subunit II has
been determined and shown to have a remarkable homology with
those of blue copper proteins (azurins, plastocyanins and
stellacyanins) (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 II
are involved in ligand binding, probably to copper and/or
possibly to heme. Subunit IL has also been proposed as the
binding site for cytochrome ¢ (Bisson et al., 1980) (see

also section 1.29).

The 1dea of all the hewe 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, 1930).

The paracoccus enzyme is capable of carrying out a similar

redox reaction to the beef heart enzyme and thus it is
tempting to draw parallels between the Ltwo 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
memprane. Kadenbach and Merle (1981) propose that
cytoplasmically produced subunits are tissue specific and
thus account for the variability observed in cytochrome ¢

oxldases isolated from different sources.

Subunit III is the third mitochondrially synthesised
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nolyventide 0f cytochrome ¢ oxlidase and its amino acid
sequence shows 1t to contain nainly nydrooshopblc residues.

t al. (1981) nave isolated cytochrome ¢ oxidase
lacking this subunit and found it to have no significant
1fferences from the 7 suopunit enzymne. This ©
zyme 1s catalvtically competent with respect to
its redox function but is lacking some crucial part of the
Droton nunplng mechanisn.  Previous to this. sey et al.
(1979 and 1980) had shown that LCCL, a well known inhibitor
of oxidative nhosphorvlation and the mitochondrial AlPase,
inhiblts proton pumping in this segment of the respiratory
chaln and binds specifically to subunit [LI of cytochrome c
oxicdase. [f this polyveptide is arranged within the
membrane to incorporate as many of the hydrophobic anino
acids as possiple within the oilaver and similarly the
nydrophilic anino acids outside, a structure remarkably
similar to bacteriornocopsin is acnleved (aAzzi, 19380).
Although this latter voint 1s pure speculation there is now
certainly sone evidence that thils subunit is involved in

nroton translocation.

Yeast cytochrome ¢ can be covalently attached through

cvsteine 103, via a disulphide linkage, to subunit III of

“y

cvtochrome ¢ oxidase from both yeast and peef heart
(Birchmeler et al., 1976 and Ffuller et al., 1931,
resvectively). Two lines of evidence indicate that tnis
subunit 1s not tne functional partner of cytochrome c.
rstly cysteine 103 1g on the opposite side of the

e ¢ molecule to the binding domain for cytocnrome C

()
D“
[
o]
L B

nd secondly tne results of Saraste et al. (1981)

w that the enzyme's redox activity is not affected by the
absence of this subunit. Cytochrome ¢ may however bind
within a cleft formed ocetween subunits I{ and III which

would explain these observations (see section 1.29).

Although many of the smnaller polypeptides have been
sequenced no definite functions have peen assigned to them.
Seiter et al. (1979) suggested subunit [V, a mostly

hydrophilic orotein witn a small hydrophobic anchor, as a
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nossible cytochrome ¢ binding site. This has not been
supported by other investigators and seems unlikely since
1ts location on the matrix side of the membrane would make
1t inaccessible to cytochrome ¢ on the cytoplasmic side.
Subunit V was sequenced by rlanaka et al. (1977) who observed
some sequence homology with hemoglobin. vYu et al. (1977)
also claimed heme binding to this polypeptide. The work of
Winter et al. (19380) however indicates that any heme
associated with this polypeptide is artifactual and inactive.
The spectrum of heme a associated with supunit V 1s similar
to that of the non-enzymatic species hematin a, whereas its
spectrum assoclated with both subunits I and II is close to
that of the native enzyme. Erecinska et al. (1980b) using a
nhotoaffinity derivative of yeast cytochrome ¢ found it to
bind to one of the small subunits (VI or VII) of

cvtochrome ¢ oxidase when activated in the presence of
cytochrome ¢ denleted vigeon heart mitochondria. From the
evidence now avallable this would not seem to be the

ohysiologically significant bpinding site (see section 1.29).

1.25 Asymmetric locatlon of Complex [V across the membrane.

The whole enzyme has peen shown to asymmetrically
traverse the membrane by surface larcelling techniques (Eytan
et al., 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 obtalned from the [riton-
extracted enzyme by Henderson et &l.(1977) and from the
deoxycholate extracted enzyme by Fuller et al. (1979). 1In
the former case the enzyme 1s dimeric and embedded within
the bilayer of collapsed but closed vesicles and in the
latter case it 1s 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
(Fig. 1.10). C'ne 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 aoout 5 nm in

length and separated by about 4 nm. soth 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. 1In 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 al., 1983).



.55

embedded in the memprane protruding only 1-2 nn from the
matrix surface. More recent studies using electron
microscooy of the Triton derived vesicle crystals have
further refined this structure (bDeatherage et al., 1982a

and b). hese studies have revealed that the stem of thne Y
which protrudes from the cytoplasmic surface can be divided
into three domains; C, and C, close to the bilayer and Cy
above Cl' fhe membrane embedded arms of the Y have been
designated M, and M, attached to C, and c, respectively.

The molecules of cytochrome c oxidase are present as closely
palred dimers in both the vesicle crystals and orobably in
the mitochondrial membrane. The dimers are closest in Fhe
C, reglon up to a distance of 3 nm from the bilayer surface.
2bove this the two C3 regions are separated by a deep cleft,
the centres of mass of these regions beling some 5.5 am
apart. within the membrane the monomers are largely
separated oy lipid regions. [he exposed protein of the c
domain makes up about 30, of the total orotein mass as
calculated from volune occupled under a certain electron
density contour line. lhe total molecular welght per
nonomer calculated oy this metnod is between 110000 and
130000.

Cytochrome ¢ oxidase has also been crystallised as a

1:1 complex with cytochrome c. 2inding of cytochrome ¢

0
w
o

ses the oxidase, which has Leen severely lipid depleted,
Lo form a more hydroonilic conforuation which lends itsels
Lo crystallisation (Uzawa et al., 1950k). This sort of

study 1s aimed at elucidating such things as heme to heme
o

distances and orientations within the

surface labelling technigues and the use of hydrophobic
labelling reagents has led to some xnowledge of how the
subunits are arranged within thre gross structure of the
enzyme as described acove. e results of some of these
studie¢ are summarised in rable 1.3. surface labelling with
the membrane impermeant reagent diazobenzenesulphonate has
shown sukunits II, III, IV, Vv and VII can be labelled in the

isolated enzywe (Prochaska t al. 19580) 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)

poe ey

I II IIT IV \ VI VII

DABS
(1) Prochaska et al. - + + + + - +

(1980)
(ii) Eytan et al. (1975) - c c m c - c
(iii) Ludwig et al. (1979) - m m m m - r
Subunit specific - c c m c/m - c/m
antibodies
(Chan and Tracy, 1978)
Photoactivatable + +* + - pE* +

arylazido phospholipid
(Bisson et al., 1979)

labelled on cytoplasmic side

0
]

labelled on matrix side
* = less than for subunits I, III and VII
** = only poorly labelled

i
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least a nartial exposure 0f these subunlits to the surface of
the menbrane. Studliecs witn tne same label 1n oriented
prevarations have shown suounits [[ and 1[II and vossibly v

i

and VII to be exvosed on the cvtoglasaic side while supunit

b

Iv {Eytan et al., 1973) or 1I, IIL, iv. Vv and VII (Ludwilig
et 5&.. 1979) appear exposecd on tne matrix surface.
Liarzobenzenesulphonate coes not lapel supunits [ and VI in
the menkranous enzyme although another surface labelling

reagent NiP=taurine apparently lapels all 7 subunits. Chan

and Tracy (1973) prepared nonosseclific antipodies to

o2

subunits I and IV to VIi and a mnixed antibody agalnst
subunits I[I and I[II. all antisera exceopt that against
subunit I kound and inhlblted tne activity of the detergent
solubllised enrzyme. “rom this and the data above 1t would
avoear thabt sucunit I 1s buried within the membrane. Usiino
the antilbodies with whole mitochondria, inhibition was

net subunits Vv, VII and LI

5"

Qr

achieved with thnose directed

—~

—

and I1I. In inverted vesicleg radloactlively labelled

b

antibodies agailnst subunits 17, V and VIL were bound.
Cyvtochrome ¢ has also opeen used as & surface label.

Cvtochrome C 1s present on tne cvtoplasmic side of the

Iy
P
T
m
1)

nembrane in mitochondria and tnus its specific binding
must also pe exposed on the cvtoplasmic surface.
Cytochrome ¢ has been covalently attached to both supunit II
(Bisson et al., 1980) and IIl (Birchmeier et al., 1970;

Tuller et al., 1981) altnoucgh only tne former 1s thought to

contaln an active site.

Cerletti and =chatz (1979) nave used hydrophobic
arylazides which partition 1into the livid phase to try to
elucidate the lipid proteiln pouncdary of cytochrome ¢ oxidase.
Their results showed heavy labelling of subunits I-III and
to a lesser extent subunits vV and VII. Bisson et al. (1979)
using arylazidovhospholipids with the reactive group either
near the phospholipid nead group or further down the fatty
acid chain showed supunits I, III and VII were labelled
heavily, subunit I[I to a lesser extent and subunit [V verv
poorly. Of these sukbunits supunit [ was labelled more

strongly by the deep propke and subunit VII by the shallow
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orobe. The same group (Gutwenliger et al., 1981b) using
vhotoactivatable phospholipids showed subunits I, II and III
were labelled with only minor labkelling of subunits V and
VII, that of subunit Vv being confined to a small terminal

region.

Putting all this data together (Fig. 1.10), subunit I
emerges as belng a very hydrophobic protein embedded in thne
lipid bilayer and forming part of the 1lipid protein boundary.
Subunit VI also appears to pe puried and probakly shielded
from the liopid by other polypeotides. Subunits I[I and ILI
are exposecd cytovlasmically probably forming the majority of
the stem of the Y and providing the cytochrome ¢ binding
site 1n this region. They also extend into the bilayer
vossibly being transmembranous, and both form at least some
vart of the protein/lipid boundary. Subunit IV appears
exclusively on the matrix side of the memkrane with a thin
but deev hydrophobic anchor. The location of subunits vV and
VII is less clear although they appear to have both

roonilic and hydrophobic comains. The confusion over
subunit VII may be due to the presence of nmultiple species
Of this subunit (Merle and Xadenbach, 1950; xadenbach and

Merle, 1981).

1.26 Functional species of Compnlex IV may be a dimer.

As mentioned previously cytochrome ¢ oxidase appears to
se cryvstallised as a dimer in Iriton and a monomer in
deoxvchnolate, The effect of detergents on the aggregation
state of cytocnrone ¢ oxidase has been studied by obinson
and Cavaldi (1977) who conclude that the more active form is
the dimeric protein. TIhis conclusion is suvported by
Rosevear et al. (1980) who studied the effects of alkyl
glvcosides on the activity of cytochrome ¢ oxidase. They
oo found the dimer to be the more easily activated svecies.
The work of sisson et al. (1980) on cytochrome ¢ binding
would indicate that the enzyme may well function as a dimer.
furtner structural support comes from the isolation of the

complex as a dimer (saraste et al., 1981) and the electron
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microscony of cvtocnrone ¢ crystalline arrays (Deatherage

et al., 1382a and o). These stucdies all seem to indicate

that tne native menbrane specles of cytochrome ¢ oxidase &y

A AT -

-
r

e dimer.

4

—

1.27 Reaction catalvsed by cvtochrome ¢ oxidase.

The basic reaction catalysed oy this complex is ;-

4 ferrocytochrowme ¢ =+ nn: + 02-~>4 ferricytochrome ¢
+ (n~4)n§ + 2n2u

where H, and i, @re protons in the matrix and cytosol
rescectively. 2as mentioned earlier, the minimal unit of
cytochromne ¢ oxidase contains two heme a moieties (a and a3)
and two coprer atoms. The hene moleties differ in their
axial ligands and have peen shown to differ in their
scectral proverties (poth optical and electron paramagnetic
resonance), unidpoint osotential and ligand binding
cavapbilities. -ach nene moiety seems to be at least
<inetically associated with a copper atom. Heme a and its

dssoclated cowncer atom (designated Cué) both have a midpolnt

o]

tential of appgroximately 215 T 10 av, close to that of
t

jo¥e)
cvtochrome ¢, while hene a, and 1ts assoclated copper aton

(designated CuB) have midpoint ootentials closer to that of
oxygen, being approximately 340 & 10 mv and 350 % 10 nv
respectively (azzi, 1980). There is a wealth of evidence to
inply that (a) the neme a iron is in a low gspin, magnetically
isolated state in botn the fully reduced and fully oxidised
enzymes and 1s ESR detectable in the ferric state; (b) one
Copper aton (CuA) i1s nagnetically isolated and :p2
detectable in the cupric state and (c) the heme ay iron is
in a high spin state in both the fully reduced and oxidised
enzymes and 1s antiferromagnetically coupled to the other
copper atom (CuD), forming a spin coupled dimer. rnus in
the fully oxidised enzyme neither heme a, or CuB is ESR
detectable (see Clore et al., 1980a and references therein).
rHeme a3 can be distinguished from heme a as the former but

not the latter will bind O Cu, azide and CN . This

2 1
binding is dependent upon the redox state of the enzyme

(MalmstrSm, 1979).
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fhe enryme aprears able to 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. rhis is significant since
1t is an oxidised form other than the resting enzyme which
reoresents the catalvtic specles. Huch information on the
spectral variations of these differing forus of cvtochrome o
oxldase has been gathered by wicholls and co-workers (review

by Halmstrom, 1979 and references therein).

The sequence of electron transfer within cytochrome ¢

oxidase currently in favour can be expressed very simply :-

ferrocytochrome ¢ ————3 cytocnrome a cytochrome a3.02
LY
Cu, Cu
Two Xinetic ohases, a fast ohase followed by a slow phase,
- , 7 ~1 -1 -1
wltn rates of approximately 10 4 ~s and 1-3 s

respectively have been observed for the reaction of
Ccytochrome C oxidase with ferrocytochrome ¢ (antalis and
Palmer, 1982). Three lines of evidence have led to the
proposal of heme a as an early electron acceptor, (1) the
initial rate of oxidation of ferrocytochrome ¢ monitored at
550 nm is eqguivalent to the rates obtained from monitoring
absorbance changes at 443 and 603 nn, wavelengths which
monltor the heme a moiety; (ii) Cyanide has no effect on thne
initial rate of electron transfer and (111) photosensitivity
cevelops slowly in the oresence of carbon monoxide. Points
(1i1) and (iii) imply heme ay 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 pPalmer (1982) looking at the reaction
between ferrocytochrome ¢ and cytochrome c oxidase uncder
strictly anaerobic conditions have confirmed that heme a is
the initial electron acceptor from ferrocytochrome ¢ and
have shown that electrons accepted by heme a are in rapid

equilibrium with Cu . fhese same authors show that a
£
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maxXimum 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, noieties. Under these conditions
the electrons are not transferred to heme az or Cub. They
have investigated this block and concluded that it is of a

kinetlic rather than redox nature.

The kinetics of reaction between heme as and 02 are
less clear. SsSince the heme and copper moieties of this
complex are one electron carriers one might expect to see
one electron transfers to dioxyvgen, however this would
involve the stabilisation of very reactive free radicals
such as OE'. The high reduction potential of cytochrome c
oxidase also makes the transfer of one electron to dioxyvgen
an unfavourable reaction. Since thilis reaction is very fast,
conventional techniques are inadequate for the identification
0of intermediates in thils part of the reaction. To 1look at
this reaction, Chance et al. (1973) developed a novel triple
travping technligue. Using this they have identified three
types of intermediates in the reaction of membrane bound
cytochrome c oxidase with oxygen. The technigque involves as
a first stage oxygenating the carbon monoxide inhibited
enzyme 1n the liguid phase at a temperature so low that the
carbvon monoxide does not exchange for oxygen at a
significant rate. Secondly the sample is frozen and the
CO - cytochrome ¢ oxidase complex 1s split by flash
photolysis in the presence of oxygen, allowing a reaction to
take place. Thirdly to monitor the reaction spectro-
scoplcally under statlic conditions the sample is trapped or
quenched by freezing to very low temperatures (liquid
nitrogen for optical spectroscopy and liquid helium for ESR
spectroscopy). They identified three categories of
intermediates (4,3 and C) which were formed at different
temperatures. Iype A compounds do not involve electron
transfer and occur between 148 and 168 K. They include
oxy-compounds of the nature [Cu+a2+.02] and [Cu2+a33+.u2]
whose formation depends upon the initial state of the enzyme.
UXyyen 1s easily dissociated from such complexes. The type

2+, 2+ 2= 24+ 24
‘ e}

5 or Qeroxy—compounds,[Cu a5 02 Jandl(c a .uZnZL
3
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were formed between 163 and 213 XK. above 213 K these
compounds could accept electrons from cytochromes a, ¢ and

c Type C compounds were formed above 173 K from

L
Cytochrome c oxidase which started in a mixed valency state.
hese compounds may contain the heme iron in a valency state
nigher than +3. The major findings of this and later work
vy the same group have been confilirmed and extended by the
worx of Clore and Chance (see review by Malmstrom, 1979 and

references therein).

Clore et al. (1980a and b) have looked for intermediates

vroduced at 173 K from soluble cytochrome ¢ oxidase starting

2+Cu+a 2+
3

state using a technique similar to that

. - -+ N
in the fully reduced [a cu”] or mixed valence

[a3+Cu2+a32+Cu+]
described above. They have obtained both optical and ESR
spectra under identical conditions so that direct
comparisons could pe mede. They find it most convenient to
consider heme aj and Cu5 as a linked system since they have
been unable to unambiguously define the valence states of
the individual components. Using the fully reduced enzyme
four intermediates were found and the sequence presented in
Fig. 1.1la 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 distinctk
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 oropose 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 al. (1980b) for the
catalytic cycle of cytochrome ¢ oxidase. The exact valence
state of the individual components in the [Cuba3.o2]
complexes (e.q. wikstrgm, 1981) also need confirmation.

sreenwood (1930) has described the application of natural
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Figure 111:  Internal reaction of cytochrome ¢ oxidase.

(@) (from Clore et al,1980a)

+ +2
al K,,] [

[CUBGBJ + 02 S

CUA K‘1 N
-3 lig

where
02+ R 3+ O.3+ 2+
[= . [CUBG3 ~02] IIA: . [CuBa3 'OZ]
CUA CUA
al* 24 __c13+ .
HB: 2+[CUBQ3OZ] 1= 2+{CUBC1302}
~ CuA CuA

(b) (from Clore et al, 1980b)

3+
a
s [Cugay 13" +0, == Iy == II,, == 1l ,
A
where
3+ . s - 3+ A T
Im:Cl 2+[Cu8a§ C{~02°f] Ilm=c1 [Cué a% '02]
CuA CuA+
a3t
2+ 2+ 2- ¢t + :
IllmzC ) [CuB ajg -02 - X ] X = a free radical
u +

which may be protein free or a porphyrin T-cation

radical.
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and naynetic circular dichrolsan to tne examinatlion of the

nature o0fF tne heme lron and Ccopper atoms in cytochrone ¢
oxicase, Turtner use Of these technligues nay shed sowme nore
Liynt on thls area of the cytocnrone ¢ oxidase reactlion.

1 sumnnary then, ferrocytocnrone ¢ donates electrons to
cytochrone a which 1s in equilivriun with Cu, . Electrons
mass Trom here tnrouzh a complex seguence to oxygen. rhis
involves several intermediates which can only be studied
wsiolozyical conditions in the frozen enzyme.
ds the cloxygen molecule and must co-ordinate
the transfer of four electrons from the other redox centres

0f the enryme to effect kthe reduction of oxygen to water.

1.23% Proton translocation oy Ccytochrone ¢ oxidase.

he mechanlsn and stoichiometry of proton translocation
siratory chaln has peen much disputed. [Ine /e
stolchlometry associated with the oxidation of quinol by
oxvgoen nas peen reported as 2, 3 or 4 by various researcn
srouns. Thne H /e stolchiometry for quinol oxidation by
cytochrome ¢ reductase seems establisned as 2, leaving
either O, 1 or 2 as tne possible ratio for the cytochrome ¢
oxidase segunent. Ihe experimental evidence for proton
translocatlon py cvtochrome ¢ oxXidase has been presented in
a review by NikstrSm and Krao (1973). The proton
translocatinz activity of cytochromne ¢ oxidase has
oreviously ikeen discussed with respect Lo tne function of
subunit III 0¢ the enzyme (section 1.24). Recent results
(Wikstrém and P@nttilg. 1982) have suggested that proton
translocation py cytochrone ¢ oxidase 1s restricted to
electron transfer from cytochrome ¢ bound at the high
affinity site (section 1.29). They propose that the
proportion of electron transfer golng through the nlgh vs
the low affinity cytochrome ¢ binding sites could be used o

regulate the efficiency of energy conservation.

In studying the 1interaction of cytochrome ¢ oxidase
with cytochromne ¢ and Complex III it is instructive to nave

an overall picture 0f the enzvne's composition, shape and
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orientation in the membrane and of the reaction it catalyses.
Areas of especial interest however are those concerning the
interaction and reaction of cytochrome ¢ with its oxidase
and also the mobility of this portion of the electron

transvort chain in the membrane.

1.29 Interaction of cytochrome ¢ with its oxidase.

The domain of interaction for cytochrome ¢ oxidase on
cytochrome ¢ has been considered in section 1.9 and shown to
be similar to that for cytochrome ¢ reductase (Fig. 1.5).

In both cases the domain on cytochrome ¢ 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 ¢ and negatively charged groups on the surface of

the cytochrome ¢ oxidase molecule.

There appear to be two structurally and functionally
distinguishable binding sites for cytochrome c on cytochrome
c oxidase. Ferguson-Miller et al. (1976) distinguished two
pinding sites using gel-filtration to separate free
cyvtochrome ¢ from cytochrome ¢ bound to detergent solubilised
cytochrome ¢ oxidase. The dissociation constants for the
two sites were shown to be 0.1 ud and 1 xM for the high and
low affinity sites respectively. [wo phases of activity can
ce distinguished on Cadie-Hofstee plots with Km values very
similar to the dissociation constants observed (Ferguson-
Miller et al., 1976; Errede and Zamen, 1978; Smith et al.,
1979). moth the dissociation constants and Xy values have
a similar dependence on ionic strength, anion binding and
several other physical properties, which has led ferguson-
4iller et al. (1978) to propose that the two phases of
activity correspond to activity through the two interaction

sltes with cytochrome c.

Further studies on the nature of the two binding sites
have peen provided by the covalent cross-linking of
cytochrome ¢ to cytochrome ¢ oxidase. HSisson et al. (1980),

using arvlazido-derivatives of cytochrome ¢, have shown that



-67~

cvtocnromne ¢ nodifled at lysine residue 13, 1+ the centre of
the progosed sinding conain on cytochrome ¢, can b€ Cross-
linked to both subunit IL 0f the oxidase and to some
nhospholipid nolecules, closely associated with the enzyme.
The prepsratlion of cyvtochrome ¢ oxidase used by Bisson et al.
(1980) contains few lipicd wmolecules and these are mostly
carcdiolipin nolecules. Cvtochrone ¢ derivatised at lysine
residue 22 was shown to bind only to phosrcholipld molecules.
Lysine 22 1is well away Zron the bindinzg domain described for
cytochrome c oxldase on cytochrome c. I'hese sane authors
have shown by binding studies, using cel filtration, that
cvtochrome ¢ cross-linkec to subunit IL of the enzyme was in
the high affinity site. Cytochrome ¢ covalently bound to
subunit II was found to inhibit electron transfer with added
ferrocytochrome c¢. C(Cvtochrome Cc oxidase activity was
completely inhibited py covalent attacnment of one
cytochrome ¢ molecule 1n the high affinity site per dimer of
the enrzyme. Cytocarome ¢ covalently pound to linid was
lmolicated as being present in the low affinity binding site.
Cytochrome ¢ kound 1n this way was shown Lo have no
measuraple effect on cytocnrome ¢ oxldase activity measured
with added native ferrocytocnrone ¢. Presumably this free
cytochrome ¢ 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
moclecules from cytochrome ¢ oxidase the high X, phase of its
activity 1s lost. In such cases a single 10w i, phase is
observed but with & decreased value of Vpax Compared to the
unrodified low K, phase. activity can be restored to near
normal values, and the high K, phase returned by adding back
cardiolipin. This is further evidence for cardiolipin

providing the low affinity site.

Fuller et al. (1981) have covalently bound yeast
cytochrome ¢ 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 sulphydrvl group on subunit III
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of the oxidase. This had previously been done for the yeast
enzyme by Jsirchneier et al. (1976). The former authors have
shown cytochrome ¢ thus linked to be in the high affinity
site, leaving low affinity binding unaffected. They give
evidence that electrons are accepted into subunit II from

the front surface of the cytochrome ¢ molecule and that

[,
n

covalent linkage to subunit [II implies that cytochrome c
in a cleft between these two subunits. The cleft may be
formed between two subunits 0f one cytochrome c oxidase
molecule or between subunits from two molecules which
constitute dimeric cytochrome ¢ 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
oropably the location of the high affinity site for
cvtochrome ¢ on cytochrome ¢ oxidase. Cytochrome ¢
covalently linxed to subunit III, as described akove, was
founc to completely inhibit the oxidase reaction, at one
mole of cytochrome ¢ bound per monomer of cytochrome ¢
oxidase, when assayed spectrophotometrically. 1In this assay,
reducing equivalents are added as reduced cytochrome ¢ which
requires that a molecule of ferrocytochrome ¢ is bound for
each turnover of the enzyme. Thus it would appear that
cytochrome ¢ 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
3isson et al. (1980) described previously, where the low
affinity sites appeared incapable of independent activity.
wnhen the covalent complex of Fuller et al. (1981) was
assayed polarographically using ascorbate as the reductant,
which can reduce pound cytochrome c, an electron transfer
activity of some 15-20% of the maximum control rates was
observed in the absence of added cytochrome ¢. when
Cytochrome ¢ was added to £ill the low affinity sites, the
activity was increased to near maximal control levels. From
this they concluded, in contrast to the proposal of

Ferguson-dMiller et al. (19783) that the two sites are
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indepencent, that the low affinity site 1s not capable of
electron transfer activity indevendent of the high affinity
cite. l'ney (Fuller et al., 1981) propose three possible
mechanisms to account for the available data: (a) that
cytochrome ¢ 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 chance 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 ¢ in this site; (c) that cytochrome ¢ bound in
the low affinity site could speed up electron transfer
through the hich affinity site by increasing the off rate
for oxidised cytochrome ¢ from cytochrome ¢ oxidase. These
authors Zfavour the latter argument guoting the work of

vilms et al. (1981) who have shown that the off constant for
cytochrome ¢ bound in the high affinity site can be
increased by the binding of a positively charged molecule 1n
the low affinity site. ailms et al. (1981) propose negative
Co-operativity ketween 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
uneqguivocal and fail to see how this explanation accounts
for the results of rfuller et al. (1931) for two reasons.
Firstly in their experiments the cytochrome c was covalently
bound to cytochrome ¢ oxidase and thus cytochrome c¢
'dissoclation' could only be partial. More significantly
however, Fuller et al. (1981) used a polarographic assay

for cytochrome ¢ oxidase with ascorbate and Ny N, N, N'=THMPD
to reduce the cytochrome c. This system can reduce
cytochrome ¢ bound to cytochrome ¢ in solution (see section

2.11g). Thus the dissociation of cytochrome ¢ from
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cvtochrome ¢ oxidase seems somewhat irrelevant 1ln such a
system. Fercuson-+iller et al. (1979b) using an off
constant of 10-30 s7t for cytochrome ¢ dissociation, have
calculated that cytochrone ¢ oxidase would not be capable of
the turnovers measured for electron transport in intact
mitochondria. These calculations assume that cytochrome ¢
nust dissoclate from the oxidase during each catalytic cycle
(The kinetic values used in these calculations may now pe

out of date).

rhus the exact functional relationship between the high
and low affinity sites 1s still in debate. The most
prevalent theory at the moment nowever, would appear to be
that cytochrome ¢ can transfer electrons only into the high
affinity site and that the low affinity site 1s responsible
in some way for modifying thilis activity. some ¢groups
however still oprovose activity through the low affinity site
both from auxiliary donor systems (zernardli and Azzone,
1281) ancd in normal respiratory activity (aikstrgm and
Penttilg, 1982). aAntalis and Palmer (1982) have recently
tried to account for the Xinetic data by proposing only one
cinding site and calculating that piphasic kadie-Hofstee
plots would still be seen. dowever thls work seems to
ignore a wealth of evidence which advocates the existence of

two binding sites.

1.30 Moplility of cytochrome ¢ oxidase.

“rom the results described which indicate that
cytochrome ¢ oxidase has a fixed sidedness 1n the membrane,
its rotation must be confined about an axis normal to the
plane of the membrane. I'ne early results of Junge and
Devault (1975), looking at the time dependence of linear
dichrocism following flash photolysis of a CO - cytocarome cC
oxidase complex 1n intact mitochondria, showed the enzyme to
be apparently completely immobile in the membrane. The work
of dachli 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 ¢
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oxidase 1in memnbranes have utilised one of two basic
technliques, saturation transfer electron spin resonance
spectroscony and measurements of absorption anlisotropy
following photolysis of a Cu - cytochrome ¢ oxidase complex.
r'hese two techniques have been compared by Cherry (1979)
where he polnts out the fundamental differences in the
paraneters measured by the two systems. Frfor at least one
system, rnodopsin, the two techniques seem to give

comparaple answers (Cherry, 1979).

Ariano and Azzi (1980) attached the spin label
4-maleimido~-2,2,6,6~tetramethylpiperidinooxyl to subunit I[II
of the complex and using saturation transfer electron spin
resonance spectroscopy, found the rotational correlation
time for cytochrome ¢ oxidase attached to asolectin vesicles
to be 34 us. This 1s a little smaller than the value of
52 ps calculated for the membrane bound enzyme from the
stokes-Einstein eqguation. [he discrepancy is probably due
to the fact that some of the enzyme is exposed to the lower
viscosity agueous phase. A second study using the same spin
label attached to cytochrome ¢ oxidase showed two
populations 0of 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 us (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 agyregates (swanson et
al., 1980).

fawato et al. (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 0of a CU - 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

(1873) 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 ¢ oxldase characterised by decay time constants
of several hundred microseconds and several milliseconds for
the more mobile and immobile populations respectively. They
calculate that between 30 and 50% of the cytochrome c
oxlidase present in the membrane 1s present in an immobilised
form, possibly self aggregated or in aggregates with other
membrane proteins. In later work by the same group they
nave shown two rotationally distinct populations of
cytochrome ¢ oxidase in reconstituted vesicles of both high
and low lipid to protein ratios. The ratio of rotationally
moblle to rotationally immobile (rotational relaxation times
of 500 us and 20 ms respectively) was higher in vesicles
with the greater lipid to protein ratio (mawato et al., 1931).
This result was reinforced in further experiments by this
group (Xawato et al., 1982) when they showed a similar trend
for cytochrome ¢ oxidase mobility in lipid enriched
mitoplasts. Since poth the freely diffusible and aggregated
forms of the protein appear to be egually active, there 1s
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 cyvtochnrome ¢

witn its redox partners during electron transfer.

Assuming that cytochrome ¢ does form a substrate/
enzyme complex as a necessary step in electron transfer,
which appears to be the case at least with cytochrome c
oxldase (Ferguson-Miller et al., 1979b), there are thnree
basic ways in which cytochrome ¢ can effect electron
transfer between 1ts reductase (Complex III) and its oxidase
(Complex IV). These three models cre presented
diagrammatically in Fig. 1.13. Figy. 1.13a depicts the

possibility that cytochrome ¢ forms part of 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 cytdchrome c reductase (III) to cytochrome ¢
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¢J) for interaction and
reaction with its reductase and oxidase.

(b) 1In this modei a ternary supercomplex is formed in
which cytochrome ¢ 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 ¢ oxidase. In this model, cytochrome c diffuses
between its redox partners combining, reacting and being

released, by each in turn.
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comnonent supercomplex with Complexes III and 1V. This
implies cytochrome ¢ can interact simultaneously with both
enzymnes and in this case the interaction domain on
cytochrome ¢ for its two redox partners would be different.
There would be no preregquisite for any of the three
components to be able to move within the membrane. The
second possibiliiy, represented in Fig. 1.13b 1is that
Complexes III and IV form a binary supercounplex in which
the cytochrome ¢ can oscillate freely. The third possipility
is that all three comnponents are freely diffusible and that
cytochromne ¢ first binds to Complex III, is reduced, falls
£f, combines witn Complex IV, 1s oxidised and then released
ready for reaction with Comolex III. Ihis model would
require dissoclatlion constants and nobility of the
components sufficient to account for physiological electron

transfer rates.

The first of these models now seems rather unlikely
from an accunulation of several pleces of evidence. Cne
interaction domain on cytochrome ¢ for both its oxidase and
reductase appear very similar (as descrived in section 1.9)
and are virtually superimposable. Myer et al. (1930)
suggest, from studies using derivatised cytochrome ¢ 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 (1973) who have shown that
cytocnrome ¢ from different species can react preferentially
with elther the oxidase or reductase. rowever, these subtle
differences do not sufficiently alter the fact that an
essentially similar area on cytochnrome ¢ 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 ¢ and Complex IV are not
present 1n one to one stoicniometries in tne inner
mitochondrial membrane. If there were a rigid 1:1:1
supercomplex, this would imply the vpresence of redundant

proteins, which seems unlikely. also, the individual
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components can be isolated guite easily and thus would not

appear to be permanently assoclated.

Another line of argument to distinguish between the
ideas of a stationary supercomplex and separately diffusible
components 1s the work which has been done on the mobility
of the complexes under various conditions. chhli and
Hdackenbrock (1976) have studied the aollity of integral
mempbrane oroteins to diffuse laterally within the bilayer
using freeze fracture electron microscopy. They have shown
that nembranes prepared at BOOC, fixed with glutaraldehyde
and then freeze fractured to preserve structure show a
random distribution of proteins in the inner mitochondrial
membrane. If fixation with glutaraldehvde 1s omitted, small
areas of smooth lipid are seen on the electron micrograph
with the integral proteins pushed into slichtly more ordered
arrays around them. These licld patches must presumaply
have forwmed even 1n the snhort -ime taken to freeze the
meapbranes. If the memnbranes were incuoated at teunperatures
selow the lipid phase transition for the membrane lipid (-6
to -12°C for inner mitochondrial mencranes) where lipid/
proteln 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 few seconds before being prepared for freeze
fracture, the random lipid protein arrays returned. Thus
they have shown that these ilntegral mermbrane proteins are
not fixed to any cytoskeletal structure but are able to
diffuse freely in the membrane. [his conclusion was reached
Lecause the transition rnetween the clumped and randomly
organised proteins, nroduced py changing the lipid phase,
was freely reversiple. In a later paper, chhli and
Hackenbrock (1979) reacted Compnlex 1V with divalent
monospecific antibodies and caused the proteins to clump
together by lowering the temperature nefore 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 trat irreversiole clumping of some of the large
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teral memorane protelns heac occurred. HJowever 1n these
sxsoriments sone of thne enaller Integral membrane proteins
reciifused to a randon array in the memprane indicating that
e st1ll free to uwove. ‘hese authors could not

lsh retween the oossicllity that cytochrome c

|
3
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oxidase alone had been trapoec, or whether it was associated
with some other vroteins. ‘nese recults would seem to argue
against a reallv rigicd arran_ement 1n the membrane however
and for & systen 1ln wilch the components could diffuse

freelv.

Ine motion of the indivicual conconents has been
discussed briefly in sections 1.13., 1.21 and 1.30. In this
csection they will pe considerec 1in relation to each other.
Hawato et al. (1981) have shown that the rotational
relaxation time of cytochnrome ¢ oxicase in phospholinid
vesicles 0f high lipild to protein ratio, contalning nostly

zyme, was tne sane 1. the nresence and apcence o
x LII. [he presence ©f cytocnrome C in the vesicle
conteininzy both enzyne complexes still caused no change in
the rotational nmotion o0f cyvtocrnrome ¢ oxidase. [F
cvtochrome ¢ oxidase and r Cctase were to form a super
complex, the diameter 0F the protein in the nemkrane would
increase to 1.5 tines tnhat of cvtochrome ¢ oxidace 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, 1t seems unlikely that the two
enzymes form a permanent conglex. Kawato et al. (19s2) as
mentioned in section 1.30, have obtained rotational
correlation times for cytochrome ¢ oxidase in the
mitochondrial membrane. T'hey nave used these data to
calculate a local lateral diffusion coefficient of
approximately 3 x 10”9 cmz/s for the faster rotating
cytochrome ¢ oxldase copulation. Tnis 1s somewhat faster
than the lonc range lateral diffusion coefficlents seen for
many integral membrane proteilins 1n other membranes, where a
value of D ... < 10719 cmz/s was obtained (Cherry, 1979).
This 1s consistent witn the i1deas of Hackenbrock (1981) that

the inner mitochondrial mencrane 1is a very fluid membrane.
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Fhe available data on lipid composition is in support of
this argument, as 80% 0f the phospholipid is composed of
phosphatidylethanolamine and phosphatidylcholine, containing
53% unsaturated fatty acids, the remaining 20% of the
vhospholipid is cardiolipin which contains 90% unsaturated
fatty acids. This is a rather higher proportion of
unsaturated fatty acids than found in most membranes. T[here
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). gKawato et al. (1981)
nave used the data avalilable for the membrane bound
amphipathic apolipoprotein, Apo C-III, which has been shown
to have a lateral diffusion coefficient of 3 x 107° cm2/s
(Vaz et al., 1979), close to that of phospholipids in a
bilayer, to postulate that cytochrome ¢ may have a similar
lateral diffusion coefficient, They have calculated the
averace area of the inner mitochondrial membrane per heme

\ N o2 ; . .
aa3 to be 40000 A" and, using the calculated lateral

i

iffusion coefficlents, shown that cytochrome ¢ oxidase
could sweep out such an area 1n approximately 5 ms, while
cytocnrome ¢ could do so 1in 0.5 ms. Assuming Complex III
tehaves 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 aa3).

Thus they opropose that the freely diffusing system 1s
theoretically capable of the known rates of electron

transfer 1n terms of protein collisions.

Une vroblem with the theory described above 1s that
poth Xawato et al. (1980 and 1982) and Swanson et al. (1980)
observe not only a mobile population of cytochrome ¢ oxidase
as descriked 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 ilncreasing lipid to protein ratio (Xawato et
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 mitochondrial membrane and that these aggregates give
rise to the slower moving population of cytochrome ¢ oxidase.
rhis vopulation is however egqually active cowmpared to the
more mobile population, which sheds some doubt on the above
calculations if the movement of cytochrome ¢ oxidase 1s
important. However, the work of schneider et al. (1980a)
implies that the diffusion of Complex IV 1s unlikely to be
rate limiting for electron transfer. This conclusion was
reached from the demonstration that the activity from
cytochrome ¢ to oxygen via Complex IV was not decreased Dy

increasino the lipid to protein ratio of the sample.

Schneider et al. (1980p) have developed a method for
enriching the lipid to protein ratio in mitochondrial
membranes. T[his technique can raise the lipid to proteiln
ratio by petween 30 and 700w%. Freeze fracture electron
microgravhs of the lipid enriched vesicle formed have shown
an increase in the distance ketween individual membrane
proteins. The proteins were however still randomly
disversed indicating that they must be freely diffusing (as
also demonstrated by Hochli and Hackenbrock, 1970 and 1979,
using phospholipid vesicles). schnelider et al. (1980a)
measured the activities of various segments of the electron
transport chain in theilr lipid enriched samples, to look for
any chances in activity which would imply diffusional
limitation. The effects of diffusion would pe more
proncunced under these conditions. A decrease in the
electron transfer rate between ~alLH and cytochrome ¢ was
taken as evidence that ubigquinone may be diffusionally
limiting under these conditions. In this work no evidence
was seen for a decreacse in rate petween Complex III and
Complex IV, indicating no diffusional limitation by
cytochrome c. More recently the analysis of these results
was revised and it 1s now prorosed that there is sowme
decrease 1n 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 riocld stationary tertiary complex.
g ¢ 3 Y Y P
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some of the points ralsed in the preceding discussion
would also seem to argue against the second proposal, that
1s the presence of a bilnary complex in which cytochrome c
can rotate. iHowever, if we propose a transient rather than
a vermanent complex, most of these objections are overcome.
For example, the presence of non-stoichiometric amounts of

sach complex in the mitochondrial wmembrane is no longer a

D

roizlem. Indeed a transient binary complex between JNALH

'a

dehydrogenase and Complex III may be the reactive species
for .JADH cviochrome ¢ oxidoreductase activity (2azan and
Heron, 1973). The results of sSchneider et al. (1980a)
could be considered to argue against this proposal for NADH
cvtochrome c oxidoreductase activity, however, these two
sets of results mav not be contradictory 1f taken in the
licht of the experimental conditions. The latter authors
were working with vesicles containing natural and higher
than natural lionid to »rotein ratios, wnereas the former
authors were workKing with nenbranes contalning natural and
less than natural linid to proteln ratios. In the same way,
ults 0of wchnelder _g 21. (1930a) concerning the
lectron transport chain do not

e
v rule out the possibility of transient complexes

“here is still much debate as to whilch of the
alternative nodels, as presented in Fiz. 1.13, 1s correct,
or whether one of the many intermediate possipilities 1is
t In 20oth the models described in Figs. 1.13% and 1.13c,
a further guestion arises of where the cytochrome c goes

t 1s not passing electrons to or from the complexes.
Does it fall off into solution in the intermembrane space,
remaln associated with the surface of the bilaver nembrane
or “Joes it remain associated 1n sowne way with one 0f the
enzvne connlexes? C(Cytochrome ¢ has been shown to be able to
bind to certaln phospnolinids as discussed earlier (section
1.11) and thus the suggestion that cytochrome ¢ remains
floating on the bilayer surface would appear to be a
nossipbilit Mme work of pernardl and azzone (1931) on

cytochrone < as an electron snutkle between the 1lnner and
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outer mitochondrial membranes suggests that only

cytochrome ¢ associated with the lipid pilayer 1is capable of
catalysing electron transfer petween its reductase and
oxidase. This would thus favour cytochrome ¢ remaining in
assocliation with the membrane (protein or lipid). [t would
appear that the amount 0f cytochrome ¢ available on the
surface of the membrane is dependent upon the ionic strencth
and pH in the intermembrane space, parameters which are very
hard to determine. The reaction studied by many steady
state kinetic analyses 1s that of the solution catalysed
reaction since this would be promoted under the assay
conditions used (high cytochrome ¢ concentrations and high
ionic strength). It could be argued that this is the mnost
likely reaction in the mitochondrion considering that the
ionic strencth of the cytosol 1s at least as high as that
used in these assays. Under these conditions the high
affinitv site on cyvtochrone ¢ oxidase would behave in a
nanner more closely resembling that of the low affinity
site. Ferguson-+4iller et al. (1979%a) suggest that the

lonic 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
nropose that under these conditions most cytochrome ¢ would
pe found associated with the high affinity sites on
cytochrome ¢ oxidase., If true, this would favour the model
of Fig. 1.13o requiring rotation of cytochrome c. The work
of Dixit et al. (1982) described in section 1.13 would lend
support to the sugoestion that cytochrome ¢ 1s 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 1f pnresent they would not see a faster moving component
under the conditions of their assays. TI'he motion they
observed is much slower than calculated by Kawato et al.
(1981). In any of these cases cytochrome c binding will be
susceptible to changes in ilonic strength and specific ions
such as phosphate. Cytochrome c binding to cytochrome ¢

oxidase hich affinity sites is especially sensitive to the
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physiological polyanions ATP and ADP (Ferguson-diller et al.,
1976). fhese effects could thus possibly represent a wmode
of control of electron transfer by controlling whether
cytochrome ¢ 1is bound or free in the intermembrane space.

A further complication in considering any mechanism 1s the
presence of two binding sites on cytochrome ¢ oxidase and

the incomplete knowledge of how these two sites interact.

The work of mawato et al. (1931) as discussed above
favours the freely diffusible non-interacting model (but
note the objections to this in view of the data concerning
cytochrome ¢ motlon as measured py Dixit et al., 1982).
Alternatively, Erecinska et al. (1980a) show rapld electron
transfer from succinate to oxygen with cytochrome ¢
covalently bound to the mitochondrial membranes in the
succinate-cytochrome ¢ reductase segment. This implies
cytochrome ¢ mobllity 1s not absolutely necessary. iHowever,
as polnted out by Ropvenol and Jargoliash (1982) much of the
cytochrome ¢ in these preparations is bound to phospholipids
and the rate of movement of these molecules may be fast

enoucgh to account for the electron transfer rates seen.

Capaldi et al. (19382) propose a scheme in which the
components are all freely diffusible. T'hey use the
calculations of Xawato et al. (1981), on the capacity of

cytochrome ¢ diffusion to account for measured electron

transfer rates, as support. They also discuss the
nossipllity that the dissociation of cytochrome ¢ from the
high affinity sites on cytochrome ¢ oxidase would possibly
vecome rate limiting, but taxe the data of »ilms et al.
(1981) as evidence that this step 1s competent to maintailn
the ophysiological electron transfer rates. The data of
~1lms et al. (1981) as described previously concerns the
stimulation of the off rate for cytochrome ¢ from the high
affinity site on cytochrome ¢ oxidase when a polycation 1is
bound in the low affinlity site. 'here 1s, however, no clear
evidence that this 1s the way the low affinity sites work.
A conformational change 1lncreasing electron transfer rates

within the cvtochrome c oxldase complex nas not been
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‘1sproved as a mode of action for cytochrome ¢ bound 1n the

d r
low affinity sites. Ferguson-iiller et al. (1979p)
advocates the second model (fi¢. 1.13b) claiming that the

-

off rates
fast and that the partial dissociation required for rotation

from the high affinity sites are not sufficiently

is more likely. Also they give greater credance to the

evidence that cytochrome c, can transfer electrons to
cytochrome ¢ bound to cytochrome ¢ oxidase in the high
affinity site. Koppenol and dargoliash (1982), calculating
the changes in dipole moment during a redox cycle and also
those required for cytochrome ¢ rotation conclude that the
changes which occur during a redox cycle are insufficient to

facilitate the required cytochrome ¢ rotation.

Thus, there 1s still much confusion and no really
earcut data have peen presented to distinguish between the

1
nodels presented in Figs., 1.13% 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 ¢ and cytochrome c oxidase 1is
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 ¢
reductase and oxidase isolated from beef heart mitochondria
and purified horse heart cytochrome ¢, in which both the
enzymes and cytochrome ¢ 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 contrifugation 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 ¢ 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, 1978; Heron et al.,
1978). In both cases the gquestions to be answered concerned
the mechanism by which a small redox carrier mediates
electron transfer between two large integral membrane
proteins. 1In 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 ¢ 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 ¢ molecule and a free
sulphydryl group on subunit III of the oxidase. A similar
Complex was prepared by Fuller et al. (1981) using yeast
cytochrome c and cytochrome ¢ oxidase from beef heart.

Again the cytochrome ¢ 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 ¢ - 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 ¢ 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.:
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 ¢ type cytochromes used in this
study, type III, from horse heart and type VIII 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 et al., 1949) or by the 'Lowry' method (Lowry et
al., 1951) using bovine serum albumin (Fraction Vv, Sigma

Chemical Co. Ltd., U.K.) as the protein standard.

2.4 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%¢. 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 K2P04 (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
"MSE 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
'Sharples' 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 Z

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
ad justed 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 MSE '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-ubiguinone 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,
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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/1 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 II[, was
dissolved in a small volume of sucrose/Tris buffer, frozen

and stored at -70°¢ ready for further purification.

2.5(b) Purification of Complex III.

This procedure is essentially similar to that described
by Rieske (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/10 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 MSE '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
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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 = content.
Only batches with greater than 3.5 nmol of cytochrome cl/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 was 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 cl content and an
assumption of one cytochrome C, per molecule of enzyme. The
cytochrome c:l 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 ma jor
bands have been labelled.

2.5(c) Ppurification of Complex IV.

This procedure is essentially similar to that described



Fiqure 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 mg 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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