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SUMMARY

A series of mutants were selected on their ability to 
grow in the presence of the inhibitor of oxidative phosphor
ylation, oligomycin. The work described in this thesis was 
an attempt to identify the aberrant peptide(s) responsible 
for an increase in the resistance to oligomycin in the case of 
A21 and A15 and also to venturicidin and TET in the case of A19. 
The factor(s) responsible for these phenomena were shown to be 
located in an ATPase ynJOSCP depleted membrane fraction. The 
mitochondrial membranes from both wild type and mutants were 
shown to be structurally similar by E.S.R. and ^H-NEM 
labelling. A soluble inhibitor sensitive ATPase (O.S. ATPase) 
was prepared from both wild type and mutant strains. The 
enzyme from the mutants studied showed no aberrations during 
purification or large scale deletions upon analysis by poly
acrylamide gel fcxtctrophoresis. The enzyme from both wild 
type and mutant cells was shown to possess a site of action of 
oligomycin, venturicidin and TET. The solubilised enzymes were 
shown to have retained the specific resistance phenomena found 
at the level of SMP in the mutants studied. One of the 
mutants, A21, was shown to have aberrant kinetics of formation 
of inhibitor sensitive ATPase after incubation in CAP. Analysis 
of the mitoribosomal products over a time course after incubation 
in CAP was made on wild type and A21 cells. Antisera to O.S. 
ATPase was used to identify the mitoribosomal products associated 
with O.S. ATPase. The major mitoribosomal product, subunit 9 
of the O.S. ATPase, was purified and partially characterised. 
Problems concerning the solubility of this product precluded 
further analysis of it. The appendix describes work carried



out on a preparative gel electrophoresis apparatus



CHAPTER 1

INTRODUCTION

1.1 YEAST - A SUITABLE SUBJECT FOR THE STUDY OF BIOCHEMICAL 
GENETICS OF OXIDATIVE PHOSPHORYLATION

The classical biochemical approaches to the problem of 
pathway elucidation, such as purification of pathway intermed
iates and enzymes and reconstitution of the pathway sequence 
from these purified constituents, have, for many years, been 
resisted by the sequence of chemical reactions responsible for 
energy transformation in mitochondrial membranes.

The major difficulty in usinr the classical approach to 
this problem is that the catalytic units carrying out the 
chemical reactions rorm an inte rated part of the highly or-anised, 
linoorotein system known in eukaryotes as the inner mitochondrial 
membrane. Difficulties arise in definin the limits of the 
catalytic units and any perturbation of one unit is bound to have 
a myriad of repercussions on other units.

Auxotrophic mutants have been extensively used as a tool for 
the elucidation of biochemical pathways and to apply the mutant 
approach to the problem of energy conservation would seem to be 
a logical progression. Application of the mutant approach to 
biochemical problems has usually employed the use of bacteria, 
but only recently have bacterial mutants begun to be used in 
studies of the biochemical genetics of oxidative phosphorylation 
and this area of study is now undergoing rapid expansion 
(Gibson, 1971; Cox and Gibson, 1974).

The organism first employed in such studies was a 
eukaryote, yeast. Yeast is a simple organism, it possesses
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mitochondria with properties very similar to those of 
mammalian mitochondria. It has long been one of the most 
useful micro-organisms to man and partially as a result of this 
its genetics, biochemistry and cytology have been extensively 
studied. The first mitochondrial mutants were identified 
because of the inability of some yeast cells to grow on non- 
fermentable substrates but produce a colony of reduced size on 
limiting fermentable substrate, i.e. petite colonies. These 
mutants were later found to have survived large lesions or 
indeed complete deletion o^ the mitochondrial genome. Many 
yeasts can survive such genetic damage because a tandem energy 
supply generated by the glycolytic oathway is open to them.
Thus one can dramatically alter the genotypic and phenotypic 
properties of-the- mitochondria of yeast and still maintain a 
viable cell. This coupled with the advantages listed below 
led to the choice of £5. cerevj siae as the organism best suited 
to the biochemical genetic approach to the problems of energy 
transformation. The advantages of S. cerevisiae are:- 
1 ) The species is easily cultured, grows as a reasonable 
rate as a haploid cell in a chemically defined medium, and is 
non-pathogenic.
2) The biochemistry of the species is well known.
5) It is commercially available in large quantities as brewers 
or bakers yeast, this can be a great convenience »'hen comnarat- 
ivelv large amounts of material are required for such techniques 
as production of antisera.
4) The organism is amenable to cytological observation and 
maninulation.
5) The genetics of the species has been extensively studied and



methos for its genetic maninulation are available.
6) Methods of isolation of mitochondria from cerevisiae 
are well documented and widely available.

Minor disadvantages have come to light with the particular 
strain, D22, employed in most of these studies in that the cell 
flocculates - early in the growth cycle under conditions of 
glucose repression and the cells are difficult to break 
mechanically or enzymically especially in the stationary phase of 
growth. This may turn out to be a major disadvantage in 
studies on the adenine nucleotide translocase system in this 
strain.

1.2 THE PETITE MUTATION

These are the most easily available mutants of S. cerevisiae
and have been extensively studied by Ephrussi and co-workers.
These mutants occur snontaneouslv, the cytoolasmic petite

- 4. -"5occurring with a very high frequency 1 x 10 to 1 x 10 
compared with a nuclear netite mutational rate of around 1 x 
10"6 to 1 x 10-7 ('5̂ /,'uifi " ). These mutation(s)
give rise to colonies distinctly smaller than those of the wild 
type if both cells were grown aerobically on a mixture of high 
non-fermentahle and limiting fermentable substrate concentrations 

and the mutations were stable over any number of cell generations 
( rhai ,). The petite colonies grew at a
slower rate aerobically on glucose than did the wild type but 
at a similar rate when grown anaerobically suggesting that the 
petite3 had normal fermentative capability but an impaired 
respiratory system.

It is now clear that cytoplasmic petites do not form a
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single class of mutants and that different lesions or complete 
deletion of the mitochondrial DNA gives rise to superficially 
similar phenotypes in bein~ respiratory deficient. Petites 
are now known to differ in the amount and base composition of 
their mDNA, the degree of retention of genetic material as 
measured by the deletion or retention of antibiotic resistant 
mitochondrial genes and their degree of suppressiveness 
(Eohrussi _et al_. , 1966; 1966).

Mitochondria from a haploid petite mutant have been 
investigated by Perlman and Mahler (l°70a, 2l* 1971). Their
content of ATPase vas comparable with that found in the "ild 
type vut vas unusual in that it vas cold stable but oligomycin 
insensitive a^d uio-9 sensitive. These mitochondria showed 
the multiple lesions in the respiratory chain usually 
associated with the petite mutation.

Another unusual feature of the petite mutation is its 
pleiotropic effect and an important question yet to be answered 
is how does a mutation anywhere along the mDNA forthe most part 
give rise to a petite phenotype showing a complete lack of 
mitochondrial protein synthesis. Either a lesion large enough 
to give rise to the petite phenotype renders survival of a 
functional mitochondrial protein synthesising system impossible 
or the regulatory system of the mitochondrial protein synthe
sising system is so closely intra -related that disruption in 
one part of it renders the remainder inoperable; the fact that 
the Hela cell mitochondrial genome is transcribed as a single 
cistron (Aloni and Attardi, 1971) lends some support to this 
hypothesis.



1.5 CYTOPLASMIC MUTANTS RESISTANT TO ANTIBIOTICS

The petite mutation was the first cytoplasmic mutant to
be extensively studied but was strictly limited because
respiratory deficient diploids could not be induced to sporulate
and so were not amenable to tetrad analysis. However more
recently it has been shown that respiratory deficient diploids
can sporulate immediately after induction. The discovery of 

( Kuen/i el.»l J. Ract.f 1974) JJ7 80 )a new “class of cytoolasmically inherited mutations in yeast, 
those conferring resistance or decreased sensitivity to 
antibiotics has greatly advanced the study of mitochondrial 
genetics and is now and vrill in the future nrovide a very 
promising approach to the identification of mitochondrial gene 
products and to the elucidation of the mechanisms of oxidative 
phosphorylation.

When £>. cerevisiae is grown on a non-fermentable substrate 
such as glycerol the organism is obliged to use the mitochondrial 
respiratory system for the production of energy for growth, 
thus any inhibitor affecting the respiratory system or affecting 
the functional integrity of the mitochondria will hamper growth 
of the organism on such substrates. Thus under these conditions 
it has proved possible to detect mutant strains of yeast which 
display a lowered sensitivity or resistance to such inhibitors 
(Wilkie et al. , 1967; Linnane at al.. 1968; Wilkie, 1970).
Such a resistance may be due to a number of possible changes 
such as a change in membrane permeability, a detoxification 
mechanism or an altered binding site for the inhibitor. These 
mutants can be shown to exhibit cytoolasmic inheritance in that

U + O +they show mitotic segregation in crosses of the type I ^ x I f 
and that on sporulation of the diploids the asci contain either
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O : 4 or 4 : 0 resistant : sensitive ascospores. Experiments
R ■+■collating loss of resistance with conversion of I ^ strain 

tof)~ strain have allowed localisation of the cytoplasmic 
determinants on the raDNA (Linnane e_t al. , 1968; Coen ejt al., 
1970).

Much of the initial work on antibiotic resistance phenomena 
utilised antibiotic inhibitors of mitochondrial protein 
synthesis such as chloramDhenicol, erythromycin and tetra
cyclines. None of the mutations impaired mitoribosomal 
function, the growth rates and the mitoribosomal activity of 
the mutants being comparable with those of the wild type.

Cytonlasmic Mutants Resistant to Inhibitors of the Reactions 
of Energy Transformation

Mitochondria and sub mitochondrial particles of j3. cerevisiae 
2 +contain a Mg dependent ATPase usually assumed to be the 

enzyme employed in the final stages of energy conservation in
which role it functions as a ATP synthetase. Oxidative

hencephosphorylation and subsequently ATPase activity is inhibited inA
coupled mitochondria by a number of inhibitors, most important 
to this study are oligomycin (Tzagoloff <rt al., 1968), 
venturicidin (Langcake et al., 197'+) and triethyl tin (Aldridge 
and Cremer, 1955)- The isolation of mutants resistant to 
these inhibitors may, therefore, provide a genetic probe into 
the nature and site of action of these inhibitors on oxidative 
phosphorylation and may provide information on the assembly 
and organisation of the mitochondrial energy conservation 
system.

Several studies have been made of oligomycin resistant 
mutants encompassing both nuclear and cytoplasmic mutations.



Vakabayashi and Gunge (1970) isolated several cytoplasmically 
inherited oligoraycin resistant mutants one of which was not 
linked with the rho factor and displayed an unaltered mito
chondrial ATPase, other mutants displayed an altered ATPase 
but the increased resistance of the enzyme to oligoraycin was 
not very marked (Wakabayashi, 1971). Oligoraycin resistant 
mutants of S. cerevisiae have also been isolated by Shannon 
et al. (1975). The mitochondrial ATPase of the cytoplasraically 
inherited mutants displayed altered sensitivity to oligomycin 
though only a two fold increase in the amount of oligomycin 
required to inhibit the ATPase activity 50% is shown by these 
mutants.

A series of mutants of S. cerevisiae resistant to high 
levels of oligoraycin were isolated in this' laboratory. These 
mutants were initially divided into two classes; class 1 
mutants displayed cross resistance to all inhibitors tested and 
class 11 mutants which displayed specific resistance to 
oligomycin and closely related inhibitors such as ossamycin and 
peliomycin (Avner and Griffiths, 1970; 1975a).

Studies on the class 11 mutants revealed that they showed 
typical cytoplasmic inheritance (Avner and Griffiths, 1973)
The resistance phenomenon was conferred by two groups of 
distinct non-allelic loci situated on the mitochondrial genome 
and designated 0L1 and OL11, strains D22A21 and D22A15 
respectively in this study. The ATPase activity of both 
mutants is markedly more resistant to oligomycin inhibition 
than the wild type, 0L1 more so than 0L11 (Griffiths and 
Houghton, 1974). Evidence will be presented in this study to 
demonstrate that these mutations manifest themselves as an



■» *

-  8 -

altered protein inhibitor binding site rather than a change in 
non specific binding or a permeability or regulatory effect.
These two loci show a high degree of recombination with each 
other and in a series of crosses involving mutants at 0L1 or 
0L11 and a series of petites variously deleted in known 
mitochondrial genes has shown that the two oligomycin resistance 
loci are seperable and the transcribed and translated nutation 
leads to two altered peptides. The expression of these 
mutations will be shown to be present in the purified ATPase 
thus two of the four mitochondrially synthesised subunits of 
the oligomycin sensitive ATPase (Tzagoloff and Meagher, 1972) 
may be altered in these mutants.

More recently a third locus conferring oligomycin resistance 
has been mapped and designated 0L111 (Griffiths,et_ al., 1975)» 
This mutant, which is also cross resistant to venturicidin and 
triethyl tin and is represented by D22A19 in this study, maps 
very closely to 0L1 and it is probable that OL1 and 0L111 are 
located on the same cistron and may express themselves in the 
same peptide. The specificity conferred by different mutations 
in the same peptides provides strong evidence that the resistance 
phenomena are functional and reside in the ATPase complex.

Biochemical studies on triethyl tin resistant, cytoplasmic- 
ally inherited mutants (Lancashire and Griffiths, 1975) have 
not progressed as rapidly as those with oligomycin resistant 
mutants. All attempts to detect an altered ATPase in a 
mutant selected as resistant to triethyl tin have failed.
However evidence will be presented to show that the inhibitory 
site of triethyl tin inhibition and resistance is on the 
purified oligomycin sensitive ATPase. Indirect evidence indie



ating the location of triethyl tin resistant phenomenon on
the ATPase will be given utilizing sets of isonuclear diploids

R Risolated from two genetic crosses resulting in genotypes 0 T ,
0^T°, and 0°T^. Evidence is also furnished from this
study for the close spatial interaction between triethyl tin 
and oligomycin binding sites.

1.4 INHIBITORS OF OXIDATIVE PHOSPHORYLATION * 1 2 3

Inhibitors selected for use as a genetic probe in studies 
on the structure and mechanism of the oxidative phosphorylation 
complex located on the inner mitochondrial membrane should be 
capable of satisfying the following criteria:-

1) The inhibitor should have a well defined locus of action 
on the oxidative phosphorylation complex.

2) The site of action of the inhibitor should be predominantly 
( preferably exclusively)on the mitochondrial inner membrane.

3) The inhibitor should be metabolically inert and not 
prone to detoxification mechanisms.

The proposed points of action of the inhibitors used in this 
study, on oxidative phosphorylation are outlined in Fig. 1.1.

Oligomycin

The antibiotic oligomycin has been widely used as an 
inhibitor of oxidative phosphorylation in studies on mitochondria 
(Huijing and Slater, 1961), sub mitochondrial particles (Lee 
and Ernster, 1968) and purified enzymes (Tzagoloff et al..
1968a.). As the first specific inhibitor acting at the site of 
coupling between respiration and phosphorylation oligomycin has 
become widely used as a tool in studies on these processes.
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Inhibitors selected for use as a genetic probe in studies 
on the structure and mechanism of the oxidative phosphorylation 
complex located on the inner mitochondrial membrane should be 
capable of satisfying the following criteria:-

1) The inhibitor should have a well defined locus of action 
on the oxidative phosphorylation complex.

2) The site of action of the inhibitor should be predominantly 
^preferably exclxisively) on the mitochondrial inner membrane.

3) The inhibitor should be metabolically inert and not 
prone to detoxification mechanisms.

The proposed points of action of the inhibitors used in this 
study, on oxidative phosphorylation are outlined in Fig. 1.1.

Oligomycin

The antibiotic oligomycin has been widely used as an 
inhibitor of oxidative phosphorylation in studies on mitochondria 
(Huijing and Slater, 1961), sub mitochondrial particles (Lee 
and Ernster, 1968) and purified enzymes (Tzagoloff et al..
1968a,). As the first specific inhibitor acting at the site of 
coupling between respiration and phosphorylation oligomycin has 
become widely used as a tool in studies on these processes.
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The mode and precise site of action of oligomycin is not yet 
known. Reviews of the properties of the oligomycins have 
been presented by Shaw (1967) and Slater and Ter Wells (1969) 
and a three dimensional structure of oligomycin B determined 
from single crystal X-ray diffraction data has been proposed 
by Glehn et̂  al. (1972).

Oligomycin and the related antibiotic rutamycin are 
isolated from snecies of Streptomyces, oligomycin from Strerto- 
myces d iastochromogenes (Smith _et al_. , 195*0 and rutamycin from 
Strentomyces rutrersensis (Thomnson at al. , 1951 ). Both 
compounds are very similar in their chemical, physical and 
biological properties but can be separated from each other by 
chromatography (Shaw, 1967).

Preparations of oligomycin contain three related alcohols,
A, B and C which vary in their molecular weight from 397 to 
480 (hasamure et al., 1958). All the oligomycins inhibit 
oxidative phosphorylation (Lardy at al., 1964) the order of 
effectiveness being A>B>C (Lardy et al., 1965). The effect of 
oligomycin on mitochondria is to inhibit coupled respiration 
and mitochondrial ATPase activity, induced or otherwise, provided 
that the ATPase remains membrane bound. It also inhibits 
 ̂Pi-ATP exchange reactions and the exchange of 0 between Pi 
and Hg0 iniat liver mitochondria. Oligomycin also inhibits 
energy linked reversal reactions when ATP is the energy source 
but not when energy is furnished by high energy intermediates 
either on the main path of oxidative phosphorylation (Danielson 
and Ernster, 1963) or derivable from such intermediates 
(Lardy at al. , 1964) i.e. when energy is conserved by respiratory 
chain substrate oxidation.
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The effect of olivomycin on beef heart submitochondrial
particles has been shorn to be of a more complex nature(Lee
and Ernster, 1968). At low olivomycin concentrations, 0.2
to 0.1 /fr/mc protein, oligomycin stimulates oxidative phosphor-

32ylation, its reversal and Pi-ATP exchange reactions in 
particles prepared by sonication in the presence of EDTA but not 
in particles prepared in the presence of ATP and Kg . In 
this case oligomycin has an inhibitory effect on oxidative 
phosphorylation and ^Pi-ATP exchange. Lee and Ernster (1968) 
concluded that oligomycin acts on the respiratory chain linked 
energy transfer system of EDTA particles in two ways, at low 
concentrations it inhibits the hydrolytic cleavage of a non 
phosphorylated high energy intermediate which is common for the 
three energy coupling sites of the respiratory chain and at 
higher concentrations it inhibits the interaction of the same 
intermediate with Pi and ADP to form ATP. Oligomycin has 
no effect on bacterial systems and only at high concentrations 
on photophosphorylation where it acts as a weak uncoupling 
agent (Avron and Shavit, 1965).

Triethyl Tin (TET)

Triethyl tin is a member of a range of compounds known 
as the organo tins, many of which are toxic to living organisms 
and their toxicity varies considerably with the number and 
type of organic groups in the compounds; trialkyl tin derivatives 
being the most toxic and trioctyl derivatives being essentially 
non toxic. Attempts to discern the biochemical mode of 
action of the alkyl tins responsible for their toxicity led to 
the conclusion that the trialkyl derivatives had a different
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mode of action from other derivatives. Whereas diethyl
tin was primarily an inhibitor of oc-oxo acid oxidases
(Aldridge and Cremer, 1955) the trialkyl tin compounds appeared
to be effective inhibitors of coupled respiration and phosphate
esterification in respiring mitochondria (Aldridge and Cremer
1955; Aldridge, 1958; Aldridge and Threlfall, 1961; Sone and
Hagihara, 1964). This inhibitory action of trialkyl tins
appeared to be very similar to the action of oligomycin as they

52also inhibited partial reactions such as Pi-ATP exchange 
and ATPase activity (Aldridge and Street, 1964). -These 
properties commend triethyl tin as a candidate inhibitor for 
the production of organisms mutated in their oxidative phos
phorylation mechanism (Lancashire and Griffiths, 1975).

Triethyl tin binding to rat liver mitochondria suggested
c r _

two binding sites, one of high affinity, 1 x 1 0 7 to 1 0 M~ , 
and a second site of lower affinity (Aldridge and Street, 1970).
It was thought that oligomycin and triethyl tin acted with 
different modes of action through different sites as it was observ«| 
that triethyl tin could also inhibit uncoupler stimulated 
respiration. An important advance in this study was the 
demonstration that trialkyl tin compounds could mediate transport 
across mitochondrial membranes of halide and thiocyanate ions 
in exchange for hydroxyl ions (Selwyn e_t al., 1970). In a 
sucrose medium free from anions which are effective in the anion- 
hydroxide exchange catalysed by trialkyl tins, that is anions 
essentially present in the usual .1M KC1 suspension buffers, 
(Aldridge, 1957; Aldridge and Street, 1971) the effects of 
trialkyl tins on mitochondria are similar to those of oligomycin 
in that they inhibit coupled oxidative phosphorylation but do



not inhibit uncoupler-stimulated respiration.
In a medium containing KC1 similar oligomycin-like effects 

are observed but in addition some release of respiratory control 
and marked swelling of the mitochondria occur. A time 
dependent inhibition of uncoupler stimulated respiration seems 
to be a secondary effect of mitochondrial swelling. The con
centration of trialkyl tin required to produce uncoupling 
correlates with the concentration required to mediate the 
anion-hydroxide exchange. Uncoupling by trialkyl tins is 
attributed to the action of the anion-hydroxide exchange 
followed by leakage of the anion out of the mitochondria 
resulting in discharge of both pH differential and electrical 
potential difference across the mitochondrial membrane.

Dicyclohexylcarbodiimide (DCCD)

DCCD has been shown to be a potent inhibitor of oxidative 
phosphorylation and of ATP driven partial reactions of oxidative 
phosphorylation and thus appears to act in a manner analogous 
to that of oligomycin. These inhibitory effects are immediate 
at high concentrations of DCCD (AO nanomoles DCCD/mg protein) 
(Beechey at al., 1966), however prolonged incubation of mito
chondrial preparations with DCCD produces inhibitory effects 
at much lower concentrations (1 nanomole/mg protein). In 
contrast to oligomycin these time dependent inhibitory effects 
are not reversible and DCCD, after incubation, appears to 
covalently bind the mitochondrial preparation at, or very close 
to the site of inhibitory action(Beechey at , 1967; Cattell
et al.. 1970). Catell at al. (1970) and Knight e£ al. (1968)

1Ausing C DCCD have shown covalent inhibitor binding to



mitochondrial proteolipid Fractions.
Displaying these properties DCCD is obviously a prime 

candidate inhibitor for biochemical genetic studies on yeast 
carrying mutations in the mitochondrial energy conservation 
system as this would provide a very powerful tool for the 
possible identification of the mutated binding site. However 
to date two problems have impeded such investigations; i) the 
work so far cited on covalent DCCD binding was carried out on 
ox heart mitochondria and studies so far have shown that while 
DCCD displays its inhibitory effects on yeast mitochondrial 
preparations it does not appear to bind covalently to sub 
mitochondrial particles, purified oligomycin sensitive ATPase 
or the purified proteolipid fraction associated with the 
oligomycin sensitive ATPase. ii) Attempts to isolate yeast 
mutants resistant to DCCD have been impeded by problems 
associated with complexing of DCCD in the growth media rendering 
it biologically inactive.

DCCD differs from oligomycin in that it inhibits bacterial 
oxidative phosphorylation and ATPase activity if the ATPase 
remains integrated with the membrane. Oligomycin is without 
effect on these systems.

Venturicidin

Venturicidin is a toxic antibiotic and potent fungicide 
first isolated by Rhodes e_t aT. (1961) in a search for antibiotics 
active against apple scab (Venturia inaequalis). It is
produced by three distinct strains of Streptomyces and a small 
scale isolation procedure from Gtrentomyces griseolus has been 
described by Langcake e_t al. (1974). The studies of Walter e_t
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al. (1 9 6 7 ) indicated that venturicidin acts in a manner 
similar but not identical to rutamycin on mitochondrial oxidative 
phosphorylation. These workers found that the effect of 
partially inhibitory amounts of rutamycin and venturicidin were 
at least additive and concluded that the two antibiotics act 
at the same site. Further studies by Griffiths et_ al_. (1975) 
on mitochondrial venturicidin resistant mutants have resulted 
in more complex concents of venturicidin, oligomycin and 
triethyl tin binding and their possible interactions at the 
level of the ATP synthetase complex.

The structure of venturicidin has been established (Brufani 
et al., 1 9 6 8 ; 1 9 7 2 ) and has been shown to be a macrolide
antibiotic which is different in structure from oligomycin and 
contains an additional substituted D-rhamnose residue. The 
structural similarities and similar mode of action of venturieidin 
and oligomycin suggest a common binding site, a contention 
supported by genetic data (Griffiths e_t aJL. , 1975). Griffiths 
and co-workers suggest that some structural feature of the 
macrolide ring common to both antibiotics may bind at a common 
site represented by locus 0L1 1 1 in strain D22A19- Evidence 
from studies on triethyl tin resistant mutants indicates a 
second binding site for venturicidin represented by locus 
and perhaps binding to the D-rhamnose residue of venturicidin.
This possibility was tested by comparing the effects of oligo
mycin and the aglycone of venturicidin, a derivative of 
venturicidin which has lost the D-rhamnose residue (Brufani 
et al. . 1 9 6 8 ), and should therefore behave like an' analogue of 
oligomycin rather than like venturicidin in its interaction 
with OLY^ and VEN^ OLY^ mutants, This in fafct was found to
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be the case (Partis, M.D., private communication). Venturicidin 
in acting upon S. cerevisiae, appears to have two binding sites, 
one of which binds to some macrolide ring structure and a second 
which binds to the D-rhamnose residue.

1.5 MITOCHONDRIAL ADENOSINE TRIPHOSPHATE PH03PH0HYDR0LASES 
(ATPases)

Despite the fact that oligomycin sensitive ATPase is 
regarded as the functional unit in the terminal enzymatic 
reaction of oxidative phosphorylation only comparatively 
recently have efforts been made to study the properties of the 
purified form of the enzyme rather than reconstituted inner 
membrane like vesicles of very poorly defined composition which 
catalyse reactions such as oligomycin sensitive ATPase activity 
(Racker, 1969) and Pi-ATP exchange activity (Mitchell, 1956).
In contrast purified oligomycin sensitive ATPase of defined 
lipid and protein composition which perhaps can be insetted 
into vesicles of defined composition should provide a fruitful 
model with v/hich to test predictions resulting from the various 
hypotheses forwarded to explain the mechanism of oxidative 
phosphorylation. Mitochondrial ATPase in its intact form 
integrated into the mitochondrial inner membrane is an elaborately! 
complex molecule and Fig. 1.1 gives an outline of what is 
believed to be its basic structure and subunit composition in 
S. cerevisiae. The enzyme is separable into three functional
components, the F^-ATPase which catalyses ATPase activity 
(Pullman et al. , i960) and in its isolated form is sensitive to 
aurovertin, Dio-9 and ephrapeptin but not to oligomycin, 
venturicidin, triethyl tin and DCCD; the oligomycin sensitivity



conferring peptide which forms a single class of peptide and 
appears to have the function of binding F. ATPase to the 
mitochondrial membrane and finally the membrane factor which is 
the least understood functional component of the enzyme and is 
thought to direct the flow of protons to F^ ATPase during 
oxidative phosphorylation (Mitchell, 1973; 1974). A fourth
functional group may be represented by the ATPase inhibitor 
protein though there is still a great deal of controversy over 
the identity and location of this peptide (Knowles and 
Penefsky, 1972; Brooks and Senior, 1971).

Olivomycin Insensitive ATPase Preparations

The ATPase enzyme first prepared from bovine heart mito- 
chjndria by Pullman et ad. (i960) and later from yeast mito
chondria (Schatz, 1967; Tzagoloff, 1969a) were oligomycin 
insensitive, lipid free and water soluble preparations which 
formed the major component of the oligomycin sensitive complex 
(Tzagoloff, 1971) and has the unusual property of being cold 
labile (Penefsky ¿t ad., 1965)- Analogous preparations have 
been made from rat liver mitochondria (Caterall and Pedersen,
1971; Lambeth and Lardy, 1971)» chloroplasts (Farron, 1970; 
Howell and Moudrianaris, 1967) and from several bacterial strains 
(Bragg and Iiou, 1972; Schnebli and Abrams, 1970; Munoz et_ ad.,
1969). These preparations are completely resistant to most 
inhibitors which display an inhibitory effect on the membrane 
bound enzyme with the notable exceptions of aurovertin (Lardy, 
1964), enhrapeptin (T.G. Cartledge, Personal Communication) 
and to a lesser extent Dio-9.

Purification schemes of most F^ ATPaee preparations are 
similar in several respects, they start with membrane fragments



and employ sonication to strip F^ from the membrane and use 
anion exchange and gel filtration chromatography as terminal 
purification steps. Most of the schemes used ennloy ATP 
containing buffers throughout the purification (Knowles and 
Penefsky, 1972; Horstman and Packer, 1970; Senior and Brooks,
1970). Since the F. enzyme is cold labile when removed from 
the membrane the post-sonication steps of the purification are 
carried out at room temperature. All these preparations are 
judged homogeneous by several criteria and exhibit ATPase 
activities of at least 60 .«moles Pi/min/mg.

The release of analogous F^ ATPases from bacterial and 
chloroplast membranes can be effected without recourse to 
sonication (Farron, 1970; Lein and Racker, 1971; Schnebli 
and Abrams, 1970) and is usually achieved by repeated washings 
either with low ionic strength buffers or buffers containing EDTA. 
These preparations are also water soluble and cold labile.

Olir-ornycin sensitive ATPase Preparations

Membrane bound ATPase has been shown to be sensitive to a 
range of inhibitors (Griffiths and Houghton, 197A) but loses 
sensitivity to oligomycin, triethyl tin and venturicidin when 
detached from the membrane. More recently several procedures 
have been outlined which resulted in a solubilised ATPase 
preparation which displays sensitivity to oligomycin (Swanljung, 
1973; Tzagoloff, 1969a; 1971)- Whereas removal of the
oligomycin insensitive ATPase from the membrane is usually 
accomplished by sonication the initial solubilization of the 
oligomycin sensitive enzyme is accomplished by treatment with 
disruptive agents such as cholate or deoxycholate or by non-
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ionic determents such -as Triton X-100 (Tzagoloff e_t ai. , 1968b; 
Stekhoven _et al. , 1972; Capaldi, 1973; Swanljung _et al. .
1973). This solubilisation procedure appears necessary for 
the removal from the membrane of at least three highly insoluble 
lipophillic peptides necessary for the conferral of oligomycin 
sensitivity (Tzagoloff, 1973) and termed the membrane factor 
by Tzagoloff.

The preparation of Swanljung (Swanljung, 1973) begins with 
a Tricon X-100 extract which is purified on an affinity column 
of Sepharose AB covalently coupled to ATPase inhibitor protein 
or alternatively is purified by detergent gradient chromatography 
(Swanljung, 1973)- However in these preparations the recovery 
of ATPase activity was low, A.2% of total bovine heart mito
chondrial activity being recovered as was the specific activity 
increasing from ? . 1  moles Pi/min/mg in sub mitochondrial . 
particles to 8.5 moles Pi/min/mg in the purified enjsyme.

To date the most highly purified preparation is that of 
Tzagoloff and Meagher (1971) from the mitochondria of 
Saccharomyces cerevisiae. The purification scheme consists 
of solubilizing the enzyme from sub mitochondrial particles with 
Triton X-100,centriiuging once at high speed and sedimenting the 
supernatant on a glycerol gradient (5 to 15% w/v). The . 
purified complex has a specific activity of 28yiimoles Pi/min/mg 
and although the preparation still contains some phospholipid 
it appears under the electron microscope to be a fairly 
homogeneous complex of oval shaped globular particles 1 0 0 by 
150A in size- Sedimentation analysis corrected for lipid 
content gives an upper limit for the molecular weight of A68,000 
daltons. This preparation gave both a better recovery of
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ATPase activity, some 22% of sub mitochondrial particle 
activity being recovered in the cure enzyme,'and a higher 
specific activity, rising from b.3/*moles Pi/min/mg in sub 
mitochondrial particles to 28. O^moles Pi/min/mg in the 
purified enzyme, than the Svanljung preparation)

The rigorous purification and characterisation of the 
oligomycin sensitive ATPase complex from mammalian sources had 
not been achieved. Severalpreparations of low specific 
activity ( < 9y«moles Pi/min/mg) have been obtained from 
bovine heart mitochondria by using cholate or deoxÿcholate and 
ammonium sulphate fractionation(Tzagoloff, 1973b; Capaldi,
1973). Although oligomycin and/or DCCD sensitive ATPase 
preparations have not been obtained as yet from bacterial or 
chloroplast membranes there is good reason'to believe that 
such complexes exist. Similar to mitochondrial ATPase the 
membrane ATPase of chloroplasts and bacteria are sensitive to 
either oligomycin, DCCD or both (Vambutas and Hacker, 1965;
Harold ej; al. , 1969).

1 . 6  SCOPE OF THIS THESIS

At the time when the work described in this thesis was 
begun some preliminary biochemical investigations had been 
carried out at the mitochondrial level on some mutants selected 
as resistant to oligomycin (Griffiths et al., 197?). There 
was, however, considerable controversy concerning the levels of 
ergosterol found 'in/different mutants. Swanljung and co-workers 
claiming altered sterol levels in whole yeast, mitochondrial 
membranes and ATPase (Swanljung et al., 1972) while Griffiths 
and co-workers found no significant change in sterol levels of



03 ATPase from wild type and mutant cells (Griffiths and 
Houghton, 1974).

This then was taken as the starting point for work on 
these mutants. Chapter 2 is concerned with a preliminary 
investigation into the possible site for the factor(s) respon
sible for the conferral of the resistance phenomena of the 
membrane bound ATPase. The factor(s) were found to reside 
in the membrane portion of the enzyme complex. As 
described in the introduction to Chapter 2 E.S.R. studies were 
then used as an indirect approach to investigate any possible 
gross changes in membrane lipids. No discernible differences 
were found between mutant and wild type mitochondrial membranes.

On the basis of these findings it was decided to investigate 
any possible resistance phenomena at the level of a highly 
purified, inhibitor sensitive enzyme complex. Chapter 3 • 
describes this work and the difficulties encountered in such 
an aoproach. The levels of resistance in the purified enzyme 
of both wild type and mutant cells correlated well with those 
found in SMP, however no physical changes in the enzyme during 
purification or on analysis with polyacryamide gels could be 
found to account for the resistance phenomena.

It was then decided to monitor the biogenesis of enzyme 
sensitivity in a system which could identify possible aberrant 
mitoribosomal products. Such an investigation is described 
in Chapter 4. Although some anomalies were found during the 
biogenesis of inhibitor sensitive ATPase in mutant A21 it was 
not possible to positively identify a peptide whose temporal 
or gross production was responsible for the resistance 
phenomenon.
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It appeared that a more direct unambiguous approach 
should be tried and that this would involve purification and 
subsequent analysis of the four mitoribosomal products 
associated with the OS ATPase (Tzagoloff et al.. 1973). The 
observation that neutral chloroform : methanol ( 2  : 1 v/v) 
extracted a single mitoribosomally produced proteolipid, which 
also appeared to be subunit 9 of the 03 ATPase coupled with 
the identification by Beechey and co-workers (Cattell e_t al. .
1971) of a low molecular weight proteolipid as the binding site 
for DCCD, an oligomycin like inhibitor, in rat liver mitochondria, 
prompted an initial purification and characterisation of subunit 
9. The insurmountable difficulties involved in attempts to 
further analyse this peptide from wild type and mutant cells 
are discussed in detail in Chapter 5 .

1



CHAPTER 2

RECONSTITUTION OF OLIGOMYCIN SENSITIVE ATPase AND ELECTRON 
SPIN RESONANCE STUDIES

2.1 INTRODUCTION

A series of mutants of Saccharomyces cerevisiae have been 
selected on the criteria of their ability to prow on glycerol in the 
presence of the inhibitor of oxidative phosphorylation, 
oligomycin. The mutants selected for use in this study 
displayed cytonlasmic inheritance and mapped at three loci on 
the mitochondrial genome: 1) 0L1 represented by D22A21 in
this study 1 1 ) 0L11 represented by D22A15 111) 0L111
reoresented by D22A19. Loci 0L1 and 0L111 map very closely 
together and nrobably manifest themselves in the same translation 
product. Loci OL1 and 0L11 are widely separated on the mito
chondrial genome and probably give rise to two different peptides. 
Studies at the level of mitochondria and sub mitochondrial 
particles indicate that the level of resistance to oligomycin 
in these mutations increases in the order A15<"A21 <'A.19 
(Griffiths and Houghton, 197^)-

The mitochondrial ATPase complex can be fractionated into 
three components: 1) ATPase 11) Oligomycin sensitivity
conferring protein and 1 1 1 ) a membrane fraction responsible 
for oligomycin sensitivity. By fractionating and reconstituting 
the membrane bound complex utilizing various components from 
different strains it should be possible to identify that fraction 
of the ATPase complex which contains the factor(s) responsible 
for the change in oligomycin sensitivity. The first part of 
this chapter describes such a study.



The reconstitutions of membrane bound oligomycin 
sensitive ATPase described in this chapter were carried out 
using F^ ATPase and OSCP from bakers yeast. Both of these 
components of the oligomycin sensitive ATPase are nuclear coded 
and synthesised by the cytoribosomal system (Tzagoloff et_ aT. , 
1973) and as such would be unaltered in a cytoplasmically 
inherited mutant. The mitochondrially synthesised and therefore 
probably coded peptides of the oligomycin sensitive ATPase are 
those lipophilic peptides which constitute the membrane factor(s) 
(Tzagoloff et al., 1973). Any cytoplasmically inherited 
mutation which affects oligomycin sensitivity should presumably 
manifest itself in these membrane factors. To this end 
ATPase and OSCP depleted membranes were prepared from wild type 
and mutant strains and their membrane bound, oligomycin sensitive 
ATPase activity restored using F^ ATPase and OSCP from a common 
source (bakers yeast) and the resulting activity investigated to 
see if the resistance phenomena present in the original sub 
mitochondrial particles was still present. If this was so 
then the cytoplasmically inherited resistance factor(s) must 
lie in the membrane factor of the oligomycin sensitive ATPase 
and not in the ATPase or the OSCP.

The second part of this chapter is concerned with invest
igating possible gross changes in mitochondrial membrane 
composition in cytoplasraically inherited oligomycin resistant 
mutants. This study was prompted by controversy over possible 
correlation of oligomycin resistance with altered sterol levels 
of whole yeast cells, mitochondrial membranes and oligomycin 
sensitive ATPase (Swanljung jrt al., 1972; Griffiths and 
Houghton, 197*0. Because of variable levels of sterols reportéd



- 25 -

for such mutants and because sterol levels in inner mitochondrial 
membranes are low (Parsons and Yano, 1967) it was decided to 
use a different indirect approach to look for possible changes 
in mitochondrial membrane composition. This approach 
consisted of 1) E.S.R. studies of purified mitochondrial 
membrane fluidity in wild type and mutant strains, 1 1 ) 
titration of H N£M against mitochondrial membranes of wild type 
and mutant strains to determine whether any gross alterations in 
the stereochemistry of the membrane had taken place altering 
the availability of titratable protein sulphydryl groups.

Spin labelling studies employ nitroxides with the 
following general structure

CH, CH
/

R l ^ " C \  +N -
0 /

CHZ5 CH.

The param agnetic properties of these compounds derive from 
an unpaired electron localised primarily on the nitrogen.
Spectra obtained with free tumbling nitroxides characteristic
ally have three equally spaced components as shown below.



The magnetic field experienced by the unpaired electron is 
perturbed by the nuclear magnetic moment of N, this having 
a spin quantum number of 1 allows only three orientations, 
parallel, antiparallel and perpendicular, of the nuclear 
magnetic moment with respect to the laboratory field. These 
three perturbing fields split the hypothetical single electron 
resonance band into three equally spaced components.

In the first soin labelling study of oriented phospholipid 
multilayers (Libertini et al. , 1969) spin labels were used 
to examine the overall orientation of the lipid chains in the 
multilayers. Nitroxide free radicals attached to stearic acid 
were shown to be orientedin the egg lecithin multilayers and 
the results indicated that the spin labels are not sufficiently 
large perturbations to cause gross local disorder. The spin 
labels employed in this study were the V ,4'-dimethyloxazolidine- 
H-oxyl derivative of methylketostearate which for simplicity is 
referred to as the doxyl moiety ie. 5-doxylstearic acid and 
16-doxylstearic acid. In these derivatives the doxyl moiety 
is rigidly bonded through a spirane structure to the flexible 
backbone of the stearic acid moiety, thus the nitroxide has no 
movement independant of the stearic acid and so its movement 
reflects the movement of the whole molecule.

The work of Jost et al., (1971) showed that with such 
probes the splitting of the spectra obtained depended on the 
position of the doxyl group. The splitting decreases markedly 
as the doxyl group is moved away from the carboxyl end, ie. 
towards the centre of the phospholipid bilayer. The qualitat 
ive interpretation of this is that molecular movement increases 
markedly towards the hydrocarbon end of the fatty acid.chains.
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The further along the-fatty acid chain the doxyl group is 
situated the more similar the spectrum becomes to that of a 
free tumbling nitroxide (Mehlhorn and Keith, 1972).

It has been widely reported that the addition of sterols 
to lipid bilayers reduces the fluidity of the bilayers 
(Shimshick and McConnell, 1973; Cogan _et al.. 1973; Hubbel 
and McConnell, 1971; Oldfield et_ â l. , 1971; Hsia et al. ,
1972). Thus any gross changes in sterol composition of the 
mitochondrial membrane should reflect itself in altered 
membrane fluidity which should be apparent in a changed E.S.R. 
spectrum showing greater or lesser splitting.

The E.S.R. probes chosen for this study were two nitroxide 
labelled stearic acid derivatives. The first, 16 doxyl 
stearic acid, has its nitroxide moiety bound at the sixteenth 
carbon atom from the carboxyl end, ie. very close to the hydro
carbon end of the stearic acid molecule.

The second E.S.R. probe uses 5 doxyl stearic acid.

•>
-a
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As a preliminary experiment to any possible E.3.R. 
studies with N-ethylmaleimide spin labels it was decided to 
titrate H-N-ethylmaleimide against the wild type and mutant 
membranes for the reasons discussed earlier. No discernible 
differences were found in titratable levels of N-ethylmaleimide 
and so in view of the expense involved in the purchase of 
nitroxide labelled N-ethylmaleimide this experiment was 
discontinued.

2.2 MATERIALS AND METHODS 

Yeast Strain
The haploid strain used routinely on this investigation 

for the isolation of mutants was D22 a ad-£ arg + met + P  + w  
C® Er® OL® Sp® Cy® CP®. This strain was the gift of Dr. D. 
Wilkie. The mutants were produced using ultraviolet light 
as the mutagen and selected as described by Avner and Griffiths 
(1970; 1973).

Growth of Saccharomyces cerevisiae
S. cerevisiae was grown aerobically in 10 litre cultures 

in New Brunswick fermentors (New Brunswick Scientific Co., Imc., 
New Brunswick, New Jersey, U.S.A.) in the dark at 30°C. 
Compressed air was passed through the culture at the rate of 
1 lit. air/min/lit. culture. The culture was stirred at a rate 
of 450r.p.m. The medium contained per litre of distilled 
water:- 1 g Ki^PO^, 1.2 g (NH^^SO^, 0.5 g NaCl, 0.7 g 
MgSO^^i^O, 0.4 g CaC^, 0.3% yeast extract, 0.2 ml tributyl 
citrate antifoaraing agent and in cultures of haploid D22 0.1 g 
adenine sulphate. Glucose at a concentration of 0.8% was 
used as a carbon source and was added as a sterile 40% solution



after autoclaving. The culture was inoculated with a 
1% v/v starter culture grown to stationary phase on 0 .8% 
glucose.

Preparation of Asolectin
Purified soya bean asolectin was thoroughly homogenised 

in 10 mM Tris, 1 mil EDTA at a concentration of 20 mg/ml.
The mixture was then sonicated for three one minute bursts 
with cooling on ice between sonications (Il.S.E. 50 KHz 
sonicator, maxirimm rover). The mixture was then spun for 
100,000^ for ten minutes. The supernatant was stored frozen 
in 5 ml aliquots. The phosoholioid content was determined by 
weighing to constancy to be 1 1 . 2  mg/ml.

Preparation of Sub Ilitochondrial Particles .
Fermenter grown cells were harvested in early stationary 

phase by centrifugation in an M.S.E. "Mistral" centrifuge ( 6  x 
1 lit. rotor, 2,000 r.p.m. for 5 minutes). This and all 
subsequent steps were carried out at 0 to 4°C. The cells 
were washed once with distilled water and resuspended in ice 
cold buffer containing : 0.25 M mannitol, 1 mM EDTA,' 20 mil
Tris acetate pH 7-5- 10 g wet weight of cells were suspended
in 50 ml buffer. The cells were homogenised using a Braun 
shaker (B. Braun Apparatebau, Melsungen, Germany) with 0.4-5 to 
0.5 mm diameter glass beads at top speed (4,000 r.p.m.) for 
45 sec. One part by volume of cell suspension was homogenised 
with one part by weight of glass beads (24 ml of beads).

The homogenate was decanted and the beads washed twice with 
10 ml portions of buffer. Homogenate and washings were pooled 
and centrifuged in a G.S.A. rotor using a Sorvall RCB-2 
centrifuge at 4,000 r.p.m. for 15 minutes. The supernatant was



then spun at 15,000 r.-p.m. for 20 minutes in an S3 34 rotor.
The pellet was homogenised in buffer containing 0.25 M sucrose, 
10 mM Tris acetate pH 7.5 and spun at 4,500 r.p.m. for 20 
minutes in an S3 34 rotor. The supernatant was then spun at
15,000 r.p.m for 20 minutes in an SS 3^ rotor. The pellet 
was homogenised in 0.25 M sucrose, 10 mM Tris acetate pH 7-5 
to give a final protein concentration of 25 to 40 mg/ml.

The mitochondrial suspension was sonicated for 30 sec., 
on ice, in an M.S.E. 150 K sonic oscillator at the medium
setting, and then centrifuged at 40,000 r.p.m. for 30 minutes 
in a Beckman 40 rotor in a Beckman L2-50 ultracentrifuge. The 
lipid layer and supernatant were aspirated off, the pellet was 
resuspended in 0.25 M sucrose, 10 mM Tris acetate pH 7-5 to 
a final protein concentration of 2 5 mg/ml.

Protein Estimations
Protein estimations were by the method of Lowry e_t al_. , 

(1951)- The assay was modified in that after addition of the 
phenolic reagent the tubes were placed in a boiling water bath 
for exactly one minute, cooled on ice and the optical density 
determined. This procedure considerably shortened the assay 
time giving the same results as the traditional method. When 
assaying particulate preparations 0.1 ml of 1% SDS was included 
in the assay as a solubilising agent.

Preparation of Sub Mitochondrial Particles from Bakers Yeast 
The method employed for the large scale production of 

sub mitochondrial particles from bakers yeast was essentially 
that outlined by Tzagoloff (1969) and consisted of crumbling 
two pounds of pressed yeast into a one gallon Dewar flask 
containing about 3 litres of liquid nitrogen, the excess



nitrogen was decanted off for reuse and the frozen pellets 
transferred to a one gallon stainless steel Waring Blendor 
container (Eberbach Corporation, Michigan). The blendor was 
immediately switched on at low speed, any delay at this point 
results in frozen and immobilised blendor bearings, and run 
until the pellets were converted into a fine swirling powder.
The powder was blended for a total of three minutes in three 
equal bursts, the powder being redistributed with a spatula 
between bursts. The powder was then transferred to 1.5 litres 
of buffer maintained at room temperature and containing 0.4 M 
sucrose, 0.05 M Tris acetate pH 8.2 and 1 mM EDTA. After the 
powder had thawed the pH was adjusted to 7.5 with NaOH and the 
suspension was homogenized at low speeds for 45 secs in the 
Waring Blendor. The homogenate was centrifuged for 15 minutes 
at 2,000 r.p.m. in an M.S.E. "Mistral" centrifuge equiped 
with a 6 x 1 lit. head. The supernatant was then spun at
10,000 r.p.m. for 40 minutes in a G.S.A. head in a Sorvall RC 2B 
centrifuge. The pellet was resuspended in 500 ml of buffer 
containing 0.25 M sucrose and 0.01 M Tris acetate pH 7*5* After 
homogenisation in a glass-Teflon homogeniser the suspension was 
centrifuged at 4,000 r.p.m. for 15 minutes in a Sorvall G.S.A. 
head. The supernatant was spun at 10,000 r.p.m. for 40 
minutes in a Sorvall G.S.A. rotor. The pellet was resuspended 
in about 150 ml of 0.25 M sucrose, 0.01 M Tris acetate pH 7*5 
and homogenised in a glass-Teflon homogeniser to give a final 
protein concentration of between 25 to 40 mg/ml. The suspension 
was sonically irradiated in 5 0 ml batches for 5 0 sec. in an 
M.S.E. 150 Kc. sonic oscillator at medium power output, the 
suspension was cooled on ice during sonlcation. The suspension



was centrifuged for 40 minutes at 40,000 r.p.m. in a Beckman 
40 head. The supernatant was aspirated off and the pellet 
was resuspended in 50 ml of buffer containing 0.25 M sucrose,
0.01 M Tris acetate pH 7.5 and recentrifuged at 40,000 r.p.m. 
for 40 minutes in a Beckman 40 rotor. The washed particles 
were resuspended in'the sucrose-Tris buffer and the protein 
concentration adjusted to 2 5 mg/ml.

Preparation of ATPase from Bakers Yeast Sub Mitochondrial 
Particles

The procedure used for the preparation of yeast ATPase 
was a modified version of that described by Tzagoloff (1969a). 
Bakers yeast sub mitochondrial particles at a concentration of 
25 mg/ml in 0.25 M sucrose, 0.01 M Tris acetate pH 7 . 5  were 
diluted to 12.5 mg/ml with 10 mM Tris acetate pH 7-5» ATP 
was added to a final concentration of 2 mM, EDTA was added to 
a final concentration of 1 mM and the suspension brought to 
pH 8.5 with Tris base.

The suspension was sonicated in an M.S.E. 150 Kc. sonic 
oscillator in 5 0 ml batches without cooling at maximum power. 
Sonication was continued until the temperature of the sample rose 
to 35°C, usually 2.5 to 3 min. All subsequent steps were 
carried out at room temperature. The pooled particle suspension 
was adjusted to pH 5.8 with 1 N acetic acid and centrifuged at
30,000 r.p.m. for 20 minutes in a Beckman 30 rotor. The pH of 
the supernatnat was adjusted to 7-5 with 1 M Tris base.

Solid ammonium sulphate was slowly added to 50% saturation. 
The suspension was spun at 30,000 r.p.m. for 20 minutes. Solid 
ammonium sulphate was added to the supernatant to bring the 
degree of saturation to 75%. The suspension was again spun at
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30,000 r.p.m. for 20 iilin. and the supernatant discarded. The 
pellet was resusoended in a small volume of buffer containing 
10 mil Tris acetate pH 8.0, 2 mM ATP and 1 mM EDTA hereafter 
referred to as TEA. This sample was then applied to a Sephadex 
G-50 column (3 cm x 15 cm) equilibrated with TEA. The coloured 
part of the eluate was collected and diluted approximately ten 
fold with TEA.

The whole sample was then applied to a column of DEAE 
cellulose (Whatman pre-swollen D.E. 52, 2 cm x 8 cm) equilibrated 
with TEA. The column was washed with:-

1 ) 20 ml of TEA
2) 70 ml of TEA containing 50 mM KC1
3) TEA containing 300 mil KC1.

With application of the third wash containing 300 mM KC1 
the coloured band moved through the DEAE cellulose and was• 
collected. The eluate containing the coloured band was 
brought to 7 3% saturation with the careful addition of solid 
ammonium sulphate. The suspension was spun at 30,000 r.p.m. 
for 20 min in a Beckman 30 rotor. The pellet was resuspended 
in a small volume of TEA and applied to a Biogel A5 column 
(3.2 cm x 63 cm) equilibrated with TEA. The column was 
developed with TEA and approximately 5 ml fractions were taken. 
Alternate fractions were assayed for ATPase activity and the 
active fractions (see Fig. 2.1m) pooled. Solid ammonium 
sulphate was added to 7 5 % saturation and the enzyme could be 
stored at 4°C without loss of activity. The yield was approx
imately 9 mg of enzyme from 8 . 0  g of submitochondrial particles 
and the specific activity was between 18 and 23/4imoles Pi/min/mg.



Figure 2-1m

Absorbance at
660 nm

Elution Profile of ATPase from a Biofuel A-5 Column

The column was developed as described in Materials and 
Methods. i <>/ of each fraction was assayed for ATPase
activity for 12 minutes at 57°C pH 8.5. The activity of each 
fraction is exoressed as the absorbance at 660nm produced in 
the assay for hydrolysed phosphate.
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Preparation of Olivomycin Sensitivity Conferring Protein from 
Bakers Yeast Sub Mitochondrial Particles

Oligomycin sensitivity conferring protein was prepared 
by a modified method of MacLennan and Tzagoloff (1968) using 
sub mitochondrial particles as the starting material rather 
than oligomycin sensitive ATPase and omitting fractionation 
on CM-cellulose.

Yeast submitochondrial particles at 25 mg/ml in 0.25 M 
sucrose, 0.01 M Tris acetate pH 7.5 were diluted to 18 mg/ml 
with 10 mM Tris acetate pH 7.7- 0.5 ml volumes of 1 N NH^OH
was added slowly with stirring, the suspension was incubated 
at 0°C for 10 min. 2 N acetic acid was added until the pH 
was brought to 7 - 5  and the suspension was centrifuged at 5 0 , 0 0 0  

r.p.m. for 20 min in a Beckman 30 rotor.
The pH of the supernatant was brought to 5«0 with 2 N 

acetic acid and the resulting suspension centrifuged at 3 0 , 0 0 0  

r.p.m. for 20 min as before. Solid ammonium sulphate was 
added to the clear supernatant to bring the solution to 60% 
saturation. The suspension was spun at 30,000 r.p.m. for 10 min 
and the pellet resuspended in 7 0% saturated ammonium sulphate 
and stored at 4°C. Between 4.5 and 7.5% of the sub mitochondrial 
particle protein was recovered.

Preparation of Oligonr/cin Sensitivity Conferring Protein depleted and 
FiATPase Depleted Particles

Particles depleted of ATPase and OSCP, hereafter referred 
to as NlhBr particles, were prepared from wild type and mutant 
sub'.;mitochondrial particles by a modification of the procedure 
of Tzagoloff (1969a).

Sub mitochondrial particles at a protein concentration of
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25 mg/ml were diluted’to 8 mg/ml with 0.25 M sucrose, 10 mil 
Tris acetate pH 7-5- To this suspension was added an equal 
volume of 6 M NaBr and the suspension was centrifuged at
40,000 r.p.m. for 50 min in a Beckman 40 rotor. The infra- 
natant was carefully removed with a Pasteur pipette and the 
large floating layer and small pellet were resuspended inthe 
original volume of 0.25 M sucrose, 10 mM Tris acetate pH 7-5*
To this suspension was added half a volume of 1 N NH^OH and 
the mixture was incubated at 0°C for 10 min. To this was 
added a quarter of the original volume of 1 N acetic acid, the 
resulting suspension was centrifuged at 40,000 r.p.m. for 30 min 
in a Beckman 40 rotor. The pellets were resuspended in the 
original volume of 0.25 M sucrose, 10 mM Tris acetate pH 7.5 
and half a volume of 1 N NH^OH was added and the suspension was 
incubated at 0°C for 10 min, then a quarter of the original 
volume of 1 N acetic acid was added and the suspension spun at 
40,000r.p.m. for 30 min in a Beckman 40 rotor. The pellets 
were washed with the original volume of 0.25 M sucrose, 10 mM 
Tris acetate pH 7.5 and resuspended in a small volume of the 
same. Generally 20 to 26% of the sub mitochondrial protein 
was recovered.

Reconstitution of Oligomycin Sensitive ATPase.
Bakers yeast ATPase and bakers yeast OSCP were centri

fuged out of the ammonium sulphate suspensions and resuspended 
in 0.25 M sucrose, 10 mM Tris acetate pH 7 . 5  and the protein 
concentration adjusted to 2 mg/ml and 1 0 mg/ml respectively.
The NH^Br extracted particles from wild type and mutant strains 
was adjusted to 5 mg/ml. The various fractions were mixed as 
shown in Table 2.1 in a final volume of 1 ml. The mixtures
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were incubated for 10 min at JO C, the mixture was then 
diluted with two volumes of cold buffer containing 0.25 M 
sucrose, 10 mM Tris acetate and centrifuged at 15,000 r.p.m. 
for 10 min in a Sorvall RC 2B centrifuge using an SS 3A rotor. 
The precipitate was resuspended at an NH^Br extracted particle 
concentration of 1 mg/ml and assayed for ATPase activity. All 
specific activities were calculated on the basis of the amount
of NH.Br particles present in the assay. For inhibitor studies
A mg of NH^Br extracted particles, 1.6 mg F. ATPase and 16 rag 
OSCP were incubated for 10 min at 30°Cin a final volume of 8 ml. 
Tv;o volumes of cold buffer were added and the mixture centrifuged 
at 15,000 r.p.m. for 10 min as before. The pellet was 
homogenised in a glass-Teflon homogeniser and brought to a final 
volume of A ml in 0.25 M sucrose, 10 mM Tris acetate pH 7.5.
The equivalent of 200y«g of NH^Br extracted membranes were used 
to assay for ATPase activity.

Assay of ATPase Activity
ATPase activity was measured in a reaction mixture 

containing 5 mM ATP, 2 mM MgClg, 50 mM Tris HC1 pH 9.5 in a 
final volume of 1 ml. Enzyme and inhibitor were preincubated 
together for 5 rain at 30°C and the reaction initiated by the 
addition of 50y«l of 0.1 M ATP brought to pH 7.5 with NaOH*
The reaction was terminated by the addition of 1 ml of cold,
10% w/v trichloracetic acid. The mixture was centrifuged at
6 , 0 0 0  r.p.m. for 5 min to sediment the protein and 0 . 5  ml samples 
of the supernatant were removed for the estimation of phosphate 
by the method of King (1932). Inhibitors were added as an 
ethanolic solution which never exceeded 1% of the final assay 
volume and had no deleterious effect on enzvme activity over
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the time scales used (see Fig. 3 .1 m).

Preparation of Mitochondria for E.S.R. and -HEM Binding
Studies * *

Cells were grown, harvested and broken in the Braun shaker 
as described. 5 ml of the washed mitochondrial fraction at a 
protein concentration of 2 5 - 3 0 mg/ml was layered onto a 
discontinuous gradient consisting of 1 2 . 5  ml of each of 7 0 ,
50, 50 and 15% sucrose in 10 ml Tris acetate, 1 mM EDTA pH 
7-5- The gradients were spun for 2.5 hours at 25,000 r.p.m. 
in a Beckman 25.2 3W rotor. The dark coloured cytochrome 
laden band was removed with a Pasteur pipette and diluted four 
fold with 10 mil Tris acetate pH 7.5 and spun at 15,000 r.p.m. 
for 20 min in a Sorvall SS y\ rotor. The pellet was homogenised 
in a glass-Teflon homogeniser in 5 ml of 0.25 M sucrose 10mM 
Tris acetate pH 7.5 and layered onto a second gradient constructed 
in the same fashion as the first and the whole procedure 
repeated. The final mitochondrial pellet was resuspended in 
0.25 M sucrose, 10mM Tris acetate pH 7 . 5  at a protein concentrat
ion of 1 0  mg/ml.

*Labelling of Mitochondria with ^H-NEM
N-ethyl 2- H-maleimide was supplied by New England Nuclear 

Inc. at an activity of 0.25 mCi in 0.14 mg in 0.25 ml pentane. 
Pentane was considered too volatile a solvent so the sample was 
dried down and redissolved in 0.25 ml of ethanol. The method 
of labelling was a combination of those described by Green £t al.. 
(1973) and Hatase et al., (1973). 1 mg of mitochondrial
suspension in 5 mM MgC^ was mixed with the indicated amounts 
of ^H-NEM and incubated at 0°C for 20 min. The mitochondria 
were sedimented at 1 0 0 ,0 0 "^ for 5 0 minutes, washed and resedim-

i;>
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ented. The surface of the pellet was washed three times 
with cold 0.25 M sucrose, 10 mM Tris acetate pH 7-5- The 
pellet was homogenised in 0 . 5  ml of the same solution and 
solubilised in 10 ml Triton, toluene, butyl PBÛ scintillant 
and counted.

2.3 RESULTS

Effect of Olivomycin Sensitivity Conferring Protein on Membrane 
Bound ATPase Activity

From Table 2.1 it can be seen that only residual membrane 
bound ATPase activity is present in the sedimented NH^Br 
particles when either OSCP or F^ ATPase is omitted from the 
reconstitution mixture and that all three components are 
necessary to reconstitute membrane bound ATPase activity. Table
2.1 also shows that the amount of ATPase activity restored to the 
NH^Br particles is clearly dependant upon the amount of OSCP 
in the reconstitution mixture.

The results depicted in Table 2.2 show that the inclusion of 
5 mM MgClg in the reconstitution mixture increases ATPase 
binding by some 3 9%, the further addition of 2 0 0^ g  and 5 0 0 <̂*g 
of asolèctin per 50Cy«g of NIPBr particles in the presence of 
5 mM Mg++ increases the membrane bound activity by 55 and 74% 
respectively. Because of likely lipid effects upon enzyme 
inhibitor sensitivity (see Chapter 3, Figs. 3.8, 3.9, 3-10) 
(Tzagoloff, 1969jO asolectin was not included in the reconstit
ution mixture for inhibitor studies.

From Table 2.3 it can be seen that in no instance was it 
possible to reconstitute a membrane bound ATPase with a specific 
activity equivalent to that found in the original sub mito
chondrial particles. That this may be due to mixing of
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TABLE 2.3

Specific Activities or Sub Mitochondrial Particles and 
Reconstituted ATPase

Strain D22

Sub Mitochondrial ^ „
Particles

Reconstituted Particles 1.32

A21 A19 A15

4-.82 4.13 5-3

1.05 0.87 1.5

The numbers express specific activities as ^/moles Pi/min/ 
mg protein. Reconstituted particle specific activities are 
calculated on the basis of the amount of NH^Br particles 
present in the assay.
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components of ATPase from different strains was discounted 
as on reconstituting all three components derived from wild 
type sub mitochondrial particles the specific activity of the 
reconstituted particles was not dignificantly different from 
the specific activities of hybrid reconstituted particles.

From Figs. 2.1, 2.2, and 2.3 it can be seen that the level 
of sensitivity and final levels of inhibition of the reconstituted, 
membrane bound ATPases is significantly lower than in the 
equivalent sub mitochondrial particles both for the wild type 
and mutant strains. This may be due to either:- 
1 ) Incomplete removal of F^ ATPase during sedimentation leaving 
a residue of highly active oligoraycin insensitive activity.
This, however, seems unlikely as column 1 of Table 2.1 shows 
that no significant amount of unbound F^ ATPase activity is 
sedimented. 2) Some ATPase may be incorrectly reconstituted 
onto the membrane resulting in ATPase activity without oligo- 
mycin sensitivity, this possibility cannot be discounted.
However from Figs. 2.1, 2.2 and 2.3 it is clear that a distinct 
differential in oligomycin sensitivity is found between the 
wild type and mutant reconstituted membranes.

Fig. 2.4 shows the E.S.R. signal obtained when the E.S.R. 
probe C16 doxyl stearic acid is incorporated into the mitochond
rial membranes of wild type D22 and mutants A21, A19 and A15. 
Qualitatively no difference can be seen in the spectra, a 
quantitative analysis of the ratio of peak heights hQ/h- 1  

shows no significant differences. On this probe the nitroxide 
moiety will be orientated deep in the membrane phospholipid 
bilayer where the hydrocarbon chain will rotate relatively 
freely, thus there would appear to be no significant differences
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Fig. 2.1

°//o Inhibition

gms Oligomycin/mgm protein

Reconstitution of D22 and A21 OS ATPase from F . ATPase, OSGP 
and Membrane Fraction

The reconstitutions were carried out as described in 
Materials and Methods. The sensitivity of SMP from 
D22 ( A— A ) and A21 ( • — #  ) are as indicated. The reconst
ituted OS ATPase sensitivities using bakers yeast F^ ATPase and 
OSCP and membrane fraction from D22 ( A — A  ) and A21 (O— O  )

were as indicated
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o/
/o Inhibition

ŷms 0 ligomycin/ mgm protein

Reconstitution of OS ATPase from F. ATPase, OSCP and Membrane 
Fraction

Reconstitution of OS ATPase activity was carried out as 
described in Materials and Methods. The sensitivity of SMP
from D22 ( Ac--A) and A19 (•--®  ) were as indicated. The
OS ATPase sensitivities reconstituted from bakers yeast 
ATPase and OSCP, and membrane fraction from D22 ( A — A  ) and 
A19 ( O — O )  were as indicated.



Fig. 2 . 3

o//o  Inhibition

Reconstitution of 03 ATPase from ATPase, OSCP and Membrane 
Fraction

Reconstitution of OS ATPase activity was carried out as 
described in Materials and Methods. The sensitivity of SMP 
from D22 ( A - —A  ) and A15 ( # - —•)  were as indicated. The 
OS ATPase sensitivities, reconstituted from bakers yeast ATPase 
and OSCP, and membrane fraction from D22 ( A — A  ) and A15 (O-- O )
were as indicated.



FIGURE 2,4

Mitochondrial membrane, at a protein concentration of 50rag/ml, 
were incubated with 16 doxyl stearic acid for five minutes at 0°C. 
The spectra were obtained by Dr. E. Bertoli.
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in the fluidity of the mitochondrial membrane, deep within 
the membrane, between the wild type and any of the mutants 
investigated. Fig. 2.5 shows the E.S.R. signal obtained when 
the probe C5 doxyl stearate is incorporated into the wild type 
and mutant mitochondrial membrane. This probe has the 
nitroxide moiety situated near the carboxyl end of the molecule 
and so is much more restricted in its movements, however the 
results obtained with this probe lead to the same conclusions 
as those obtained with C16 doxyl stearate.

Titration of Wild Tyne and Mutant Mitochondrial Membranes with 
?'H N-Ethvlmaleimide

Table 2.4 presents the results obtained when varied amounts 
■ z.of H-NEM are incubated with a fixed amount of membranes. No 

large discrepancies in the number of table sulphydryl
groups between mutant and wild type strains although in all cases 
the amount of H-NEM bound per mg protein is lower than that 
reported by Green et al. , (1975) and Hatase e_t al. , (1970) for 
beef heart mitochondria.

ZiiL DISCUSSION

It has been shown that cytoplasmically inherited oligo- 
mycin resistant mutants exhibit various levels of resistance 
to oligomycin at the level of sub mitochondrial particles and 
that these mutants map at three different loci on the mitochond
rial genome (Avner and Griffiths, 1970; 1973).

Reconstitution experiments have been performed using 
ATPase and OSCP from a common source and F^ ATPase , OSCP 
depleted membranes from mutant and wild type strains. The 
cytoplasmically inherited factor(s) responsible for altered

Hncamrs^ »util*



TABLE 2. A

Binding of -NEM to V.'ild Tyne and Eutant Mitochondrial

Membranes

7. 7.nanomoles of NEM bound per mg protein

nmoles NEM 
added per mg 
protein

D22 A21 A19 A15

1 0.63 0 . 6 8 0.75 0.65
5 2 .2? 2 . 0 2 . 1 2 2.31
1 0 2.5 2.57 2.58 2.AA
2 0 3.A9 3 .2A 3.57 3.68
AO A.5 A.3A A. 0 A. 32



oligomycin sensitivity in all cases are localised within the 
F^ ATPase, OSCP depleted membranes and are probably reDresented 
in the four mitochondriallv synthesised pentides which make up 
the membrane fraction of the olivomycin sensitive ATPase 
(Tzagoloff, 1973). Similar results have recently been 
published by Shannon et_ aJL. (1973) in studies on cytoplasmic- 
ally inherited olivomycin resistant mutants.

The reconstitution exneriments described in this chapter 
employ hybrid enzyme reconstituted from diploid bakers yeast 
F^ ATPase and OSCP and haploid D22 and mutant depleted membranes. 
Whilst the inclusion of a wild type enzyme in an experiment 
involving several mutants constitutes in itself a very powerful 
control, a more ideal situation would have included 
reconstitution experiments between wild type membranes and 
mutant F^ ATPase and OSCP and vice versa. This type of 
control was attempted but the time needed to prepare amounts 
of wild type and mutant F^ ATPase and OSCP required to carry 
out a comprehensive control would not have been justified by 
the experiments limited place in this thesis. Table 2.5 shows 
that there were no gross differences in specific activities, 
between wild type and mutant, in either the SMP or the reconst
ituted membranes. This would indicate a similar reconstitution 
mechanism in all strains with no mutant reconstituting an 
abnormally high or lov; membrane bound activity. Column 1 of 
Table 2.1 indicates that very little non specific binding of 
F. ATPase is taking place and so the decreased final levels of 
inhibition seen in the reconstituted enzyme would probably 
not be due to small amounts of insensitive F^ being pelleted 
with the reconstituted membrane. A further indication that no
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non specific binding is taking place is that a very small 
quantity of insensitive F^ ATPase, with an expected specific 
activity between AO and 60 would dramatically boost the 
specific activity of ally contaminated reconstituted membrane 
and this insensitive activity would diminish to negligible 
proportions any sensitive reconstituted enzyme with a specific 
activity of approximately 1. It is felt, therefore, that these 
results do represent a true indication of altered membrane 
factors affecting enzyme sensitivity and that the differentials 
in sensitivity, between mutant and wild type, shown in SMP 
are broadly maintained in the reconstituted enzyme.

The gross mitochondrial membrane structure of wild type 
and mutant cells have been studied using fatty acid spin labels

7and H-NEM as structural rrobes. In the case of'all the mutants 
tested no large discrepancy in membrane structure by the 
criterion of E.S.R. or NEM labelling was apparent. In 
conclusion we may say that the factor(s) responsible for the 
lowered sensitivity of the mutants to oligomycin appear to 
reside in the membrane fraction of the OS ATPase. The 
manifestation of the mutation does not, however, appear to cause 
any large disruption of the membrane structure and bring about 
the resistance phenomena in this way but is probably a much 
more subtle change probably in the OS ATPase complex and 
affecting an inhibitor binding site.
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CHAPTER 3

PREPARATION AND SOME PROPERTIES OF AH INHIBITOR SENSITIVE, 
SOLUBLE MITOCHONDRIAL ATPase

3.1 INTRODUCTION

In this chapter the preparation and some relevant properties 
of an inhibitor sensitive, soluble mitochondrial ATPase 
preparation are presented. At least three laboratories have 
isolated and defined mutations in the mitochondrial DNA which 
confer resistance to oligomvcin on the mitochondrial ATPase 
complex of yeast both in vivo and in vitro (Stuart, 1970; Avner 
and Griffiths, 1970; Criddle al. 1973). However the in 
vitro inhibitor studies have either been carried out on mito
chondria, sub mitochondrial particles or particles reconstituted 
from the three ma.jor components of the ATPase complex, that is 
'stripped' membrane, oligomycin sensitivity conferring protein 
and F. ATPase, from parental and mutant cells. The results of 
such reconstitution experiments indicate that the resistance 
factor resides in the membrane fraction of the ATPase complex. 
However oligomycin sensitive ATPase activity also depends on 
membrane lipids (Bulos and Racker, 1968). Indeed Swanljung 
et al,, (1 9 7 2 ) reported a lower content of associated ergosterol 
as characteristic of ATPase purified from two class 11 mutants 
although a reinvestigation of these mutants and their parental 
strain shows no significant differences.

From these studies one can reasonably draw the conclusion 
that the resistance factor(s) lie in the membrane, but whether 
the lesion in the rnDNA leads to an altered inhibitor binding 
site located on the hydrophobic membrane peptides of the ATPase



complex, or whether the lesion is regulatory and leads to an 
altered lipid composition or arrangement of the membrane thus 
altering the sensitivity, or whether the lesion is responsible 
for a conformational change and thus denies the inhibitor access 
to its binding site still remains unclear.

A different anproach presented in this chapter is to study 
the effect of various inhibitors on a membrane free, non 
particulate enzyme. A study of such an enzyme functioning free 
from any membrane directed constraints and in a grossly modified 
lipid environment, amenable to manipulation and yet still 
displaying the inhibitor resistances and/or sensitivities shown 
at the mitochondrial level would lend strong support to the 
supposition that the lesion in the mDNA is leading to an altered 
mitochondrially synthesized peptide residing in the membrane 
fraction of the ATPase complex and that the resistance phenomena 
is due to an altered inhibitor binding site.

Various oligomycin sensitive ATPase preparations have been 
reviewed in the general introduction. For this study the 
preparation of Tzagoloff and Meagher (1971) was chosen because 
while being a simpler preparation gave both a better recovery 
of ATPase activity, some 22% of SMP activity being recovered 
in the pure enzyme, and a higher specific activity, rising from 
2.5/</mole Pi/min/mg in the SMP to 28.0 y^mole Pi/min/mg in the 
purified enzyme, than the possible alternative preparation of 
Swanljung (1973).

For these reasons a slightly modified version of the 
Tzagoloff preparation was chosen for these studies.

The genetic studies of Lancashire and Griffiths (1973) 
indicated interaction between different binding sites on the 
inner mitochondrial membrane of yeast for the inhibitors TET and



olivomycin. In view of the importance of this in identifying 
physically proximal sites of inhibition of these two inhibitors 
it was decided to investigate this phenomenon at the level of 
sub mitochondrial particles and solubilized enzyme. As can

Dbe seen from Table 3.1 the insertion of OLY phenotype into 
mitochondrial triethyl tin resistant mutants markedly lowers 
the resistance to TET. It is not possible to see if a converse 
interaction is taking place in whole cell studies because levels 
of oligomycin which can be used on plates are insufficient to 
prevent growth of cells mutated at locus 0L1, however at the 
mitochondrial and soluble enzyme level sufficient levels of 
inhibitor can be used and a further investigation of any 
interaction is therefore possible.

3.2 METHODS AND MATERIALS

Yeast Strains

The haploid strain used routinely in this investigation 
for isolation of the mutants was:-
D22 a ad£~ arg+ met+ ^ + oj+ Er° OlA* Sp® Cy^ CP*̂ . This 
strain was the gift of Dr. D. Wilkie. The mutants were produced 
by ultraviolet irradiation and selected as described by Avner 
and Griffiths (1970; 1973).

The constructed diploid strains used in this investigation 
were derived as shown in Table 3-2. D22/EC6 being a cytoplasm-
ically inherited mutant selected as resistant to triethyl tin 
(Lancashire, 1974). DP1-1B7e is an oligomycin resistant mutant 
selected in the laboratory of Professor P.P. Slonimski and 
mapping at locus 0L1.
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TABLE 5.1

In Vitro Resistance of Constructed Diploids to Triethyl Tin

Strain Genotype Resistance to TET (y^M)

KL110 O^T R 40

KL111 o rt R 
u 7 16 1 0

KL113 o.7rt s 2

KL114 0St S 2

Phenotypic Interaction between Oligomvcin Resistance and 
TET Resistance in Isonuclear Constructed Diploids.

Diploid strains were assayed for tolerance to TET using 
the Drop out procedure on glycerol medium containing the 
Following concentrations of TET: 2, 4, 10, 20, 40 and 80y*M.
Growth was scored after three days incubation at 30°C.

See Table 3.2 for origin of strains. The data for this 
table was provided by Dr. W. E. Lancashire.



TABLE 5.2

Genetic Derivation of Constructed Dioloids

Strain Genotype
Constructed Dioloid Strains

Origin of Strain

KL110 a ade
+

+
his

+
trp

+
0®T R u i16 D22/EC6 X DP1-1B/7e

KL111 a ade + + +
0 ®T R 7 16 D22/EC6 X DP1-1B/76

+ his trp

KL113 a ade + + + o 7 rt s D22/EC6 X DP1-1B/7®
+ his trp

KL-m a ade + + + 0STS D22/EC6 X DP1-1B/7e
+ his trp

The data provided in this Table was from Dr. W. E.
Lancashire
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Venturicidin was a gift from Dr. I.D. Fleming, Glaxo 
Laboratories, Stoke Poges, U.K. and can now be obtained from 
British Drug Houses Ltd., Poole, Dorset, U.K.

Oligomycin was obtained from Sigma Chemicals Inc.

Growth of Saccharomyces cerevisiae

Cells were grown and harvested as described in Chapter 2.

Preparation of Asolectin

Purified soya bean asolectin was prepared as described in 
Chapter 2.

Preparation of SUP

SFIP were produced as described in Methods and Materials, 
Chapter 2.

Protein Estimations

Protein estimations were described in Methods and Materials, 
Chapter 2.

Preparation of Triton Extracts

To a suspension of yeast sub mitochondrial particles in 
0.25 M Tris acetate pH 7*5 at 25 mg protein/ml was added 2.9 
volumes of 5 mM Tris acetate pH 7.5* The solution was mixed 
well and a 10% w/v solution of Triton X-100, in 5 mM Tris acetate 
pH 7-5, was added slowly with stirring to give a final Triton 
X-100 concentration of 0.25%. The solution was centrifuged at 
100,000 £ for 20 min. The lioid layer and pellet were discarded, 
only the clear infranatant being retained.

Purification of Inhibitor Sensitive ATPase

5 0 mis of 5 to 2 0% linear sucrose gradients were prepared
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containing 0.05% Triton X-100, 10 mM Tris acetate pH 7-5 using 
a simple two chambered device. Stirring was effected by 
a Teflon coated spiral of wire driven by a variable speed overhead 
stirrer. The gradients were built in Beckman SW 25.2 tubes 
and chilled at 4°C for several hours before use. 5 ml of 
Triton X-100 extract was carefully applied per gradient and the 
gradients spun at 25,000 r.p.m. for 20 hours in a Beckman L2-50 
ultracentrifuge which was stopped without the brake. Ten 5.5 ml 
fractions were collected from the bottom of the tube by pumping 
through a multi-channel variable speed peristaltic 'pump.

100y*<l of each fraction was assayed for ATPase activity in 
the presence of 50yul of purified asolectin. The active 
fractions were pooled and either used directly or concentrated 
as indicated. The enzyme was frozen in a mixture of cardice 
and acetone and stored at -50°C. The procedure is summarized 
in Fig. 5.1.

Assay of ATPase Activity

ATPase activity was measured in a reaction mixture 
containing 5 mil ATP, 2 mM MgClp, 50 mM Tris-HCl, pH 7.’5 to 10.0 
or 50 mM Tris maleate pH 6.0 to 7-5 in a final volume of 1 ml.
In assays on crude Triton X-100 extracts 60 to 80/^gms of 
protein were added and in assays on purified enzyme 15 to 25/**gms 
of protein were added. All inhibitors were added as concentrated 
ethanolic solutions, the ethanol never exceeding 1% in the final 
assay mix. In a control experiment addition of ethanol alone 
had no effect on ATPase activity over the time span, of the 
assays (Figure 5.PM). Enzyme and inhibitor were preincubated 
together for 5 minutes at 50°C prior to initiation of the reaction 
with ATP. The reaction was allowed to proceed for five or ten



FIGURE 3.1

Flow Chart

Sub mitochondrial particles in sucrose tris (25 mg/ml).

Add 2.9 vols 10 mil Tris acetate pH 7.5 and 0.1 vol. 10% w/v 
Triton X-100 slowly with stirring. Spin 105,000 £  x 20 mins.

Pellet and lipid discarded.

Infranatant removed with Pasteur 
pipette. 5 ml layered onto 0 0 ml 
5 - 2 0% linear sucrose gradient containing 
10 raM Tris acetate pH 7.5, 0.05% Triton 
X-100. Spun 1 8 - 2 0  hours in a Beckman 
SW25.2 head, 2 3 , 0 0 0  r.o.m. Gradient
fractionated into 1 1 equal fractions. 100/71 of each fraction 
was assayed for ATPase activity in the presence of 550/"sms 
purified asolectin. The most active fractions were pooled.
All steps were carried out at 0 - 4°C.



FIGURE 3.1m
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ATPase Assay reflect of ethanol

" 1 6 . 6 of gradient purified DP2 OS ATPase was assayed in 
in the presence of ethanolic solution of inhibitor (•— — • ) and 
in the presence of equivalent amounts of ethanol (o---o) over
the same incubation times.
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minutes as indicated and was stopped by the addition of 1 ml 
10% (w/v) trichloracetic acid. The reaction was always linear
over the time course followed. The mixture was centrifuged at
6 , 0 0 0  r.p.m. for five minutes to sediment the protein. 0 . 5  ml 
samples of the sunernatant were removed for the determination 
of phosphate (King, 1932).

Preparation of Samnles for Gel Electrophoresis

To 800y4fgms protein in ? ml 10 mM Tris acetate pH 7.5 was 
added 8 ml acetone and 0.1 ml KC1, the solutions were 
thorourhlv mixed and left overnight at 0°C in conical glass 
test tubes. The precipitated protein was spun down at 3,000 
r.p.m. for 1 0 minutes and the supernatant decanted off, excess 
acetone was dried off in a gentle air stream. The pellet was 
resuspended in 0.8 ml of a mixture containing 1% w/v SD3, 10% w/v 
glycerol, 1 0 mM Na2HP0^ and 1 % v/v mercaptoethanol and thoroughly 
broken up with a glass rod. The tubes were capped with 
aluminium foil and placed in a boiling water bath for one minute 
and then transferred to a thermostatted water bath at 70°C for a 
further 2 0 minutes. 1 0 ^ 1  of bromophenol blue was added as a 
tracking dye and the appropriate volume of the mixture (final 
protein concentration 1 mg/ml) applied to the top of the gel.

Gel Electrophoresis in SDS

The conditions of gel electrophoresis were essentially those 
of Weber and Osborn (1969). The final concentration of acryl
amide was 7 .5% and the ratio of monomer to cross-links was 
36.8 : 1 w/w. Gel dimensions were 75 mm by 5 mm. . Electrophoresis 
was halted when the bromophenol blue tracker dye was within 
1 5 mm of the end of the gel.

2-
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3.3. RESULTS

Preparation of Inhibitor Sensitive ATPase

The removal of ATPase from sub mitochondrial particles by 
various concentrations of Triton X-100 is demonstrated in Fig.
3.2. It can be seen that the bulk of the ATPase activity is 
removed with a Triton concentration of between 0.2 and 0.3% w/v 
and that subsequent increases in the Triton concentration have 
little additional effect on removal of either ATPase activity or 
other nrotein species. It was therefore decided to use a 
Triton concentration of 0.2r̂% in subsequent enzyme preparations 
to maximise enzyme recovery while keeping the Triton concentration 
as low as possible for reasons given later.

The recovery of enzyme throughout the procedure is given 
in Table 3-3. A typical gradient profile is given in Fig. 3 . 3  

from which it can be seen that the bulk of the protein in the 
crude Triton extract consists of low molecular weight contaminants. 
The difficulties encountered by Broughall (1973) in using this 
procedure on yeast strain D22, such as cold lability of wild 
type enzyme sensitivity and low final specific activity of 
enzyme were not encountered. Indeed no significant change in 
wild type enzyme sensitivity to oligoraycin was detectable after 
the enzyme had been removed from the membrane for 18.75 hours 
(see Fig. 3.4). This contrasts remarkably with the findings of 
Broughall who found the wild type enzyme sensitivity to oligomycin 
to be very unstable, losing meaningful sensitivity 2 7 0 minutes 
after removal from the membrane and to be completely insensitive 
to oligomycin 24 hours after removal from the membrane. In 
contrast to this he reported that the soluble ATPase from the 
mutant strains he investigated to have a stable sensitivity over



FIGURE 3.2

The Solubilizing Effect of Triton X-1 QO on Yeast 3IIP
ATPase

SMP at a protein concentration of ?S mg/ml vere 
diluted, viith the aonropriate volumes of 10 mM Tris 
acetate, pH 7.5 and 10% w/v Triton X-100 to give a 
final nrotein concentration of 6.?5 mg/ml and the Triton 
concentrations indicated. The solutions were centrifuged 
at 1 0 5 , 0 0 0  £. for 2 0 min and the pellet (o— — o) and
supernatant (•-- • ) assayed for ATPase activity, and the
protein concentration (mg/ml) determined





.FIGURE 3.5

Specific Activity Protein y ^ m s y rn l

The Gradient Profile Obtained during; OS ATPase Purification

A gradient profile of a 50 ml, 5 - 20% linear sucrose 
gradient containing 10 mM Tris acetate, pH 7.5 and 0.05%
Triton X-100. 5 ml of Triton extract infranatant was loaded
on top of the gradient which was spun for 20 hours in a Beckman 
SW 25.2 rotor. 11 fractions of 5-5 ml were collected and 
ATPase activity was assayed as outlined in Fig. 5-1, in the
absence (o--- 0 ) and presence (•---•, Sy^g/ml) of venturicidin.
Specific activities are expressed in y*<mole Pi/min/mg protein. 
Protein concentrations are expressed in^y<g/ml (A— A). Fraction
1 is the bottom fraction or the gradient.



FIGURE 5.4-

Inhibition

D22 SliP at 25 mg/ml were diluted with 2.9 volumes of ice 
cold Tris acetate pH 7-5 and 0.1 volume of 10% w/v Triton 
X-100 was added slowly with stirring. The suspension was 
centrifuged at 105,000 £ for 20 min. The infranatant (50^1 
per ml assay volume) was assayed for inhibitor sensitivity
7 5  min (A — A ) ,  165 min (o--- o), 3 7 5 min (•---• ) and
18.75 hours ( A — A  ) after removal from the membrane. All 
operations were carried out at 4°C.
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these time spans. In this study the parental and mutant strains 
all displayed stable resnonses to the various inhibitors tested 
and as can be seen from Fir. 3-5, a tynical inhibition curve for 
an enzyme preparation frozen in cardice-acetone mixture, these 
sensitivities survive at least one freeze-thaw cycle. Broughall 
reported a decrease in wild type enzyme specific activity 
during purification, i.e. from 0.72^moles Pi/min/mg in sub 
mitochondrial particles to 0.63y*moles Pi/min/mg in the purified 
enzyme, this was not found in this study.

The Effect of Triton X-100 Concentration on Enzyme Activity and 
Olivomycin Sensitivity

Table 3.'+ shows the inhibitory effect of Triton X-100 on 
purified enzyme. In view of this finding the Triton concentrat
ion was keot to a minimum in subsequent assays.

The critical micelle concentration of Triton X-100 is 
reported to be between 0 . 0 1 and 0 .0 1 7 % w/v depending on the 
buffer system used (Rohm and Haas, 1969) and during attempted 
removals of the detergent from solubilised membranes it has been 
reported to behave as a large molecular weight aggregate of 
approximately 100,000 Daltons. Assuming a micelle molecular 
weight of these proportions attempts to concentrate the enzyme 
by ultrafiltration through Diaflow XM50 or XM100 membranes 
(Tzagoloff, 1971; Broughall, 1973) or through Minicon B. macro
solute chambers or centriflo cones with a molecular weight cut 
off of about 5,000 Daltons (Cosson and Spiridakis, 197*0 would 
result in a rapid concentration of Triton X-100 in the enzyme 
sample. This increase in detergent levels in the assay system 
would grossly modify the apparent response of the enzyme to 
lipophillic inhibitors (Tzagoloff, 1971). Fig. 3.6 shows that



TABLE 3.4-

The Effect of Triton X-100 on the Specific Activity of 03 ATPase

Assay Concentration (% w/v) 
of Triton X-100

0 .0 0 5

0.01

0 .0 2

Specific Activity 
ŷfynoles/min/rog; protein

13.7

9.1

6.2

Concentrated 03 ATPase was assayed in the absence of 
exogenous phospholipids in the presence of the indicated 
concentration or Triton X-100.



FIGURE 5 . 5

%  Inhibition

The Stability of OS ATPase to Freezing and Thawing

Purified D22 OS ATPase was concentrated to 2.15 mg protein 
per ml in a Minicon B concentrator (Amicon ,Corp., Lexington, 
Mass., U.S.A.) and assayed for ATPasé* activity’ in the absence of
added phospholioid before (o— o) and after (•---• ) freezing
in a mixture of cardice and acetone.



FIGURE 3.6

% Inhibition

The Effect of Triton X-100 Concentration on Enzyme Sensitivity 

D22 unconcentrated OS ATPase was assayed in the absence of
exogenous phospholipid and in the presence of 0 .0 0 5% (o---o),
0.01% ( A — A  ) and 0.02% CIZI— D  ) Triton X-100.



even a doubling of Triton X-100 in the assay system dramatically 
alters the inhibitory effect of oligomycin on the wild type 
enzyme. It may well be significant that various levels of 
Triton below the critical micelle concentration do not seem to 
have an adverse effect on enzyme sensitivity but once the 
detergent is allowed to form micelles, i.e. at 0 .0 2% w/v, the 
apparent sensitivity of the enzyme to inhibitor is greatly 
reduced. The concentration of Triton in the assay medium, 
because of the dual effect of enzyme inhibition and inhibitor 
sequestration, is therefore o'- critical imnortance in comnaritive 
studies of enzyme activities and the actions of liooohillic 
inhibitors.

In order to reduce the Triton concentration, in the assay 
system, to a minimum the following steps were taken:-
I) The concentration of Triton in the gradients was reduced to 
0.05% w/v. Attempts to reduce this still further i.e. to C.01% 
resulted in a complete loss of enzyme activity in the gradient.
II) The enzyme recovered from the gradient was not concentrated
but added directly to a final volume for the assay of 1 ml, 
usually 1 0 0 y*l was added containing 1 5 - protein, resulting
in a final Triton concentration of approximately 0.005% w/v, 
considerably lower than the critical micelle concentration.

Effect of Phospholipids on Enzyme Activity

The ATPase activity recovered from the gradient does not 
require exogenous phospholipid to be manifest (Tzagoloff, 1971) 
but as shown in Fig. 3.7 can be markedly stimulated by the 
addition of phospholipid.

Effect of Phospholipids on Enzyme Sensitivity

The addition of phospholipids to the assay medium drastically



FIGURE 3.7

S p e c ific  A c t iv it y  ^/Wiles Pi^/miny/mg

0  5 10 20

mgm Phospholipid m gm  protein

The Effect of Phosoholioids on Enzyme Activity

D22 OS ATPase was concentrated approximately 10 fold to 
a protein concentration of 2.16 mg/ml and assayed for activity 
with the indicated amounts of phospholipids.
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alters the sensitivity• of the enzyme to the linophillic .inhib
itors oligomvcin, venturicidin and triethyl tin (see Figs. 5.8,
3.9 and 3.10). This effect is nrobably analor-ous to the effect 
of increasing Triton concentrations and is due to the additional 
lipid competing with the enzyme for inhibitor and resulting in 
an apparent resistance. This difficulty was overcome by 
assaying only the residual largely lipid depleted activity 
recovered from the gradient and extending the assay incubation 
period to compensate for the lower specific activity rather than 
increasing the amount of enzyme which would have resulted in an 
increased Triton concentration.

Disc Gel Electrophoresis

No gross differences in the sedimentation characteristics 
of the purified enzyme from mutants A21 , A19, A15 and D22 
parental cells were discernible, indeed no differences were 
discernible in several triethyl tin and venturicidin resistant 
mutants also investigated. This lack of any gross discernible 
change in enzyme integrity and molecular weight is reflected in 
the peptide patterns obtained with polvac^/lamide disc, gels 
(Fig. 3.11). The sedimentation characteristics and gel patterns 
would seem to indicate that the mutation leading to the resistance 
phenomenon is not a gross modification of the enzyme such as 
complete deletion of a peptide species and is of a much more 
restricted and less drastic nature.

Inhibitor Resistances in Crude Triton Extracts

An initial investigation into the sensitivities and/or 
resistances of inhibitor sensitive ATPases from parental and 
mutant strains was carried out on Triton extracts prior to 
gradient purification of the enzyme. The results of this



FIGURE 3.8

The Effect of Phosnholinid on Oli»-onycin Sensitivity

D22 OS ATPase vas concentrated approximately 10 fold 
to a nrotein concentration of 2.18 m-/ml and titrated 
apainst olivomycin in the nresence of 0 B — B),  0.717
(o---- o), 1.42'; (¿t— A ), 3.58 (□— □ ) ,  and 7.16 (A— A  )
mv of phospholipid/ra^ protein.



% Inhibition



FIGURE 5.9

The Effect of Phosoholioid on Ventnricidin Sensitivity

D22 03 ATPase was concentrated approximately 10 fold 
to a protein concentration of 1.« mp/ml and titrated against
vent'Ticidin in the Dresence of 0 (B— □), 1.56 (o---o),
3.12 (A* A ) ,  7.8 (O— 0 ) ,  15.6 (A — A  ) and 112 (•-------• )

rap: phospholipid/mp protein.



% Inhibition



The Effect of Phosnholioids on TET Sensitivity

D22 OS ATPase was concentrated approximately 10 fold 
to a protein concentration of 1.8 mp/ml and titrated against 
TET in the presence of 0 (0— I), 1.56 (o o), 5.12
(A— A), 7.2 O — Q), 1 5 . 6  (A— A y  and 112 (•---• ) mgs
phospholipid/mp protein.

FIGURE 3.10



% Inhibition



FIGURE 3.11

Olipomycin sensitive ATPase was preoared from strain 
D22 (1  ), A21 ( 2 ) ,  A 1 9 ( 3 )  and A15 ( 4 ). The enzyme 
was nrecipitated with acetone, solubilised and 100 
electrophoresed as described in Materials and Methods. The 
gels were stained and destained according to V/eber and 
Osborn (1969).

v
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investigation are summarised in Table 3.5.
Although the mutants used in this study were isolated on 

the criteria of their resistance to oligomycin the inhibitors 
triethyl tin and venturicidin were also used in the study of 
crude Triton extracts and purified inhibitor sensitive ATPase.
As can be seen from Table 3.5 and Figs. 3.12, 3.13 and 3,14 
both the Triton extracts and the purified enzymes exhibit 
sensitivities and specificities to inhibitors exhibited at 
whole cell (Griffiths and Houghton, 1974) and submitochondrial 
particle level.

Three factors expose the studies on the Triton extracts 
to the critiscism that they do not neccessarily reflect the 
reaction of the ATPase to the various inhibitors. These are:- 
1) Fig. 3.3 shows that the bulk of the protein in the Triton 
extracts are in fact contaminants of the ATPase and these may 
in some way be responsible for the enzymes modified response to 
the inhibitors. 11) These extracts are heavily contaminated 
with lipids removed from the membrane by the Triton. 111) The 
extracts contain 0.25% w/v Triton and as seen in Fig. 3.5 even 
a ten fold dilution of this in the assay system will grossly 
modify the apparent response of the enzyme to the inhibitors. 
Studies on the purified enzyme and the assay conditions described 
are much loss open to these criticisms.

The study of the purified enzyme indicates that the binding 
sites for triethyl tin, oligomycin and venturicidin are present 
in the solubilised enzyme complex and moreover the reaction of 
the three mutants to the inhibitors would suggest that the 
binding sites are largely unchanged in the solubilised, purified 
enzyme. Enzyme sensitivity to these inhibitors may therefore



TABLE 3.5

Cross Resistances in Crude Triton Extracts

Strain Olipomycin TET VEN

D22 3.0 0.56 0.11
A15 9.7 COCO•0 0.12
A21 19.0 0 . 5 2 0.18
A19 50 2.9 0.50

0.25% Triton £-100 extracts were prepared as in Materials 
and Methods and their inhibitor sensitivity titrated. The 
I^q value is the concentration inyxgms/mg protein of inhibitor 
required to inhibit ATPase activity by 50%.
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FIGURE 3.13

% Inhibition

Venturlcidin Sensitivity of OS ATPase from Wild Type and 
Mutants A21 , A19 and A15.

OS ATPase from D22 (•*---•), A21 (□— □  ), A15 (A— A )
and A19 (o---o) was titrated, unconcentrated against
venturicidin. The conditions were as described in Materials 
and Methods. 15 - 201/*f£ms of protein was used per assay.



FIGURE 3.-14
% Inhibition

TET Sensitivity of OS ATPase from Wild Type and Mutants A21. 
A19 and A15.

03 ATPase from D22 (•-- • ), A21 (A — A ) ,  A19 (o--- o)
and A15 ( □ - a )  was titrated, unconcentrated apainst TET.
The conditions were as described in Materials and Methods.
15 - 20 ytpms of protein was used per assay.



give an indication of the integrity of the enzyme preparation 
and their use gives the additional benefit of a control sensit
ivity or resistance.

The Effect of oH on Enzyme____Activity and Oli-omycin Sensitivity

Fig. 3-d 5 shows that the wild type enzyme has a broad t>H 
optimum between pH 7-0 and 8.5. The pH profile from mutant A15 
is very similar to that of the parental strain enzyme, while the 
shape of the profile is different from that recorded in mito
chondria the agreement between these two strains correlates with 
the results found in SMP. The mutants A21 and A19 which display 
a much higher resistance to oligomycin than A15 and also map 
closely together, produce very different profiles both from the 
parental strain and from one another and display distinct and 
different pH optima. These results may be indicative of a 
mutational change of an ionising group in the purified enzyme.

Studies of the effect of changes of pH on oligomycin 
sensitivity of parental strain and mutants A21 and A19 have been 
carried out at the level of SMP (Griffiths and Houghton, 197*0. 
The results presented here are a further investigation of these 
effects at the level of the purified enzyme. The differences in 
enzyme sensitivity of the wild type and mutant strains A21 and 
A15 found at the level of SMP were not apparent in the purified 
enzyme with the differentials in the oligomycin sensitivity of 
all the mutants investigated being maintained over a wide 
range of pH values as summarised in Table 3.6. Tris maleate 
and Tris acetate were found to be interchangeable at the lower 
pH values of 6.0, 6.5 and 7*0.



FIGURE 3.13

Specific Activity as a X  of maximum

The Effect of Changes in pH on the Specific Activity of OS ATPas

Gradient purified, unconcentrated OS ATPase prepared from
strains D22 (•---• ), A21 ( A — A), A19 (o---o) and A15 (□""O  )
was assayed at the various pH values indicated. At the pH 
values 6.0, 6.6 and" 7.0 Tris maleate was substituted for Tris
acetate.
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Phenotypic Interaction Between Oliromycin Resistance and
Triethyl Tin Resistance in Isonuclear Constructed Dioloids

The isonuclear olivomycin and triethyl tin resistant
diploids respond to triethyl tin on plates as shown in Table
3.1. The reaction of these diploids to olivomycin at the level
of sub mitochondrial particles is shown in Fig. 3.16. The
presence of the mutation conferring resistance to triethyl tin
can be seen to confer a four fold increase in oligomycin resist-

S Rance in the genotype 0 T ^g. This level of resistance is the 
same as that observed in the strains carrying the mutation 
conferring resistance to oligomycin. Thus there is a pheno
typic interaction between triethyl tin resistance and oliromycin 
resistance at the level of sub mitochondrial particles.

A further study was carried out to see if this interaction 
was retained after removal of the ATPase from the membrane or 
whether the interaction was lost due to removal of possible 
membrane constraints or separation of the peptide species 
expressing the interaction. As can be seen from Fig. 3-17 the
differentials in oligomycin resistance between 0 T®, 0®T^,

S Sand 0 T are maintained and the interaction phenomenon is 
contained wholly within the ATPase complex.

In removing the ATPase complex from the membrane of the 
diploids the enzyme acquires a much higher sensitivity, in the 
region of ten fold higher, to oligomycin; this effect was also 
found with triethyl tin. This effect was not found with any 
of the haploids tested and indeed as can be seen from Figs.
3.16 and 3.17 ATPase from D22 included as a control strain 
maintains, very closely, its reaction to oligomycin during 
removal from the membrane.- This effect mav be a strain



FIGURE 3.16

Olivomycin Sensitivity of Constructed Dioloid Strains

3MP v:ere prepared, as outlined in Materials and Methods 
from the following strains

Diploid KI/m ost r (•--•)

Diploid KL111 0 %  r U7 16 (A — A  )

Diploid KL110 0®T R u i16 Co  -o)

Diploid KL113 o rt s ca--A)
Haploid DP 2 0STS CD— □ )

ATPase activity of the SMP was titrated against oligo- 
100y«gm of protein was used per assay.mycin,
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0//o  Inhibition

FIGURE 3.17

y/̂gms Oligomycin J mgm protein

Olivomycin Sensitivity of Triton Extracts from Constructed Dinloid 
Strains

0.25% Triton X-100 extracts were prepared as outlined in 
Materials and Methods from the following strains;
Diploid KL114 0STS (»---•) Diploid KL111 (A — A  )

Diploid KL110 ost16r ( 0--- 0 ) Diploid KL113 ort3 (▲— ▲  )

Haploid D22 0STS O — □ )

ATPase activity of the Triton extract was titrated against 
oligomycin, approximately 5 0 / ^ 1  of extract was used per assay.
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difference, as a similar effect has been reported by Somlo 
and Kruppa (1974).

An investigation was carried out to see if a converse
interaction v;as taking place, i.e. was the presence of the
mutation conferring oligomycin resistance affecting the response
of the enzyme to triethyl tin. The strains T marker became
more sensitive to triethyl tin and venturicidin at the sub
mitochondrial narticle and soluble enzyme level by a factor of 

R Stwo as did the 0 T genotype. Thus there would appear to be a 
converse interaction but of a more limited nature (Figs. 3.18 
and 3 .1 9 ).

3.4. DISCUSSION

Resistance to oligomycin has been demonstrated at the level 
of mitochondria in several cytoplasmically inherited oligomycin 
resistant mutants (Griffiths et aT., 1972; Azzone ¿t al_., 1974; 
Houghton et_ al., 1974). This study further demonstrates these 
resistances at the level of a crude, solubilised, membrane free 
ATPase preparation and at the level of the purified enzyme. 
Evidence is also provided which indicates that the mutational 
change expressed in the enzyme does not involve any great 
morphological change in the enzyme, this is as one would expect 
as the mutants had a full functional oxidative phosphorylation 
capacity, something which would not have been expected if gross 
deletions had occurred in the ATPase complex. The peptide 
analysis of the enzyme from several different mutants by poly
acrylamide gel electrophoresis was complicated by several factors 
1) The size range of the polypeptides making up the enzyme 
oomplex was very broad thus the comparatively long periods of 
electrophoresis necessary for separation of the higher molecular



FIGURE 5.18
%  Inhibition

Triethvl Tin Sensitivity of Constructed Diploid Strains

SMP were prepared as outlined in Materials and Methods 
from the following strains:

Diploid K L 1 1 4  0ST S ( • - —•) Diploid KL111 o 7 r 't 15 r  (&-&)

Diploid K L 1 1 0  0ST 16R (o— - o ) Diploid K L 1 1 3 o ? r t s  (A—A)

ATPase activity of SMP was titrated against TET, 10(D/rgms
of protein was used per assay



FIGURE 3.19 
o/
/o  Inhibition

Ventnricidin Sensitivity of Constructed Diploid Strains

SMP were prepared as described in Materials and Methods
from the following strains:

Diploid KI/m 0STS (•-- «) Diploid KL111 o?rt16r (&-&)

Diploid KL110 0ST16R (O— O) Diploid KL113 o?rt s (A-— A )

ATPase activity of SMP was titrated against venturicidin, 
100 ¿¿gins of' protein were used per assay.
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weight peptides resulted in some diffusion and subsequent zone 
broadening of the lover molecular weight species. Two approaches 
were adopted to attempt to overcome these problems; firstly a 
stacking gel was introduced into the gel system, a 7.5% acrylamide 
gel being poured on top of either 10%, 12.5% or 1 5% acrylamide 
gels. It was hoped that after separation from the high 
molecular weight peptides in the 7-5% gel the low molecular 
weight species would undergo zone sharpening on entering the 
more concentrated gel, however in all cases the protein was 
found to become immobilised at the surface of the second gel and 
in no way could this problem be overcome. A second attempt to 
overcome the problem was to use continuous gradients of acryl
amide and so overcome the problem of sharp interfaces within the 
gel. However gradients built in this fashion, with a simple 
two chamber device were found to distort badly upon gel polymer
isation. It is felt that with new analytical gel apparatus 
and precast gradient gels now becoming commercially available 
that better analyses should be obtainable.
2) The purified enzyme contains a relatively high proportion 
of lipid and this tends to streak through that part of the gel in 
which low molecular weight peptides are resolved. The lipid 
picks up stain and so completely obscures low molecular weight 
peptides. This problem was largely overcome by washing the 
enzyme with acetone to remove most of the lipid.
5) The low molecular weight, mitoribosomally synthesised 
peptides constitute a small proportion of the protein of the OS 
ATPase and subsequently their accurate analysis or part of the 
enzyme complex is rendered more difficult. It would be difficult 
to show that any enrichment procedure adopted for the mitoribosomal
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products from the 03 ATPase would be quantitative and so 
subsequent analysis of their stoichiometry would not be very 
meaningful. Thus it is felt that the analytical data provided 
here agrees well with that of Tzagoloff _et aiL. (1975) and that 
the mutations do not lead to any gross changes in the peptide 
composition of the OS ATPase.

The enzyme has also been shown to be a site of action of 
triethyl tin and venturicidin, two inhibitors which do not affect 
F. ATPase and that the resistances to these two inhibitors 
conferred by mutation at locus 0L111 (A19) are also exnressed at 
the level of nurified enzyme. The fact that the different 
levels of inhibitor resistance are maintained throughout the 
various stages of a preparation which involves gross changes in 
protein and lipid environment lends very strong support to the 
hypothesis that these mutations lead to altered protein binding 
sites on the ATPase complex.

Two suggestions present themselves from the data concerning 
changes in ATPase pH profiles between the wild type and mutant 
enzymes: 1) That a change in an ionising group is a result of
the mutations at 0L1 (A21) and 0L111 (A19). If this is so, in 
viev; of the highly hydrophobic nature of the peptides making up 
the membrane factor and their subsequent low content of polar 
amino acids the amino acid change involved in such a mutation may 
be easier to detect than a mutation involving a change from one 
apolar amino acid to another. 2) The mutations at 0L1 (A21) 
and 0L111 map very closely together and are probably expressed 
in the same peptide,-whilst 0L11 (A15) maps at a completely 
different locus (Avner et_ al., 1975) and is presumably expressed 
in a different peptide. The studies on purified enzyme have 
shown that the phenotypic expression of 0L1, 0L111 and 0L11 are
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are located on the nurified ATPase complex, it therefore seems 
reasonable to suppose that at least two mitochondrially coded 
oertides have the ability to confer oligomycin resistance.
However the peptide expressing mutations 0L1 and 01/111 has a 
much greater efrect on the enzyme activity at various nils than 
that expressing 0L11; it may be therefore that sracially and/or 
functionally the peptide expressing 0L1 and 0L111 is much closer 
to the ATPase active site of the enzyme than is the peptide 
expressing 0L11. .

The data obtained from the isonuclear constructed diploids 
concerning interactions between oligomycin and triethyl tin 
resistance suggests a close spatial and/or functional arrangement 
of the sites of action of the two inhibitors. The data on 
venturicidin inhibition and possible interactions is not as 
decisive as that with oligomycin but it can be tentatively 
suggested that venturicidin and triethyl tin resistance are 
affected in the same manner and to the same extent by inclusion 
of the mutation conferring oligomycin resistance. This may be 
a very tentative indication that triethyl tin and venturicidin 
have the same or very similar site of action. These results 
indicate, all be it indirectly, for the first time, that a 
mutation conferring TET resistance in vivo does affect in vitro 
inhibitor resistances.

RIt is of interest to note that while inclusion of the T 
marker markedly increases the resistance of the diploid to 
oligomycin the inclusion of an O marker does not further increase 
this resistance, while with the converse of this situation with

Dthe effect of 0 markers on TET resistance on plates inclusion of 
the T marker further increases the resistance to TET.
Possible explanations for this phenomenon are:-
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1 ) That the cell does not become more resistant to 
olivomycin and when the T marker is inserted into the diploid 
it fully depresses the oligomycin resistance to a basal level. 
2) That the assay system and/or inhibitor concentrations 
used do not reflect the possible attainable levels of 
olivomycin resistance.



CHAPTER 4

KINETICS OF BIOGENESIS OF INHIBITOR SENSITIVITY IN THE 
MITOCHONDRIAL ATPase OF STRAINS DPP, D22A19 and D22A21.

'+.1 INTRODUCTION

This study was undertaken with a view to the possible 
identification of the mutated mitochondrially coded and 
synthesised subunit(s) responsible for the decrease in 
sensitivity to olivomycin, in the case of D22A21, and to 
oligomycin, triethyl tin and venturicidin in the case of
D22A19.

The mutation leading to the resistance phenomena may give 
rise to several discernible changes in the mitochondrial 
membrane proteins such as (a) a change in rate of synthesis 
of the mutated subunit (b) a change in the temporal assembly 
of the ATPase comnlex within the inner mitochondrial membrane. 
Such an assembly effect has been nostulated by Linnane 
(üersonal communication) to explain a low maximal inhibition of 
ATPase by oligomycin in an oligomycin resistant mutant.
(c) A change in the amount of subunit(s) synthesised thus 
producing a change in the stoichiometry of the membrane and/or 
the ATPase complex.

Any of these changes may be expressed as a discernible 
change in inhibitor sensitivity during incorporation of insens
itive F^ ATPase into mitochondrial sensitive ATPase (Tzagoloff 
et, aT., 1 9 7 2 ) and that by following the kinetics of this change 
and correlating it with subunit(s) synthesis one may be able to 
identify the aberrant subunit(s).

In yeast both F. and OSCP are made by the cytoplasmic



- 62

ribosomal protein synthesising system (Tzagoloff, i969; 19?0).
This conclusion was based on observation that chloramphenicol 
a specific inhibitor of mitochondrial protein synthesis 
(Vintersberger, 1965; Lamb, ejt aT., 1968) failed to inhibit 
the synthesis of F̂  and OSGP (Tzagoloff, 1969; 1970). The
synthesis of these two components was however inhibited by 
cycloheximide, an inhibitor of cytoplasmic protein synthesis 
0 'intersberrer, 1966; Lamb jet al_. , 1968). Using the known 
site of action of these two inhibitors Tzagoloff was able to 
study the incorporation of F^ ATPase subunits into' the oligo- 
mycin sensitive ATPase complex during synthesis of the membrane 
factor. The use of cycloheximide during derepression allows 
specific radioactive labelling of mitochondrially synthesised 
proteins. However the increase in the membrane factor if the 
cells are derepressed in the presence of cycloheximide was 
negligible (Tzagoloff, 1971). However if the cells are 
preincubated in chloramphenicol, i.e. cytoribosomal activity 
is allowed to proceed, then during derepression in the presence 
of cycloheximide, membrane factor activity was increased two 
to three fold and subsequent incorporation of F. ATPase into 
the inner mitochondrial membrane may be monitored.

Thus the procedure of sequential poisoning suggested 
itself as a suitable system with which to monitor:-
I) Production of mitochondrially synthesised peptide(s) 
responsible for ATPase inhibitor sensitivity or resistance.
II) Possible stoichiometric and/or temporal interactions 
between mitochondrially synthesised membrane peptides and 
cytoplasmically synthesised F^ ATPase resulting in inhibitor 
sensitive or resistant membrane bound ATPase complex.



63 -

In order to positively identify any mitoribosomal products 
as OS ATPase, subunits specific antisera to OS ATPase were 
raised and tested on Ouchterlony plates using preimmune sera, 
and purified cytochrome oxidase to display the specificity of 
the antisera for OS ATPase.

It was important to show that any increases in ATPase 
activity or changes in inhibitor sensitivity were due to 
incorporation of new enzyme into the inner mitochondrial membrane 
and were not due.to other phenomena such as the unmasking of 
latent activity and sensitivity by some unidentifi'ed mito
ribosomal product. To this end the increase in inner membrane 
OS ATPase was monitored in several ways;- 1) The increase in 
inhibitor sensitive activity in SKP was correlated with the 
disappearance of aurovertin and Dio-9 sensitive activity from 
the PRS during dereoression in CHI. 2) Analysis of inner 
mitochondrial membrane proteins by acrylamide gel electrophoresis 
to monitor the increases of high molecular weight components 
associated with the OS ATPase in the membrane. 3) The increase 
in extractable OS ATPase as analysed by gradient centrifugation, 
during dereoression in CHI was monitored.

Changes in OS ATPase activity or sensitivity could be 
brought about by working with a mixed population of petite and 
grande cells. In the light of reports stating that prolonged 
exposure to CAP induces petites at an abnormally high rate it 
was thought necessary to check the cells for petite frequency 
after incubation in CAP.

It was felt necessary to demonstrate that the counts 
incorporated in the presence of CHI were CAP sensitive i.e. 
v;ere incorporated by the mitoribosomal system and did not merely 
represent a 9% CHI resistant cytoribosomal incorporation.



4.2 METHODS AND MATERIALS

Growth of £>. cerevisiae

S. cerevisiae was grown aerobically in 4 ltr. cultures in 
the dark at 30°C. Compressed air was passed through a 
sparger into the culture at a rate of 1 ltr of air/min/ltr 
of culture. The culture being stirred magnetically at a rate 
of 150 r.p.m. The medium contained per litre of distilled 
water:- 1 gm KH^PO^, 1.2 gm (NH^^SO^, 0.5 gm NaCI, 0.7 gm 
MgS0^.7H20, 0.4 gm CaCl^, 0.005 gm FeCl^, 0.1 gm adenine 
sulohate, 0.3% v/v yeast extract. Tributyl citrate at a 
concentration of 0.2 ml/ltr was used as an antifoaming agent. 
Glucose was used as a carbon source at the concentrations 
indicated and was add'efl~as a sterile 40% solution after auto
claving.

A 1% v/v inoculum from a starter culture grown to stationary 
phase on 0.8% glucose was inoculated into 4 ltr of medium 
containing 5-^% glucose. The cells were harvested in early 
stationary phase and transferred to fresh medium containing 0.8% 
glucose and 2 mg/ml of chloramphenicol. After 10 hours 
aeration the cells were harvested, washed in cold sterile 
distilled water and inoculated into fresh medium containing 0.8% 
glucose and 5 x 10-  ̂ cycloheximide. One fifth to one quarter 
of this culture was harvested at the various time intervals 
indicated} chloramphenicol being added to the harvested 
culture to prevent respiratory adaptation taking place during 
processing.

Preparation of Sub mitochondrial Particles

These were prepared from Braun shaken mitochondria, the



procedure is exactly the same as that described in chapter 2.

Assay of ATPasc Activity and Sensitivity

The assay was carried out as described previously in 
Chanter 2.

Freoaration of Post-ribosomal Supernatants

The supernatant of the post mitochondrial fraction was 
spun at 50,C00rfp.m. for 1 hour in a Beckman BO Ti rotor, 
the resulting supernatant was collected and designated the 
post-ribosomal supernatant (PRS).

14Demonstration of CAP Sensitivity of C -leucine Incorporated 
in the Presence of CHI

D22 was grown to early stationary phase and harvested, 
washed and resuspended in sterile water at a concentration of 
40 mg wet weight of cells/ml. The procedure was carried out 
as optically wherever possible, no bacterial contamination was 
visible under the microscope. 0.5 ml of cells were added to 
0.5 ml of a solution containing a 2 fold concentration of growth 
medium and 1.6% glucose. The cells were preincubated for 
5 0 min with the inhibitors indicated and then inoculated with 
2 ^ 0  of C^-leucine and shaken for 5 hours at 50°C. The 
cells were killed by the addition of 1 ml of ice cold 10% TCA 
and filtered through Whatman GF/A fibreglass filters. The 
filters were washed sequentially with two 5 ml aliquots of 10% 
TCA and three 5 ml aliquots of absolute ethanol. No counts 
were recovered in the final wash. The filters were dried and 
placed directly in 2 5 ml vials and counted after the addition 
of 10 ml of scintillant (0.51 Triton X-100, 1.01 toluene, 7 gm
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butyl FBD).

Fadiosctive Labellinr of Mitochondrial Synthesis Products

The conditions for the growth of yeast were identical 
to those described previously (see growth of S. cerevisiae. 
this Chapter) except that 500 ml of culture was used and in the 
final phase of aeration in the presence of 5 x 10~^Ii cyclo- 
heximide the medium was supplemented with 14̂ /t/ci/ml of L- 
leucine 4,5- with a specific activity of 58- ci/mmole. The 
leucine was added as a 2% aqueous solution of ethanol at a 
concentration of 1 mci/ml. The cells were harvested and 
poisoned with 2 mg/ml chloramphenicol at the time intervals 
indicated.

Preparation or Labelled 5nv mitochondrial Farticles

The procedure for preparing labelled sub mitochondrial 
particles was exactly the same as described in Chapter 2 
excent that the yeast suspension concentration was cut from 10 gm 
wet weight of cells/30 ml MTE to 2 - 5 gm wet weight cells/30 ml 
and sonication of the mitochondria was carried out in an MSE 
5 0 Kc sonic oscillator for 3 0 seconds on maximum setting.

Preparation of Triton Extracts

Yeast sub mitochondrial particles were suspended in 5 mM 
Tris acetate pH 7.5 at a final protein concentration of 6.4 
mg/ml. To this was added a 10% w/v solution of Triton X-100 
in 5 mM Tris acetate pH 7.5 to a final concentration cf 0.25% 
except where indicated in the text. The mixture was centrifuged 
at 105,000 £ for 20 minutes. The clear infranatant was taken 
discarding the pellet and lipid laden supernatant.
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Where complete removal of ATPase from the membrane was 
required and the concentration of Triton was not critical 
0.5% w/v of the detergent was used as shown in Fig. 3.2; 
this should give virtually complete removal of ATPase from 
the membrane.

Preparation of Antiserum to Oligomycin Sensitive ATPase

Oligomycin sensitive ATPase was orenared from bakers yeast 
as described in Chanter 3. The final density gradient 
centrifugation was carried out in an M3E 6 x 300 ml angle rotor, 
2 5 ml of triton extract being layered onto a 2 5 0 ml, 5 - 20% 
sucrose gradient containing 5 mM Tris acetate pH 7.5 and 0.1% 
w/v Triton X-100. The gradients were spun at 19,000 r.p.m. 
for 24- hours and fractionated, the active fractions were pooled 
and concentrated to 7 mg/ml in an Amicon ultrafilter over a 
diaflov; XM100 membrane. 1 ml of enzyme was thoroughly homo
genised with an equal volume of Freunds complete adjuvant.
After an initial bleeding to obtain control serum this mixture 
was injected into an adult rabbit in three equal doses, two 
intramuscularly into the hind lege and one subcutaneously 
in the neck region. This procedure was repeated three weeks 
later with a further 1 ml of enzyme homogenised with an equal 
volume of Freunds complete adjuvant. Approximately 20 ml 
samples of blood were collected starting one week after the 
second injection, from the lateral vein of the ear. The 
blood was allowed to clot for 1 hour at room temperature and 
a glass rod passed carefully around the clot freeing it from 
the wall of the test tube and allowing it to contract for a 
further hour. The yellowish serum was removed with a Pasteur
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pipette. The clot was cut into STiall pieces in a small 
glass beaker, sealed with parafilm and left overnight at 0°C.
The mixture was spun in a bench centrifuge at 3,000 r.p.m. for 
15 minutes and the serum supernatant collected. The antisera 
was stored at -20°C in small aliquots and remained active for 
at least two years.

Antisera to cytochrome oxidase antigen, prepared by the 
method of Rubin and Tzagoloff (1973) was prepared in a 
similar manner. .

Preparation of Double Diffusion Plates

Preparat_ion_ of_Agar 15 gm of Nobles special agar (Difco) was
washed 4 times in 1 ltr of distilled water and the fines 
removed. 8 gm of NaCl and 1 gm of sodium.azide were dissolved 
in distilled water and the washed agar and water added to a 
final volume of 1 ltr. The final concentration of agar is 
about 1.2%, 0.3% being lost in washing.

The agar was dissolved by heating at 90°C in a water bath 
with constant stirring. The molten agar was divided into 7 ml 
lots in screw capped vials and stored at 4°C. The agar was 
found to keep indefinitely if the vials were well sealed.

Preparation ,of_Plate£3 7 ml of molten agar (1 vial) was poured 
onto a clean plastic petri dish on a levelling table. While 
still molten the agar surface was flamed to prevent bubble 
formation. When the agar was set holes were punched as 
required with a number 2 cork borer and the agar removed with a 
Pasteur pipette attached to a water pump. The wells were filled
with the required amount of antibody or antigen. The filled 
plate was placed in an airtight box lined with damp cloth and
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incubated at 4°C for 96 hours. Although precipitin lines 
formed more quickly at room temperature it was found that 
better resolution was obtained at 4°C.

Stain_in_g_o_f Platje The plate was washed for 30 hours with two 
changes of buffered saline (50 mM Na2HP0^, 0.8% NaCl pH 7.0) 
to elute out uncomplexed proteins. The precipitated proteins 
are then stained by immersion in a solution of 0 .0 5%
Coomasie 31ue in water; acetic acid; methanol (5:1=5 v/v) for 
10 minutes and destained in several changes of destain (V'ater: 
acetic acid: methanol, 5=1 = 5 v/v).

Preparation of Samples for Disc Gel Electrophoresis

An aliquot of a suspension of SMP containing 1 mg of 
protein was diluted to a final volume of 0.34 ml with 5 mM 
Tris and a 1 M KC1 solution was added to give a final concen
tration of 4 mM. 4 volumes of acetone were added and the mixture 
was vigorously shaken in a glass, conical test tube and kept 
on ice overnight. The precipitate was spun down in a bench 
centrifuge at 3,000 r.p.ra. for 5 minutes. 1 ml of a' solution 
containing 1% SD3, 1% mercaptoethanol, 10 mM PO^, 10% glycerol 
and 3¿*1 of a 0 .0 0 5% aqueous, bromophenol blue solution was added 
to the acetone pellet which was broken up with a glass rod. The 
mixture was boiled for 1 minute and heated at 70°C for 20 
minutes, cooled and applied to a 10 cm 7.5% acrylamide gel of 

5 mm diameter and electrophoresed for approximately four hours 
at a constant current of 8 milliamps/gel. The procedure for 
staining and destaining the gels was as described in Chapter 3-

Preparation of Tritiated Samples for Disc Gel Electrophoresis

An aliquot of tritiated SMP at a protein concentration of

A
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2 mg/ml '-as dissolved in an equal volume of a solution 
containing 2?.- 3D3, ?% mercartoethanol, 20 mX P04, 20% 
glycerol and 3/rl of a 0.00c acueous bromophenol blue solution. 
One mixture vas boiled for 1 ninute and heated at ^0°C for 
20 minutes, cooled and applied to the pel.

Ire~aration of Antibody V-.nti.~en Preciritate for fisc Pel 
Ilectro~horesis

A 0.5% Triton extract prepared from tritiated SMP was 
divided into two equal volumes, to one was added an equal 
volume of antisera to oligomycin sensitive ATPase and to the 
other was added an equal volume of control, preimmune sera.
Both samples were incubated for one hour at room temperature 
and subsequently—kept at 0°C overnight. Only the sample 
containing the Triton extract, antisera mix contained a precip
itate, no visible nrecinitate being formed with the control, 
preimmune sera. The antibody-antigen precipitate vas dissolved 
directly in 1 0 0 ^ 1  of a solution containing 1% SDS, 1% 

mercaptoethanol, 10 raM PO^, 10% glycerol and 3^*1 of a 0 . 0 0 5 %  
aqueous bromophenol blue solution.

Disc Gel Electronhoresis for Staining

7.5% acrylamide gels measuring 6 mm diameter by 100 mm 
length were prepared by the method of Weber and Osborn (1969)-

lOO^g of the acetone precipitated SKP samples were 
applied to each gel, to a control gel was applied 80^* g of 
purified oligomycin sensitive ATPase. The gels were run at 
8 mamps/gel for approximately 4 hours and stained and destained 
as described in Chapter 3.
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Disc Gel Electrophoresis of Tritiated Samples

Initially 10Cywg tritiated samples were run on 7-5% 
acrylamide gels of 6 mm diameter however in view of the low 
incorporation of tritium into some of the samples, insufficient 
counts to give rise to definite peaks of activity could be put 
onto the gel. To overcome this problem gels of 14 mm 
diameter were cast and 400/<g of samples applied without undue 
band broadening. The gels were run at 20 milliamps per gel 
for ariproximately 5 hours. The gels were stored at -20°C 
overnight and sliced into 1.1 mm thick slices on a Mickle 
gel slicer (Mickle Scientific Instruments, Carshalton, Surrey) 
and digested with 0.4 ml of 6% hydrogen peroxide in tightly 
capped vials at 70°C for 17 hours. A further 0.6 ml of water 
was added to prevent the production of unstable emulsions on 
addition of the scintillant. 10 ml of scintillant (1 ltr 
Toluene, 0.5 ltr Triton X-100, 7 gm of butyl PBD) was added to 
each vial and the samples counted on a PacKhard 5000 
scintillation counter.

Testing for Petite Frequency in CAP Incubated Cells

Cells which had been incubated for 10 hours in CAP were 
spread on plates containing 1% yeast extract, 1% peptone, 40 mM 
KI^PO^, 10 mM Na2HP0^, 2.5% agar, 0.1% glucose and 5% glycerol. 
The cells were spread at a density of 100/plate and incubated 
at 30°C for 3 days and scored for either petite or grande 
colony formation. The frequency of petite induction in these 
cells showed no appreciable difference from cells not incubated 
in CAP.
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4.3 RESULTS

The yield of SMP protein fell slightly throughout the 
incubation period in CIII while the post ribosonal supernatant 
after an initial rise during the first hour fell back to its 
original level after 3 hours as shown in Table 4.1. Table
4.2 and Fig. 4.1 monitor the changing ATPase activities of the 
SMP and post ribosomal supernatants. Table 4.2 shows that 
SMP ATPase activity more than doubles after3 hours incubation 
in CHI and that this increased activity is susceptible to 
inhibition by oligomycin and venturicidin. Fig. 4.1 correlates 
the removal of a Dio-9, aurovertin sensitive ATPase activity, 
presumably F^ATPase from the PR3 with the concoramitant rise in 
venturicidin sensitive SMP ATPase activity. Figs. 4.2 and
4.3 demonstrate that the increase in SMP ATPase activity is due 
to an incorporation of new sensitive enzyme and is not due to 
an unmasking of latent activity or sensitivity. The incorpor
ation of the high molecular v/eight peotides associated with 
the OS ATPase appears to be essentially complete after three 
hours incubation in CHI.

The ATPase activity of the wild type cells grown in CAP 
for 10 hours is sensitive to.the inhibitors oligomycin, 
venturicidin and triethyl tin. The sensitivity displayed by 
newly incorporated enzyme shows no significant variation from 
the enzyme in the original CAP cells, i.e. 0 hour samples 
(Figs. 4.4, 4.5 and 4.6). The same is substantially true of 
A19 cells (Figs. 4.7 and 4.8), with a small but hardly 
significant decrease in sensitivity to oligomycin on growth in 
CHI. The enzyme sensitivity of the mutant A21 shows a much 
lowered sensitivity and maximum attainable inhibition after



TABLE 4.1

Protein Recoveries Purin;'?; Dereoression in Cyclohexiroide

Hours 
in CHI

G wet weight 
cells/100 ml 

media

Mg 3MP protein 
/g wet weight 

cells

Mg PRS protein 
/g wet weight 

cells

0 2.84 1.10 17.29

1 2.3 0.97 20.0

3 3.0 C. 86 17.3



TABLE A. 2

Increase in ATPase Activity Durinr Dprepression in CHI

Hours in CHI 0
Hours

1 3

Total SMP ATPase activity 1.38 2.0 3.0

SliP ATPase activity inhibited 
by 1 0 0 oligomycin/rag protein 1.32 1.8 2.72

SÜP ATPase activity inhibited 
by byiZ Ven/mg protein 0.92 1.8 2 . 7 2
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Hours

FIGURE 4.1

Changes in ATPase Activity of Post Ribosoaal Supernatant and 
Sub Mitochondrial Particles During Dereoression in Cycloheximide

SMP and PRS were prepared as described in Materials■and 
Methods. The PRS was assayed in the presence of Dio-9 and 
aurovertin and only activity sensitive to these inhibitors is
shown (o---o). SMP total ATPase activity (A— ¿1) and SMP
ATPase activity sensitive to 5/"gm venturicidin/mg protein are 
shown <□— □  ).



FIGURE 4.2
Changes in Protein Profiles of Sub Mitochondrial Particles

Y During Derepression in Cycloheximide

Samples for electrophoresis were prepared as described 
in Materials and Methods. 100/ig of protein of SMP prepared 
from cells derepressed in CHI for 0 hours (a); 1 hour (b);
5 hours (c); and 100/<rg of OS ATFase were electrophoresed 
in 7-5% acrylamide gels at 8 milliamps/gel. The gels were 
stained and destained and scanned at 600nm,. •. in a Gilford 
Spectrophotometer with a scanning attachment. The position of 
the high molecular weight peptides of OS ATPase are marked (T ).



FIGURE 4.5

Changes in Levels of Extractable OS ATPase During Derepression 
in Cvclohexirnide

5 mg of SMP prepared from cells derepressed in CHI 
for 0, 1 and 3 hours were extracted with 0.5% w/v Triton 
X-100 in a total volume of 1 ml. This suspension was 
centrifuged at 1 0 5 , 0 0 0  r.p.m. for 20 minutes, the super
natants were removed and 0.5 ml of each layered onto a 
5 ml continuous 5 - 20% sucrose gradient containing 
10 mM Tris acetate pH 7-5 and 0.05% Triton X-100. The 
gradients were centrifuged for 4.5 hours at 4-0,000 r.p.m. 
in a Beckman SW 50 rotor and fractionated into ten equal 
fractions and assayed for ATFase activity.
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/o Inhibition
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FIGURE '+.4

The Sensitivity to Olivomycin of D2£ Sub Mitochondrial 
Particles from Cells Derepressed in Cycloheximide

Wild type cells were grown for 10 hours in CAP, 
washed and derepressed in the presence of CHI as described 
in Materials and Methods. SMP were prepared from cells 
after 0 hours (o— — o); 1 hour (□— □  ); and 3 hours (A A )
in CHI and assayed for ATPase sensitivity to oligomycin.
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100 ------------

50

The Sensitivity to Venturicidin of Sub Mitochondrial

Wild type celDs were grown for 10 hours in the presence 
of CAP, washed and derepressed in the presence of CHI as 
described in Materials and Methods. SMP were prepared from
cells harvested after 0 hours (o-- wo); 1 hour (□— Q  ); and
5 hours (A— A )  in CHI and the ATPase sensitivity to oligomycin

0 0-5
^/*grms Venturicidin /m gm  protein

1*0

FIGURE 4.3

Particles Prepared from D22 Cells Derepressed in Cycloheximide



Inhibitiono

The Sensitivity to Triethyl Tin of Sub Mitochondrial Particles 
Prepared from D22 Cells Derenressed in Cycloheximide

Wild type cells were grown and treated as described in 
the legend to Fig. 4.4. Sub mitochondrial particles prepared
from cells harvested after 0 hours (o---o); 1 hour (□— □  )•;
and 3 hours (A— A ) in CHI were assayed for ATPase sensitivity
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FIGURE 4.7

The Sensitivity to Olivomycin of Sub Mitochondrial Particles 
Prepared from A19 Cells Derepressed in the Presence of 
Cycloheximide

A19 cells v/ere grown and treated as described in the legend 
to Fig. A.A. Sub mitochondrial particles prepared from cells 
harvested after 0 hours (o—— «); 1 hour and 3 hours
(A— A) in CHI were assayed for ATPase activity sensitive to 
oligomycin.



Inhibition

FIGURE '+.8

The Sensitivity to Venturicidin of Sub Mitochondrial Particles 
Prepared from A19 Cells Derenressed in Cvcloheximide

A19 cells were grown and treated as described in the legend 
to Fig. 4.4. Sub mitochondrial particles prepared from cells
harvested after 0 hours (o*.--o); 1 hour ( O - O )  and 3 hours
(A — A )  in CHI were assayed for ATPase sensitivity to
venturicidin
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10 hours growth in CAP (Fig. 4.9). However after transference 
to 0.8% glucose medium supplemented with CHI the enzyme rapidly 
attains the normal level of sensitivity expected with this 
mutant, the process being essentially complete after 1 hour.
This phenomenon does not appear to be restricted to the single 
inhibitor oligomycin against which the resistant mutant was 
selected, but also occurs with venturicidin and triethyl tin 
(Figs. 4.10 and 4.11) towards which A21 enzyme normally displays 
wild type levels of sensitivity. Two possible explanations 
of this behaviour present themselves. 1) That the change 
in sensitivity is an artifact brought about in some undefined, 
direct or indirect manner as a consequence of poisoning with 
CAP, this may lead to an alteration in the stereochemistry of 
the already assembled complex. 11) That during the initial 
growth in the repressing media the enzyme is being faultily 
assembled. Such a phenomenon should not occur during growth 
in CAP because of the lack of production of membrane factor for 
incorporating F̂  ATPase into the mitochondrial membrane.

In the light of these results it was decided to attempt an 
analysis of the mitoribosomal product during growth in CHI in 
wild type and A21 cells. A major problem in this investigation 
was that while keeping the amount of H-leucine required for the 
experiment to a reasonable level, not enough label could be 
introduced into the raitoribosomal products to enable a reason
able analysis of the peptide produced in the first hour of the 
growth in CHI to be carried out. Only after one hour was there 
sufficient incorporation to allow analysis of the peptide to 
proceed.

Table 4.3 demonstrates that 70% of the CHI resistant
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FIGURE 4.9

The Sensitivityto Olivomycin of Sub Mitochondrial Particles 
Prepared from A21 Cells Derepressed in Cvcloheximide

A21 cells were grown and treated as described in the legend 
to Fig. 4.4. Sub mitochondrial particles prepared from cells 
harvested after 0 hours (o— =— o); 1 hour (D-Q); and 3 hours
( A — A )  in CHI were assayed for ATPase sensitivity to 
oligomycin.
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FIGURE 4.10

The Sensitivity to Venturicidin of Sun Mitochondrial Particles 
Prepared from A21 Cells Derepressed in Cycloheximlde

■ A21 cells were grown and treated as described in the 
legend to Fig. 4.4. Sub-mitochondrial particles prepared 
from cells harvested after 0 hours (o— — o); 1 hour 0 — 0);
and 3 hours (A — A )  in CHI were assayed for ATPase sensitivity 
to venturicidin.

»%
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FIGURE 4.11

The Sensitivity to Triethyl Tin of Sub Mitochondrial Particles 
Prepared from A21 Cells Derepressed in Cvcloheximide

A21 cells were grown and treated as described in the 
legend to Fig. 4.4. Sub mitochondrial particles prepared
from cells harvested after 0 hours (o---o); 1 hour
and 3 hours (A— A  ) in CHI were assayed for ATPase sensitivity



TABLE 4. 5

Chloramphenicol Sensitivity-of Cvclohexiraide Resistant Counts

Cycloheximide Chloramphenicol
nog/ml

TCA precipitated 
c.p.m.

0 0 92583
0 2 98275
0 4 90744

25 0 4355
25 2 1337
25 4 1218

I



incorporation was sensitive to CAP. A figure in good 
agreement with that obtained by England and Attardi (1974) in 
their work on Hela cells using emetine as a cytoribosomal 
inhibitor. The kinetics of incornoration into mitoribosonal 
products of wild tyne and A21 cells are very similar, as shown 
in Table 4.A. Incornoration into OS ATPase antibody precipit- 
atable material of wild type and A21 cells are very similar 
(Table A.5). The kinetics of incorporation showed no great 
differences in the mutant and wild type so the distribution of
label within the mitoribosomal products was investigated.

3After 1 hour incubation in CIII supplemented with "xi-leucine 
the major mitoribosomal product is a low molecular weight peptide( 
which moves ahead of the bromophenol blue dye and cytochrome 
c (Pig. 4.12). Such a product has been reported as the major 
mitoribosonal product associated with the 03 ATPase. At 
least three other peaks appear on the gel. In view of the 
low level of incorporation and recovery of counts from the 
gel it is possible to state only tentatively that the incorpor
ation patterns are similar. Figs. 4.13 and 4.15, show the 
mitoribosoaal products after 5 hours and 6 hours respectively.
The products after three hours do not seem to form a
continuum of those shown at 1 hour and 6 hours and this may be

3an artifact. After 6 hours growth however the H-leucine 1S 
much more evenly distributed between the low molecular weight 
peak and a much higher molecular weight peak, but again the 
mutant and wild type patterns are very similar. Ebner ^t al., 
(1973) report, in contradiction to Tzagoloff (1973) and the 
findings here , that they could find no evidence of a low 
molecular weight mitoribosomal product. They further report



TABLE 4.4

5Kinetics of Incorporation of ^H-Leucine into Sub Mitochondrial 
Particles of D22 and A21 Cells

Time in CHI 
(hours)

Cpm/mg incorporated 
into D22 SMP

Cpm/mg incorporated 
into A21 SliP

0 4230
1 11170
3 29741
6 35^28

2866
10730
22118
30866

Cells were grov/n and SEP prepared as described in
Materials and Methods
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TABLE 4.5

Kinetics of Incorporation of ^H-Leucine into Antisera
PreciDitable Components of 03 ATPase

Time in CHI Total cpm in D22 
antibody precipitate

Total cpm in A21 I 
antibody precipitate I

0 339 284 I
1 624 624 I
3 1845 2069 I
6 2457 3405 I

Antibody-antigen precipitates were prepared as described 
in Materials and Methods. Approximately 50% of the counts 
extracted with Triton.X-100 were subsequently precipitated 
by the antisera.

M



Analvsis of Mitoribosomal Products oF Strains D P P and A21
after 1 hour Dereoression in Cycloheximide

The mitoribosomal products of strains D22 and A21 were 
labelled and 3MP prepared as described in Materials and 
Methods. The products were analysed on 7-5% acrylamide 
gels. A and C show A21 products after 0 hours and 1 
hour respectively in CHI; B and D show D22 products 
after 0 hours and *1 hour respectively in CHI. The 
final position of the tracking dye, BPB (▼ ) is
marked





Analysis of P'litoribosomal Products of Strain D22 and A21
after 3 hours Derenression in Cycloheximide

The mitoribosomal products after 3 hours derepression 
vrere analysed as described in the legend to Fig. 4.12. A 
shov/s the distribution of H-leucine in D22 products and 
B in A21 products. The final position of the tracking- 
dye BPB (Y ) is marked.
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FIGURE 4.14

Analysis of Hitoribosomal Products of Strain D2.2 and A21 
after 6 hours Derenression in Cycloheximide

The mitoribosomal products produced after 6 hours 
derepression in CHI were analyse'; as described in the

3legend to Fig. 4.12. A shows the distribution of H- 
leucine in D22 products and B in A21 products. The 
final Dosition of the tracking dye BPB (▼) is marked.
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that the electrophoresis patterns of SMP are not affected by 
treatment with alkali or organic solvent, again in contradiction 
of the findings of Tzagoloff. In order to see if the higher 
molecular weight peptide was the oligomeric form of the low 
molecular weight peptide as described by Tzagoloff £t al.
(1973) SMP were labelled, as described in Materials and Methods, 
for 17 hours and the products analysed as shown in Figs. 4.16a 
and 4.15a. The membranes were then homogenised in C:M, 2:1 
v/v and the solvent dried off under a stream of warm air.
The products were again analysed and the results are shown in 
Figs. 4.16b and 4.15b. In the case of both wild type and 
mutant the higher molecular weight peal has practically 
disappeared. It is difficult to say whether or not the higher 
molecular weight moiety has been converted into the lower form, 
as postulated by Tzagoloff (Tzagoloff and Akai, 1972) because 
considerable difficulty was encountered in solubilising the 
C :M treated SMP, with the result that a large proportion of 
the counts remain at the top of the gel. Antibody-antigen 
precipitates were made from wild type and mutant triton 
extracts as described in Materials and Methods, the two samples 
were mixed and analysed on polyacrylamide gels. The distrib
ution of ^H-leucine is as shown in Fig. 4.17. The overwhelming 
majority of the label appears in the low molecular weight 
peptide with only trace amounts of the higher molecular weight 
species. The antibody-antigen complex had not been treated 
with alkali or organic solvent to bring about the transformation 
from high to low molecular weight peptide. The specificity 
of the antisera for OS ATPase is demonstrated in Fig. 4.1$.



FIGURE 4.15

The Effect of neutral Chloroforra:Methanol on the ^H- 
Leucine Distribution in 022 Mitoribosonal Products

022 3I-1P were labelled for 17 hours and analysed 
as described in Materials and Methods before (A) and 
after (B) treatment vith neutral chloroform:methanol 
as described in Materials and Methods. The final 
position of the tracking dye BPB (▼) is marked.
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FIGURE '1.16

The Effect of Central Chlorofora:Methanol on the Distribution 
of •'H-lencine in the Kitoribosomal Products of Strain A21

A21 SMP were labelled, erepared, and analysed before (A) 
and after (B) treatment vith neutral chloroform:methanol as 
described in Materials and Methods. The final position of 
the tracking dye BPB (▼ ) is marked.
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FIGURE ¿<-.17

*The Distribution of ^H-Leucine within Material Precipitated 
by .intisera to 03 ATPase

Precipitated A21 and D22 antibody-antigen complexes were 
prepared and sedimented as described in Materials and Methods. 
The precipitates were solubilised directly in 1% SDS, 1% 
njercaptoethanol, 10 mM P0^ and 10% glycerol. The two solutions 
were'combined and the total volume, 100^*1, applied to a 7.5% 
acrylamide gel. After electrophoresis the gel was sliced and 
counted. The final position of the tracking dye BPB ) 
is marked.



FIGURE 4.18

Specificity of Antisera raised against OS ATPase for OS ATPase

Well A contains 15 /*1 of antisera raised against OS ATPase. 
Wells 1 , 2  and 3 contain 30, 20 and 10 /igms respectively of 
D22 OS ATPase.
Well 4 contains 30 -ygm of cytochrome oxidase.I
V/ell 5 contains 20 /'gm of A2 OS ATPase.

V/ell B contains 15 i(l of preimmune sera with the same samples 
in the surrounding wells as Well A.
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4.4 DISCUSSION

A series of cytoplasmically inherited mutants resistant 
to oligomycin have been selected. The kinetics of incorpor
ation of F^ ATPase produced on the cytoribosomes into OS ATPase 
located on the inner mitochondrial membrane have been studied. 
Changes in the reaction of the enzyme to a series of inhibitors 
has been monitored during incorpoi’ation into the membrane. The 
kinetics of production of mitoribosomal products necessary for 
incorporation of F^ ATPase into OS ATPase has heen monitored.

One of the mutants studied}, A21 , displays aberrant reactions 
to all the inhibitors tested immediately after the cells have 
undergone glucose repression and CAP poisoning, this effect 
disappears rapidly upon aeration in the absence of CAP.
Within the limitations of the experimental techniques employed 
no significant changes in production of mitoribosomal products 
can be seen. An analogous mutant has been reported by Linnane 
and co-workers (private communication). The mutant L748 
(TSO-R) is a temperature sensitive mutant which shows a 
reduced ATPase activity on growth at 19°C and only 40% of the 
mitochondrial ATPase activity is inhibitable by oligomycin.
On transfer to media at 28°C containing CHI the enzyme becomes 
increasingly sensitive to oligomycin, in excess of 80% of the 
activity being inhibitable with oligomycin. This may be an 
organisational mutant or may display altered kinetics of 
production of a mitoribosomal peptide of the OS ATPase. 
Investigation into this aspect of the mutant are now in hand.

The m i t o r i b o s o m a l  products f o u n d  in this study are in 

broad a g r e e m e n t  wi t h  those of T z a g o l o f f  (1973) and do not 
agree v/ith t h e  findings of E b n e r  e_t al. (1973) that there is no
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low molecular weight mitoribosomal product. The system used 
by Ebner ab al.is however different from that employed by 
Tzagoloff and that used in this study in that the cells are 
introduced directly into the labelling media containing CHI 
without preincubation with CAP. The studies of Tzagoloff 
(1971) indicate that in such a system the production of membrane 
factor necessary for the incorporation of ATPase will be 
negligible and that a prior incubation in CAP is necessary to 
build up a pool of cytoribosomal precursors before production 
of mitoribosomal products can be monitored in the absence of 
cytoribosomal activity. In conclusion we can say that the 
biogenesis of OS ATPase in the mutant A21 was aberrant but no 
firm conclusion could be reached concerning the cause of the 
aberrant behaviour.



CHAPTER 3

PURIFICATION AND CHARACTERISATION OF SUBUNIT 9 OF OS ATPase 

3.1 INTRODUCTION

Proteolipids, as defined by Folch and Lees (1951) are 
protein-lipid complexes that are insoluble in water but soluble 
in organic solvents and occur generally in biological membranes 
(for review see Criddle and V'illemott, 1 9 6 9 Such a proteo- 
lipid moiety of molecular weight 7 to 10,000 daltons has been 
reported as the major product of the mitoribosomal system in 
the yeast Saccharomyces cerevisiae (Tzagoloff and Akai, 1972b; 
Murray and Linnane, 1972). The products may be different 
in Hela cells (Constantino and Attardi, 1975) and rat liver 
mitochondria (Burke and Beattie, 1975) although an analogous 
protein of unknown origin has been reported in ox heart mito
chondria (Cattell et al., 1971; Steckhoven et al., 1972).

The work of Cattell and co-workers (1970; 1971) identified
a low molecular weight proteolipid from ox heart mitochondria 
as the site of action of DCCD, a potent inhibitor of oxidative 
phosphorylation (see General Introduction), which covalently 
binds with a single proteolipid species and inhibits 95% of 
the reactions involving the synthesis or use of ATP. This 
inhibition takes place at a DCCD concentration range of 0.6 - 
1.0 nmoles DCCD/mg mitochondrial protein, which is similar to 
the concentration range of the cytochrome components of the 
electron transport chain in ox heart mitochondria'and hence 
the concentration at which intermediates in ATP synthesis would 
be expected to exist (Beechey e_t alL., 1967).
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The work of Tzagoloff and co-workers (Tzagoloff and 
Akai, 1972b; Tzagoloff et al., 1975) indicates that the 
major mitoribosoraal product is a single low molecular weight 
proteolipid and they have elegantly demonstrated that this 
peptide appears identical with sub unit 9 of the 03 ATPase. 
There is however considerable controversy over this issue as 
Schatz's laboratory have been unable to demonstrate the 
presence of such a lipid (Ebner ejt al• , 1975) but this may be 
due to the deficiencies in their system referred to in the 
Discussion of Chapter 4.

The inhibitors DCCD and oligomycin have very similar 
functional effects (Roberton et al., 1968). In view of this 
and the identification of a low molecular weight proteolipid 
as sub unit 9 of OS ATPase and DCCD binding protein it was 
thought that a mutation affecting oligomycin sensitivity may 
involve a change in the protein moiety responsible for DCCD 
binding. Hence sub-unit 9, a raitoribosomal product, 
presumably coded for by mitochondrial DNA is perhaps the 
peptide responsible for oligomycin sensitivity/resistance and 
may be altered in mutations selected for oligomycin resistance.

Tzagoloff ( Tzagoloff and Akai, 1972b; Tzagoloff et a l . . 

1975) reported t h a t  extraction of SMP w i t h  neutral chloroform: 

methanol, 2:1 v / v ,  results in practically exclusive extraction 
of sub unit 9 of ATPase. This extract has been subjected to 

sequential ether washes, subjected to T.L.C. followed by 

further ether washes. The resulting proteolipid was judged 

homog e n o u s  on t h e  criteria of gel electrophoresis (Figs. 5-2, 

5.5).
Having isolated and characterised subunit 9 of the OS 

ATPase it was intended to obtain peptide maps of sub unit 9
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from the series of mutants used throughout this study and 
thus detect any Deptide alteration giving rise to lowered 
sensitivity to oligomycin.

5.2 METHODS AND MATERIALS 

Materials

All organic solvents were redistilled from analar grade. 
Siclica gel 60 plates, 20 cm x 20 cm x 2 mm, were 

produced by Merck and obtained through Anderman and Co., Ltd., 
London.

Growth of Cells

The conditions for the growth of cells were as described 
in Chapter 3-___

Preparation o'" SMP

SMP were prepared by Braun shaker as described in 
Chapter 2.

Labelling of Mitor:hosomal Products

Mitoribosomal products were labelled as described in 
Chapter 4 except that the cells were grown for 17 hours in the

Zpresence of ^H-leucine and CHI.

Protein Estimation

Protein was estimated by the procedure of Lowry et al.. 
(1951). Where proteolipid estimations were carried out the 
solvents were first evaporated off and the residues dissolved 
by boiling in 1% SDS for 2 minutes.

Purification of Low Molecular Weight Proteolipid

SMP were brought to a concentration of 20 mg/ral by the
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addition of 10 mM Tris acetate pH 7 .5 . 10 volumes of
analar acetone were added and the mixture stirred for 1 hour 
at room temperature. The suspension was spun for 10 minutes 
at 2000 r.p.m. in glass bottles in a Sorvall G.S.A. rotor.
The precipitate was resuspended in 5 volumes of 90% acetone 
and stirred at room temperature for 20 minutes, the suspension 
was then spun again at 2000 r.o.m. for 10 minutes in glass 
bottles in a Sorvall G.S.A. rotor.

The oellet yas homogenised in three volumes of chloroform: 
methanol 2:1 v/v and allowed to stand at 55°C for 30 minutes.
The suspension was soun for 10 min at 16,000 r.D.m. in 
stainless steel tubes in a Sorvall 3S34 rotor. The supernatant 
was carefully decanted, the pellet being very easily disturbed 
and any contamination after this point being difficult to 
remove, and dried down under vacuum. The residue was 
redissolved in C:M 2:1 v/v (usually about half the original 
volume used to extract the SHF) and precipitated overnight 
at 4°C with 4 volumes of ether. The precipitate was removed 
by spinning at 3,000 r.p.m. for 10 min in glass tubes in a 
Sorvall SS34 rotor and redissolved in C:M 2:1 v/v. The ether 
precipitation step was repeated two more times and the final 
ether precipitate taken up in as small amount as possible of 
C:M 2:1. The samole was subjected to T.L.C. being applied 
in a streak on a Merck Silica Gel 60 20 cm x 20 cm x 2 mm plate 
with a small amount of radiolabelled proteolipid at one end of 
the streak to act as a protein marker. The plate was 
developed in a solvent system consisting of 130 ml CHCl^: 50 ml 
CHjOH: 7.4 ml I^O; 0.62 ml 6N HG1 and developed in a tank
saturated with iodine vapour. A typical T.L.C. pattern is
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shown in Fig. 5.1. The major bands, labelled 1 and 2 and 
their equivalent region of gel above the radiolabelled spot 
were removed from the plate. The removed gel was thoroughly 
ground with a small glass rod and just enough water, about 2 
drops, added to the gel to dampen it. A small volume of 
C:N 2:1, 20 mM HC1, about 2 ml, was added to the gel and then 
a further 10 6N HC1 was added. The suspension was 
thoroughly mixed and allowed to stand for 3 0 min at room 
temperature and was occasionally stirred. The silica gel 
was spun off and re-extracted as before with the ommision of 
the 10 y>\ 1 of 6N HC1. The supernatants were pooled and 
dried down by heating to 50°C and passing air over the surface 
of the solution. The residue was taken .up in a small volume 
of C:M 2:1, about 1 ml, and subsequently precipitated with 
the addition of 4 volumes of cold ether, this procedure was 
repeated and the final residue taken up in -a small volume of 
C:M 2:1. The recoveries of protein and radiolabel are 
shown in Tables 5.1 and 5.2.

Disc Gel Electrophoresis

20 of Fg recovered from the T.L.C. plate was dried
down and the residue redissoived in 50̂ *<1 of 2% SDS, 2% . 
mercaptoethanol, 10% glycerol and 10 mil PO^ by boiling for 1 
minute and subsequently heating at 70°C for 20 min. 3y* 1 of 
a 0.005% aqueous solution of BPB was added and the solution 
applied to the top of a 7*5% acrylamide gel. The gel was 
subjected to a current of 8 milliamps for 4- hours. The 
conditions described for electrophoresis were those described 
by Weber and Osborn (1969). The gels were stained in 0.25%
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FIGURE 5.1

Thin Layer Chromator-ranhy of Neutral Chloroform: Methanol 
Extract of Yeast Sub Mitochondrial Particles

The preparation of extract and conditions of 
chromatography were as described in Materials and Methods. 
The solvent front was allowed t o  progress to the top of 

the plate. Bands 1 and 2 were removed for further 
investigation.
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TABLE 5.1

Recoveries of Protein During Sub unit

Cells ( gm wet weight)

SMP (ng protein)

Purified (mg Protein)

Purification

183

940

2



TABLE 3.2

Recovery of Counts Durinr Proteolipid Purification

Fract ion Total c.p.m.

SMP 168,000 
C:M extract 63,200 
Band 1) recovered from T.L.C. plate 56.600 
Band 2) recovered from T.L.C. plate 160 
Counts left at origin of T.L.C. plate 7^8

100 of D22 SMP (79,000 c.p.m./mg) and 50y *  1
A21 SMP (90,000 c.p.m./mg) labelled as described in 
Materials and Methods and containing a total of 168,000 
c.p.m. Fg was purified as laid out in Materials and 
Methods.
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solution of amido black in methanol : acetic acid : water 
5 : 1 : 5  v/v. Staining with coomassie brilliant blue gave 
very faint staining.

An aliquot of radiolabelled Fg recovered from the T.L.C. 
plate was also subjected to polyacrylamide gel electrophoresis. 
This gel was sliced and counted as described in Materials 
and Methods, Chapter 4.

Pentide Mapping

A host of problems were encountered in attempting to 
render the protein amenable to the production of peptide maps 
and in attempting to obtain renroducible peptide maps. The 
most intractible problem was the insolubility of the peptide 
in all but the harshest solvents such as SD3, formic acid and 
pyridine. The first approach was to attempt to solubilise the 
protein in SDS and maintain the detergent at low enough 
concentration to allow the protease to remain active. The 
general procedure employed was as follows: 0.5 ml of C:M 2:1 
containing 400 - 500 of protein was dried down over an air
jet, 0.2 ml of 1% SDS was added and the pH adjusted to 7*5 with 
the addition of NaOH, the solution was boiled for 1 min and 
heated at 70°C for 20 min. Even after such harsh treatment 
the residue was not completely dissolved and the undissolved 
residue was removed by centrifugation. The sample was diluted 
to 2 ml and 0.2 ml removed for a predigested control. 1 0 g 
of trypsin was added to the remainder. It was difficult to 
say whether digestion was proceeding by following the pH but 
peptide analysis by T.L.C. and high voltage electrophoresis 
indicated very incomplete digestion and variable results.
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Attempts to render thfe protein more soluble by substituting 
the amino groups of the peptide by maleylation and succinyl- 
ation and increase the negative charge on the protein. The 
procedures adopted were those laid out by Sund (1971 )•
Neither procedure resulted in a more soluble peptide and as 
subsequent partial digestion by trypsin was not affected it 
was thought that the substitution reaction had not taken place.

Amino Acid Analysis

Approximately 80^¿igm of dissolved in C:M 2:1 was 
pipetted in a hydrolysis tube and taken to dryness. 1 ml of 
6N HC1 was added and the tube evacuated and sealed and placed 
in an oven at 110°C for 24- hours. The tube was opened and 
the HC1 removed under vacuum at 50°C. The residue was 
dissolved in 1 ml 1^0 and subjected to analysis on a Beckman 
120C amino acid analyser.

8.5 RESULTS
This Chapter describes the purification and characterization 

of a low molecular weight proteolipid identified by Tzagoloff 
et al. (1973) as subunit 9 of the OS ATPase. The protein 
is electrophoretically pure (Fig. 5.2 and 5-3). The amino 
acid analysis of the protein displays extreme hydrophobicity 
(Table 5*3)* the distribution of polar and apolar amino acid 
residues shows good agreement with that reported by Tzagoloff 
et al. (1973). The differences .in serine and methionine 
content may be due to strain differences; histidine, proline and 
methionine are present as traces in insufficient amounts to 
account for 1 residue of a 7,800 daltons molecular weightpeptide 
(Tzagoloff, 1973) and probably indicate a low level of



FIGURE 3.2

Disc Gel Electronhoresis of 3ub unit 9 of the OS ATPase

The sample of sub unit 9 for electrophoresis was 
prepared as described in Materials and Methods. The 
sample was electrophoresed at 8 milliamps/gel for 
approximately 4 hours down a ?.5% acrylamide gel. The 
gel was stained with amidrj-tjlack and destained. The 
final position of the tracking dye, BPB (y ) is shown.





FIGURE 5.3
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A sample of tritiated sub unit 9 was purified by T.L.C. 
and ether washing. The sample was dried down and solubilised 
directly in 1% SDS, 1% mercaptoethanol, 10 mM P0^ and 10% 
glycerol and applied to the top of a 7-5% acrylamide gel.
After electrophoresis the gel was sliced and counted following 
the procedures laid out in Materials and Methods, Chapter 4.
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TABLE 5.3

Amino Acid Composition of Sub unit 9

Amino Acid

Lysine
Histidine
Arginine
Aspartic Acid
Threonine
Serine
Glutamate
Proline
Glycine
Alanine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine

Mole per cent amino 
acid in F^.

5.20

1.39 
3.08 
4 .8 3  

3.57
15. 54— -  

7.73 
trace
14.95
10.01

8.16
1.4
5-33
8.37
1.40
8.01

Total mole per cent 98.97

The values represent the average of two analy
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contaminant.
The peptide proved to be highly insoluble in any solvent

system rendering it amenable to protease activity. Attempts
to render the peptide more soluble were unsuccessful. Attempts

14to covalently bind C-DCCD to the proteolipid; in a fashion
analogous to Cattell e_t al. (1971) both at the level of SMP and

14purified OS ATPase were unsuccessful, the C-DCCD being easily
removed by washing. The DCCD still displayed an inhibitory
effect but failed to bind, this has been the experience of

14other workers attempting to bind C-DCCD to yeast SMP 
(M. Partis, Personal Communication; Broughall, 1972).

5.4 DISCUSSION

The proteolipid, the purification and characterisation of 
which is described in this Chapter, has been identified by 
Tzagoloff and co-workers as sub unit 9 of the OS ATPase,
Unlike the low molecular weight proteolipid from ox heart 
mitochondria described by Cattell et al. (1971) it does not 
covalently bind DCCD. The proteolipid has been purified from 
wild type and oligomycin resistance mutants A21, A19 and A15 
with a view to the possible identification of an altered peptide 
using well established methods of peptide mapping. The 
proteolipid from the mutants showed altered properties during 
purification from that of the wild type. The variability and 
absolute value of yields of wild type and mutant proteolipid 
were similar. The thin layer chromatography pattern obtained 
during purification were practically identical, no significant 
changes in the Rf values of the proteolipid being detectable.
On analysis by disc gel electrophoresis all the mutants gave
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the same banding pattern as that obtained with wild type 
proteolipid i.e. that shown in Fig. 5-2. Thus it was 
concluded that the mutant mitochondrial membranes contained 
similar quantities of sub unit 9 to wild type membranes. From 
the chromatography and electrophoretic data it was concluded 
that on the basis of these two criteria that none of the sub 
unit.:-9 purified from the mutants was grossly altered in size or 
composition. This was a somewhat expected result as sub 
unit 9 is the major mitoribosomal product associated with the 
OS ATPase and in view of its distinct hydrophobicity it is 
thought to play an important role in the structural integrity 
of the enzyme. In Chapter 3 it was shown that the enzyme 
from the mutants was extractable in an integrated state, if 
sub unit 9 had been absent or greatly depleted it was felt 
that the integrity of the mutant enzyme would have suffered 
and an altered yield of enzyme of structural integrity would 
have resulted. Thus it was thought that any mutation causing 
inhibitor resistance would be of a very limited nature and 
so it was proposed to further analyse the proteolipid from 
wild type and mutant strains by peptide analysis.

Insurmountable problems were encountered in attempting to 
carry out these analyses. The problem of peptide solubility 
in any solvent system amenable to protease activity was found 
to be an intractable one, no repr<oducible results or maps 
shewing total digestion being obtained. The problems outlined 
above met with in the purification and characterisation of 
mitochondrial proteolipids have been encountered by other 
workers in the field. The publication of a tentative identi
fication of a low molecular weight mitoribosomal proteolipid
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by Murray and Linnane in 197? (Murray and Linnane, 1972)
which aroraised further characterisation of the proteolipid
has not been followed by further publications on the subject
and so presumably these workers are also encountering solubility
problems. .Further work by Tzagoloff (A. Tzagoloff, Private
Communication) on peptide mapping of the proteolipid has been
inconclusive. Attempts by workers in Beechey's laboratory
have met with intractable solubility difficulties in attempting

14to produce peptide maps of C-DCCD labelled proteolipid from 
ox heart mitochondria (P.R. Avner, Private communication). In 
view of the extreme hydrophobicity and insolubility of the 
proteolipid in any physiological solvent system amenable to 
protease activity it is thought that any further analysis will 
require the development of novel techniques of peptide 
analysis.

Some of the work described in this Chapter was carried 
out in the laboratory of Dr. A. Tzagoloff during June and 
July, 1972.



88

GENERAL DISCUSSION

The factor(s) responsible for the changes in inhibitor 
sensitivity of those mutants cited in the Introduction were 
shown to reside in the membrane fraction of the OS ATPase. The 
03 ATPase was shown to possess, in addition to a site of action 
of oligomycin, a site of action of venturicidin and of TET. 
Problems arose during the inhibition studies on the solubilised 
enzyme because of the extreme susceptibility of apparent 
inhibitor sensitivity of the enzyme to levels of both detergent 
and phospholipid in the assay medium. Because of these factors 
it would prove difficult to arrive at a true value of the 
amount of inhibitor required to inhibit the enzyme activity 
by 5 0%, i.e. an I^q value, for the wild type enzyme but as 
this study was essentially a comparative one using several 
different inhibitors to test for enzyme integrity and rigid 
control was exercised over the detergent and phospholipid 
levels in the assay medium it is felt that the differentials in 
sensitivity found between wild type and mutants were true ones. 
The work with isonuclear constructed diploids shows an in 
vitro effect of inclusion of a TET mutation, until this time 
cells displaying a resistance to TET at the whole cell level 
have shown no aberrant behaviour at a mitochondrial, SMP or 
solubilised enzyme level. It is felt that the results 
presented in Chapter 4 concerning the aberrant kinetics of 
OS ATPase formation in mutant A21 could not be improved upon 
without a heavy investment in better peptide analytical 
apparatus and radiolabelled amino acids. The work with sub
unit 9 of the OS ATPase described in Chapter 5 would seem to
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present the most intractable problems to be faced yet and 
would seem to be the most promising avenue for some rapid 
progress in the investigation of this problem.

Several promising approaches suggest themselves, the most 
direct approach to the analysis of this peptide would seem to 
be a complete sequencing of peptide prepared from wild type 
and mutant cells. An analysis of a peptide composed of some 
5 0 amino acid residues could be undertaken using an amino acid 
sequencer. The. major advantage of this approach is the use 
of a pyridine based solvent system which would ensure 
solubility of the proteolipid. To obtain sufficient material,. 
for such an analysis it would be beneficial to allow the cells 
to grow in the presence of CAP and then allow the cells to 
derenress in the nresence of CHI as described by Tzagoloff 
(1971). This treatment results in an overproduction of sub 
unit 9 giving a three fold increase in the amount of sub unit 9. 
A second approach which may prove fruitful would be to 
modify the method by which the peptide maps are visualised.
When visualising peptide maps with peptide specific stains 
the amount of protease used must be rigidly controlled to 
prevent contamination of the map by large amounts of protease 
self digestion products. To overcome the problem of being 
strictly limited in the amount of protease it is possible to 
use, it should be possible to produce C-labelled sub unit 9 
of high specific activity, Autoradiography could now be 
used to visualise the proteolytic products of such a labelled 
peptide. Two advantages would be gained by such.an approach:
1) Only those peptides resulting from digestion of radio- 
labelled sub unit 9 would be visualised and hence the protease
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can be used in very high concentrations and should result in 
complete digestion of the proteolipid. 2) Autoradiographic 
techniques for detecting even low energy radioactive emitters 
are becoming increasingly sensitive with the advent of such 
novel innovations as scintillant coated film. With this 
increased sensitivity it should be possible to visualise much 
smaller amounts of digested peptide than is possible with more 
traditional methods such as ninhydrin staining.

The analysis of sub unit 9 from wild type and mutant cells 
still leaves the problem of purification and analysis of the 
other three mitoribosomal products associated with the 03 ATPase, 
any of which may be carrying the expressed mutation. Thc.se 
peptides are present in very small amounts in the OS ATPase 
relative to the larger cytoribosomally produced sub units and 
therefore their purification becomes a more difficult task. 
Attempts were made to purify these sub units on the apparatus 
described in the Appendix to this Thesis by separating the sub 
units of OS ATPase on the preparative gel. In the light of 
this experience a potentially more profitable approach would 
have been to pass the enzyme through a procedure to enrich the 
relative amounts of the mitoribosoraal products. Two 
possible procedures are suggested here: 1) When SMP are
extracted with acidic chloroform:methanol 2:1 v/v, 10 mM HC1, 
the resulting extract contains at least eight proteins 
seperable on polyacrylamide gels. However if the purified 
OS ATPase is extracted with acidic chloroform:methanol only 
three or four bands appear on polyacrylamide analysis of the 
extract and three have been tentatively identified as mitoribo
somal in origin (A. Tzagoloff, Private communication).
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2) If the OS ATPase is dissociated in the presence of urea 
and guanidine hydrochloride and the solution dialysed against 
two changes of water for 24 hours the two highest molecular 
weight components of the enzyme, both cytoribosomal in origin, 
precipitate out of solution (A. Tzagoloff, Private communication). 
Thus both these procedures result in a greatly enriched mito- 
ribosomally produced fraction which is much more amenable to 
separation and purification by gel electrophoresis than the 
whole enzyme.

The problem throughout much of this work has been to 
identify the aberrant peptide(s) responsible for the phenomena 
of inhibitor resistance(s). The work so far undertaken 
indicates strongly that the change in the peptide is a subtle 
one and does not involve large or complete deletions of sub 
units or gross structural changes within the enzyme. Given 
such a subtle change and the difficulties encountered in 
attempting to analyse mitoribosomal products outlined in 
Chapter 5, an early solution to such a problem »/ill not be 
easily found. Perhaps a more fruitful approach would be to 
select mutations which have a more drastic effect than increased 
inhibitor resistance, such mutations may well result in a much 
larger structural and therefore more easily identifiable change 
in the enzyme. Just such an approach has recently been used 
by Tzagoloff and Needleman (1975) in studies on cytochrome 
oxidase. Briefly the procedure involved screening for mutants 
without oxidative phosphorylation capability but displaying 
functional mitoribosomal apparatus. Further screening of the 
mutants involved enzyme purification and polyacrylamide gel 
analysis to look for aberrant or absent mitoribosomal products.
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Such an approach could be used in an investigation of and 
possible assigning of OS ATPase peptide roles in oxidative 
phosphorylation.
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APPENDIX

A PREPARATIVE GEL ELECTROPHORESIS APPARATUS

This short appendix describes an attempt to design and produce 

a Preparative Gel Electrophoresis Apparatus for use in further purification 

of the mitoribosomal subunits of the O.S.ATPase. The work was undertaken 

mainly in view of the considerable expense of such commercially available 

apparatus. A further consideration was that the apparatus needed to be 

capable of analysing approximately 2 mgrms of protein to provide 

sufficient mitoribosomal subunits for further structural studies. Extra

polating from work with analytical gels a preparative gel of the dimensions 

indicated in Figure A2 should be capable of analysing upto 2.3 mgrms 

of O.S.ATPase .At the time of starting this investigation no commercial 

product could be found which would analyse this quantity o f protein. The 

assembled apparatus is shown in Figure A l; it consists basically of 

separate copper cathode buffer reservoir and lower anode buffer reservoir. 

The upper cathode electrode is the electrode from a standard Shandon 

Analytical Electrophoresis Apparatus ( Shandon Southern, Camberley, 

Surrey ), the lower anode is a short length of platinum

wire soldered to copper wire, the copper and solder subsequently being 

encased in teflon tubing to prevent electrolysis of the copper. The 

polyacrylamide gel was cast in the detachable gel tube which was a push fit 

into the bottom of the upper buffer reservoir. The gel tube was furnished 

with a collar to prevent any possible slippage. The gel tube itself was a 

push fit into the elution chamber and was scaled by an 'O' ring inset into 

the side of the elution chamber. The elution chamber, shown twice actual 

size in Figures A2 and A3, consisted of upper and lower flanges held 

together by three plastic coated bolts. Between the two flanges was 

sandwiched a rubber washer 1 mm in thickness, the purpose of which was 

to hold in place and prevent leaks from a piece of dialysis tubing, shown 

at C in Figure A l, which formed the bottom of the elution chamber.



Elution of the electrophoresed protein from the chamber was via a large bore 

syringe needle at B-, replacement buffer being drawn in at the three smaller 

bore needles at A. Tests with dyes and cytochrome C indicated that a 

complete change of buffer in the elution chamber could be achieved with a 

volume of eluate 2 to 3 times the volume of the elution chamber.

Initial testing of the apparatus was carried out using cytochrome C, 

the electrophoresis of which could be monitored visually. After prolonged 

electrophoresis it was found that the upper buffer reservoir became depleted 

of SDS, the conditions of electrophoresis being essentially those described by 

Weber and Osborne, (Weber K ., Osborne M. 1969) . It was therefore 

found necessary to have continuous mixing of cathode and anode buffers.

The direction of buffer flow was as indicated by the arrows in Figure A l,  the 

flow rate was controlled so that the buffer dripped at outlets X, Figure A l, 

thus preventing any short circuiting around the gel. The buffer in the lower 

reservoir was slowly stirred with a magnetic stirrer. This was found to 

exercise a substantial cooling effect on the gel and made possible the use of 

higher currents. SDS treated catalase, aldolase, trypsin and cytochrome C 

were electrophoresed as a mixture, the gel was sliced longitudinally and 

stained. The peptide bands were well separated and there was no evidence 

of streaking due to wall effects or the use of excessive currents, the gel 

being subjected to a current of 160 milliamps.

Bromophenol blue and cytochrome C were successfully electrophoresed 

and eluted , using electrophoresis buffer as the eluate. With non-visual 

monitoring of the eluate one is faced with the problem of having to take small 

fractions at fairly rapid flow rate to avoid cross contamination of the bands 

over a long time course. This procedure was found to be logistically 

impracticable and also led to substantial dilution of small amounts of protein.

It was decided, therefore, to attempt to attach a visual label to the peptides 

of the OS ATPase, so that it was necessary to elute from the chamber only 

when peptides were seen to enter it. The production o f peptides labelled 

using such compounds as dansyl chloride and fluorescamlne, which enable



them to be located visually, usually results in a peptide with an unreactive 

amino end group and so are of restricted use in structural studies. In 

view o f this it was decided that only 10% of the protein applied to the gel 

should be labelled in this way. Upon electrophoresis the ragged 

O.S.ATPase peptides of high molecular weight, i.e . those of cytoribosomal 

origin, could be clearly distinguished , as could subunit 9, the major 

mitoribosomal product, but the other mitoribosomal products were present 

in such small quantities and the labelled peptides in even smaller 

quantities, that it proved impossible to locate them with any degree of 

certainty. The apparatus described here, however, gives sufficient 

resolution of unmeasured bands in sufficient quantities; the remaining 

problem is one of location of the bands. Perhaps an enrichment procedure, 

such as those suggested in the General Discussion, for the mitoribosomal 

products would greatly assist in a visual location of these bands.
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