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And the end of all our exploring
will be to arrive where we started

and know the place for the first +time,.

T.5. Elliot.
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ABBREVIATIONS

Abbreviations used in this thesis are those recommended
in the Biochemical Journal Instructions to Authors (revised

1978), with the following additions

ATPase adenosine triphosphatase

ATR Atractyloside

BIS-MSB - p~BIS (g—methyl-steryl) benzene
BSA | Bovine serum albumin

CAT Carboxyatractyloside

Con A Concanavalin A

DMSO Dimethyl sulphoxide

DOC 7-Deocxycholic acid

FO integral membrane non~catalytic

portion of mitochondrial ATPase

complex
Fl soluble catalytic portion of
mitochondrial ATPase complex
HLA Human Ma jor Histocompatability )
Complex
IEF Isoelectric focusing
Ig Immunoglobulin
IS0 Inside-out
‘Ml_ Standard mitochondrial fraction
after differential centrifugation
MOPS mannitol, sucrose, morpholinopropane
sulphonate buffer
0SCP oligomyein sensitivity conferring

protein



(iii)

PAS Periodic acid-Schiff reagent
PBS Phosphate buffered saline

pPi Phosphate

PM; Mitochondrial fraction,

further purified on a discontinuous

density gradient

PMSF , Phenylmethylsulphonyl fluoridine
PPO \ 2,5 diphenyloxazole

RSO | Right side-out

SBA Soya bean agglutinin

SDS Sodium dodecyl sulphate

SMP Submitochondrial particle

TCA Trichloroacetic acid

T.D. Tracker dye

TEMED : NNN' N' tetramethylethylenediamine
TEM Tris-potassium-magnesium buffer

WGA Wheat germ agglutinin



SUMMARY
The basic objective of this thesis is to develop our
understanding of the topography, organisation and function
of mitochondrial membrane proteins/glycoproteins to a level

comparable to the red blood cell plasma membrane,

Initial characterisation of the isoclated standard
,mifochondrial fraction (Ml) or sucrose density purified
material (PMl), involves assessment of the extent of
contamination with other subcellular fractions,. Ml
preparations contain 5.0% acid phosphatase (lysosomes),
5,4% glucose-6-phosphate (microsomes) and 4.4% 5'-nucleo-

tidase (plasma membrane), while analogous values for the

PM, fractions are 1.1%, 1.7% and 0.6% respectively.

Integrity of the outer membrane in isolated mitochondria
is monitored by an assay using exogeneous cytochrome ¢ as
substrate for cytochrome ¢ oxidase, an inner membrane
protein complex. Estimates of the degree of damage %o
the outer membrane reveal 3-5% breakage in the Ml mitochondria
and 11-17% in PMl mitochondria,

Optimum procedures for subfractionation of mitochondria
into inner and outer membranes, and a soluble fraction are
developed employling sonication and sucrose density gradient
analysis. Minimal cross-contamination (less than 10%) of
individuvual fractions is achieved as assessed by specific
marker enzymes, namely cytochrome ¢ cxidase for the inner

membrane, monoamine oxidase for the outer membrane and

adenylate kinase for the soluble fraction.



Analysis of rat liver mitochondria pre-labelled in vivo
with D—[6-3H]-glucosamine confirm that 70-80% of the
carbohydrate is releasedin a soluble form on disruption of
the organelle, the remainder being disiributed equally
between inner and outer membranes, The bulk of the carbo-

hydrate is associated with protein rather than lipid.

Treatment of rat liver mitochondria with low levels of
digitonin (0.01lmg/mg protein) releases approx. 50% of the
glucosaminé-labelled mitochondrial glycoprotein, without
destroying the integrity of the outer membrane, Immuno-
precipitation of these extrinsiec compbnents with Con A and anti-
Con A serum revegls 4 components, including a ma jor doublet

of 40,000 and 48,000 mol, wt.

Direct agglutination and binding studies with [1251]-WGA

demonstrate the presence of integral carbohydrate on the external
surfaces of mitochondrial inner and outer membranes. The
number of WGA receptors on the inner membrane is approx. twice

those on the outer surface,.

Specific surface-labelling studies employing lactoperoxidase~
catalysed iodination reveal the presence of 7 ma jor polypeptides,
designated bands 1 to 7, located externally on the outer
membrane, Similar studies on mitoplasts (outer membrane
removed) show that bands la, 1b, 2b, 5a, 6a and é6b are
exclusively located on the inner membrane, Components lec,

22 and 6c are available for iodination only when the outer
membrane is partially removed, while bandsl and 5 are equally

accessible in both intact mitochondria and mitoplasts.



vi

Direct immunoprecipitation of these surface components
demonstrate that all of these species, except band 2 appear
to act as receptors for WGA or Con A indicating their
glycoprotein nature or specific association with membrane
glycoproteins. Band 6 appears to interact with WGA but

not Con A.

Comparison of the glycosylated components exposed on
the outer surfaces of mitochondrial membranes with the
total giyeosylated complement of the membranes is achieved
by the lectin overlay method,. With [1251] -Con A, at least
20 glycoproteins can be detected, In contrast, with WGA

only 5 components (1, la, 1b, 2a and 2b) are visualised.

Lectin affinity procedures are developed to fractionate
mixed populations of inner membrane vesicles, IS0 vesicles
are not absorbed or precipitated by WGA and anti-WGA-IgG,
indicating the absence of accessible WGA binding sites
in this population. The polarity of these membrane fragments
is also assessed by monitoring the crypticity of eytochrome c
oxidase with exogeneous cytochrome c, which normally interacts
with the outer surface of the inner membrane, By this

ecriterion, ISO vesicles greater +than 90% purity can be isolated,

Identification of the transmembrane proteins of the
inner membrane by vectorial labelling of RSO vesicles
(mitoplasts) and ISO vesicles show that bands 1, 2b, 5, 5a
aﬁd 6a span the lipid bilayer, Bands 1 and 5 also traverse

the outer membrane,.

The role of glycoproteins on the two main energy linked

functions in mitochondria : ATP synthesis and Ca2+‘qgtmkeis



vii

investlgated by tbe use of 1éctins as blocking agents.
* The data indicates that SBA specifically inhibits Ca2+
transport in intact mitochondria, Both SBA and WGA have
a similar effect when the outer membrane is partially dis-
rupted to allow permeation of lectin, SBA also affects

P:0 ratios in intact mitochondria,. No respiratory control

is observed in mitoplasts treated with WGA, SBA or Con A.

Preliminary 2-dimensional separation of mitochondrial
membrané proteins indicates the presence of 70-80 discrete
protein spots as detected by Cocomassie Blue staining. This
emphasizes the potential of {the technique which could
provide high resolution peptide maps for further study on

individual mitochondrial enzyme complexes,
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CHAPTER 1

ITntroduction

1.1. General review of membranes

The membranes of eukaryotic cells divide +the cell into
compartments that are distinctive in both morphology and
metabolism. Membranes, as well as surrounding the cell
as a whole, or an organelle within the cell, e.g. the
mitochoﬁdrion, also provide an internal framework consisting
of rough endoplasmic reticulum, smooth endoplasmic reticulum
and Golgi apparatus on which many ordered macromolecular

functions take place.

Biological membranes are not simple mechanical barriers,
but a highly ordered array of molecules which display a variety
of functions, Eukaryotic plasma cell membranes are composed
of approx. 40% (w/w) lipid, and 60% (w/w) protein as well as
2-10% (w/w) carbohydrate covalently associated with either

membrane protein or 1lipid.

Functionally, the plasma membrane provides a selective
permeability barrier that controls the amount and nature of
substances that can pass between the cell and its environment.
In addition, the compartmentalisation of metabolic processes
within membrane-bound organelles enables a high concentration
of reactants to be maintained at discrete sites and has
important implications for metabolic control e.g. the
tricarboxylic acid and urea cycles are located in +the
mitochondrial matrix. The processes which compete for

common metabolite may be separated by having enzymic systems



in different compartments, énd their relative rates controlled

by varying the rate of entry of the metabolite, This integrates
the metabolic functions of the cell in a coherent fashion

while simultaneously regulating the individual metabolic

pathways.

The plasma membrane also provides the structural framework
1o which functional entities are firmly bound. Many important
receptors are located on cell surfaces, These include
reéeptors\which recognise hormones such as insulin and
catecholamine; energy receptors, which convert light and
heat into electrical impulses; and surface components,
which are species specific, such as the histocompatidility
antigens and blood group determinants that are involved in

mediating cell immunity.

1,1.1, Types of membranes that are of blochemical interesi

The chemical composition of different membranes depends
on their particular functions. The mature red blood cell,
whose ma jor function is transport of oxygen, has neither
nucleus, nor an internal membrane system. These factors,
together with the ease in obtaining large quantities of
starting material, have made the erythrocyte plasma membrane
one of the best studied to date. The lymphocyte membrane
is another example of a well-studied system, because of its
immunological importance, in that it contains many surface
antigens of known specificity such as the histocompatibilityv
antigens and igG and IgM. However, much less is known about
the membranes of - - intracellular organelles, due to the

difficulties encountered in their purification. An important



exception in this category is the mitochondrial inner membrane
which has been thoroughly investigated with respect to electron

transport and ATP synthesis,

Certain specialised plasma membranes have been studied
in great detail because of unique ultrastrucitural or biochemical
features, One of these, the retinal outer segment membrane
is composed of approx. 80% (w/w) rhodopsin, The membrane
has a disc-like appearance under the electron microscope owing
to invaginations of the plasma membrane, which increase the
surface area and thus maximise the amount of light absorbed,
Another example of a specialised plasma membrane is the myelin
sheath, which surrounds certain axons. This is comprised of
about 75-80% (w/w) lipid arranged in a multilayered 1lipid
structure (as observed by X-ray diffraction and electron
microscopy), making it suitable for its function of insulation.

In recent years, the purple membrane of Halobacterium

halobium has been the subject of intensive investigation, both
from a biophysical and Biochemical standpoint. Its unique
structure containing 75% (w/w) of the simple protein,
bacteriorhodopsin present in semi-crystalline arrays, has

proved a most advantageous system for X-ray diffraction studies.
Similarly its apparent role as a light-induced proton pump
involved in ATP synthesis has excited the interest of

bicenergicists

1.1.2. Composition of membranes

The protein and lipid compeonents of biclogical membranes
associate with one another through non-covalent forces, and the

manner in which they interact depends on the amphipathic nature

of the individval constituents.
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(a)

Lipids

The lipids that are found in membranes are usually

amphipathic, possessing hydrophobic regions in the form of

long hydrocarbon chains and a polar region that consists

of one or more ionisable groups.

are

The four main 1lipid classes present in eukaryotic cells

(i) Glycerophosphatides, which consist of a
glycérol moiety to which long fatty acid chains
are acylated.

(ii) Sphingolipids, which are similar to
glycerophosphatides except that sphingosine
replaces glycerol

These two classes of phospholipids are the principal polar

1lipid constituents of most animal cells,

(iii) Glycolipids, which consist of mono or oligo-
saccharide units glycosidically linked to the terminal
hydroxy-group of either glycerol, sphinganine (fatty

acid amide of sphinogsine) or a sterol.
(iv) sterols, e.g. cholesterol

(b) Distribution of Lipids
The composition of lipids within the different membranes
varies and is dependent on a membrane's function. The

proportion of protein to 1lipid and cholesterol to polar lipids

in the various membranes of rat liver is shown in Table I.1,.

Plasma membranes generally contain most of the glycolipids

of the cell and are usually richer in cholesterol than other

intracellular membranes, Notably, the outer mitochondrial

membrane contains far more cholesterol than the inner membrane



and this fact provides the basis for the preferential
disruption of the former with digitonin (Schnaitman et al.,
1967). In a similar vein, the proportion of diphoshatidyl-
glycerol (cardiolipin) in the inner membrane is much higher

than in other mammalian membranes,

(¢) Proteins

The protein content of a membrane is roughly proportional
to its metabolic activity. This is demonstrated by the myelin
sheath which contains only 20% (w/w) protein and by the fact
that its main function is that of insulation. On the other
hand the inner mitochondrial membrane which is involved in

ATP synthesis contains 75-80% (w/w) protein.

Proteins of the plasma membrane can be broadly classified
into 2 groups by the way they interact with the membrane 1lipid.
They can be either loosely associated with the 1lipid, termed
textrinsie" or they can be firmly integrated into the membrane,
termed "intrinsie" (Capaldi and Green, 1972). Extrinsic
proteins can be easily dissociated from the membrane by
relatively mild treatment. For example, cytochrome ¢ can be
extracted from the membrane of mitochondria by washing in
0.15M NaCl (Jacobs and Sanadi, 1960). Intrinsic membrane
proteins on the other hand are firmly associated with the
membrane : their solubilisation requires agents such as SDS,
Triton X-100 orxchaotrophic agents like lithium di-iodo
galicylate or guanidinium chloride that destroy the structural
integrity of the membrane. Further, other proteins can be
distinguished depending on whether they contalin carbohydrate

or not. The amount and type of sugar varies in the different



membranes, Basgically there are two types of oligosaccharide
linkages to the polypeptide chain

(a) @-0-glycosidic linkages between N-acetyl galactosamine
and the OH group of serine or threonine, which are alkali-
labile.

(b) B-N-glycosidic bonds between N-acetylglucosamine and the
amino group of asparagine residues, which are stable to

hydrolysis by alkali.

1. 1.3, Moiecular organisation of membranes

Current concepts of membrane organisation still incorporate
the lipid bilayer, originally proposed by Gorter and Grendal -
(1925), as its central feature,. In this model the essential
structural repeating units are the phospholipid molecules.

These are arranged with their hydrocarbon regions towards the

inside and the polar head groups facing the aqueous environment.

To explain the arrangement of protein in the membrane
several models were proposed, including one by Danielli and
Davson (1935) which suggested that globular proteins were
attached to the polar head groups oﬂ either side of the membrane,
This model accounted for the low surface tension of biological
membranes as compared with model lipid systems. It was later
modified by Robertson (1959) in the light of new information
obtained from the electron microscopic studies and X-ray
diffraction data of myelin. At this stage proteins were
thought to occur in the extended P-configuration, rather than
in a globular arrangement, and, further, their distribution
with respect to lipid was asymmetric. The model was not

thermodynamically favourable because a significant proportion
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of the non-polar amino residues of the protein would be

exposed to the aqueous environment thereby increasing the
entropy of the system,. However, Danielli (1958) did modify
the model to include protein-lined pores which spanned the
membrane, thus providing a functional basis for procteins such
as ﬁhe active transport of ilons, Later experiments by
Engleﬁan (1969) showed that most membranes contained
insufficient lipid to form a continuous bilayer over the entire
surface,vand evidence from optical rotatory dispersion and
circular dichroism techniques (Glaser and Singer, 1971) showed
that 30-60% of the pfbtein had an &helical conformation,
suggesting a globular shape for thenm, Additionally, it was
found that drastic membrane disrupting procedures were regquired
before all the proteins could be extracted with minimum 1ipid
contamination. This suggested that hydrophobic interactions,
in addition to elecirostatic forces, were present between the

proteins and lipids.

In order to explain these observed phenomenon, Singer
and Nicolson (1972) proposed the Fluid Mosaic model. In the
model the membrane was envisaged as an alternating mosaic of
proteins and lipids in which proteins are buried to varying
extents in a fluid lipid bilayer,. The model distinguished
between 2 classes of membrane proteins : extrinsic proteins
which are associated with the polar 1lipid head groups via
electrostatic or ionic interactions, and intrinsic proteins
which are embedded in the bilayer and assoclated hydrophobically
with the lipid. Other proteins span the bilayer completely.

In comparison with the Davson-Danielli model, as well as



being thermodynamically staﬁle, and accounting for the 30-60%
@~-helical content of proteins, the fluid mosaic model decreased
the total surface area covered by lipid thus explaining the
previous discrepancies, Two important features of this model,
with particular reference to the erythrocyte plasma membrane,
were the asymmetric distribution of all membrane components
and fluidity of lipid bilayer. Exposed proteins surface
labelled with impermeable reagents, or peptides cleaved from
the surface of intact cells with proteases, were different
on both sides of the membrane (Bretscher, 1971b). All the
carbohydrate asscciated with the membrane was located on the
non-cytoplasmic side of the membrane (Singer and Nicolson,1974).
Lipid asymmetry has been demonstrated by a variety
of experiments. In an experiment using 31P n.m.r., the
resonances from phospholipids on either side of the bilayer
in sonicated vesicles were found to be distinguishable
(Michaelson et al., 1973). Paramagnetic ions (such as Mn2+)
which cause the broadening of nearby phosphorus resonance
signals have been uged to show the arrangement of the latter
in the bilayer. In this way phosphatidylcholine and
sphingomyelin have been found %o show a preference for the
outer surface, whereas phosphatidylethanolamine prefers the
inner surface (Michaelson et al., 1973). Additionally,
chemical-labelling reagents that specifically react with
amino groups, such as [358]-formylmethionyl methyl phosphate
(FMMP) have shown that the bulk of the phosphatidylethanolamine
is labelled in human erythrocyte membrane preparations as

opposed to the intact cell (Bretscher, 1972),. Other
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experiments using phospholipases A2 and C have also confirmed

1ipid asymmetry (Roelofsen, 1971).

The second important feature of this model is its
dynamic nature. Lipids have been observed to be constantly
moving on a lateral plamne in their own half of the bilayer with a
exchange rate of lOr7 per sec (Kormberg and McConnell, 1971),
In contrast,the "flip-flop" of 1lipid molecules across the
bilayer was very slow, 0.07/h at 30°C (Rothman and Lenard, 1977).
Similarly, Frye and Edidin (1970) have shown the lateral
motion of intrinsic membrane proteins by a fluorescent antibody
technique, after the formation of human-mouse heterokaryons,
Further evidence of this motion has come from experiments
showing the redistribution of lymphocyte surface antigens,

"patching and capping" on the addition of antisera to surface

components (de Petris and Raff, 1973).

1,2. Erythrocyte Plasma Membrane

Many of our current concepts about the molecular
organisation of the membrane bilayer as incorporated in the
Fluid Mosaic model (Singer and Nicolson, 1972) stem directly
from research on the red blood cell. The red blood cell
system has always been the focal point of muech research
because of the technical advantages which allow large
quantities of purified membrane toc be prepared, Further,
the fact that distinct marker enzymic activities are associated
wifh a particular face of the membrane, (for example
acetylcholinesterase (EC. 3,1.1.7) with the external face
and glyceraldehyde-3-phosphate dehydrogenase (EC. 1.1.1.49)with tk

cytoplasmic face) has been exploited, particularly in the
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preparation of a population'af vesicles of defined orientation
(Steck and Kant, 1974). The purity of the vesicles, either
nright side-out" (RSQO) or "inside-out" (ISO), can be assessed
by measuring the latency of the corresponding marker enzyme,
Subsgequent surface-labelling studies of these vesicles has
provided valuable information on the arrangement of proteins

within the membrane bilayer.

1.2.1. Organisation of the Erythrocyte Plasma Membrane
Erythroeyte membrane ghosts can be prepared according to

the procedure of Steck et al. (1970). Under these conditions,

all the lipid and carbohydrate remains associated with the

membrane. Rosenburg and Guidotti (1968) have shown that

the membrane is composed of 49.2% protein, 43.6% 1lipid and

7.2% carbohydrate, all by weight, the majority of the

carbohydrate being covalently associated with the protein

(Winzler, 1971).

The proteins of the human erythrocyte membrane can be
separated by sodium dodecyl sulphate (SDS) polyacrylamide gel
electrophoresis according to the method of Fairbanks et al.
(1971). In this system, the ma jor protein bands which are
stained by Coomassie Brilliant Blue are numbered 1 to 7 in
order of decreasing mol, wit. Sialic acid and galactose
containing containing proteins can be visualised by the
periodic-acid schiff (PAS) stain. One ma jor band termed
PAS-l or glycophorin and several minor bands are observed.
Only one of the Coomassie blue bands (component 3) appears
to be a glycoprotein,. This is not stained by the PAS reagent,
due to the lack of appropriate saccharide residues (Tanner and

Boxer, 1972). A knowledge of the organisation of the
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erythrocyte membrane has accumulated from labelling studies

of intact cells, permeable unsealed ghosts or vesicles of
defined orientation. Basically there are two types of

surface labelling probes

(1) TLow mol., wt. impermeable molecules which react direectly
with accessible surface groups. Carraway (1975) lists?7

low mol, wit. membrane labelling reagents which have been

used on animal cells. Most of these reagents are bulky
anionic moieties that penetrate the membrane omnly very slowly
and react primarily with exposed amino groups (Rothstein

et al., 1976). A typical reagent [358]-FMMP used by
Bretscher (1971a), has demonstrated that PAS-1 and component 3
the 2 ma jor glycoproteins in the erythrocyte membrane have a

transmembrane orientation, (for review see,Carraway, 1975).

(2) Enzymes which catalyse or promote the transfer of a
radio-label to accessible sites on the cell surface, e.g.
lactoperoxidase (EC. 1711.1.7) catalysed radio-iodination of
accessible tyrosine and possibly histidine residues in the
presence of hydrogen peroxide (Carfaway, 1975). Gahmberg and
Hakomori (1973) have also ceported a method for specific
surface labelling of carbohydrate residues on cell surfaces
by using galactose oxidase, (EC. 1.1.3.9) followed by
reducticon with [3H]-NaBH4.
The erythrocyte membrane is asymmetric with ?espect to
the arrangement of its protein components. The extrinsic
proteins are all located onrthe cytoplasmic face of the

membrane, as in speectrin (Marchesi and Steers, 1968).

Specirin comprises bands 1 and 2 which are two myosin-like
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proteins and can be extractéd at low ionic strength under
mildly alkaline conditions in the presence of chelating
agents, Bands 1, 2 and 5 an actin-like protein, together
comprise the microfilament system, and are thought to be
structurally significant, for their removal resulis in
breakdown and vesiculation of the membrane (Steck, 1972).
Nicélson (19732) has shown also, that by aggregating spectrin
in ghosts with anti-spectrin ?—globulin, a concurrent
aggregation of surface glycoproteins is observed, Therefore
gpectrin can act as the underlying microfilament system
exerting a form of control on membrane topography.
Glyceraldehyde-3-phosphate dehydrogenase (band 6), the

cytoplasmic surface marker, is also an extrinsic protein.

The intrinsic membrane proteins are firmly embedded into
the bilayer, the ma jority of the carbohydrate being associated
with these proteins and all exposed at the external surface of
the membrane, Evidence for the asymmetric distribution of
the carbohydrate comes from the work of Nicolson and Singer
(1974) who show that all the carbohydrate binding sites for
lecting (proteins which dind to specific carbohydrate residues)
are exclusively located on the outer surface of the membrane,
Earlier evidence from Eylar et al. (1962) demonstrated that
all the sialic acid can be released from intact human
erythrocytes by neuraminidase (EC. 3.2.1.18) treatment.
Finally, the use of the carbohydrate specific probe galactose
oxidase (Gahmberg,1976) has confirmed the conclusion that all
the carbohydrate of the erythrocyte is present at the external
surface of the cell, thus confirming the morphological studies

of Winzler (1971).
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The two main glycoproteins of the red blood cell
membrane, PAS-1 and band 3 have been reported to span the
entire bilayer to the cytoplasmic surface. These
conclusions were drawn from the work of Bretscher: (1971D).
By 2-dimensional gel analysis of peptides derived from the
glycoproteins labelled in intact cells and unsealed ghosts,
he revealed that 2 additional peptides were heavily labelled
in ghosts but not at all in intact cells, thus showing that
the protéin part of the glycoprotein extends across the
membrane, Other evidence that proteins are embedded within
the bilayer comes from freeze fracture studies under the
electron microscope, where the proteins are visualised as
globular particles amidst the lipid matrix (Pinto da Silva
and Nicolson, 1974). Thus the fact that the glycoproteins
are exposed to both the extermal and internal environments,
provides a means of communication across the bilayer and

implies a function for these macromolecules,

1.3, Lymphocyte Plasma Membrane

After the erythrocyte plasma membrane, the lymphocyte
cell membrane has provided a lot of interest from an
immunological and biochemical standpoint, The lymphocyte
membrane provides a framework for the location of a number
of important receptors such as Ia, (immune-associated) HLA-A,
B,C histocompatibility antigens, IgM and IgD, (Walsh and
Crumpton, 1977).

A variety of tissues have been used as a source of
lymphoecytes, including the pig lymph node, the pig and human

thymus and the lymphoblastoid cell line B R1 8 (Kennel and

Lerner, 1973), As in the case of the erythrocyte plasma
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membrane, the first step in elucidating the organisation of
proteins within the bilayer is to obtain a good yield of
highly purified preparations of undamaged plasma menmbrane,.
This in general is prepared by differential centrifugation
and purification through a sucrose density gradient. The
purified membrane consists predominantly of vesicles within
the‘range 100-800nm diameter, According to various
morphological, biochemical and immunological criteria, the
plasma ﬁembrane fraction is not contaminated by significant
amounts of endoplasmic reticulum or Golgi membrane (Allan

and Crumpton, 1970).

The lymphocyte plasma membrane is composed of equal
amounts of protein and lipid,. On SDS-polyacrylamide gel
electrophoresis, the membrane can be resclved into more than
30 éomponents (Ragland et al., 1972). Of these at least
10 of the bands are reported to stain for carbohydrate
(Hayman and Crumpton, 1972) and can be separated on columns

of Lens culinaris(lentilylectin (Hayman and Crumpton, 1972).

Factors that have facilitated the study of this membrane

are initially the existence of marker proteins which are
associated with a particular face of the membrane, These
include 5'-nucleotidase (EC. 3.1.3.5) and more recently the
histocompatability antigens HLA-A, B, C (Snary et al., 1974).
Further, the fact that the plasma membrane carbohydrate is

most probably located exclusively on the outside surface
(Hirano et al,, 1972; Nicolson and Singer, 1974) has been
exploited to separate populations of "inside-out" vesicles,
which have no accessible carbohydrate on columns of immobilised

Concanavalin A(Con A) (Walsh et al.,, 1976), By using vesicles
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of defined orientation, through lactoperoxidase-catalysed
iodination, it is possible to see which proteins are
transmembrane, as these would be the favoured candidates
for the transfer of information or nutrients across the
membrane as in the case of the erythrocyte membrane (Steck,

1974) .

Walsh and Crumpton - (1977) bave reported that in BR1 &
lymphocytes at least 10 polypeptides are transmembrane in that
they are iodinated in "right side-out" and "inside-out™
vesicles. Further, by use of antisera directed against
specific surface receptors, they have identified 2 of these
proteins. Both are integral membrane glycoproteins which
span the 1lipid bilayer and include the HLA-A, B, C antigens
of mol., wt. 43,000 and the Ia antigens which comprises 2
polypeptides of mol. wt. 28,000 and 30,000. Further work
on this system has demonstrated that cross linking of the
surface receptors, namely the histocompatibility antigens
(Bourguignon and Singer, 1977) and Ig (Flanagan and Koch,

1978) by the capping and patching phenomenon, induces a
specific association with the microfilament system. This

work further stresses the importance of transmembrane proteins,
which in general appear to be glycosylated, in the transmission

of signals across the bilayer,.

1.4, Lectins

Lectins are oligomeric proteins which bind to specific
carbohydrate determinants (for reviews see, Sharon and Lis,
1972; Nicolson, 1974; Liener, 1976). They were initially

discovered in the seeds of leguminous plants, but are known



" (0L6T)
*Te 19 st71) "dnoad
£xoaphy-% TeIX®
ue pue dncald opiwe
-190e~-g TBTIIO1®BRDS
ue saainbaa
Furputrq wnwrido

(GL6T
‘“Te 18 uTe3}sSPTOD)
S1TIUN SUTWR
-goonTd-q, TL120®-N
payutt (7 1) ¢ Jo
oouonbss ® ssarnbsa
dutputq wnwtado

(46961 “TT® 32
UT338PTOH) UILoST
2yl 0% puiq 0% sdnoad

TLxoaphy 9-o ‘¥-0o

f¢-5 2yq saainbaax
dutputrq wnwtldo

*
QU TW RSO SUTWBSOONTS sprsoursfdouten- ALIOIZIOELS
-30BTBS-0-TL2908-N -q-TL320e-N aprsourafdoonTs- IVONS
(9£6T ‘T1TemoH pue®
) (LLéT JI3WWNY) ‘UOT TelUW
"Te 1@ 2JF®L) UOTQTSUBIY JBTIWIS EONZINEd 2T
[1 I'4 ‘
+mmo +mm2 usouy 3jou B IO +mm§ +mmo NOI TVIIN
0°L md 0°¢ uHd
‘ ¢ - 3 ¢ - .
-4d z0 000" 9¢ JIWLD 000 ¢g ISWTP
s8u®Ba 9PIM B JISAO 02 HA 0°L gd
000°02T - IowW®BLY}a%} ‘000°8T - Zewouow ‘000°0TIT =~ IoWeBI}a% "L “IONW
(Xew 2UTOLTDH) (exe3InA WNOTLTIT) (STWIOJTSUS BITRARUE))
uesq wLog wxsd 1eoUYM u®sq YOEBP £04nos
NINILOTODV NINTILATOOV
NvViId VAOS WYED LVEHM ¥ NITVAVNVONCD SHILHEIOYd

AQOLS SIHL NI JESIH SEILHAJOHd

NILOHT 40 AYVIAAS

"Z°1 o14eL




18

to be present in invertebrates such as Limulus Polypheimus

(Roche and Monsigny, 1974) as well as in mammals, Hudgin
et al. (1974) have reported a lectin located in the plasma
membrane of rabbit liver that functions by binding itself to
serum asialoglycoproteins, Other mammalian lectins that
have been reported include a bovine liver leetin specific
for N-acetyl glucosamine (Bowles and Kauss, 1976) and a
lectin in bovine heart and lung specific for galactose
containing oligosaccharides sequences (De Waard et al., 1976).
Finally, evidence has also been presented for lectin binding

proteins in the lymphocyte membrane (Keida et al., 1978).

The interaction of lectins with specific carbohydrate
sequences, provides a valuable tool for the study of
glycoproteins, These interactions can be reversed by use
of an appropriate hapten as an inhibitor (Goldstein, 1975).
In addition to theilr capacitiy to bind carbohydrate residues,
lectins have also been reported to bind to cell constituents
in & manner which does not involve carbohydrate recognition
sites. Thus Con A can engage 1In non-specific interactions
which are not reversed by hapten treatment (Goldstein, 1975).
A summary of the properties of lectins used in this thesis

1s tabulated in Table 1.2.

1.4.1, Factors affecting glycoprotein binding to lectins

Several variables appear {to be important in the binding
of'glycoproteins to lectins and their elution by specific
carbohydrate residues, These include ionic strength
(Bishayee and Bachhwat, 1974) : application of samples in

0.5M NaCl minimised the electrostatic interactions between



Con A and other proteins., It has alsc been reported by
Lotan et al. (1977) that the proportion of fetuin binding
to Con A and wheat germ agglutinin (WGA) Sepharose increased
two-fold, and three-fold in. the case of Soya bean agglutinin

(SBA) when NaCl was present.

The phenomenon of microheterogenity in glycoproteins
suggesivs ‘bthat the cligosaccharide chains may bhe in various
stages of completion due %o the lack of absolute specificity
of the glycosyl transferases. Thus 1t is possible that,
within limits, a glycoprotein could have a variety cof
oligosaccharide chain structures. This phenomenon has been
observed by Beeley (1974). He has shown fractionation of
sialic acid free ovomucoid species into components differing
in neutral sugar content on columns of immobilised Con A,

on application of a linear gradient of a-methyl glucoside.

Adair and Kornfeld (1974) have poihted out the importance
of column loads in affinity chromatography. On overloaded
columns they have suggested that high affinity species bind
themselves preferentially to the immobilised lectin, while

low affinity species pass through the column.

The effect of detergents on lectins must be considered,
as for the most'part glycoproteins are membrane-bound and
their isolation and purification requires the use of buffered
detergents on lectin activity by assaying haemagglutination
of formalin-fixed erythrocytes. They have concluded that
cationic and non-ioniec detergents are the least harmful to

lecting, in that their biological activity is still preserved.
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A detailed study of the application of lectins to membrane

biochemistry will be considered in Chapter 7.

1.5, Mitochondria

1.5.1., Identification of Mitochondria

Mitochondria were first observed under the microscope
in the late 19%h century as characteristically arranged
granules in the sarcoplasm. The granules are frequently
seen as long filamentous threads, but also occur as rods and
spheres. The morphological form of mitochondria in living
cells is not stable and Lewis and Lewis (1914) found
mitochondria to undergo changes with time in shape, size, and
location, which suggest they have plasticity of structure and
play a dynamic role. Similarly, mitochondria can vary from
cell to cell, depending on the physiological status of the
tissue. Classically, they were distinguished from other
intracellular organelles by their cytological characteristics.
Michaelis (1900) showed that mitochondria could be
specifically stained with the dye, Janus Green B, When
observed for a sufggcient-length of time after staining the
mitochondria were seen first to decolourise and then to go
red, This series of changes with the dye suggested that
oxidation-reduction changes were taking place within the

organelle,

These observed phenomena led to the concept of the
respiratory chain which arose soon after the discovery of the
cytochromes and their sequential arrangement by Keilin (1925),

It was suggested that the elctiron carriers were arranged in a
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chain of increasing oxidatidﬁ—reduction potentials, with the
electrons flowing down the chain towards the more electro-
positive oxygen, Englehardt - (1930) conceived the idea

that the free energy from the oxidative processes was coupled
to phosphorylation. This was confirmed by Ochoa . (1943) who
established that for each atom of oxygen three molecules of
phoéphate were esterified, These facts, coupled with the
initial observation of Kennedy and Lehninger (1948) that the
mitochondrial fraction of cells could catalyse fatty acid and
Krebs citric acid cycle oxidations linked to energy production,
led to the development of methods for isolatiomn of these
organelles under conditions in which the morphological and
cytological integrity was maintained. Isolation of these
organelles, which carried out their biochemical function

in vitro, stimulated a tremendous amount of interest. Soon
Lehninger (1951) discovered that NADH was the primary hydrogen
donor for the respiratory chain. Since then, knowledge

about the phosphorylation process has progressed exponentially.
Nonetheless, there is still much controversy regarding the
molecular mechanism by which the energy of electron flow is

conserved as phosphate bond energy.

1.5.2. Tsolation of Rat Liver Mitochondria

To date the most common procedure for isolating mitochondria
is by differential centrifugation. Although Bensley and Hoerr
(1934) are acknowledged as the first to develop a method for
the isolation of mitochondria, they did not immediately
publish the details of +their procedure. In the meantime,

Claude (1946) developed and published systematic procedures
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whereby subecellular partielesAsuch as mitochondria could be
isclated from tissues. In earlier fractionmations distilled
water or isotonic saline were used 1o isolate the organelles,.
Thegse media resgspectively destroyed morphological integrity
and caused extensive aggregation of the mitochondria as
assessed by the classical staining methods (Hogéboom et al.,
1946). However, when mitochondria were isolated in 0.88M
gucrose they showed cytological and staining properties

charactefistic of normal intracellular mitochondria (Hogeboom

et al., 1948). To date mitochondria are isolated essentially
by the procedure of Hogeboom et al. . (1948) that is, in
buffered sucrose with the addition of EGTA. This is used

2
to chelate Ca * ions and consequently improves the stability

and integrity of the preparation.

An important matter relative to the preparation of
mitochondria is the integrity of the outer membrane and purity
of the preparation. In the former case, the intactness can
be estimated by measuring cytochrome ¢ oxidase activity
(EC. 1.9.3.1), an inner membrane protein complex using
exogenous cytochrome ¢ as substrate (Wojtczak et al,, 1972).
Previous investigation has shown that the outer membrane in
rat liver mitochondria is impermeable to externally added
cytochrome ¢ (Wojtczak and Zaluska, 1969), and consequently
entry of the latter into mitochondria to its binding site on
the external face of the inner membrane provides a criterion
to assess their integrity. By this method WoJjtczak et al,
(1972) assesged the breakage in rat liver mitochondria to be

between 5-10%. When mitochondria were isolated from other
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organs e,g. heart, the degree of breakage of +the outer membrane
was much higher (44%), and varied from one preparation to
another, even when the same procedure was employed. Thus,

it appears that the ability to isolate mitochondria in a

high state of integrity is most easily achieved in rat liver.

The purity of mitochondria is estimated by assaying marker
enzyme activities for various contaminants. Under suitable
conditions, contamination with nuclei or nuclearfragments,
as judged by staining reactions for DNA, is non-existent,
(Schneider, 1946). Cytoplasmic contaminants such as lysosomes,
microsomes and peroxisomes can be assessed by alkaline
phosphatase (EC. 3.1.3.1.) glucose-6-phosphatase (EC. 3.1.3.9)
and uricase (EC. 1.7.3.3), respectively. Plasma membrane
activity can be assayed by 5'-nucleotidase activity (EC. 3.1.3.5).
However, it is uncertain whether these enzymes are really absent
from mitochondria, as a2 minimum amount of activity is always
isolated with the organelle even after purification. The
isolated preparation would therefore be more appropriately

termed as the mitochondrial fraction.

1.5.3. Structure of Mitochondria

Mitochondria are spherical or rod-like organelles of
dimensions 0.3-5um long and 0.2-0.5um wide (Palade, 1952) and
are shown to vary in sigze in response to external and intermnal

stimuli, (Lehninger, 1959).

Surrounding the lumen or matrix is a double membrane
system. The outer membrane which is approximately 6km wide

comprises of 7-15% by weight of the total protein. It is
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smooth and reported to be pérmeable to low mol. wit. solutes
such as adenine nucleotides and coenzyme A (Werkheiser and
Bartley, 1957), but is impermeable to cytochrome ¢ (Wojtczak
and Zaluska, 1969). The outer membrane is geparated from the
inner membrane by a space of about 8um although contact points

between the two membrane have been reported (Hackenbrock, 1968a).

The rat liver mitochondrial inner membrane comprises of
25-29% of the total protein by weight (Allmann et al., 1968),
ana has mahy invaginations or cristae which are reported to
incregse the surface area of the membrane (Palade, 1952).

The surface of the gristae have characteristic spheres &.5um
in diameter which project into the matrix and are connected
to the membrane by a narrow stalk (Fernandez-Moran, 1962),.
In these mitochondria the inner membrane is seen to enlarge
upon swelling through incorporation of much of the cristail
mass (Hackenbrock, 1968§, On contraction the inner and
cristal membranes condense together to form a tightly packed
matrix (Greem et al., 1968). This suggests that the inner
membrane can undergo conformational changes independent of
the outer membrane (Hackenbrock, 1968b). These changes have
been correlated with the energy state of the mitochondrion
and may represent a form of energy coupling in the mitochondrial

membrane, (Green and Ji, 1972).

Enclosed within the inner membrane is a space called
the matrix which comprises 65% (w/w) of the total protein
(Schnaitman and Greenawalt, 1960). The matrix contains

the enzymes for fatty acid oxidation and the Krebs cycle



intermediates:; malate dehydrogenase (EC. 1.1.1.37) activity

is often used to mark the presence of this compartment.
Matrix enzymes can be readily extracted in the soluble form
when mitochondrial membranes are disrupted, as in the case of

hypotonic lysis (caplan and Greenawalt, 1966),

1.5.4, Outer Membrane

The outér membrane 1s morphologically and biochemically
distinet from the inner membrane. Sottocasa et al, (1967)
have shown that when mitochondria were subjected to swelling
in hypotonic medium and subsequent shrinking in the presence
of ATP, they obtained separation of a particulate "light
subfraction®, This has been isolated by density gradient

centrifugation and identified as outer membrane.

In characterising the mitochondrial outer membrane,
Parsons et al.. (196%7) and Sottocasa et al. (1967) found
an electron tfansfer system composed of NADH cytochrome h5
reductase and cytochrome b5 (EC. 1.6.2.2) to be exclusively
located in the membrane, This system is insensitive to the
respiratory inhibitors rotenone and antimycin A; <thus distinct

from the inner membrane, However, the NADH b, reductase

5
enzyme appears very similar to the microsomal one (NADH-
cytochrome ¢ reductase)(Sottocasa, 1967), although Parsons
Ei;ﬁi;, (1967) have noted minor differences in the absorption
spectra, The outer mitochondrial membrane is similar in
composition and enzymle activities to the micros;mal membrane,
However, both Parson et al. (1967) and Sottocasa et al. (1967)

have shown that marker enzymes for microsomes such as NA

PH-
cytochrome b5 reductase (EC. 1.6.2.3) and glucose-6~-phosphatase
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do not concentrate in the outer mitochondrial membrane fraction.
Further, Schnaitman et al... (1967) have shown that monoamine
oxidase (EC. 3.6.1.3) activity is specifically associated

with the outer membrane,

The outer mitochondrial membrane appears very similar to

the mammalian plasme membrane in its lipid composition.
Digtribution of lipids between the two membranes is very
different; phosphatidylinositol and cholesterol are relatively
abundant in the outer membrane, whereas cardiolipin is almost
entirely confined to the inner membrane (Parson et al., 1967;

Parsons and Yano, 1967).

Functionally, the outer membrane does not seem to play
any role, although it could be involved in interactions with
the cytoplasm, It has been proposed that it could act as a
permeability barrier from the extramitochondrial environment.
However, 1t must be stréessed that the structure is freely
permeable to solutes of mol. wit. less than 4,000 (Pfaff et al.,
1968) .

1.5.5., Inner Membrane

Since the demonstration by Kennedy and Lehninger (1948)
that électron transport coupled to energy production in the
form of ATP occurs in the mitochondrial fraction of cells, it
has been well established that the respiratory chain is

situated in the inner mitochondrial membrane.

The respiratory chain is composed of 3 main components
pyridine-1inked dehydrogenases, the flavoproteins and the

cytochromes, These components are arranged sequentially in
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order of increasing redox pdtential and accept electrons from
the NAD and "FAD-linked dehydrogenases of the Krebs and fatty
acid oxidatlion cycle. The electrons flow down the chain

towards the terminal electropositive acceptor ; oxygen.

The composition and organisation of the respiratory chain
was elucidated by 2 different approaches
(1) Chance and Williams (1956) by use of a combination of
steady state measurements in the individual cytochromes during
active respiration, and rapid kinetic studies on pulsing anaerobil
mitochondria in the presence of oxygen, have deciphered the
sequeﬁce of components in the respiratory chain, These
studies have been aided by the use of inhibitors that block
specific electron carriers, e.g., when respiration is blocked
by the antibiotic antimyecin A, it was found that pyridine
nucleotides, flavoprotein and cytochrome b become fully reduced,

whereas cytochrome ¢, a and a, became fully oxidised. This

3
phenomenon is referred to as "crossover point", The data
obtained from these studies is consistent with the normal
mid-point potentials of the carriers going from substrate to
oxygen (Wilson et al., 1972).

(2) The other approach which contributed to elucidating

the organisation of the electron transfer chain was by isolation
and reconstitution studies, The respiratory chain can be
separated into 5 distinct electron transfer complexes which
together carry out the oxidation of NAD- and FAD- linked
substrates. The complexes, which have been separated by

treatment with detergent and ammonium sulphate fractionation

are extracted with phospholipid and include
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Complex 1- NADH - Coenzyme Q (Co Q) reduct-ase (EC. 1.6.99.5)

Complex 2- Succinate - Co Q reductase (EC 1.3.99.1)
Complex 3- Co Q - cytochrome ¢ reductase (EC. 1.6.99.1)
Complex 4~ Cytochrome ¢ oxidase

(Green et al., 1967; Hatefi et al., 1966)

Complex 5- ATP synthetase (Hatefi et al., 1974) (EC. 3.6.1.3)

The presence of "mobile carriers" which are not integral
constituents of the respiratory complexes such as, coenzyme Q
which transfers reducing equivalents between complexes 1, 2 and
3, and c¢ytochrome ¢ which links electron itransport between
complexes 3 and 4 has also been demonstirated, However,
the number of carriers and their sequential arrangement within
the respiratory chain is still an area of active research and
constantly under revision as new components are discovered,
e.g. the use of low temperature electron paramagnetic resonance
shows the involvement of at least 10-12 iromn-sulphur proteins
in the respiratory chain (Ohnishi, 1975), although no definitive
information is available on the location or orientation pf_any

of these centres.

1.5.6. Organisation of the respiratory components

After the proposal by Mitchell (1966) that the electron
chain existed in "loops" crossing the inner membrane from the
matrix to the cytoplasmic side, a new field of research was
established. As well as considering the linear relationship
between the different carriers, it became necessary to examine
their topography and organisation within the inner membrane,
Much work has been carried out on this aspect of the respiratory

chain on mitochondria, depleted of their outer membrane and
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submitochondrial particles (SMP), prepared by sonication of
mitochondria. SMP have the characteristic inner membrane
spheres'(Fl) on the outer surface, in contrast to the
inside in mitochondria and mitoplasts, (see Fig. 1i.1 for
illustration). Because of this location of the inner
membrane spheres, and alsc several other considerations of
altered functions, e.g. proton translocation, SMP particles

were recognised as being "inside-out" (Lee and Ernster, 1966),

Two abproaches were used to explore the organisation of
proteins in the mitochondrial respiratory chain, The first
was to raise a specific antiserum against a particular protein
and test the two types of particles (mitoplasts, SMP) for
inhibition of electron transport. The other was to specifically
label surface proteins using a membrane impermeable reagent;
[35S]-diamino benzensulphonic acid (DABS) or lactoperoxidase

catalysed radio~iodination,.

The antibody studies from these experiments have demonstratec
that externalily added antibody against cytochrome ¢ inhibits
respiration in mitoplasts but not in SMP (diJeso et al., 1969),
suggesting that ce¢ytochrome ¢ is exposed aon the cytoplasmic
surfaée. Further confirmation of this comes from the fact
cytochrome ¢ can be easily extracted from intact mitochondria
but not SMP, A combination of both the techniques have shown
that cytochrome cqis exposed on the cytoplasmic surface, but it
appears to be an integral protein, unlike cytochrome ¢, in that
its extraction requires detergents, Cytochrome ¢ oxidase
and the ATPase have been shown to be transmembrane protein

complexes (Eytan and Schatz, 1975 ; Tzagoloff, 1972).
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Cytochrome b is inaccessible.to all probes suggesting that it
is embedded within the bilayer. Finally, succinate and NADH
dehydrogenase are both membrane bound on the matrix side,.
Thus, the conclusions from these experiments suggest that the
proteins in the respiratory chain are organised in a loop that
spans the membrane from the cytoplasmic to the matrix side
(see Fig., 1.2). The detailed topography of these trans-

membrane complexes will be considered in the next section.

1.6. Topoéraphy and assembly of the inner membrane of

mitochondria

It is a well known fact that not all mitochondrial proteins
are coded for by its DNA (Borst, 1972). Mitochondrial DNA
consists of a homogeneous population of small duplex circles
between 4.4 to 5.9um length in animals though it is much longer
in plants, fungi and unicellular organisms (Borst, 1972; Schatsz
and Mason, 1974). In addition Nass - (1969) reported that
mitochondria possess DNA-synthesising enzymes, ribosomes,

rRNA, tRNA and aminoacyl tRNA synthetase,.

The process of mitochondrial biogenesis and assembly is under
the control of two separate genetic systems : mitochondrial
and nﬁclear, both of which are involved in the assembly of
the organelle, It is now well established that the great
ma jority of the mitochondrial proteins are coded by nuclear
genes and synthesised on cytoplasmic ribosomes, These proteins
are subsequentl& imported into the organelle and assembled in a
coherent manner with the 8-10 hydrophobic proteins synthesised
on mitochondrial ribosomes (for review .see, Schatz and Mason,

1974) . Hence, a mechanism must exist in the cell to control
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both the expression of these 2 gemnetic systems as well as the
synthesis of proteins at intracellular sites, such that the
different enzyme complexes of the inner membrane are assgembled

in a co~-ordinated manner,.

In an attempt to understand the assembly process of
mitochondria, attention has been focused on a few well defined
enzyme complexes, associated with the inner mitochondrial
membrane ; cytochrome ¢ oxidase, the oligomycin~sensitive

ATPase and the cytochrome be., complex (Tzagoloff et al., 1973;

1
Schatz and Mason, 1974). All three complexes are involved

in reépiratory-linked energy functions and are composed of
mitochondrially as well as cytoplasmically synthesised
polypeptides. In order to identify the origin of a particular
subunit, that is whether it is mitochondrial or cytoplasmic in
origin the same general experimental protocol was used,

summarised below

(1) Yeast(Saccharomyces cerevisiae Jor Neurospora crassa are

labelled in vivo, with a radioactive amino acid in the presence

of -either cycloheximide, the cytoribosomal inhibitor or
chlorasphenicol, the mitoribosomal inhibitor,.

(2) The enzymic subunits are then isolated by specific immuno-
precipation with antiserum to the purified subunit (Tzagoloff

and Meagher, 1972; Mason and Schatz, 1973; Ebner et al., 1973D).
(3) The labelled proteins are subsequently identified by SDS

polyacrylamide gel electrophoresis,

The assembly of these complexes involves several intricate
controls of which little is known and consequently the subject

of much investigation. The progress +to date on the



34

organigsation and assembly of 3 oligomeric enzyme complexes

will be briefly considered.

1.6.1 Cytochrome ¢ oxidase

Yeast cytochrome ¢ oxidase can be resolved into 7
polypeptides of mol, wi., ranging from 40.000 to 4.500. The
three-largest po}ypeptides which are coded for by mitochondrial
DNA and synthesised on mitochondrial ribosomes appear to be
hydrophobic in nature on purification (Mason and Schatz, 1973),
(Poyton and Schatz. 1975.). The 4 smaller polypeptides are
coded for by nuclear DNA and synthesised on cytoplasmic

ribosomes (Schatz et al., 1972),.

- (a) Topography of the subunits :

Using membrane impermeant probes which included enzymatic
iodination with lactoperoxidase, or coupling with [3581 DABS,
the accessibility of cytochrome ¢ oxidase subunits in intact
mitochondria and inverted SMP from yeast was compared (Eytan
and Schatz, 1975). e Cytochrome ¢ oxidase is shown to span
the inner membrane in an asymmetric manner, Subunits 2, 3,

6 and 7 are only accessible from the outer side, subunit 4 is

acceggible from the inner side and 1 and 5 are inaccessgible,

‘Further affinity labelling studies of Birchmeier et al.
{1976) have shown that subunit 3 can be "affinity labelledr
by activated cytochrome c. Subunit 3 is thus at the very least
close to the cytochrome ¢ binding site and, by implication, on
the same side of the mitochondrial inner membrane as cytochrome
c. Similar studies on the topography of cytochrome ¢ oxidase
in bovine heart have been reported (Downer et al,, 1976;

Eytan et al,, 1975; Ludwig et al.. 1979).
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(b) Effect of mutations on the assembly of cytochrome c

oxidase

Yeast, nuclear mutants of cytochrome ¢ oxidase were
1solated and assessed for residual activity (Ebner et al,,
1973a,b). The results have shown that each of the 3 nuclear
mutants lacked at least one cytochrome ¢ oxidase component,
in ﬁarticular the 23,000 mol. wit. polypeptide,. A1l 4 of
the cytoplasmically synthesised subunits were present.
From these results Ebner et al. . (1973 a,b) concluded that
the 23,000 mol. wt. polypeptide is essential for functional
cytochrome ¢ oxidase activity. Also, it appears that all 7
cytochrome ¢ oxidase subunits form a tight complex with each
other as antiserum which cross-reacts with only a single
subunit precipates all 7 from the crude mitochondrial extract

(Poyton and Schatz, 1975 ).

1.6.2, I ATPase complex

The oligomycin-sensitive ATPase from yeast mitochondria
has been resolved into 3 functional components. The basic
catalytic unit of the complex is a water soluble Fl ATPase
(Pullman et al,, 1960) comprising of 5 polypeptides of mol. wt.
ranging from 55,000 to less than 8,000 (Tzagoloff, 1971 ).

The oligomycin sensitivity conferring protein (OSCP) involved
in the binding of Fl to the membrane (Tzagoloff, 1970) accounts
for another polypeptide. The third component is the membrane

lipo-protein complex which consists of at least 4 hydrophobic

polypeptides (FO), (Tzagoloff, et al., 1973).

Preliminary evidence has suggested that the beef heart

mitochondrial ATPase is glycosylated (Andreu et al., 1977).
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The same authors have confirmed the glycoprotein nature of the
Fl ATPase from bacteria and chloroplasts (Andreu et al., 19%8)
and hypothesise further the glycoprotein nature of several
coupling factors, suggesting that this is a general property

of proteins involved in phosphorylation.

{a) Assembly of the complex

The F1 ATPase is synthesised on cytoplasmic ribosomes and
is labelled in intact cells 1in the presence of chloramphenicol
(Tzagoldff-and Meagher, 1972). The OSCP is also a cytoplasmic
product formed in chloramphenicol inhibited cells (Tzagoloff,
19705; The 4 hydrophobic proteins in contrast, are made in

the presence of cycloheximide (Tzagoloff, 1972).

If synthesis of the 4 mitochondrially-synthesised ATPase
subunits i1s prevented by growth of cells in the presence of
chloramphenicol, or in 'petite' mutants which have a defective
respiratory system and are incapable of mitochondrial protein
synthesis (Schatz and Satzgaber, 1969) , F, is still
synthesised (Schatz, 1968). However, it becomes oligomycin-
resistant and can easily be detached from the mitochondrial
membrane by mild sonication. As mentioned before for

cytochrome ¢ oxidase, it seems that mitochondrially synthesised

subunits ensure the proper binding of Fl to the membrane,

1.6.3. Cytochrome be, complex of yeast mitochondria

| The isolated bc1 complex of yeast mitochondria consists
of at least 7 non-identical subunits of mol. wt. ranging from
44,000, 40,000, 32,000, 32,000, 17,000, 14,000, 11,000,
(Katan et al., 1976a). Of these subunits only the cytochrome

b apoprotein is coded for by the mitochondrial genome. The

remaining being under the control of nuclear DNA (Katan et al.,

1976b) .
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(a) Topography of the subunits

The transmembrane distribution of the subunits in the
cytochrome bcl complex from beef heart mitochondria was
investigated using the non-penetrating reagent‘[35s]—DABS
(Bell et al., 1978). The results have shown that the complex
is composed of 9 polypeptides in addition to 2 heﬁes, a ¢y
hemé and a non-iron heme moilety all of which asymmetrically
span the membrane (for review see,Reis ke, 1976). ~ Polypeptides
1 and 7 ﬁere exposed on the cytoplasmic side of the membrane,
whereas 2 and 3 were located on the matrix side, Polypeptides
8 and '9 were not visibly labelled from either side of the
membrane ., These results are in general agreement with those

of Mendel-Hartvig and Nelson- (1978).

(b) Assembly of the complex

Incubation of yeast cells in the presence of cycloheximide
results in incorporation of radic-labelled methionine into only
one band of mol. wit. 32,000. Cells labelled in the presence
of e¢hloramphenicol, incorporate radiocactivity into 4 of the 6
bands of the complex no label being found in the bands of
40,000 and 17,000, (Katan et al., 19760b). This observation
suggests that integration of labelled polypepitides of mol. wt.
40,000 and 17,000 into the completed subunit can only occur

when the cytochrome b, apoprotein, ithat is coded for by the

1
mitochondrial genome is synthesised simultaneously. This
situation is reminiscent of that found previously, for the

biosynthesis of cytochrome ¢ oxidase (Ebner et al., 1972p)

and the ATPase complexes (Schatz, 1968).
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1.7. Carbohydrate in mitochondria

Isolated mitochondria are reported to contain 1-2%
carbohydrate by weight, (de Bernard et al., 1971; Yamashina
et al., 1965) and are capable of glycosylating endogenous
proteins in vitro, suggesting the presence of a mechanism
independent from the rough endoplasmic reticulum and Golgi

apparatus. (Bernacki and Bosmann, 1970).

Evidgnce for the presence of carbohydrate on mitochondrial
surfaces has come from direct agglutination studies using
multivalent lectins. Nicolson and Singer (1971) have found
that iéolated bovine mitochondria were agglutinated by Con A,

WGA, and ricin agglutin from Ricinus communis (RCA), which is

speciflic for D-galactose. They inferred from this that
saccharide residues specific to the above mentioned lectins
were exposed on the external mitochondrial surface. Contrary
results using the same lectins were reported for rat liver
mitochondria by Henning and Uhlenbruck - (1973). These authors
did not observe any agglutination with WGA and RCA and the
results for Con A were inconsistent, though agglutination

increased strongly after pronase treatment.

I+ has also been reported by Bosmann et al. (1972) that
rat liver mitochondria, mitoplasts and outer mitochondrial
membranes contained 2.0, 1.1 and 4.1 nmoles of sialic acid/g
of protein respectively. The sialic acid apparently contributes

t0 the negatively charged nature of the mitochondrial surface.

Attempts to define the location of the mitochondrial
carbohydrate have proved vague and inconclusive, Most of the

mitochondrial hexosamine (77%) and sialic acid (80%) is released
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in the soluble form on disruﬁtion of the organelle (de Bermard
et al.,, 1971; Sottocasa et al., 1971). It is reported that
this material is located in the intermembrane space, the
remaining sialoglycoproteins being mainly associated with the

outer membrane (de Bernard et al., 1971).

Further evidence for the distribution of carbohydrate in
mitéchondria comes from studies by Glew et al. . (1973).
Their data suggest that 40% of the Con A binding sites are
located in' the outer membrane. Of these, only 15% are firmly
associated with the membrane, the remaining 25% is thought to
be eifher loosely associated with the outer membrane, or
reside in the inter-membrane space with the appropriate lectin
receptors exposed on the external surface, Despite all the
data that has been reported on the location of carbohydrate
on the outer surface of an "intact" mitochondria, nomne of the
workers have checked for intactness of the outer membrane in
the organelle, This can often get badly disrupted during
sucrose density gradient purification. Hence, the results
are not completely vallid as it is possible tﬁat specific
surface probes such as lectins could permeate through a broken

membrane.

Other evidence for the presence of glycoprotein and
glycolipid in mitochondria is the ability of these organelles
to incorporate monosaccharides into endogenous protein receptors.
It'was first shown by Bosmann and Martin (1969) that mono-
saccharides from nueleotide diphosphates were incorporated
into glycoproteins located in the inner membrane of rat liver

mitochondria, This observation was later extended to cerebral
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cortex mitochondria (Bosmanﬁ and Hemsworth, 1970). The
engymatic characteristics of the mitochondrial glycoprotein
glucosyl transferase and mannosyl transferase were described
and have been reported to be located in the inner membrane
where endogenous acceptor proteins are also localised (Martin

and Bosmann, 1971).

Thus, although there 1s definitive evidence for the
presence of carbohydrate in mitochondria and its incorporation
into endogenous protein acceptors, very little is known about
the topography of these macromoclecules, their function and
Whethér they are constituents of the isolated mitochondrial

complexes,

1.8, Transport in Mitochondria

The permeability properties of the mitochondrial double
membrane system have been well established., The outer membrane
1s freely permeable to all small molecules but is not penetrated
by larger molecules e.g. inulin (Werkheiser and Bartley, 1957).
The inner membrane on the other hand poses a permeability-barriep
even to certain anions such as chloride, but allows phosphate
and acetate to pass through. This in part can be explained by
the high cardiolipin content of the membrane as it has been
shown that incorporation of cardiolipin into artificial
phospholipid micelles reduces the permeability of anions

(McGivan and Chapell, 1967),.

Many of the most important funciions of the mitochcondrion
(Krebs cyecle oxidations, fatty acid oxidation, ATP synthesis)

occur in the matrix and subsitrates and co-factors for these
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reactions are screened from'fhe engymes by the two membrane
barriers, This compartmentalisation of reactions in
mitochondria suggests that a mechanism must exist for the
specific transport of the substrates, and products across

the inner membrane in & manner in which the membrane poteantial
and neutrality is maintained. Thus, the functions of
mitéchondria are such that permeases must exist so that
substrates and products can be transported across mitochondrial
membranes as,at neutral pH most of these metabolites are
hydrophilic ions and as such would not be expected to
penetrate a lipid bilayer in the absence of a specific

carrier system (Klingenberg, 1970).

1.8.1. Types of transporters

There are two main types of transporters in mitochondria
uniporters where‘a single ion is transported into the matrix
and antiporters, where a single ion is moved into the matrix
in exchange for one of similar charge, Also present are
symporters where the transport of the anion is electroneutral,
as it is accompanied by a proton to achieve electrical balance,
e.g. phosphate or glutamate transport. This makes it difficult

to distinguish symporters from antiporters,

It was proposed by Mitchell and Moyle. (1969) as a

consequence of his chemiosmotic hypothesis that anions
accumulate in the mitochondrial matrix by electroneutral
exéhange with OH iomns. The entry of anions in exchange for
0H would be facilitated by H" on the outside of the membrane,

whereas the reverse exchange would be inhibited by OH inside,
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Prior to the proposal Of Mitchell, concerning the driving
force for anion accumulation, a series of papers appeared
from Chapell's laboratory (Chapell, 1969; Chapell and
Haarhoff, 1966), in which it was shown that many of the
anion transport systems are operated by very specific processes,.
By using techniques such as ammonium swelling (Chapell and
Qrofts, 1966) or kinetic measurements of the reduction state
of mitochondrial pyridine nucleotides a number of separate
carrier'systems were identified. These are summarised in

Table 1.3.

The original proposal, that all anions are accumulated
by means of a direct proton symport or hydroxyl ion exchange,
has been modified as a result of various studies of the
different carrier systems, It now appears that the di and tri-
carboxylates are accumulated in the matrix space in a manner
proportional to the A pH due to indirect coupling with the
transport of phosphate, which is coupled directly to proton

movements (Palmieri et al., 1970; Papa et al,, 1971).

The study of transport in mitochondria is at an advantage
with respect to the elucidation of carrier systems. The high
rate of metabolite transport indicates that these carriers
are present in the membrane at high concentrations which
should facilitate their identification and molecular
characterisation. It is possible that in order to facilitate
tfansport of ions, the proteins involved traverse the inner
and perhaps the outer membrane too. In fact, the contact
points that have been cbserved between inner and outer

membranes (Hackenbrock, 1968a)could be junctions which



b

facilitate the transmembrane orientation of proteins. The
only carriers that have been well defined to date, include
the adenine nucleotide and Ca2+ translocators, Also, the
increasing interest in mitochondrial biogenesis has provided
much information on the import of cecytoplasmically synthesised
proteins into mitochondria, These three fransport systems

will now be considered,

1.9. Functional aspects of mitochondria

1.9.1 ca°* Transport

;t has been well established that mitochondria from most
eukar&otic cells have the ability to accumulate Ca2+ against
a concentration gradient (Carafoli and Lehninger, 1971).
Three separate classes of Ca2+ binding sites have been reported
for mitochondria
(a) Low affinity binding sites which are distributed between
the two membranes (Rossi et al,, 1967)

(b) High affinity binding sites which are isolated with the
Ca2+ binding protein and show the following characteristics.
1. requires energy
2. s8shows saturation kinetics
3. inhibited by lanthinum and ruthenium red
(Vagington et al., 1972)
4. absent from some mitochondrial types for example
blow fly muscle (Carafoli and Lehninger, 1971),.
(¢) High affinity binding sites which are located in the
inner membrane and involved in the oxidation of e-glyceroph-
osphate dehydrogenase (Carafoli and Sacktor, 1972).

Isolation of the Caz+ binding protein

Efforts to extract the high affinity binding sites from

the mitochondrial membrane have led to the isolation of 2

factors capable of binding Ca2+;



45

(1) An insoluble ca?* binding factor that was extracted with
distilled water and reported to be a glycoprotein of mol. w%t,
67,000 (Gomez-Puyou et al,, 1972), It binds ca’t to two
classes of sites, one of which has a very high affinity for

the cation and is inhibited by La3+ at the same low concentrations
which abolish energy linked uptake of the cation into
mitéchondria (Gomez-Puyou et al,, 1972),. However, this
glycoprotein has not been well characterised as regards 1its
loeation'in mitochondria.

(2) A soluble glycoprotein has been isolated by Carafoli,
Sottééasa and their associates (1972) from mitochondria by

mild osmotic shock, Sonication of the osmotically treated
mitochondria results in release of an additional portion of

this glycoprotein. This suggests that part of the glycoprotein
is firmly embedded in the inner membrane and is released by
sonication. The remaining is loosely associated with the

inner membrane and/or free in the intermembrane space,

(Carafoli et al,, 1972).

Stﬁdies on the isolated glycoprotein have shown that it
has a mol, wt. of 30-33,000, contains about 10% carbohydrate
by weight, and does not bind to Con A, This is consistent
with the fact that the most abundant sugar present is
galactosémine. It also contains a variable amount of bound
phospholipid, Among its interesting properties, is the
ability to bind Ca2+ at 2 classes of sites in a reaction

that is inhibited by TLa-'

and ruthenium red, Also of
interest is the absence of high affinity binding sites in

glycoproteins isolated from mitochondria which do not have



46

the ability to actively traﬁsport ca?? (Carafoli and
Lehninger, 1971). Final definitive evidence that the
isolated glycoprotein does in fact represent the high affinity
binding sites of isolated mitochondria is by the work of
Panfili et al.  (1976). They prepared the antibody to the
Cazf binding glycoprotein and showed that it specifically
inhibited active CaZ+ transport without interfering with other

mitochondrial activities, such as electron transport.

1.9.2. Adénine Nucleotide Translocation

One of the most studied transport systems in the last
decade is the exchange between extra and intra-mitochondrial
ADP and ATP, This is of vital importance %o the cell as it
transfers the ADP? originating from energy consuming reactions
in the cytosol, for ATP generated by oxidative phosphorylation
in mitochondria. The carrier catalyses a one to one trans-
membrane exchange of intramitochondrial ADP or ATP with ADP
or ATP added to mitochondria, The overall transfer is a net

negative charge out of the matrix,. The carrier specifically

transports only adenine nucleotides, in particular ADP and ATP

(Pfaff et al,, 1965), although deoxy and phosphonic acid
analogues of adenine are transported slowly (Duee and Vignais,

1969) .

(a) Properties of the carrier

The ADP /JATP transmembrane exchange obeys saturation
kinefics. Two specific inhibitors of the translocation
process have also been identified : Atractyloside (ATR), a
competitive inhibitor capable of removing the ADP specifically

bound to the carrier sites (Pfaff et al., 1965), and
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carboxyatractyloside (CAT),'its derivative which is a non-
competitive inhibitor whose presence enhances ADP binding

to the carrier molecule (Erdelt et al,, 1972). Both
inhibitors differ in their structure and their pH dependence
for the inhibitory effect. ATR and its derivative are amphilic
molecules which have been shown to bind specifically to the
outer membrane and not penetrate it (Vignais et al., 1973).

In contrast, bongkrekic acid a tricarboxylic acid is
inhibitofyxonly at pH values below 7; +this pH requirement was
not necessary for ATR. When the carboxyl groups of bongkrekic
acid-ére protonated it is thought to penetrate the inner
membrane to its binding sites which are located facing the

matrix (Erdelt et al., 1972).

It was these properties of the ADP/ATP transport that led
to the hypothesis that a definite protein moiety must be
involved in the transport process. The events which led to
the isoclation of the translocator are summarised below.

(b) Tsolation of the carrier protein

The isclation of the carrier- protein is based on the
high affinity binding of the latter to CAT under saturating
conditions. On solubilisation with Triton X-100, the carrier
CAT binding is retained. In fact, CAT is thought to protect
the protein against denaturation in the detergent (Riccio
et al., 1975). The Triton X-100 extract is then purified by
paésing down a hydroxyapatite column and further purification
on Sepharose or agarose columns (Ricecio et al., 1975b). On
polyacrylamide gel electrophoresis a single peak of mol. wt,

29,000 is obtained and the protein is estimated to account for
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6% (w/w) of the total protein of beef heart mitochondria.

Further work on the characterisation of +this protein has
come from work by Boxer and qo-workers (1977). They demon-
strate that the only major protein which can be labelled on
the external surface of beef heart mitochondria is the CAT-
binding protein, This has been verified by mol. wt.
analysis and double immunodiffusion tests using antibodies

prepared to the purified CAT-binding protein.

In a similar vein Aquila and co-workers (1978) have
igsolated the ADP/ATP translocator from beef heart mitochondria
as the bongkrekate protein complex, They present data to
show that the isoclated bongkrekate and CAT complexes represent
two different conformational states of the translocator protein,
namely 'm' and 'c!', The 'm' state is when the transporter is
facing into the matrix in this conformation bongkrekic acid
binds irreversibly to it and the protein cannot alter its
configuration, In the 'c' state the transporter faces the
inter-membrane space and will bind atractyloside and
carboxyatractyloside, Both states are inter-convertible in
the pregence of ADP,

These results indicate that ADP/ATP transport is indeed
mediated by a specific carrier-protein, which is not known
to exist in 2 different conformational states; a transition
between the two states occurring in the presence of either

ADP/ATP,

1.9,3, Transport of proteins into mitochondria

In discussing protein transport into mitochondria three

different categories must be recognised : Proteins of the



mitochondrial matrix which are translocated across the iwo
membranes, proteins of the inner membrane which have {c pass
through the outer membrane, and proteins of the outer membrane

which need not be translocated.

The question of protein transport into mitochondria is a
topie of much speculation and several hypothesis have been put
forward to clarify the situation, Butow et al. (1975) have
shown that isolated yeast mitochondria contain bound cytoplasmic
ribosomes. These observations raised the possibility that
ecytoplasmically synthesised mitoechondrial proteins are made on
a special class of cytoplasmic ribosomes attached to the
mitochondrial surface, The newly syanthesised polypeptides are
then transferred by direct insertion ofnascent chaing into the

me mbranes.,

However, conflicting evidence for this hypothesis has been
presented (Hallermayer et al,, 1977a, D). Investigations of
the transport of cytoplasmically synthesised proteins into

mitochondria of intact Neurospora crassa cells, suggest that

newly synthesised mitochondrial proteins exist in a precursor
form in the cytosol from which they are imported into the
organelle, Later work by Zimmerman et al. (1978) has
reported on the synthesis and transfer of 2 mitochondrial
proteins : cytochrome ¢ and the carboxyatraciyloside

binding protein, bo#h of which are synthesised on cytoplasmic
ribosomes, and exist in an extra mitochondrial poél prior to
transfer into the organelle,. This work however, has failed

to demonstrate the existence of larger precursor forms of these

proteins,
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Confirmatory evidence for this same hypothesis has come
from Schatz and co-workers (1979). They have shown that in
the case of yeast Fl ATPase, the cytoplasmically coded ATPase
subunits are gsynthesised as a larger precursor in the
cytoplasm,. Transport of these precursors into mitochondria
is accompanied by proteolytic cleavage of this signal sequence
(Blobel and Dobberstein, 1975) and is thought to be initiated
by the interaction of the precursor with a specific receptor
in the ﬁembrane, followed by the opening of a polar trans-

membrane channel.
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1.10 Rationale for Investigation

The basic underlying theme of this research programme
is to develop our understanding of the topography, organis-
ation and funciion of the mitochondrial membrane proteins/
glycoproteins to a level comparable with our knowledge of

the red blood cell plasma membrane,

In several respects, studies on mitochondrial membrane
lack the technical advantages which are available for
experimeﬁting on the red blood cell, Isolation of
morphologically intact organelles and preparation of
membranes of defined purity is more difficult. Additionally,
the polypeptide composition of the inner and outer membranes
as examined by SDS electrophoresis i1s considerably more
complex. No techniques exist for isolation of homogeneous
populations of vesicles of defined orientation by simple
manipulation of ioniec conditions, as in the case of the
erythrocyte plasma membrane (Steck and Kant, 1974).
Furthermore, the exact nature, distribution and funcition
of membrane-associated glycoproteins is still vague and a

matter for speculation.

However, mitochondria provide a suitable system for
the study of many membrane-associated activities linked to
ATP synthesis including ion and subsirate transport,

The outer membrane provides a protective barrier for inner
membrane proteins during surface labelling studies.
Similarly, specifip labelling of inner membrane proteins

can be achieved by selective removal of the outer membrane
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under defined conditions {Clarke, 1976y.

Although much work has been reported on the inner
membrane, particularly as regards isolation and topography
of therespiratory chain complexes, and identification of
the various inner membrane transport systems, e.g,
phosphate transporter, knowledge is lacking at a molecular
level, This is owing to the absence of refined methodology

necessary for the detailled investigation.

In tﬁe last five years, the use of lectins, which
have specificities for a variety of monosaccharide moieties
have provided an important toocl for investigation of
mitochondrial molecular architecture and isolation of
membrane glycoproteins. This capacity of lectins to bind
to glycoproteins exposed at the external surface can be
employed to monitor their effects on various transport and
energy-~linked functions in the mitochondrion. Any specific
inhibition by lectin treatment will implicate membrane
glycoprotein for an active role in that particular function.
In & similar manner, the assoclations between the surface
components and thecytoskeletdl system may be modulated by
changes in the valemncy of the surface receptors owing to
cross-linking by lectins (Koch, 1979). Lectins have also
been exploited as a means of purifying "inside-out" vesicles
from a mixed membrane population (Walsh et al., 1976 ).
Selective labelling of the outer and inner surfaces in
membrane vesicles has then allowed identification of
proteins which span the lipid bilayer (Walsh and Crumpton,

1977) .
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Since one of the most important functions of the plasma
membrane is to transmit information across the lipid bilayer
into the cell, transmembrane proteins are attractive
candidates for this role, as they are exposed on both the
external and cytoplasmic surfaces, The results of several
studies in particular on the red blood cell and lymphocyte
membranes have documented that transmembrane proteins are
glycosylated with the carbohydrate moieties preferentially
located on the external surface of the membrane (Steck, 1974;
Walsh and Crumpton, 1977). These studies have led to the
proposal by Rothman and Lenard (1977) that all membrane
glycoproteins have a transmembrane orientation and further,
all transport processes carried out across eukaryotic
membranes should be catalysed by oligomeric glycoproteins
(Guidotti, 1976). The application of these lectin
techniques to the mitochondrial membrane system should be
useful in elucidating information about the topography and
functions of proteins/glycoproteins associated with the

membranes,

The question of mitochondrial biogenesis is also ocne
of considerable importance, It is well established that
the ma jority of the mitochondrial proteins are synthesised
on the cytoplasmic ribosomes (Schatz and Mason, 1974).
The mode of insertion of these proteins across the double
membrane system is one of much controversy and speculation
(Butow et al., 1975; Maccecchini et al,, 1979), Finally,
the mechanism by which mitochondrial proteins are glycosylated

is also an area which requires much investigation.



54

To date a detailed examination of mitochondria in
relation to
(1) Nature and distribution of the carbohydrate.
(2) Topography of the proteins in the two membranes.
(3) Isolation and characterisation of glycoproteins,
(4) Identification of transmembrane proteins.
(5) Functional studies by use of lectins.
(6) Biosynthesis, glycosylation and import of
>proteins.
has not yet been undertaken, This thesis encompasses the

efforts towards an understanding of some of these questions.
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CHAPTER 2

Materials and Methods

MATERIALS
M 1, Biological Materials
1. Female rats; Wistar strain
2. Rabbits - either Dutech or half lops strain
3. Staphylococcus aureus (Cowan 1 strain)
44; . Lectin sources

Wheat germ - Health shop, Byres Road, Glasgow,
Scotland.

Soya bean meal - BDH Chemicals, Poole, Dorsetd

M 2, Chemicals

1. Radiochemicals

All radiochemicals are supplied by the Radiochemical
Centre, Amersham, Bucks,

Specific activity

B} D-[6-3H]—glucosamine hydrochloride 20Ci/mmol.
2= [140] -ethanol-1-2-anine 38Ci/mmol.
N-suceinimidyl 3-(4-hydroxy,

5 [125I]-iodophenyl) propionate

(Bolton Hunter reagent) 1,600Ci/mmol.
[125 ] .
I{-Nal supplied by
Western Infirmary, Glasgow, carrier free
2. Photographic materials
Kodak DX-80 developer Kodak London Ltd.,

London, England.
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Kodakx FX-40 fixer

Kodak ¥X-omat RH royal

filn

Kodirex film

Fuji RX X-ray film

2,5-diphenyloxazole (PPO)

Chromatographic Materials

Sephadex G-50 (fine)

DEAE-~-cellulose

(DE-52, DE-32)

Con A covalently coupled

to Sepharose 4B

Electrophoresis materials

Acrylamide

NN'methylenebis-

acrylamide

Kodak London Ltd., London,

England.

Kodak Canada Ltd., Toronto,
Ontario.

Kodak London Ltd., London,
England.

Hanimex X-ray, Swindon,
Wilts.
Koch-Light, Colnbrook,

Bucks.,

Pharmacia (G.B.) Ltd.,
Londen,
Whatman, W, and Balston, R
Maidstone, Kent,
Pharmacia (G.B.) Ltd.,

London.

BDHEH Chemicals, Poole,

Dorset,

.2
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Urea - Aristar grade
Ammonium persulphate
NNN' N' tetramethyle-
thylenediamine (TEMED)

Riboflavin

Ampholine carrier

ampholytes

Enzymes

Horse radish peroxidase

(Type VI)

Hexokinase {(EC. 2.7.1.1)

Glucose~-b6-phosphate
dehydrogenase
(EC. 1.1.1.49)

Trypsin (bovine

pancreas) (EC, 3.4.21.4)

BDH Chemicals, Poole, Dorset.

1t " 11 1"

Koch-Light, Colnbrook, Bucks.
Sigma (London) Chemical Co.,

Poole, Dorset.

LKB, South Croydon, Surrey.

Sigma (London) Chemical Co.,

Poole, Dorset.

1" 1 1 u

u fn n "

B-galactosidase (EC. 3.2.,1.23)

Chymotrypsinogen (bovine

pancreas)

Lactoperoxidase (B grade)

(EC. L.11.1.7)

Pronase (EC. 3.4.24.4)
Carboxypeptidase A

(EC. 3.4.12.2)

1 n tr 1

Calbiochem Litd., Bishops

Stortford, Herts.

i n

Sigma {Londecn) Chemical Co.,

Poole, Dorset,
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RNA polymerase
(EC., 2.7.7.6) Sigma (London) Chemical Co.,

Poole, Dorset,

Other proteins

Bovine serum albumin

(essentially fatty acid

" free) (BSA) " 0 t "
Cytochrome c (horse

heart) " n 1 1
Ferritin n n n n

Ovalbumin n 1" t n

Specific sugars

D-mannitol " 1 " n
2-Acetamido-2-Deoxy-
D-Galactose n 1 n n
(N-acetyl-D-

glucosamine)
1-0-Methyl-D-
Glucopyranoside 4 n n n
(a=-Methyl-D-glucoside)
B-glycerophosphate n " n m
(disodium salt)

Glucose-6-phosphate " n " "
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Detergents

Triton X-100 Sigma (London) Chemical Co.,
Poole, Dorset.
7-Deoxycholie acid
(Na salt) (DOC) g " " "
Digitonin " n n n
Nonidet P-40 BDH Chemicals, Poole, Dorset
+ Sodium lauryl
sulphate (SDS) n " " n
Triton WR-1339 Micro-Bio Laboratories Ltd.,

London, England,

Liquid scintillation spectrophotometry

Toluene, A.R. Grade Koeh Light, Colnbrook, Bucks.
Triton X-114 Rohm and Haas, Croydon, England.
p-BIS (0O-methyl-steryl)

\benzene (BIS-MSB) Eastman Kodak Ltd,, Liverpool,

Lancs.

Other chemicals

Adenosine diphosphate Sigma (London) Chemical Co.,
Poole, Dorset.

Agarose (type II) " " " n

Aquacide (type II) Calbiochem. Ltd., Bishops
Stortford, Herts.

3-amino-1,2,4,~

triazole Aldrich Chemical Co.,

Gillingham, Dorset,
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L-ascorbic acid

Benzylamine hydroch-

loride

Chloramine-T
Coomassie Brilliant
Blue - G-250
2t-7!'-Dichlorofluo-

regcein diacetate

Dimethyl sulphoxide

(DMSO0)

2,4-dinitrophenol
EGTA

Folin Ciocalteu's
phencl reagent
Freund's complete

adjuvant

" incomplete
adjuvant
Lanthanum nitrate
2-mercaptoethanol
Morpholinopropane

sulphonic acid (MOPS)

Sigma (London) Chemical Co.,
Poole, Dorset.

Hopkins and Williams,
Chadwell Heath, Essex.
BDH Chemicals, Poole, Dorset.

Sigma (London) Chemical Co.,

Poole,Dorset.

Eastman Kodak Ltd., Liverpool,

Lancs,

Sigma (London) Chemical Co.,

Poole, Dorset

BDH Chemicals, Poole, Dorset,

Difco Laboratories, West
Molesey,

Surrey.

" n n

BDH Chemicals, Poole, Dorset

n N\ " "

Sigma (London) Chemical Co.,

Poole, Dorset.
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B-nicotinamide adenine

dinucleotide (from Sigma (London) Chemical Co.,

yeast) Poole, Dorset.

5t-nucleotidase kit

(colourimetric method) BDH Chemicals, Poole, Dorset

Orcinol n " f "

Phenylmethyl sulfonyl-

" fluoridine (PMSF) Calbiochem Ltd,, Bishops
Stortford, Herts,

Rotenone Sigma (London) Chemical Co.,
Poole, Dorset.

Trichloroacetic acid

(TCA) Koch-Light Colnbrook, Bucks,

A1l other chemicals were purchased from BDH or

Sigma and were 'Analar' grade,
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Composition of standard solutions

M 3
M 3.1 Isolation and subfractionation of mitochondria
1. Isolation Medium
0.225M-mannitol, 0.150M-sucrose, 40w M-EGTA,
pH 7.2, 2mM-MOPS, pH 7.2.
2. Swelling of mitochondria
10mM-Tris-phosphate buffer, pH 7.5,
3. Shrinking of mitochondria
1.8M-sucrose containing 2mM-ATP, 2mM-MgSO4.
M 3.2 Solutions for enzymic assays
1. Monoamine oxidase
Method (a)
0.05M-phosphate buffer, pH 7.6, 2.50mM-
benzylamine hydrochloride.
Method (D)
0.60ml, 0.25mM-leuco 2'-7'-Dichlorofluorescein
diacetate in 0,01M NaOH, 1.80ml, 0.83mg/10ml
horse radish peroxidase in 0.1M-Na phosphate
buffer, pH 7.15, 0.15ml H20, 0.05ml, O.1M-
benzylamine,.
2. Malate dehydrogenase

0.3ml, 0.25M-glycylglycine buffer, pH 7.4,
0.1lml, 7.6mM-oxaloacetate, pH 7.4 (freshly

prepared), 0.1ml, 1.5mM-NADH, 2,5ml H,O0.
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Adenylate kinase

50mM-Tris-HC1l buffer, pH 7.5, 5mM-ADP,
10mM-glucose, 10 units hexokinasex
10 units glucose-6-phosphate dehydrogenasexx

5mM~MgSO 200pM~-NADP,

4!
¥ One unit will catalyse the phosphorylation

of 1.0pmol of glucose/min., pH 8.5, 25°C.

*%¥ One unit will oxidise 1,0pmol of glucose-

6-phosphate to 6-phosphogluconate/min.,

pH 7.4, 25°C in the presence of NADP,

Cytochrome oxidase

Method (a)

60mM-KC1l, 250pM-sucrose, 1OmM~-Tris-HCl, pH 7.4,
0.75pM-Na ascorbate, 10yM-2,4-dinitrophenol,
100pM-eytochrome ¢, 0.3% (ﬁ/v) DOC (final

concentration) where applicable,

Method (Db)
3ml, 17uM-cytochrome ¢ inC,03M-phosphate buffer,
pHE 7.4, reduced by addition of 10Q0pl of

1.2M-Na2820 freshly prepared.

L’

Acid phosphatase

0.05M-B-glycerophosphate, 0,05M-sodium acetate,

pH 5.0, 1.00mM-NaF,
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6. Glucose-6-phosphatase

0.04M-glucose-6-phosphate, 7.0mM-histidine,

1.0mM-EDTA, pH 6.5,

7. 5'-Nucleotidase

Reagents are obtained from aBDH kit and

solutions made up as per instructions.

M 3.3. "Solutions for chemical assays

[

Inorganic phosphate

5M-sulphuric acid, 50:50 isobutanol/benzene,

3.2% (w/v) concentrated H250 in ethanol,

4
10% {(w/v) SnCl, in concentrated HC1l, freshly

prepared and diluted 20 times in 0,5M-H,SO,.

2774

2. Uronic acid

Orcinol reagent

155.0m1 concentrated HC1, 10.0ml, 1.5% (w/v)

Ferric chloride in 0.Q1M-HCL,

M 3.4. Solutions for polyacrylamide gel electrophoresis

of proteins

M 3.4.1 Slab gels 10% ‘w/v)

1. Solution A

30.0% (w/v) acrylamide, 0.8% (w/v) NN'-

methylenebisacrylamide,

’(\)

Solution B

0.75M-Tris-HC1, pH 8.8, 0.50% (w/v) SDS

0.05% (v/v) TEMED,.
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10ml 0.2M-EDTA, glacial acetic acid to pH 7.4,

40.0% (v/v) acrylamide, 1.5% ‘v/v) NN'-methylene-

3. _ Solutiom C
0.17M-Tris-HC1l, 0.137% (w/v) SDS, 0.034%
(w/v) TEMED.

4. Running gel sclution
8ml solution A, 12ml solution B, 4ml, 0.15%
{w/v) ammonium persulphate.

5. ‘Stacking gel solution
0.9m1 solution A, 4.1ml solution B,
1.0m1,5.0% ‘w/v) ammonium persulphate.

6. Electrode buffer
0.025M-Tris, 0.192M-glycine, 0.40% (v/v)
SDS, pH 8.8,

M 3.4.2 Cylindrical gels (5.6% w/v)

1. 10x buffer
40ml 1,0M-Tris, 1O0ml 2.0M-Na acetate,

2. Con Ac Bis.
bisacrylamide,

3. Gel mixture

5.6ml Con Ac Bis, 4.0ml 10x buffer, 2.0ml 20%
(v/v) SDS, 28.4ml H,0, 4.0ml 1.5% (w/v) ammonium

persulphate, 2.0ml 0.5% (v/v) TEMED,
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4. ‘Electrophoresis buffer

1% (v/v) SDS in 10x buffer,

5, Layering buffer

54 (v/v) ethanol, 1% (v/v) SDS,

M 3.4.3 Isoelectric focusing gels

1. Acrylamide stock

28.38% (w/v) acrylamide, 1.62% (w/v)

NN'-methylenebisacrylamide,

2, Nonidet P-40

10% (v/v) in H.O.

2

3. Riboflavin

0.14mg/ml riboflavin, 1% (v/v) TEMED,

4. IEF gel mixture

2.75g urea, 0.67ml acrylamide stock,

1.00m1 10% (v/v) Nonidet P-40, 0.99ml H,O,

2
0.20ml rivoflavin, 0.10ml ampholine (pH 3.5~

10.0 unless otherwise stated).

Electrophoresis buffers

5. Cathode electrode solution ‘

0.02M-NaQH, degassed

=
®
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"Anode electrode solution

9.5M-urea, 2% (v/v) ampholine, pH 3.5-10.0,

5.0 (v/v) 2-mercaptoethanol, 10.0% (v/v)

glycerol, 2.3% (w/v) SDS, 0.0625M-Tris-HC1,

0.04% (w/v) Coomassie Brilliant Blue, G-250,

25.0 (v/v) isopropancl, 10.0% {v/v) glacial

0,0025% (w/v) Coomassie Brilliant Blue, G-250,

10.0% (v/v) isopropanol, 10.0% (v/v) glacial

6.
O.OlM-H3PO4, degassed
7. Layering buffer
8M~urea
8. Sample dilution buffer
* 8% (v/v) Nonidet P-40,
9, SDS-sample buffer
pH 6.8.
M 3.5 Staining solutions
M3.5.1 SDS gels
1. Overnight stain
acetic acid.
2. Second stain (6-9h)
acetic acid,.
3. Destainer

10% (v/v) glacial acetic acid.
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4. Fixing of radioactive gels

25% (v/v) isopropanol, 10% (v/v) glacial acetic

acid,

M 3.5.2 Quchterlony plates

1. 15 min stain

L5.,0% (v/v) ethanol, 45.0% {(v/v) H,0,
10.0% (v/v) glacial acetic acid, 0.1% (w/v)

"Coomassie Brilliant Blue, G-250.

2. Destainer

30% (v/v) ethanol, 65% {(v/v) H,0, 5% (v/v)

glacial acetic acid,

M 3.5.3 IEF gels

1. Fixer

10% ‘w/v) TCA, followed by several changes of
distilled H2O until the opaque gel goes

transparent.

2, 30 min stain at 60°¢C

100mg Coomassie Brilliant Blue G-250 in

200ml H,0, 15g urea, 7.5ml, 70% (v/v)

2

perchloric acid, added with vigorous

mechanical stirring.
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3. Destainer
10% {v/v) ethyl acetate,78% 'v/v) H,0,
5% (v/v) glacial acetic acid, 7% (v/v) ethanol.
M 3.6 Solutions for Todination

M 3.6.1 Iodination of mitochondria and mitoplasts

1. Iodination buffer

10.0mM~-Tris, 0.225M-mannitol, 0.l5M-sucrose,

2. 0mM-MOPS.

M 3.6,2 Iodination of lectins

1. 0.05M sodium phosphate buffer, pH 7.2 (M 3.12.1),
10mg/ml chloramine-T in sodium phosphate buffer,
pH 7.2, 10mg/ml sodium metabisulphite in sodium

phosphate buffer, pH 7.2., 200uCi Y271 -NaI.

M 3.7 Solutions for Immunological Experiments

M 3.7.1 Immunoprecipitation

1. TKM buffer, pH 8.2

100mM-KC1, 100mM-Tris-HC1, pH 8.2, 5mi-MgCl,,

10% (v/v) DOC when detergent is included.

2. Phenylmethylsulfonyl chloride (PMSF)

100mM PMSF in 0.5ml DMSO,

o

2-Detergent TKM

1ml 10% (v/v) -Nonidet P-40, 1ml 10% (v/v)

Triton X-100, 1lml 10% (v/v) TKM buffer, pH 8.2,

7ml H20,
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" Con A Tmmunoprecipitate washing buffer

TKM buffer, pH 8.2, 0.1mM-KI, 0.1% (v/v)
Nonidet P-40, 0.1% (v/v) Triton X-100,

1lmg/ml BSA,

WGA Immunoprecipitate washing buffer

Phosphate buffered saline, pH 7.2 (M 3.12.1),

0.1mM-KI, 0.1% (v/v) poc , lmg/ml BSA,

Quchterlony Plates

M 3.

20x concentrated borate buffer

0.1M-boric acid, 25,0mM-sodium tetraborate,

75.0mM-NaCl,

Borate-saline

0.85%4 (w/v) NaCl in borate buffer,

Borate-saline mixture

1% (w/v) agarose in borate-saline

Solutions for functional studies on mitochondria

MS-MOPS-P1i

0.20M-mannitol, O.,05M-sucrose, 20,0mM-MOPS,

10mM-NaH,PO,, pH 7.2.

259,
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Scintillation solutions

M 3.9
1. Triton-Toluene
64,45% (v/v) toluene, 35.00% (v/v) Triton X-100,
0.05% (w/v) BIS-MSB, 0.5% (w/v) PPO.
M 3.10 Purification of lectins
M 3.10.1 Affinity chromatography of WGA on chitin
1. Column washing buffer
 10mM-Tris-HC1, pH 8.5.
2. Column eluting buffer
0.05M-HC1.
M 3.10.2 Affinity chromatography of SBA on Sepharcse-N-
caproylgalactosamine
1, Column washing buffer (PBS)
0.12M-NaC1, O.OlM-NazHPO4, 3.20mM, KH2PO4.
final pH 7.2.
2. Column eluting buffer
0.1M-galactose in PBS.
M 3,11 Igolation of mitochondrial glycoproteins
1. Column washing buffer

20mM-MOPS, pH 8.2, 0.15M-KC1l, lmM-MnCl,,

lmM-CaClz, 0.4% (w/v) NaN 1.0% (w/v) Nonidet

3’
P-40,1.0% (w/v) Triton X-100.
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2, Column eluting buffer

20mM-MOPS, pH 8.2, 0.1l5M-XKCl, 1.0% ‘w/v)
Nonidet P-40, 1.0% (w/v) Triton X-100,

0,2M g-Methyl-D-glucoside,

M 3.12 Buffers
1. Sodium phosphate buffer, pH 7.2
O.52M-NaH2P04, 2.OOmM-Na2HP04.
2. Phosphate buffered saline, pH 7.2 (PBS)
0.15M-NaCl, O.OlM-NaH2P04, O.O4mM—Na2HPO4.

3. High salt buffer

0.12M-KC1, 20mM-MOPS, pH 7.2.
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METHODS

M 4 Preparation of Mitochondrial fraction

M 4.1 Isolation of Mitochondria (My)

Mitochondria are prepared by a modification of
the method of Hogeboom et al,, (1948). Female rats
of the Wistar strain (180 - 200g) are starved over-
night to eliminate glycogen storage particles.
Animals are killed by stunning on the head and
decapitation. The livers are excised and rinsed
twice in ice-cold isolation medium (M3, 1.1), before
chopping finely with scissors. The livers are
homogenised with a tight fitting Teflon pestle
(setting 5, clearance0.004-0,006) in a Potter-
Elvenhjem homogeniser for 5 passes to cause cell
disruption. The suspension is then centrifuged at
800g in an MSE-18 Centrifuge (8 x 50ml rotor) for
7 min %o sediment the nuclei and cell debris. The
supernatant fraction is retained and re-centrifugéd
at 6,500g for 15 min, The precipitate is resuspended
in isoclation medium and centrifuged again at 6,500g
for 7 min to exclude contaminating microsomes.
Broken mitochondria are discarded and the precipitate
resuspended in isolation medium and centrifuged a%
800g for 7 min to remove . any residual blood cells,
Finally, the supernatant is centrifuged at 6,500¢g
for 7 min to pellet the mitochondrial fraction.

The isolated sample is resuspended in 5-6ml of
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isolation medium to a concentration of approx. 20mg/
protein/ml,

Labelling of mitochondrial glycoproteins
in vivo is achieved by injecting the rat with 200uCi
of DJEB-H]-glucosamine 16 h prior to sacrifice.

Mitochondria are then isolated in the usual manner,

M 4.2 Purification of Mitochondria ( PMy)

Isolated rat liver mitochondria are purified
on a discontinuous sucrose density gradient made up
as follows

2.0ml 54% (w/v) sucrose

6.5m1 45% (w/v) sucrose

6.5m1 39% (w/v) sucrose

5.5m1 20% (w/v) sucrose
The gradient is centrifuged a+t 49,000g for 2 h at
AOC in the 3 x 20ml rotor of an MSE-50 superspeed
ultracentrifuge.
After centrifugation 3 distinct bands are visible;
The upper band of density 1.16g/cm3 represents
principally microsomes and plasma membrane, The
middle band of density 1.19g/cm3 is purified mitochondria,
The third band of demsity l.22g/cm3 represents
lysosomes, The mitochondria are harvested from the
density gradient, diluted slowly in isolation medium andgd
centrifuged at 6,500g for 10 min to remove the sucrose

and pellet the mitochondria,

An improved separation of mitochondria from
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contaminating organeiles particularly lysosomes is
effected by injecting the rat with the detergent
Triton-WR-1339 (1lmg/ g of body wt), 3 days prior to
sacrifice, The detergent is reported to make
lysosomes light by accumulating in the organelles
(Wattiaux et al., 1963), which subsequently band at

a density of l.l6g/cm3_

M 4.3 Subfractionaiion of mitochondria

M 4.3.1 Separation of Inner, Outer and Soluble fracitions

of rat liver mitochondria

Mitochondria containing approx . 30mg protein
are resuspended in 7.5ml of Tris-phosphate buffer,
PH 7.5 (M 3.1.2) by means of a Teflon pestle and
homogeniser, After standing at 4°C for 5 min,
during which time the mitochondria undergo swelling,
2.5m1 of the shrinking solution (M 3.1.3) is added.
A visible increase in turbidity appears owing %o
Venergisation of the inner membrane in the presence

of ATP and subsequent contraction of the mitochondria,
After another 5 min at 400 the suspension is

sonicated for 2 x 20 s at 400. The sonicated
suspension consisting of 10ml of the mitochondrial
sample in O,45M—-sucrose 1s layered onto a 3 layer
sucrose discontinuous gradient of

6ml 1,32M- sucrose

6ml 1.l1l4M-sucrose

5ml O.,76M-sucrose
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The gradient is centfifuged in the 3 x 20ml head
of the MSE-50 superspeed ultracentrifuge at 64,000¢g
for 3 h at 4°C. This method is a slight modification
of that described by Sottocasa et al., (1967).

After centrifugation 4 subfractions could be
distinguished. A tightly packed reddish brown
pellet at the bottom of the tube (inner membrane).
The two bands at the interfaces of sucrose layers
ﬁetween 1.32M and 1.14M and 1.14M and 0.76M
represent a mixture of inner and outer membrane and
outer membrane respectively. A clear yellow
supernate representing the soluble fraction is
present in the 0.45M-sucrose layer, The membranes
are harvested from the gradient using a syringe
and a J-shaped meedle. Inner and outer membranes
are washed twice in 100mM-Na phosphate buffer,
pH 8.0 (100,000g at 4°C for 40 min in the 10 x 10ml
rotor of MSE-50 superspeed) to remove any contaminating

matrix proteins.

M 4.3.2 Treatment of mitochondria with digitonin

Mitoplasts are prepared by stripping off %he
outer mitochondrial membrane using the detergent
digitonin as described by Schnaitman et al., (1967).
In all cases, purified digitonin is used,. This is
prepared by recrystallising the commercial
digitonin from hot absolute ethanol,.

Tsolated mitochondria (M 4.1) are treated as
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described (M 4.3.1) ﬁp to the shrinking stage.
The mitochondria are pelleted by centrifugation at
10,000g resuspended in high salt buffer (M 3.12.3)
to a known protein concentration and incubated with
digitonin on ice for 15 min,. The reaction is
stopped by addition of 3 vol. of the high salt
buffer and the mitochondria re-pelleted, The ratio
of digitonin to protein varied from 0,01 (low
~digitonin) +te .0,22 (high digitonin) according to the
experimental requirement,

M 5 Enzyme assays

M 5.1 Monoamine oxidase activity is estimated by

2 methods

(a) By the method of Tabor et al., (1954) as
modified by Schnaitman et al., (1967). Benzyddehyde
formation is followed at A250 using 1ml of benzylamine
hydrochloride and 2ml phosphate buffer, pH 7.6
(M 3.2.1a). The reaction is started by the addition

of 10pl of the mitochondrial sample.

(b) Using the spectrophotometric assay of Kochli
and von Wartburg (1978). The method is based on a
coupled indicator reaction measuring the monoamine
oxidase~dependent production of hydrogen peroxide,
In this reaction the hydrogen percxide-dependent oxid-
ation of 1euco~2’,7'~di;hlorofluorescein to 2',7'-
dichlorofluorescein catalysed by horse radish

peroxidase is followed at A and 25°% using

502
benzylamine as substrate, (M 3.2.1Db).
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Cytochrome c oxidase activity is measured by

2.3

at A

2 methods

(a) According to the method of Cooperstein and
Lazarow (1951), cytochrome ¢ is reduced by addition
of sodium dithionite (M 3.2.4b). To 3.0ml of the
reduced cytochrome ¢ in a cuvette, is added 10-20pl

of mitochondrial sample. The reaction is monitored

550°

(b) The other method for assessing cytochrome ¢
oxidase 1s according to Wojtczak et al., (1972).

Into a cuvette of the oxygen electrode is put 3ml

of assay buffer (M 3.2.4a). Respiratory inhibitors,
ascorbate and cytochrome ¢ are added. The reaction
is started by addition of mitochondrial protein
(20-50ul). Oxygen uptake is monitored in the

mitochondrial samples + DOC, at 25°%,

Adenylate kinasge

5.4

Adenylate kinase 1s assayed specirophotometrically
at A34O and BOOC, by coupling the reaction to glucose-
6-phosphate dehydrogenase. To 1ml of reaction
mixture (M 3.2.3) is added 10pl of the mitochondrial

sample,

Malate dehydrogenase

The reaction mixture contains 0.3ml of buffer,
NADH, oxaloacetate and water to a final volume of

3.0m1 (M 3.2.,2). The reaction is started by
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addition of 10l of mitochondrial'sample and the
decrease in absorbance of the NADH monitored at A34O
and 20°¢.

Estimation of acid phosphatase activity

5.6

To 0.9m1 of the reaction mixture (M 3.2.5) is
added 50 l-100yul of the prepared mitochondrial sample,
The reaction is incubated at 37°C for 10 min and
étopped by addition of 1.0ml of 10% (w/v) TCA,

The precipitate is centrifuged down at 800g in an
MSE Ma jor Centrifuge and the supernatant fraction

assayed for inorganic phosphate (M 6.1),

Estimation of Glucose-6-phosphatase activity

2.7

To 1.0ml of the reaction mixture (M 3.2.6) is
added 50p1~100pl of the prepared sample. The reaction
is incubated at 3700 for 10 min and stopped by
addition of 1.0ml of 10% (w/v) TCA. The precipitate
is centrifuged down at 800g in an MSE Ma jor centfifuge
and the supernatant fraction assayed for inorganic

pheosphate (M 6.1).

Estimation of 5'-nucleotidase activity

The assay involves the measurement of liberated
ammonia which is proportional to the 5'-nucleotidase
activity and is measured by the indophenol reaction,
In the reaction, the adenosine liberated by

5'-nucleotidase from the substrate adenosine
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5!'-monophosphoric acid is guantitatively determined
using the enzyme adenosine deaminase which catalyses
the following reaction

Adenosine + HQO-——élnosine + NHB'

The assay is set up as per instructions in the

BDH Kit (M 3.2.7).

M 6.

Chemlcal assays

Estimation of inorganic phosphate

M 6

.2

To 2.0m1l of the supermnatant fraction under test
is added 1.0ml of distilled water, 0.5ml sulphurie
acid, 5,0ml isobutanol/benzene mixture and 0.5ml
ammonium molybdate (M 3.3.1). The reagents are
vortexed for 2 x 15 s intervals., To a 1.0ml aliquot
of the organic layer i1s added 4.0ml of the sulphuric
acld in ethanol followed by 0.5ml of the diluted
SnCl,. The resulting blue colour is read within

2

10 min at A A standard ecurve of phosphate

730°

0 - 3,0pmol is constructed.

Determination of uronic acid

To a 1.0ml sample containing C.02 - 0,15MPmol of
uronic acid is added 3.0ml of the orcinol reagent
(M 3.3.2). The tubes are capped, and the solution
heated for 40 min at% 100°¢. The resulting green
colour is then measured at A660 after the solution

has cooled.
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M 6.3 Estimation of prbteiﬁ

The concentration of protein is estimated by
the method of Lowry et al, . (1951) using BSA

(1.876émg/ml) as a standard,

M 6.4 Amino acid analysis

Amino acid analysis of-[Bﬁ] -glucosamine labelled
mitochondria is carried out in 4M-methane sulphonic
actd at.100°¢ for 70 h in evacuated, sealed and
previously acid-washed pyrex tubes,

The membrane sample, suspended in H,0 (0.5ml)

2
is made up to a volume of 1.0ml with 8M-methane
sulphonic acid (final concentration 4M in methane
sulphonic acid). DL-Norleucine (50nmol) is added
as an internal standard. After hydrolysis, 3.5M=-
NaOH (0.5m1) and 1M-NaOH (0,2ml) is added. This is
followed by further small additions of alkali until
the pH became 2 - 2.5,

i The resulting solution is analysed in an aminé acid
analyser JLC-JAH (Japanese Electron Optics Laboratory

Co. Ltd., Tokyo, Japan) using 10cm and 50cm columns

of LCRI resin.

M 7.1 Todination of mitochondria and mitoplasts : by

lactoperoxidase catalysed iodination

Mitochondria (Mj) are isolated as per usual
(M 4.1) except that the rat is given an injection of

3-amino-1,2,4~-triazole (lmg/g of body wt.), 1 h prior



M 7

.2

82

to sacrifice to reduce endogenous catalyse activity
(Clarke, 1976). Surface iodination of mitochondria
and mitoplasts are performed essentially according
to Boxer (1975).

To no more than 0.5mg of protein resuspended in
0.5m1 of _iodination buffer (M 3.6.1.1) is added

[125

1004l of 10mM-Tris-HCLl, pH 7.8, 200nCi of I]—NaI

and 100wl of lactoperoxidase in iodination buffer

(0.5mg/ml) . The reaction is initiated by addition

of 25l aliquots of 2mM—H202. The additions are
made a total of 8 times, at 2 min intervals, The
iodinated material is washed 4 times in i1odination

buffer containing 2mM-XT,

Todination of Lectins

Lectins are lodinated essentially by the method

of Tanner and Anstee (1976).

{(a) Con A

2mg of Con A are dissolved in O.5ml of sodium
phosphate buffer, pH 7.2 (M 3.12.1) containing 0.3M
a-methyl-D-glucoside. The protein is 1odinated with
200u0i of [2°T] -NaI and 200 g of chloramine-T.
The reaction is terminated after 4 min by addition
of 100 g Na metabisulphite, dissolved in sodium
phosphate buffer, pH 7.2 (M 3.6.2). The radioactive
lectin is exhaustively dialysed against sodium
phosphate buffer, pH 7.2 containing 0.,01M-XI at 400

for 3 changes,
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The labelled protein is repurified by
application to a column (10cm x 1.5c¢m) of Sephadex
G-50, equilibrated in sodium phosphate buffer and
eluted with 0.2M a-methyl-D-glucoside in the same

buffer,

(b) WGA

The lectin is labelled in the presence of 0.3M
N-acetyl-D-galactosamine as described for Con A
(M'7.2a), though the protein is not repurified after

labelling,

M 7.3 Todination of mitochondrial proteins using the

Bolton Hunter reagent
Mitochondria (M;) are isolated as in (M 4.1) and

resuspended in O0,1M-borate buffer, pH 7.4. 2001 of
the iodinating reagent is dispensed into a vial,
The benzene is evaporated off by passage of a stream
of dry nitrogen. To this is added 2004 of
—mitochondridlprotein in 201 of the borate buffer and
incubated by agitation on ice for 10 mins, The
mitochondria are washed four times in the same buffer
containing 0.01M-KI.

M 8 SDS-polyacrylamide gel electrophoresis

M 8.1 (5.6% w/v) cylindrical gels

Electrophoresis of samples is performed as
described by Fairbanks et al. . (1971). Gels are

gset up in cylindrical tubes of dimension 12.0 x O.6cm,
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The tubes are sealed by parafilm and the gel

mixture (M 3.4.2.3) is poured in and layered with
buffer (M 3.4.2.5). The polymerised gel is made

to be 10ecm long, Gels are slottéd into a cylindrical
gel apparatus, which could hold a maximum of 12 gels,
The apparatus is filled up with electrophoresis

buffer (M 3.4.2.4) and the gels electrophoresed

at 7mA per gel.

Electrophoresis 1s stopped when the tracking
dye was about lem from the end of the gel, The
position of the tracking dye is marked in each gel

by pricking it with a needle dipped in indian ink.

(10% w/v) slab gels

SDS-polyacrylamide slab gels are run using a
discontinuous buffer system as described by Laemmli
(1970). The gel apparatus consists of 2 glass
plates of dimensions 14 x 8cm, separated by a perspex
spacer of 0,l5c¢m thickmness, The glass plates ére
fixed into place with insulating tape and sealed by
immersing in paraffin wax.

The main running gel (M 3.4.1.4) is poured and
layered with buffer (M 3.4.2.5). After polymerisation,
which took about 1 h the buffer is decanted and the
top surface of the gel of final length 12c¢m rinsed
twice with distilled water, The stacking gel
(M 3.4.1.5) is then poured, Sample wells are made by

inserting a teflon comb into the gel solution,.
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Polymerisation is cﬁmplete in 10 min leaving a
stacking gel 0.5cm in height. The prepared slab
gels are gently eased into the slots of the Pharmacia
slab gel ‘apparatus. The apparatus is filled up with
electrode buffer (M 3.4.1.6) and electrophoresis
carried out at room temperature at a constant current

of 20mA per gel.

A combination of the methods of Q'Farrell

(1975) and Ames and Nikaido (1976) is incorporated

M 8.3 2-Dimensional gels
into this technique,
M 8.3.1 Isoelectric focusing

The IEF gel reagents are dissolved and the gel
mixture (M 3.4.3.4) degassed before mixing in the
solubilised membrane sample (200ug protein/gel).
The mixture is pipetted into cylindrical gel tubes
of dimension 10.0 x 0.25%cm, Gels are layered with
8M-urea and fluorescent light used to catalyse the
polymerisation. Gels are electrophorsed in the
ecylindrical gel apparatus which contained anode
electrode solution in the upper chamber (M 3.4.3.6)
and the cathode electrode solution in the lower
chamber (M 3.4.3.5). Bands are focused at 300v
for 18 h and at 400v for a further 1 h to sharpen
the bands. IEF gels are treated in one of 2 ways

(1) Gels are stained with Coomassie Brilliant Blue
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G-250 according to Vesterburg et al, (1977)
(M 3.5.3), subsequent to the proteins being

fixed overnight.

(2) Gels are equilibrated for 2h in SDS sample
buffer (M 3.4.3.9) in preparation for electrophoresis

in the 2nd dimension.

M 8.3.2 $DS-polyacrylamide gel electrophoresis

| | SDS-polyacrylamide slab gels of dimension
8 x 8cm are made up as described in (M 8.,2),.
The gel mixture 1s filled to lcm from the top
edge so as to exclude a stacker gel. The
equilibrated IEF gel is joined to the slab gel
by a 1% agarose solution in SDS-sample buffer
(M 3.4.3.9). After electrophoresis, protein spots

are visualised by Coomassie blue staining (M 3.5.1).

M 8.3.3 Measurement of pH gradient on IEF gels

In order to measure pH, the freshly extruded
IEF gels are rinsed twice in distilled H20 80 as
to remove any traces of electrophoresis buffer,
Millivolt measurements at O0.5c¢cm intervals along the
gel are made by direct contact with an antimony
micro-electrode and a calomel reference electrode
(Beeley et al., 1972). The antimony electrode is
previously calibrated using standard buffer solution

of known pH,.
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M 8.4 Solubilisation of samples

M 8.4.1 SDS gels

Proteins are denatured by solubilisation in
2% (w/v) 8DS, and 2-mercaptoethanol 2% (v/v) final
concentration, Samples are bolled for 3 min prior
to addition of sucrose to give a final concentration
of 20% (v/v). Pyronin y marks the leading edge of
the gel. No more than 20-30pl of sample is

applied to each well.

M 8.4.2 IEF gels

To 3mg of mitochondrial membrane protein is
added 20ul, 0.5M-Tris-HCLl, pH 6.8, 201, 20% (w/v)
SDS, 1ul, O.lM-MgCl2 and water to 200kl. The tube
ig capped with parafilm and incubated at 70°C for
30 min. The solubilised protein is diluted with

2 vol, sample dilution buffer (M 3.4.3.8).

M 8.5 Processing of gels

M 8,5.1 Slicing and counting of cylindrical gels

Gels on which radicactive samples are
electrophoresed are fixed in acetic acid (M 3.5.1.4).
The gels are then frozen in a solid COz/methanol
mixture and sliced into Imm thick slices using the
Mickle gel glicer (Mickle Laboratory Engineering Co.,

[125I] isotope,

Gernshall, Surrey). To count the
slices are put into disposable Durham tubes which

are then inserted into Beckmann bio-vials. The
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isotope is counted in the Beckmann Biogamma T .M,

counter (Beckmann RIIC Ltd., Glenrothes, Fife),.

M 8,5.2 Fluorography (Slab gels)

Fluorographs are prepared as described by
Bonner and Laskey (1974). Gels are immersed in
3 successive baths of DMSO for a total of 80 min
with shaking. The gel is then incubated by
‘immersion in a 20% (w/v) PPO in DMSO for 40 min.
The PPO is precipitated in the gel by washing
extensively in-2-3 changes of distilled water.
The gel is dried under vacuum onto Whaitman 3mM
paper.

A fluorograph is obtained by placing the
dried gel in contact with either Kodak X-omat
RH royal film or FuJi RX X-ray film in between
glass plates and exposed at -70°c for the
appropriate time, In general iodinated samples

are exposed for 1-5 days, whereas immune-

precipitates are exposed for 7-14 days.

M 8.5.3 Autoradiography (Slab gels)

After electrophoresis the gels are stained
overnight with Coomassie Brilliant Blue G-250
(M 3.5.1) to visualise the polypeptides before
drying under vacuum onto Whatman 3mM filter paper.
Radicactive polypeptides are visualised by exposing
the dried gel to Kodirex film in a light tight box

at 20°C for the appropriate time,
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Calibration curve of polypeptide mol. wt., versus

electrophoretic mobility on a 10% (w/v) SDS-

PpPolyacrylamide slab gel,

Mol. wt. standard markers are denatured in SDS (M 8.4.1)
and electrophoresed on a 10% (w/v) slab gel as described in
Methods (M 8.2). The gel is stained with Coomassie Brilliant
Blue (M 3.5,1) and dried onto 3mM Whatman filter paper.
The'migration distances from the top of the main gel are

measured and plotted against mol. wt, on a logarithmic scale.

Proteins used are (20ug)
A cytochrome ¢ (12,700) ; B chymotrypsinogen A (24,500)
Cl_4 RNA polymerase; 42,000, «a, B, Bl ; D ovalbumin ;

E BSA (65,000).
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M 8.5.4 Developing of Exposed films

Exposed fluorographs or autoradiographs are
developed in Kodak DX-80 developer for 5 min.
Films are fixed in Kodak FX-40 liquid fixer for
a further 5 min before washing in distilled H,O

2
and drying.

M 8.5.5 Determination of mol. wt.

Mol., wt. of the polypeptides are estimated
by simultaneous electrophoresis of protein
standards,

These included RNA polymerase (165,000, 155,000,
90,000. 42,000), p-galactosidase (130,000)
BSA (65,000) ovalbumin (45,000) chymotrypsinogen A
(24,500) and cytochrome ¢ (12,700). Gels are
stained with Coomassie Brillianf Blue G-250 as

degcribed in (M 3.5.1). A graph of R, values

f
versus mol. wt, is plotted on a semi-logarithmic
paper. Mol. wts.,are estimated by reading off

the calibration curve (See Fig. 2.1).

M 8.5.6 Liquid scintillation spectrophometry

The amount of soluble radiocactivity present in
samples is determined by taking 0.5ml aliquot of the
sample and mixing with 4.5m1 of the Triton-toluene
secilliant (M 3.9). Samples are counted in the
Beckmann LS 8100 liquld scintillation counter

(Beckmann RIIC Ltd.,, Glenrothes, Fife),
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Immunological techniqgues

Antisera is prepared in rabbits by injecting
0.5mg antigen in 0.90% saline (1ml) mixed with an
equal volume of Freund's complete adjuvant at
multiple sub-cutaneous sites, The immune

response is boosted by two further injections of

.the antigen mired in Freund's incomplete adjuvant

at a 30 day and 10 day interval after the initial

injection, Antiseras is prepared against the

(e) total mitochondrial giycoprotein
complement as prepared in (M10.3.1).
Rabbits are bled from the ear velin and the blood

allowed to clot. The serum is collected and

M9
M 9.1 Preparation of antisera
following antigens
(a) Con A
(b) WGA
stored in 5ml aliquots at -20°¢.
M9.2

Antibody titre of antiserum raised against

lecting, Ouchterlony plates

The antibody titre of antiserum raised by
inoculation of rabbits with purified lectins
Con A and WGA is examined by a modificaition of
the method of Quchterlony (1964).

Into sterile petri dishes is poured &ml of
borate-saline mixture (M 3.7.2.3). The agar is

allowed to gel, holes punched into the gel, and




Fig. 2.2

Immunodiffusion patterns of anti-lectin

sera against lectins by double diffusion

-

precipitation

KEY 11

1:32‘()

1:16 O

The antibody titre of anti-leciin serum raised against

purhfied lectins is examined by the method of Ouchierlony
] R

(1964) as described in Methods (M 9.2). Lectins of fixed
|

conﬁentration is applied to the centre well, Anti-lectin

serhm in a two~-fold serial dilution is applied to the side

P

wel?s.

. (a) Con A, 0.lmg/ml; anti-Con A, 1:1-1:22 serial dilution

% (b) Con A, 1.0 mg/ml; anti-Con A, n . "

? (c¢) WGA, 0.1lmg/ml ; anti-WGA " n il "

| (d) WwGA, 1.0mg/ml ; anti-WGA " " " "

Immunoprecipitation lines are visualised by staining the

aga? gels for protein as described in (M 3.5.2). A saline blank
inc;uded as a control showed no lines. "
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. Heavy chain

-Light chain

Fig. 2.3

Purification of IgG from anti-WGA serum.

Anti-WGA 1is prepared by injecting a rabbit with purified
lectin and subsequently collecting the serum as described in
M 9.1).

Anti-WGA-1gG 1s purified by equilibrating the serum in
10mM-phosphate buffer, pH 7.0 and purification on a DEAE-
cellulose (DE-52) column ™ 9.3).
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the agar sucked out with a .pasteur pipette
attached to wvacuum. Into each well i1s put 5ul
of sample, The experiment is incubated at 400.
Excess protein is washed from the plates with
gseveral changes of PBS pH 7.2 (M 3.12.2) and
left overnight in PBS. The gel is stained and
destained as described in (M 3.5.2) and dried at
2500, with moist filter paper over it to prevent
cracking, prior to photographing,.

Immunisation with relatively pure lectins
gave rise %0 potent specific antisera as evidence
by sharp, single immunoprecipitation lines and
lack of cross reactivity, (see Fig 2.2).
Immunoprecipitates are observed between Con A and
anti Con A serum diluted up to 1:8 and between

FGA and anti WGA diluted up to 1:16.

Preparation of IgG

IgG is purified from the antiserum pre-
equilibrated in 10mM-Na phosphate buffer, pH 7.0.
The IgG is separated on a column of DEAE-cellulose
(DE-52) and eluted with 10mM-phosphate buffer, pH 7.0.
Aliquots of the eluant are collected and monitored

at A for protein absorbance, The relevant

280
fractions are combined and concentrated with
Aguacide, The purified protein is photographed

in Fig. 2.3.
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M 9.4 Titration of lectin with anti-lectin serum
The volume of anti-lectin serum required to

cause maximum precipitation of a fixed amount of
lectin is assessed by incubating increasing
quantities of anti-lectin serum with 10pg of
lectin at 3700, and then overnight at 400.
The immune-complexes are centrifuged at 1000g for
10 min, washed once in PBS; the pellets are dissolved
in 0.1ml of 0.2M-NaOH, and the protein estimated
by the method of Lowry et al, (1951)(M 6.3).
‘Anti-Con A serum gave an equivalence zone at
approximately 210pl, while anti-WGA serum gave an
equivalence zone at about 1001, (see Fig 2.4).
The quoted antisera volumes are thereafter used
in all the immunoprecipitation experiments.

M 10. Purification of lectins

M 10, 1 Purification of WGA using affinity chromatography

on chitin

The procedure of Bloech and Burger (1974) is
essentially followed. The agglutinin is purified
on a chitin column pre-equilibrated in column
washing buffer (M 3.10.1) and finally eluted with
0.05M-HCL. The purified protein is photographed

in Fig 2.5a.
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(a) (b)

Fig . 2.5.

Purification of WGA and SBA.

(@) SBA 1is purified on Sepharose-N-caproylgalactosamine
as described in (M 10.2).

(b) WGA is purified onchitln columns as described in
(M 10.1).

The purified proteins (507") are electrophoresed on

5.6% (w/v) gels and proteins visualised by Coomassie Blue

staining (M 3.5.1).



Fig, 2.4.

Lectin immunoprecipitation curves.

Titration of lectin with anti-lectin

sSerum,

The equivalence zone for each lectin anti-lectin pair is

established by immune-precipitating 1Opg of lectin with

in%reasing volumes (0-250p1l) of anti-serum as described in

(M 9.4).

The resulting immunoprecipitates are centrifuged at
1,000g after 10 min and washed (x4) in PBS, pH 7.2 (M 13.2.2),
prﬂor to assaying for protein (M 6.3). '

(a) Con A incubated with anti-Con A serum

(b) WGA incubated with anti-WGA serum
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M 10.2 Purification of SBA- by affinity chromatography

on Sepharose~N-caproylgalactosamine conjugate

The method of Allen and Neuverger (1975)
is followed., The agglutinin is purified on a
column of sepharose-N-caproylagalactosamine
equilibrated in column washing buffer (M 3.10.2)

and eluted in the same buffer containing 0.1M-

galactose. (See Fig. 2.5b).

M 10.3 Lectin technigues

Y

M 10.3.1 Isolation of soluble mitochondrial glycoproteins

by affinity chromatography in Con A sepharose-4B

Isolated mitochondria (PM;) from 12 livers

(M 4.,2) are solubilised by boiling in 2% (w/v)
SDS and diluted in column washing buffer (M 3.11.1)
to a final SDS concentration of 0.1% (w/v). A
Pharmacia glass column (8.0 x 1.5cm) is packed

-  with the prepared sepharose-4B bound Con A and the
column is pre-equilibrated overnight in washing
buffer (M 3.11.1). The sample is loaded onto the
column and 3 volumes of buffer passed through to
remove unbound material., The bound glycoproteins
are eluted in buffer containing 0.2M o-Methyl-D-
glucoside (M 3.11.2) and concentrated by
precipitating with 5 volumes of ice cold acetone,

Routinely 3-4mg of glycoprotein are purified.
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M 10.3.2 Direct demonstration of the lectin binding

components of mitochondrial membranes

Samples of the inner, outer and soluble
fractions of mitochondria are separated by SDS-
polyacrylamide gel electrophoresis of 10% (w/v)
acrylamide slab gels. The polypeptide bands are
fixed overnight in acetic acid (M 3.5.1.4).

The gels are then equilibrated for 2-3h in 200ml
" of PBS, pH 7.2 {M 3.,12.,2), the buffer being
changed 3 times. Equilibrated gels are
incubated in 50ml of PBS pH 7.2 containing 2mg
bovine haemoglobin carrier/ml, 0,05% sodium
azide and [125ﬂ ~lectin equivalent to 1.0 x
106 cpm of [12511. After gentle shaking
overnight the solution is decanted and the gels
are washed exhaustively in PBS pH 7.2 containing
0.05% sodium azide until no further labelled
lectin could be detected in ithe washing; abqut
2 days. The gels are then processed for
fluorography and dried under vacuum before
exposing to Kodirex X-ray film (M 8.5.2).
Control exper ' ments are performed by including
0.2M of the appropriate hapten sugar during the

lectin incubation and washings,
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M 10.3.3 Immuncoprecipation of lectin binding receptors

Surface labelled glycoproteins in mitochondria
and mitoplasts are immunoprecipated by a combin-
ation of the methods of Juliano and Li (1978) and
Henkart and Fisher (1975).

Intact mitochondria and mitoplasts are surface
labelled using lactoperoxidase catalysed iodination

as desceribed in (M 7.1).

(a) Immunoprecipation of Con A binding receptors
{125

I] radiolabelled mitochondria and mitoplasts
are solubilised in 0.5ml TKM buffer, pH 8.2
(M 3.7.1.1), pH 8.2 containing 1% (w/v) DOC, and
incubated on ice for 1h, 10pl of PMSF is added
to inhibit protease activity.

Unsolubilised material ig pelleted by
centrifugation at 100,000g for 45 min at 4°C in
the 10 x 10ml rotor of the MSE-50 superspeed
ultracentrifuge. To the supernatant fraction
is added 1.2ml of 2-detergent TKM (M 3.7.1.4)
and the mixture incubated with 10pg of Con A for
1h at 37°C. The Con A-glycoprotein receptor
complex 1s Immunoprecipitated with 210pl of anti-
Con A serum by incubating for 1lh at 3700 and
leaving overnight at AOC. PMSF is again added
to a final concentration of 2mM, Immune complexes
are centrifuged at 1000g and the precipitates

washed 4 times in Con A immunoprecipitate washing
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buffer (M 3.7.1.4). The immunoprecipitate is

finally washed in TKM, pH 8.2,

(b) Immunoprecipitate of WGA binding receptors

The same procedure as summarised for Con A
is used, except that in all cases 0,1M-Tris-HC1-DOC
pH 7.8 is substituted for TKM pH 8.2.

The WGA binding proteins are immunoprecipitated

using 100pl of anti-WGA serum, Immune complexes

are washed 4 times in WGA immunoprecipitate washing

buffer (M 3.7.1.5) and finally in PBS (M 3.12.2).
A control experiment by addition of 0.2M of the
appropriate hapten inhibitor prior to addition of

the lectin is also performed.

Sephadex G-50 (fine)in a column of dimensions
10.0 x 0.8cm is used to separate the high and low
mol. wt, species of the extramitochondrial material
released by digitonin and high ionic strength

buffer. The elution buffer is 10mM-Tris, pH 8.2

M 11 Separation techniques
M 11.1 Gel filtration
conitaining 0,15M-KC1.
M 11,2 Ton exchange chromatography

Extramitochondrial material released by
digitonin and high ioniec strength buffer is
geparated on DEAE-cellulose as described by

Kraemer . (1971). The DEAE-cellulose (DE-32)
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is soaked overnigﬁt in 0.1M-ammonium acetate,.

A column (10,0 x 1.5cm) is packed and
equilibrated in 0.0l1M-ammonium acetate, The
radiolabelled sample is loaded on and eluted with
a linear gradient from 0.01M to 2.0M-ammonium
acetate. Fractions are collected (3.0ml) and
0.5ml aliquots treated for ligquid scintillation

spectrometry (M 8.5.6).
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CHAPTER 3

Biochemical assessment of the mitochondrial fraction from

rat liver,

3.1 Introduction

Mitochondria provide a suitable system for study of the
topography, organisation and function of membrane-associated
proteins and glycoproteins. These organelles perform a
variety of membrane activities linked to oxidative phosphory-
lation and contain many specialised transport and exchange
diffusion systems, such as the phosphate, dicarboxylic and
tricarboxylic acid carriers and the adenine nucleotide
translocase, In addition, the available methodology for
isolation of the organelles in a high state of morphological
integrity, and the existence of distinct marker enzymic
activities associated with various mitochondrial subfractions
has provided us with the necessary impetus to undertake this

study.

To date, very little is known about the detailed
topography and organisation of the proteins within the two
membranes, although the inner mitochondrial membrane has
always been the subject of much investigation particularly
with respeet to its role in electron transport and ATP
production. The first chapter is consequently dedicated
towards carefully defining the mitochondrial fraction in
terms of degree of damage to the outer and inner membranes
during isolation of the organelle, which is important for
surface labelling studies that involve membrane impermeant

probes, The purity of the fractions has also been carefully
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catalogued, particularly with respect to contaminating
lysosomes and microsomes vhich tend to co-purify with

mitochondria,

3.2 Purification of rat liver mitochondria on a

discontinuous sucrose gradient,

The subecellular fractions that are isolated together
with mitochondria are mainly lysosomes, microsomes and
plasma.membrane. Particular marker enzymic activities
are associated with each of these fractions and their
respéctive densities on a sucrose gradient can be determined

by these ecriteria,

Mature female rats are injected with Triton WR 1339,
3 days prior to sacrifice, The detergent is taken up by
pinccytosis and accumulates in lysosomes which consequently
band at a lighter density, resulting in an improved
purification of the mitochondria (Wattiaux et al,, 1963),
In this experiment, the discontinuous sucrose gradient on
which‘ﬁitochondria are purified i1s fractionated into 1ml
aliquots and sssayed for glucose-6-phosphatase, acid

phosphatase, 5'-nucleotidase and cytochrome ¢ oxidase

activity.

The results plotted in Fig 3.la. demonstrate that
glucose-6~phosphatase and 5'-nucleotidase activity band
érincipally on the l.l6g/cm3 shelf, Lysosomes which
normally band at a density of l.22g/cm3 become lighter
owing to ingestion of the detergent. Acid phosphatase
activity is mainly located at a density of l.l6g/cm3,

remote from the mitochondria which band at a density of

l.lgg/cm3 as assessed by cytochrome ¢ oxidase activiiy.



Fig. 3.1

Purification of rat liver mitochondria on

a discontinuous sucrose gradient

Rpt liver mitochondria are isolated as described in
|
(M 4.1) after an injection of Triton WR-1339 (lmg/g of

body w%ight) 3 days prior to sacrifice,

Tbe mitochondria are éurified on a discontinuous
sucrosé gradient (M '4.2) and the gradient harvested into
1ml fr%ctions. Aliquots (50-100pl) are assayed for glucose-
6-phos§hatase (.M 5,6), acid phbsphatase (M 5.5) and
5’~nuc£eotidase (M5.7 ) activity (Fig. 3.1(a)). In Fig 3.1(Db),
aliquoﬁs from the same fraction are assayed for cytochrome ec

1

oxidasel activity (M 5.2(a)) and protein content (M 6.,3),.
|
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Approximately 80% of the protein as estimated by the method
of Lowry et al,. (1951) appears to be associlated with this

fraction too, see Fig. 3.1b,

3.3 Estimation of the various activities that co-purify

with mitochondria.

The extent of subcellular contamination in the mito-
chondrial fraction at the various stages of purification,
starting from the crude liver homogenate 1s quantitated as
described‘in Fig. 3.1, Estimation of the various enzymic
activities, during the step-wise purification of mitochondria

is tabulated in Table 3.1.

The data show  that although 85.7% of the original
eytochrome ¢ oxidase activity in the mitochondrial
fraction after differential centrifugation (Ml) is recovered,
only 52.3% of the total enzymic activity remains after
purification of mitochondria on the sucrcse gradient (PMl).
Contamination levels of acid phosphatase, glucose-6-phospha-
tase amd 5'-nucleotidase activities in the Ml fraction are
between 4-6% of the total enzymic activity, and decreased to
’ 1essAthan 2% in the PM, fraction, Total recoveries of
protein and all the enzymic activities within experimental

error are good, and in general approached 90% of their

original values,

3.4 Assay for the integrity of the outer membrane in

isolated rat liver mitochondria

The degree of damage of the outer mitochondrial membrane
is estimated by measuring the activity of cytochrome ¢

oxidase, as inner membrane protein complex using exogenous



Table 3.1.

! Distribution of enzymic activities in sub-

cellular fractions of rat 1iver obtained after

é differential and sucrose gradient centrifugation,

zRat 1iver mitgchondria are isolated as described in
(M 4.1). Cytochrome c oxidase (M 5.2(a)), glucose-6~
phosphatase (M 5.6) and 5'nucleotidase (M 5.7) activities
are éssessed in the various subcellular fractions.
Cont%mination of the final mitochondrial preparation (M1 and
PMl)iby lysosomes, microsomes or plasma membrane is calculated
on t@e basis of recovered marker activities. Percentage of
cont%mination refers to the degree of contamination of +the

finaﬂ mitochondrial preparations by the marker enzymes

indicated as compared to the original homogenate.

1 e m—a—-

The experiment is performed in duplicate and the j% of enzymic activities

calculated are an average of 2 values.
|

i
1
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Table 3,1
Enzymic activity (total units) n mol
Protein Anﬂprp@uct“minf?
Fraction (mg)
cytochrome cj Acid glucose- |5'-nucleo
oxidase phos- 6-phos~ tidase.
phatase | phatase

crude 1214.0 66,000.,0 2575.0 4780.0 18089.0
homogenate
mitochondrial
pellet 6900 g 113.7 56,532.0 128.8 258.1 795.9

(M)
1.19¢/ml shelf
of sucrose 79.2 34,552.0 27.6 82.9 116.1
gradient

(72,
1,08, 1.16,
1.22g/ml shelf 24.6 527.0 93.4 156.3 646.8
of sucrose _ N
gradient
post
mitochondrial 1076.0 1700.0 2185,0 4005.0 13838,0
supermnatant
% recovery 27.9 g88.2 89.8 89.1 83.8
% recovery/
contamination - 85.17 5.0 5.4 bod
(M)
% recovery/
contamination - 52.3 1.1 1.7 0.6
(PM,)
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cytochrome ¢ as substrate (Wojtczak et al,, 1972). Under
normal circumstances cytochrome ¢ does not penetrate the
outer membrane, (Wojtczak and Zaluska, 1969) hence, the
observed cytochrome ¢ oxidase activity can be correlated

with damage 1o the outer membrane,

The dependence of the rate of cytochrome c¢ oxidation
by mitochondria on the concentration of added cytochrome c
is shown in Fig 3.2. When mitochondria are solubilised
in 0.3% (w/v) DOC, the reaction rate attains ite maximum
at 1QOPM cytochrome ¢, cytochrome ¢ oxidase being
stimulated 8-10 times, as compared to untreated mitochondria
where the oxidation rate increases linearly with increasing
levels of cytochrome c, The percentage of the activity
in untreated mitochondria with respect to solubilised
mitochondria remains essentially independent of cytochrome c
concentration up to 100pM and then slowly increases with
inereasing concentrations of cytochrome c. Therefore,
by meafuring O2 uptake in intact and detergent-treated
mitochondrial fractions M, and PM the degree of damage

1 1’
to the outer mitochondrial membrane is estimated, (see Table 3.2),

3.5 Discusgsion

The first step, prior to biochemical investigation at
a molecular level, is to define carefully the system being
sﬁudied, particularly with respect to purity of the initial
starting material, We have monitored the mitochondrial
preparation for the extent of contamination by other
cellular fractions including lysosomes and microsomes

which tend to co-purify with the mitochondria, In addition,



Oxygen uptake (nmol/ min/ mg protein)

isolation medium at 25mg of protein/ml.
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Fig. 3.2.
Effect of concentration of cytochrome ¢ on the rate

of its oxidation by preparations of rat liver
mitochondris.

Rat liver mitochondria are isolated and resuspended in

Cytochrome c oxidase

activity is measured as a function of cytochrome ¢ concentration

in an oxygen electrode by monitoring oxygen consumption. The
assay medium is described in (M 5.2(b)) and the reaction

initiated by addition of mitochondrial protein (0.5mg).

(® ) rmintact" mitochondria

(©0) mitochondria solubilised in 0.3% DOC {(w/v).



Table 3.2

Estimation of the integrity of +the

outer mitochondrial membrane in the

M, and PMl fractions.

i

Rat liver mitochondria are isolated after differential

centrifugation (M 4.1) and further purification on a sucrose
i

density gradient (M 4.2). The mitochondrial fractions

are ?esuspended to approx. 25mg of protein/ml and aliquots
assa%ed for cytochrome c¢ oxidase activity as described in
Fig. 3.2. |

| The % breakage of the outer membrane is estimated by

comparing the enzymic activities obtained in the presence

of DOC to that in the intact preparation.
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Table 3.2,
: 0o uptake
Mitochondrial nmol Og/min/mg protein
Fraction - + % breakage
0.3% (w/v) DOC
M1 15.1 485.8 3.1
PM 62.2 398.6 15.6




111

as mitochondria have only I—é% carbechydrate co-valently
associated with the organelle, (Bermnacki and Bosmann, 1970)
it is important to establish that glycoproteins detected

by use of lectins are mitochondrial in origin and not due to

contaminating subcellular fractions.

The step-wise purification of the mitochondrial fraction
starting from the crude liver homogenate is tabulated in
Table 3.1. The relatively low recovery (52.3%) of cytochrome

c oxidase activity in the PM, fraction can be attributed to

1
inhibition of the enzyme by the high sucrose concentration
employed in the assay (J.G. Lindsay personal communication),
This is confirmed by the lower specific activity of the enzyme
in purified mitochondria, By injecting the rats with the
detergent Triton WR-1339 according to the method of Wattiaux
et al, (1963), we have succeeded in further purifying the
mitochondrial fraction as the detergent accumulates in
lysosomes, decreasing thelr demnsity from 1.22g/cm3 to l.l6g/cm3,
However, one disadvantage of the detergent-filled lysospm@s_
is th@; they are more fragile and are readily disrupted by
osmotic or mechanical shock, releasing a varieiy of
degradative enzymes to which the exposed mitochondrial poly-
peptides would be particularly suscepiible, This

constitutes a ma jor disadvantage in surface labelling studies

of these exposed proteins,

The outer mitochondrial membrane is often exposed to
damage during isolation or as a result of mitochondrial
swelling in the isolation medium (Wlodawer et al., 1966),

In particular, for the studies reported that are concermed

with detecting exposed carbohydrate (Glew et al,, 1973 ;
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Henning and Uhlenbrueck, 1973), it is imperative that the

damage to the outer mitochondrial membrane should be

carefully assessed in order to distinguish between carbohydrate
exposed on the outer and inner membrane, Therefore, as

this study 1is concerned with elucidating the organisation

of exposed proteins and glycoproteins using membrane

imﬁermeant probes, we felt it is necessary to develop a

rapid quantitative method for assessing the morphological
integrify‘of the mitochondria prior to biochemical

investigation,

.Using the oxygen electrode method of Wojtczak et al. .
(1972) for estimating ecytochrome ¢ oxidase activity, we have
found that our mitochondria are between 3-5% broken,

Further purification on a discontinuous sucrose gradient
resulted in additional breakage routinely estimated to be
between 11-17%. One inaccuracy of this method may be the
limited rate of cytochrome ¢ diffusion into the inter-
membrane and intracristal spaces. If the rupture of +the

outer membrane is too small, the rate of diffusion may be

lower than the rate of cytochrome ¢ oxidation,

'In conclusion, we have established the parameters of
our mitochondrial system in terms of contaminating sub-
fractions and integrity of the outer membrane. It appears

that although the M. fracition had slightly higher levels of

1
contaminating cellular organelles (4-6%), the breakage
incurred to the outer membrane during the isolation

procedure is minimal (3—5%).’ In contrast, the PMy

fraction is contaminated to a lesser degree with lysosomes

and microsomes but the mitochondria are much more disrupted
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probably owing 4o exposure of the organelles to hyper-
osmotic sucrose solutions, In addition, the disadvantage

of increased susceptibility to protease activity from fragile
lysosomes has prompted us for the ma jor part 1o use the Ml

mitochondrial fraction in our continuing investigations,.
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CHAPTER 4

Location of carbohydrate in rat liver mitochondria,

4.1 Introduction

Isolated mitochondria are reported to contain 1-2%
carbohydrate by weight, and are capable of incorporating
gugar nucleotides in vitro into endogeneous glycoprotein
receptors (Bernacki and Bosmann, 1970). Most of the
mitochondrial hexosamine and sialic acid is released in the
soluble form on disruption of the organelle (de Bernard
et al., 1971). However, the nature and distribution of
the carbohydrate has not been fully investigated, and this
chapter is directed towards clarifying its location within

the organelle.

4.2 Distribution of enzymic activities in the mitochondrial

subfractions,

Mitochondria are separated after sonication and sucrose
gradient purification into inner and outer membranes and a
soluble fraction, Optimal conditions for sonication of the
mitochondrial sample are determined such that the degree of

cross contamination between the various components is minimal,

Distribution of enzymie activities characteristic for +the

subfractions i1ig summarised in Fig. 4.1Db. Sonication for
2.# 20s appears to give the best subfractionation as
assegssed by marker enzymic criteria, In this case the

ma jority of the cytochrome c¢ oxidase activity is associated
with the inner membrane, only 10-11% appearing in the outer

membrane fraction. In comparison 8 and 15% of the monoamine



| Fig. 4.1,

Distribution of marker enzymic activities of

the inner and outer membranes and soluble

fractions of rat liver mitochondria,

‘Rat liver mitochondria are isolated (M 4.1) and further
purified on a discontinuous sucrose density gradient (M 4.2).

‘Purified mitochondria (15mg of protein) are resuspended
in 7,5ml of 10mM-Tris-phosphate buffer, pH 7.5 to swell
the organelles and then shrunk by addition of 2.5ml of
shrinking solution (M 3.1.3). The suspension is sonicated
and separated on a discontinuous sucrose gradient (M 4.3.1).
Bands of density (l 22g/cm3) (1. l9g/cm3) and the soluble
fractlon (L. l6g/cm ) are harvested from the gradiemt with
the gld of a 'J' shaped needle.

éIn (a) aliguots (0.5ml) of the three subfractions are
prepared for liquid scintillation spectrometry(M 8 5.6) and
counted for [ H] ~glucosamine activity,

IIn (b) Monoamine oxidase (M 5.1(a)), cytochrome c
oxidase (M 5.2(a)) and adenylate kinase (M 5.3) activities
are éssayed in each of the three subfractions. The
prot%in concentrated is estimated as described in (M 6.3).

The experiment is performed in duplicate and the % of radioactivity and

enzy mic activity is an average of 2 values x 2%

T -
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oxidase activity is distribﬁted between the inner membrane
and soluble fraction respectively, the majority being
associated with the outer membrane. Adenylate kinase,

an inter-membrane protein,is virtually all recovered in

the soluble fraction with very 1little or none appearing

in the inner and outer membranes, A number of nicotinamide
nucleotide-linked dehydrogenase activities, including

the malate, glutamate, and NADP -specific isocitrate
dehydrdgenase vhich are originally enclosed within the
matrix have been reported to subfractionate with the

inner membrane (Sottocasa et al., 1967). However, in our
case, negligible malate dehydrogenase activity 1s associated

with either mitochondrial membrane (data not shown).

4.3 Distribution of DJ@— 3H]«glucosamine label in the

mitochondrial subfractions.

This experiment is performed so as to determine the
distribution of carbohydrate in the inner, outer and

soluble components of isolated mitochondria.

FH]-glucosamine labelled mitochondria are sub-
fractionated bj sonication and sucrose density gradient separa-
tion as described in Fig. 4.1. The data shows that 77% of
the total label is released in the soluble form on
disruption of the organelle, the majority of the protein
being associated with this fractiomn. The remaining

EH]-glucosamine label (23%) is almost equally distributed
between the inner and outer membrane(see Fig, 4.la).

However, on a protein basis it appears that the outer
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membrane incorporates approx., twice as much glucosamine as

+the inner membrane,

b Separation of protein and 1lipid components of

solubilised mitochondrial membranes on Sephadex G-100,

- In order to determine the relative distribution of
EH]-glucosamine in membrane glycoprotein or glycolipid,
mitochondria are labelled with either [BHIH-leucine or
' 940]-ethanolamine. The labelled organelles are then
solubilised in DOC and protein and lipid components separated

on a Sephadex G~-100 column,.

The data plotted in Fig. 4.2 shows that the majority
of the PH]~ leucine label is incorporated into macro-
molecular proteins and elutes at the void volume of the
column, distinctly separate from the smaller[14C]-ethanolamine
labelled DOC-1lipid micelles. In a comparative experiment,
where mitochondria are labelled with [3H] -glucosamine,
subsquent separation of the solubilised components reveals -
that the ma jority of the label elutes between fraction
20-40 coinciding with the protein elution peak, and
suggesting that most of the carbohydrate is associated with

protein rather than lipid.

4.5 Amino Acid Analysis of rat liver mitochondria labelled

with [?H]-glucosamine.

Amino acid analysis is performed to confirm that the
[BH]-glucosamine label detected in mitochondria is primarily
incorporated into carbohydrate moieties and not metabolised

into amino acids after a 16h period,



Fig. 4.2.

Elution profile of Dot sslubilised [Pi]-leucine,

46 - etnanolamine or Pil-givcosamine Tabsiied

mitochondrial membranes from Sephadex G-100

columns,

;In three separate experiments, a female rat is
1nge¢ted w1th either 5OMC1 of [ H]ﬁieucine o), 20uci
of [ 40] ethanolamlne @Oﬁa, or 250uCi of [BH} -glucosamine
GO—)!l6h prior %o sacrlflce Mitochondria are +then

isolated as usual (M 4.1).

;The isolated mitochondria are solubilised in'DOC
(2% ﬁ/v) and applied to an upward flow column of Sephadex
G-100 (60.0 x 1.5cm). Labelled mitochondrial proteins
and ﬂipids are eluted in 1% (w/v) DOC, 0.1M-KC1, 10mM-Tris-
HC1 buffer pH 8.2. Fractions are collected (2ml) and
aliquots (0.5ml) counted by liquid scintillation spectrometry

(M 8.5.6).
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Fig., 4.3.

Amino acid analysis of Pngglucosamine

labelled mitochondria.

Rat liver mitochondria are purified from starved Wistar
rats, injected intraperitoneally 16h previously with 500unCi
of D-[E-BH]-glucosamine (M 4.1).

An aliquot of the mitochondrial protein (0.5mg) is
hydrolysed as described in the Methods (M 6.4). Fractions
(1ml) are collected from the amalyser and counted for +the
isotope by liquid scintillation spectrometry (M 8.5.6).
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[BH]-glucosamine labelled mitochondria are isolated
(M 4.1 ) and hydrolysed as described in the Methods (M 6.4 ).
Amino acid analysis is then performed on the sample and
fractions collected from the analyser and monitored for the
presence of the isotope, The elution profile of tritium
label is shown in Fig. 4.3. A peak of radiocactivity is
found coincidentally at the normal elution point for
glucosamine,. No significant label 1s detected in amino

acids which elute before the amino sugars.

4.6 Discussion

At present, although mitochondria are reported to contain
1-2% membrane-associated carbohydrate (Bernacki and Bosmann,
1970), and there is evidence to demonstrate the in vivo
incorporation of glucosamine intoc protein constituents of
mitochondria (Wu et al., 1969; Molnar, 1967) no precise

data is available on the carbohydrate location,

The procedure we have adopted for looking at the
distrigution of carbohydrate in mitochondria is to sub-
fractionate the organelle into inner and outer membranes
and a soluble fraction. We have optimised the method by
varying the length of time for which the mitochondrial
sample is sonicated, such that a minimum of cross-
contamination beitween {the different subfractions is
obtained, as estiméted by marker enzymic activities,
Sonicating for 40s produced the best results, whereas

longer periods resulted in solubilisation of cytochrome c

oxidase activity. Conversely, with shorter sonication
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periods,increasing quantities of the outer membrane appear

to contaminate the Inner membrane, The histogram in

Fig. 4.la which summarises the results obtained shows that
the inner membrane is always contaminated to a small extent
with monoamine oxidase activity, the converse also being
true, This cross contamination can be explained on the
basis of contact points between the two membranes as
described by Hackenbroeck  (196&9. If this fact is correct,
then it~WOuld be virtually impossible to prepare pure inner

and outer membrane fractions.

OQur experiments to determine the location of the
glycoprotein material in mitochondria are in agreement with
those of Sottocasa et al, (1971), Their data suggests that
approximately 80% of the total carbohydrate containing
material does not répresent an integral part of the membrane,
or is very loosely bound to it. In contrast, however, we do
not consider that this material is confined to the inter-
membrane space, but could exist in loose association with

inner or outer mitochondrial membranes as will be discussed

later,

In direct contrast to these results, Bosmann et al,
(1972) suggest that only 25% of the total sialic acid is
released from rat liver mitochondria, These apparent
discrepancies can be partly reconciled if the differences in the
methods of solubilisation used by the different groups are
considered, Thus, the results of Bosmann et al., (1972),
are Obtained by comparing the sialic acid content of whole

mitochondria with that recovered in preparations of outer
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membranes and of the intacf submitochondrial particle,

In the studies of Sottocasa et al, - (1971), the glyco~
proteingare soluBilised during swelling of intact mitochondria
in hypotonic medium,under conditions in which the leakage

of matrix components is minimised. No decision can be

made on the authenticity of either result, However, it

seems likely that the hypotonic incubation conditions used

by de Bernard et al.. (1971) and Sottocasa et al, . (1971)

may have removed glycoprotein material from attachment to

the inner membrane, which may have contributed to the

higher yields of carbohydrate in the soluble extract,

Further experiments to determine the distribution of
[BHJ-glucosamine in membrane constituents is performed by
separating protein and 1lipid on a column of Sephadex G-100,
Sodium deoxycholate 1s used tco solubilise the mitochondria,
At the concentration employed (2% w/v), the detergent
effects a complete disruption of protein-lipid interactions
(Allan and Crumpton, 1971), resulting in a clear separation.
of the larger DOC-protein aggregates from the smaller lipid-
DOC micelles (Helenius and Simons, 1975). The faect that
most of the[BH]-glucosamine label is associated with protein
in mitochondria (Fig. 4.2) is similar to the situwation in
the plasma membrane of the red blood cell, where the majority
of the carbohydrate 1s co-valently associated with the
protein components rather than the lipid fraction (Steck,
1974). It is appropriate to mention at this point that the
labelling of glycoprotein and glycolipid depends on the

turnover rate, and although lipids are reported to have a



123

faster turnover rate (Bailey et al., 1966; Omura et al.,
1967), we found that the proportion of[Bi]—glucosamine label
in protein and lipid after 3h and 16h revealed no major
differences, This agrees with the distribution data of
Sottocasa et al,. (1971) where the hexosamine content is

estimated in freghly-isclated mitochondria,

Finally, amino acid analysis of the [BH]-glucosamine
label in mitochondria indicates that virtually all the
lébel is incorporated into glucosamine rather than protein
after a 16h period. This confirms that the [BH}-glucosamine
label used in this study is incorporated mainly into the
oligosaccharides of mitochondrial glycoproteins and to a

lesser extent glycolipids,.
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CHAPTER 5(a)

Identification of the carbohydrate material located

on the outer surface of rat liver mitochondria.

5.1 _ Introduction

In the previous chapter we have shown that approx. 77%
of the total mitochondrial hexosamine can be released in the
soluble form on disruption of the organelle, By use of +the
detergent digitonin which specifically interacts with
cholesteroi (Fieser and Fieser, 1959), we have further
investigated these observations. The results show that a
low digitonin to protein ratio (0.0lmg digitonin/mg protein),
results in selective release of 50% of the carbohydrate
containing species from ithe organelle, without disruption of
the outer membrane, This chapter is dedicated to resolving

these observations.

5.2 Effect of digitonin on the outer mitochondrial

membrane, Release of radicactively labelled

glycoprotein and lipid.

Investigation into the exact location of the[BH]-glucosamine
containing carbohydrate material released by sonication from

mitochondria is undertaken by use of the detergent digitonin,

Purified[BH]—glueosamine-labelled mitochondria are treated
with increasing concentrations of digitonin, and aliquots of
the supernatant fractions are counted for release of soluble
label as degcribed in Fig. 5.1, The data plotted in Fig. 5.1,

show +the effect of digitonin on mitochondria, At low levels
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(0.01-0.02 mg/mg protein) appfox. 50% of the total radio-
activity is dissociated from the organelle in a soluble
form, Simultaneously, the integrity of the outer membrane
is preserved as assessed by measuring cytochrome ¢ oxidase
activity using exogenous cytochrome ¢ s substrate, The
second phase of glycoprotein/lipid release closely parallels
the Aisruption of the outer membrane, at approx., 0.llmg of
digitonin per mg of protein, This is indicated by the

concomitant 8-10 fold increase in cytochrome ¢ oxidase activity.

If the supernatant fractions are pooled and applied to a
Sephadéx G-50 column, equilibrated as described in the Materials
and Methods (M 11.1), most of the [BH] -glucosamine label is
eluted in the void volume of the column (data not shown)
suggesting it is high mol. wt, in nature: possibly glyco-

protein or mucopolysaccharide,

In a comparative experiment (Fig. 5.1.) where mitochondria
are labelled with [1401— ethanolamine, the release of labelled
phospholipid parallels cytochrome c oxidase activity, This
confirms that the integrity of the outer membrane is preserved
at low detergent levels. At a digitonin concentration of
O.24mg/mg protein which completely strips off the outer
membrane, 32% of the total phospholipid is released. This
value correlates well with the fact that the outer membrane
comprises only one third of the total membrane mass,
Simultaneous assays to measure release of malate dehydrogenase
activity into the supernatant fluid revealed no detectable
activity, even at maximum digitonin levels. This suggests

that the matrix compartment remains intact under these

conditions.



Fig, 5.1
Effect of digitonin on the integrity of the

outer membrane and the release of radioactively

|
'
'

labelled glycoprotein and 1ip3id from rat liver

i
i

mitochondria,

1

gPurified rat liver mitochondria are isolated from
star&ed Wiétar rats (M 4.1), injected intraperitoneally 16h
pre%iously with 200uCi of D-[E-BH]-glucosamine or 20rCi of
[l4éLethanolaminé.A The mitochondria are finally resuspended
in ijsolation medium (M 3.1.1) at 20mg/ml and incubated at

400 for 15 min with increasing amounts of digitonin, before

cenﬂrifugation at 6,800g for 10 min.

ERadioactivity in 0.5ml aliquots of the supernatant
fradtions is measgured by liquid scintillation spectrometry
(M 5.5.6). The pellets are resuspended in 1.0ml of the same
medﬂum and cytochrome c¢ oxidase activity determined by the
oxygen electrode method (M 5.2(b)). Maximal (100%) activity

is that obtained on treatment of samples with 0.3% (w/v) DOC.

‘I (@) % release of glucosamine-labelled material
(0 ) % release of ethanolamine-labelled lipid

%( A) % of maximal cytochrome c oxidase activity

| The experiment is performed in duplicate and the % of

[BHh-glucosamine released is an average of 2 values + 5%.
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5,3 Effect of different washing treatments on release of

-2 28] siucosamine labelled mitdchondria.

In order to test the specificity of digitonin on release
of this soluble glycosylated fraction, the effect of various
washing treatments on [?H]-glueosamine labelled mitochondria
is monitored in Table 5.1. The data indicates the 42.5% of
thei[BH]—glucosamine label is removed by washing in high
salt buffer (0,12M-KCl, 20mM-MOPS, pH 7.2). On treatment
with low‘digitonin (0.01lmg/mg protein) only an additional
15.7% is released, In both cases the integrity of the outer
membrgne 1s preserved, as assessed by cytochrome ¢ oxidase

activity wusing cytochrome ¢ as substrate.

These results demonstrate that release of the bulk of
this carbohydrate containing material is not execlusive to
digitonin, and further, confirms that this fraction is
loosely associated with the external mitochondrial surface.
In addition, this fracition can be released without disruption
of the outer membrane,thus behaving like extrinsic protein(s).
The usé-of 10mM-Tris-phosphate, pH 7.5 which causes the
mitochondria to swell releases 77.5% of the total label
indicating an additional loss of soluble carbohydrate
containing material, presumably from the intermembrane space.
Evidence which suggests that the outer membrane is damaged
in this case, is the high percentage of cytochrome ¢ oxidase
activity (65.0%). If the mitochondria are shrunk after
swelling, only 58.6% of the total label is released. This

can be explained on the assumption that shrinking of the

organelles, traps the soluble inter-membrane glycoproteins,



| N Table 5.1.

| Efféé%“Bf“&ifféEEE%mEﬁffé¥éwdﬁ”¥ﬁé”ih%ééfiiy

. of the outer membrane ‘and the release of

| FHJ glucosamlne labelled carbohydrate material

i from rat llver mitochondria

Two female rats are injected with 250uCi .of D- [6~3Fﬂ
glueosamipe 16h prior to sacrifice, Mitoqhon@ria are. isolated
and ‘resuspended in 4ml of MS-MOPS, pH 7.2 (M 3.8.1).

g Aliquots of the mifochondrial suspension (4mg) are’
taken and incubated in 1.5ml of the variouds buffers listed
in Table 5.1. for 15 min at 4°C. 'The-mitdchondria are
pelieted by centrifugation at 6,800g for 10 ﬁin~and-0;5ml
aliéuots of the supernatant.fractions prepared for liquid
sciﬁtillation spectrometry (M 8.5.6). .. Mitochondrial
peliets are subsequently aseayed for breakage of the outer
membrane by ‘monitoring cytochrome c oxidase activity (M 5.2(b)).

The experiment is performed in duplicate and the % of

counts released is an -average of 2 values + 5%,
I L



Table 5.1

FExperimental % [BH]—glucosamine

conditions ~ __  counts released = % breakage

1. MS-MOPS, pH 7.2 13.3 12.6
2, 0.12M-KC1l, 20mM-MOPS, pH 7.2 42,5 10.3
3., MS-MOPS, pH 7.2

containing 0.01img

digitonin/mg protein 58.2 13.9
4. 10mM~Tris—phosPhate, pH 7.5 77.5 €£5.0
5, 10mM-Tris-phosphate, pH 7.5

containing 1,8M-sucrose,

2mM-ATP, 2mM—MgSO4. . 58.6 43.9
6. MS—MOPS? pH 7.2 contéining

0.22mg digitonin/mg

protein. s 78.9 86.9

7. WMS-MOPS, pH 7.2 containing
0.1M-xylose and 0.1M-

galactose, 15.5 -
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preventing thelr release, Finally, attempts to release the
goluble carbohydrate material from the mitochondrial surface
with xylose and galactose, two constituents of digitonin,
show a negligible release of label in comparison to the

control,.

5.4 Effect of trypsin on gluccsamine-labelled rat liver

mitochondria

Confirmation of the presence of carbohydrate on the outer
mitochondrial surface is achieved by testing its susceptibiliity
to trypsin, The time course for release of labelled glyco-
peptides from mitochondria ig shown in Fig. 5.2. The releace
of labelled glucosamine gtarts to plateau after 45 min. A%

the end of 60 min, 47% of the total label is relesced.

In a control experiment performed in the absence of
trypsin, 25% of the total glucosamine label is released,
Simultaneous assays Eo asgsess the integrity of the outer
membrane by measuringrthe latency of cytochrome c¢ oxidase
show only a small increase in activity which suggests that

trypsin did not damage the outer membrane,(see Table 5.2.)
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, Fig, 5.2,
Release of[BH]—glucosamine labelled glyco-

peptides from rat liver mitochondria by

trypsin treatment.

[BH]—glucosamine labelled mitochondria are isolated as
described in Legend 5. Aliquots of mitochondria (2.66mg)
resuspended in isolation medium (M 3.1,1) are incubated with
100pg of trypsin for increasing time at 2500, with shaking.

The mitochondrial suspension 1s diluted 2-fold in isolation
medium and centrifuged at 6,800g for 10 min. An aliquot
(0.5ml) of the supernatant fraction is mixed with liquid
scintillant (M 8.5.6) and counted for release of the radio-
activity. A comparative experiment in whiech ftrypsin is omitted

is simultaneously performed,

(®) Incubation of mitochondria in the presence of trypsin

(0 ) Control experiment, no trypsin added.
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02 uptake
Rat liver Time of nmol(oz)/min/mg
Mitochondria incubation protein 4 breakage
(min) -DOC + 0.3%(w/v)
DOC
2 13.6 490.4 2.8
Control
60 26.9 472.8 5.7
2 13.7 490, 4 2.8
Trypsin _
treated 60 36.9 462 .4 8.0

Release of[BHJ:glucosamine labelled glycopeptides from rat

/
liver mitochondria by trypsin treatment

3 J-glucosamine labelled mitochondria are isolated and

treated with trypsin as described in Fig. 5.2.

The mito-

chondrial pellets obtained by centrifugation at 6,800g for

10 min after {4rypsin treatment, are then monitored for

breakage of the outer membrane by estimating cytochrome ¢

oxidase activity as deseribed in Fig. 5.2 (D).
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CHAPTER 5(D)

5.5 Investigation of the high mol. wt. material released

by digitonin and KC1 treatment 6f Ddb- SH]-glucosamine

labelled mitochondria

The nature of the carbohydrate containing material that
is released by digltonin and KCl treatment as described in
Section 5.3, 1s further investigated by ion exchange chromo-

tography on a column of DEAE-cellulose,

" The supernatant fraction containing the high mol. wt.
material released by digitonin treatment (0.0lmg/mg protein) is
dialyséd against ammonium acetate to remove free glucosamine,
prior to pronase digestion. On application of the sample to a
DEAE-cellulose column (DE-32) pre-equilibrated in 0,01M-ammonium
acetate, and elution using a linear gradient of CHBCOOONH4
between 0,01M and 2.0M, one major peak is eluted at a concentration
of 0.34M, (see Fig. 5.3

In order to identify the nature of this peak a mixture of
protein, hyaluronic acid and chondroitin sulphate that is.pre--
digestedi%ith pronase 1s separated on a similar columu, On

application of a linear CHBCOOONH gradient, the protein elutes

4
at a concentration of 0.32M, as measured by absorbance at 280nn,
suggesting that the [BH]-glucosamine containing peak is glyco-
protein in nature, Another protein peak also elutes prior to
application of the salt gradient. This 1s probably owing to the
fact that the peptides derived from BSA after pronase digesiion
bind to the DEAE-cellulose with varying affinity. Hyaluronic acid
and chondroitin sulphate elute at concentrations of (§.72M and 1.,12M
respectively, see Fig, 5.3. A comparative experiment that is

performed on the supermnatant fractlion obtained after KC1l treatment

reveals an identical result (data not shown).



Fig. 5.3,

Investigation into the glycosylated mnature

of the high mol, wt, material released by

digitonin treatment of D- [6- H]-glucosanine

labelled mitochondria.

gRat liver mitochondria are purified from starved Wistar
rats% injected intraperitomeally 16h previously with 500uCi
of D}[6—3H]-glucosamine (M 4.1). [BH}-glucosamine-labelled
mitobhoﬁdria are ﬁelleted at 6,800 for 10 min and the
supe;natant fraction dialysed against 0.0lM-ammonium acetate,
prio} to pronase digestion (lmg/ml) at 37°C for 2h. The
sample is then applied to a DEAE-cellulose column and eluted
by m;ans of a linear gradient of ammonium acetate (0.0lM-
2.0M). Fractions are collected (3ml) and aliquots (0.5ml)

taken for liquid scintillation counting (M 8.5.6).

- The elution pattern for a control mixture containing BSA

(1mg), hyaluronic acid (1lmg), and chondroitin sulphate (1lmg)
diss%lved in 1ml of 0.01M ammonium acetate, digested with
pron%se and separated by ion exchange chromatography as
desc%ibed above is also performed. The samples that are
elut%d from fhe column on application of +the linear salt
gradient are assayed for protein (M 6.3) and uronic acid

(M 6.2).

(0 )_'release of glucosamine label
; (&) protein absorbance

. (®) wuronic acid absorbance
i
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Fig. 5.4

Identification by SDS-polyacrylamide gel

electrophoresis of the glycoprotein material

released from mitochondria by treatment with

‘a low digitonin concentration

Rat liver mitochondria are isolated as described in
(M 4.1).. -The mitochondria resuspended in isolation medium

(M 3.,1.1) are treated with digitonin (0.0lmg/mg protein) as

desc?ibed in (M 4.3.2) though the swelling and shrinking stage
is o#itted. The supernatant fraction is then iodinated by
the bhloramine T Method (M 7.2), dialysed exhaustively against
TKM puffer (M 3.,7.1.1) and subsequently immunoprecipitated
with Con A (10pg) and anti-Con A serum (200rl) (M 10,3.3(a)).

Labelled bands are visualised by fluorography (5 day exposure)

after SDS-polyacrylamide gel electrophoresis (M 8,2) of samples
cont%ining equal amounts of protein.
An identical experiment using the same protocol is

perflormed, except that addition of digitonin is omitted.

(a) Control experiment in the absence of digitonin

(b) Con A immunoprecipitate of supernatant fraction

after digitonin treatment (0.0lmg/mg protein).



(-)

(+)

()

48.000
40.000

T.D,

(b)
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5.6 Analysis of the material released by digitonin on

SDS~polyacrylamide gel electrophoresis.

On the basis of the previous experiment the extra-
mitochondrial carbohydrate containing material, is considered
to be glycoprotein in nature. In order to define this
macromolecular species more clearly, the supernatant fraction
released on digitonin treatment (0.0lmg/mg protein) is iodinated
and subsequently immune-precipitated'with Con A and anti-Con A

serum (M '10.3.3(a)).

On identification of the labelled bands by fluorography
after»SDS-gel electrophoresis, a doublet of approximate mol, wt.
48,000 and 40,000 is detected. In addition, 3 other bands
are observed: one of high mol. wt. approx. 80,000, another
in the 20,000 range and finally a low mol. wt, species. The
result is photographed in Fig. 5.4.; where (a) represents the
control experiment performed in the absence of digitonin and

(b) shows the position of the glycosylated polypeptides.

5.7 Discussion

The precise mechanism by which the digitonin interacts
with membranes is still unknown. However, it is clear that it
combines with free cholesterol, the 3P hydroxy group being
egsential to form a digitonide which leads to solubilisation
or disruption of the membrane (Schnaitman et al,, 1967)

Structure of Digitonin

w.CH

Xyl. -0
¥ Galz.GluQ
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The higher cholesterol béntent of the outer membrane,
as compared to the inner, has been used 4s a tool in the
selective removal of the former by digitonin, This method
provides an important means for preparing homogeneous right-
gside-out mitoplasts (Malviya, 1968), which are particularly
useful in the studies of the topography of inner membrane
profeins (Racker et al,, 1965). These results demonstrate
that it is possible to release approx. 50% of the titrated
glucosamine label in the soluble form at low levels of digitonin,
This is achieved without disruption of the outer membrane as
assayéd by cytochrome c¢ oxidase activity, using exogenous

cytochrome ¢ as substrate, (Wojteczak et al., 1972).

In addition to digitonin, we have also found that washing
the mitochondrial fraction in high ionic strength buffer
(0.12M-KC1, 20mM-MOPS, pH 7.2), causes release of extra-
mitochondrial carbohydrate, suggesting that the effect is not
specific to digitonin, Tris-phosphate buffer which causes
the mitochondria to swell has a similar effect, though additional

carbohydrate containing material is released in this case,

gince the outer membrane is disrupted to a large extent.

¥e have tried to correlate the release of this soluble
carbohydrate material with loss of specific "lectin receptorsm,
on the premise that the carbohydrate moieties present in
digitonin (xylose, galactose and glucose) act as competitive
haéten sugars, Recently, evidence has been presented that
plant mitochondria have lectin binding proteins which do not
appear to be Integral membrane components, and can be released

with the appropriate monosaccharides (Bowles et al., 1976),

However, attempts to release the "lectin receptors" with
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xylose and galactose have proved unsuccesgful, dismissing
this hypothesis for digitonin action on rat liver mitochondria.
It also indicates that the glycosylated material is bound to

the membrane by electrostatic and/or hydrophobic forces.

Release of 40-50% of the labelled carbohydrate by
trypsin confirms that the bulk of the material is exposed on
the external surface of mitochondria, Confirmation into the
nature of the maeromolecular [BH]—glucosamine containing
material released by KC1l and digitonin treatment is obtained
by ion exchange chromatography on a DEAE-cellulose column,
‘One ma jor peak elutes which coincides with protein rather than
hyaluronic acid or chondroitin sulphate (Stein et al,, 1975;
Kramer, 1971). On the basis of this experiment the extra-

mitochondrial material appears to be glycoprotein.

Attempts to specifically define the nature of the glyco-
protein material by Con A immunoprecipitation reveals a ma jor
doublet of mol, wt. 48,000 and 40,000 respectively. These
mol, wits. are identical with those reported for the hepatic
binding giycoprotein in rabbit liver plasma membrane, which
functions by removing serum asialoglyco:tproteins from the
circulation (Hudgin et al., 1974). More recently, the same
group of people (Pricer and Ashwell, 1976) have presented
evidence for a similar component in rat liver mitochondria
that binds to desialylated serum glycoproteins. The
cofrelation to the macromolecular species in our system is
strong. However, as regards our data in which we show that
the glycoprotein material is loosely associated with the

membrane, the studies of Pricer and Ashwell (1976) are
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questionable, as the existencé of a precursor pool of the
rabbit liver protein within the cell has been demonsirated
(Hudgin et al., 1974). In this context, it can be speculated
that the protein detected in mitochondria is not a genuine
component, but binds adventitiously to the organelle during

igsolation,

Thus, 1t appears that this extramitochondrial carbohydrate
material is bound to the membrane by both electirostatic and
hydfophobic‘interactions. Release of this material can be
achieved by both digitonin and ionic strength under controlled
conditions which do not destroy the integrity of the outer
membrane, to an extent which allows cytochrome ¢ to penetrate

to its binding site.

Hence, it seems 1likely that the effect of digitonin on
mitochondria i1s not related to its specific interaction with
cholesterol, an may be mimicked by KCL and other detergents

too0.



139

CHAPTER 6

The asymmetric distribution of proteins in the inner and

outer membranes of rat liver mitochondria,

6.1 Introduction

One of the most popular methods for identification of
proteins that are exposed on the outer surface of biological
membranes, involves co-valent modification utilizing radio-
active membrane impermeant probes, These studies are of
particular importance as, at a molecular level, membrane
function ultimately depends on the arrangement of these

components within the membrane.

Although the topography of membrane proteins in certain
cells has been well established, especially in the plasma
membrane of the red blood cell (Carraway, 1975), comparable
information for mitochondria is lacking, partly due to the
technical difficulties experienced in isolating organelles
with an intact outer membrane, This i1s particularly evident
when proteolytic enzymes are used to soften the tissue,. such
as in rat heart, where mitochondria have an excessively

damaged outer membrane (Wojtczak et al., 1972).

We have performed our studies on rat liver mitochondria
which have provided us with a most suitable system, mainly
because the organelles can be isclated with minimum dis-
ruption of the outer membrane (3-5% broken), an important
aspect overlooked by other workers (Huber and Morrison, 1973).
Secondly, the double membrane system of mitochondria allows
selective iodination of the individual membranes, as the

outer membrane limits the access of macromolecular reagents

such as lactoperoxidase (Morrison and Bayse, 1970). Specific
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ttagging® of inner membrane'proteins can be achieved by
employing the detergent digitonin, which allows removal of
the outer membrane to varying degrees (Schnaitman et al.,
1967), resulting in an intact mitoplast with the same
orientation as in mitochondria, The detergent has no
apparent effect on the integrity of the inner membrane which
can be monitored by checking for iodination of carbamyl
phosphate synthetase, a protein enclosed within the matrix
(Clarke; 1976a) whieh is easily detectable on SDS-polyacryl-

amide gels,

Thus, by lactoperoxidase-catalysed radio-iocdination of
exposed tyrosine or possibly histidine residues, we have
compared the surface labelling patterns of intact mitochondria
and mitoplasts, in which the outer membrane has been removed
to varying degrees. The evidence presented here suggests
that there are 4 classes of proteins, One of these consists
of polypeptides that are exposed on the outer mitochondrial
surface, A second class consists of proteins which appear
only wﬁén approx, 50% of the outer membrane is released, and
thus appear to be located in the Iinter-membrane space, or on
the inner side of the outer membrane, A third class comprises
of proteins exposed on the inner membrane, which become
increasingly more prominent as the outer membrane is removed,.
Finally, the last class is representative of proteins which
appear to traverse the outer membrane, as well as being

labelled on the outer surface of the inner membrane,
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6.2 Preliminary investigations of the surface labelled

polypeptides in mitochondria and mitoplasts by SDS-.

polyacrylamide gel electrophoresis,.

Early attempts to resolve the proteins which are exposed
on the outer surface of mitochondrial membranes, employed
SDS-gel elecirophoresis of solubllised polypeptides according

to the method of Fairbanks et al, . (1971).

Intact mitochondria and mitoplasts (digitonin/protein
ratio: 0.01, 0.11, 0.20) are iodinated by the lactoperoxidase
method and denatured in SDS prior to separation on 5.6% (w/v)
gels, Radioactive bands are subsequently detected by gel
glicing and counting,. The data is expressed in Fig. 6.1,
Surface labelling of intact mitcochondria reveals at least 9
components of apparent mol. wt, 82,000, 74,000, 59,000,
45,000, 28,000, 25,000, 21,000, 15,000 and 9,000 as assessed
by co-electrophoresing mol, wi., standards, indicating a
heterogenow population of accessible species on the surface
of the organelle,. When mitochondria have 50% and 90% qfh
their éﬁter membrane removed, corresponding to & digitonin/
protein ratio of 0.11 and 0,18 respectively, there 1s a marked
reduction of incorporated label into all these species, At
the same time one new species appears, a major component of
apparent mol, wt, 32,000, presumably located on the outer
surface of the inner membrane. Treatment of mitochondria
with a very low concentration of digitonin (0,0Olmg/mg protein)
reveals no difference in the iodinated profile as compared
to intact mitochondria (data not shown), This suggests
that none of the major polypeptides are removed at this

concentration of detergent.



| Figl 6.1.

SPS-polyacrylamide gel anaiysis of [F297) -

|
| labelled proteins on the external surface

| mitochondrial outer and inner membranes

% Rat liver mitochondria are isolated as described in
(M 4.1) after injecting the rat with 3-amino-1l, 2,4-triazole
(lmé/g body wt.) 1lh before sacrifice. Mitochondria are
res@spended to a final protein concentration of 20mg/ml

in ﬂodinatidh buffer (M 3.6.1.1).

i Lactoperoxidase-catalysed iodination (M 7.1) are carried
outisimultaneously, on intaect rat liver mitochondria (@® ) or
mit%chondria treated with 0.1lmg of digitonin (0 ) or 0.18mg

|
of iigitonin/mg of protein ( &) subfractionated as desgeribed
in cM 4.3.2). 8DS-polyacrylamide gel analysis (5.6% w/v)
is Jarried out by the method described in (M 8.1) after
samﬁles containing equal amounts of radiocactivity are applied
to ﬁhe gels. &

i The gels are sliced and counted in a Beckmann Biogamnma
cougter (M 8,5,1) after equilibration as described in (M 3.5.1.4)
Moli wits. are estimated by co-electrophoresing standard protein

i
mixﬂures as in (M 8.5.5).

|
i
i
|
!
i
|
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' Fig. 6.2,

wh””m"umew“«“tlg5muhwuwW“m“rwmuMﬂM“m-"w.ﬁmmw.““
Comparison of TJ~1labelling patterns on the

external surface of intact mitochondria and

mitoplasts prepared by digitonin fractionation

A female rat is injected with 3-amino-1, 2,4-triazole
(lmg/g body wt.) 1lh prior to sacrifice. Mitochondria are
isohated as in (M 4.1) aﬁd resuspended in iodination buffer
(M ?.6.1.1). Aliquots of the mitochondrial fraction are
tre%ted with 0.1lmg of digitonin or 0.20mg of digitonin/mg

of protein as described in (M 4.3.2).

| Intact mitochondria (a) or mitochondria where the outer
mem@rane is partially (b) or almost wholly removed (c) are
iodﬁnated by the lactoperoxidase method (M 7.1).‘ SDS-
pol&acrylamide gel (10% (w/v))analysis is carried out as in
(M @.2) after application of samples containing equal amounts
of ?adioactivity (100,000¢pm) . Gels are processed for
fluorography (M 8.5.2) and exposed for 4 days. Mol, wts.
are estimated by co-electirophoresing standard protein

mix&ures (M 8.5.5).
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(b)

(c)

53,000

32,000

T.D,
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6.3 SDS-polyacrylamide gel electrophoresis of labelled

polypeptides in mitochondria and mitoplasts.

In this experiment, we demonstrate the improved resolution
and sensitivity of the autoradiographic/fluorcgraphic method
for detection of labelled polypeptides as compared to the gel

slicing technique,

Labelled mitochondria and mitoplasts (digitonin/protein
ratio: 0.11, 0.20) are electrophoresed on 10% (w/v) SDS slab
gels, according to the method of Laemmli (1970). The result
is photographed in Fig, 6.2. Detection of the labelled
bands by autoradiography reveals at least 9 components in
intaet mitochondria of mol, wt, similar to that described in
section 6,2, In mitoplasts, where 50% of the outer membrane
has been removed, the 32,000 mol, wt. component is clearly
visible. In addition, removal of 90% of the outer membrane

reveals labelling of a minor species of mol. wt. 53,000,

6.4 Agssessment of mitoplasts prepared by various methods

In the previdus experiments, exposed proteins in
mitochondria and mitoplasts are icdinated by use of the
membrane impermeant probe, lactoperoxidase, The pattern of
labelled polypeptides in both cases is. very similar, although
there is a reduction in the amount of label incorporated into
the exposed polypepitides in mitoplasts. It 1is possible that
the similarity of the iodinated profiles of mitoplasts and
mitochondria is due to incomplete removal of the outer membrane
in mitoplasts, We have further investigated this by employing
a varlety of methods to prepare mitoplasts from mitochondria

that have been washed in KC1l containing buffer, which removes



| Table 6.1

. Agssessment of mitoplasts prepared by various

; methods,

Rat liver mitochondria are isolated from a single
female rat as described in (M 4.1). The mitochondria are
further washed in 0,12M-KC1, 20mM-MOPS, pH 7.2 and

resuspended in the same buffer to 20mg of protein/ml,

Aliquots of the mitochondrial suspension (1ml)
are the% incubated . in 1.5ml of the wvarious buffers listed
in Table 6.1 for 15 min at 4°C. The mitochondria are

pelleted by centrifugation at 6,800g for 10 min and
! 3

resuspehded in 1ml of the KCl buffer, The mitochondrial
fractions (0.1ml) are then monited for breakage of the
outer membrane by assessing cytochrome ¢ oxidase activity
(M 5.2 (b)).

i
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Table 6.1

Preparation of

mitoplasts

cytochrome ¢ oxidase
n mol Oz/min/mg protein
+ DOC

% breakage

- DOC  0.3% (w/v)

0.12M-KC1l, 20mM-MOPS,

pH 7.2 19.0 557, 4 3.4
0.12M-KC1l, 20mM-MOPS,
pH 7.2, 0.22mg digitonin/
mg protein. 429.,2 557 .4 77.0
10mM-Tris-phosphate,

pH 7.2 403.5 620,76 65.0
10mM-Tris -phosphate,
pH 7.2, 1.,8M-sucrose, 2mM
MgSO4f 0.22mg digitonin/ -
mg protein 658.1 685.,5 96.0
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any loosely-bound material ‘from the external surface (see
section 5.3). Cytochrome ¢ oxidase activity is simultane-
ously assessed so as to determine the breakage of the outer

membrane,

The data in Table 6,1 which monitors the breakage of the
outer membrane shows that the best method for removing the
outer mitochondrial membrane is by swelling in Tris-phosphate
and shrinking in the presence of ATP and Mg2+ followed by
digitonin‘treatment. In this case the % breakage is estimated
at 96,0, If the swelling and shrinking step is omitted,
mitoéhondria are only 77.0% broken, suggesting that a
significant amount of outer membrane is still asgociated with
the mitoplast,. The monoamine oxidase activity (M 5.1(b))
remaining in the mitochondrial pellet after Tris-phosphate,
ATP and digitonin treatment is approx. 3.0%, indicating a

minimal contamination of the outer membrane,

6.5 SDS-polyacrylamide gel elecirophoresis of iodinated

‘mitochondria and mitoplasts.,

Autoradiographic visualisation of labelled polypeptides,

.In this experiment we have employed the refined methodology
developed for preparing mitoplasts, together with the more
sensitive fluorographic procedure for detecting labelled bands,
in an attempt to obtain a comprehensive piciure of the

topography of proteins in mitochondrial membranes.

Mitochondria and mitoplasts are iodinated using lacto-
peroxidase as catalyst, and solubilised polypeptides separated

on SDS-polyacrylamide slab gels prior to visualisation of the

labelled bands by fluorography. The result is photographed



Fig. 6.3a.

SDS-polyacrylamide slab gel analysis of

surface iodinated proteins on the external

surface of rat liver mitochondria and

| . mitoplasits.
[

; A female rat is injected with 3-amino-1,2,4-triazole
(lmé/g body wt.) 1h prior to sacerifice. Mitochondria are
the% isolated as usual (M 4.1), and resuspended in 0,l2mM-
KCﬁ, 20mM-MOPS, pH 7.2. An aliguot of the mitochondrial
suépension (20mg) is swollen in Tris-phosphate (M 3.1.2) and
shiunk in the presence of ATP and Mg2+ (M 3.1.3) as described

inE(M 4.3.1) prior to centrifugation at 6,800g for 10 min.

? Lactoperoxidase-catalysed iodinations are carried out
si@ultaneously on intact rat liver mitochondria (2a) or swollen
ané shrunk mitochondria treated with 0,10mg of digitonin (D)
orgo.ZOmg of digitonin/mg of protein (ec) (M 4.3.2). Samples
ar% maintained in high salt buffer (M 3.12.3) throughout the

procedure before washing (x4) in the same buffer containing

1mM-KT.

I
|
|

SDS-polyacrylamide gel electrophoresis is carried out on

sl?b gels (M 8.2) after application of solubilised samples
(mj8.4.1) each containing 300,000cpmn. Gels are processed
fér fluorography (M 8.5.2) and labelled polypeptides
vﬂsualised after a 3 day exposure, Mol, wts., are estimated

I
by co-electrophoresing standard proteins mixtures as described

in (M 8.5.5).
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in Fig. 6.3(a) and (b) aftef-a 3 day and 1 day exposure
respectively, The data summarised in Table 6.2, shows

that 7 polypeptides are exposed at the exterior surface of

the outer membrane because they are icdinated by the membrane
impermeable labelling system in intact mitochondrial : 1, 2,

3, 4, 5, 6 and 7, The mol, wts. of these designated bands
are.: 83,000, 49,000, 28,000, 26,000, 23,000, 15,000 and
11,000 respectively. In mitoplasts, where 97% of the outer
membrané is removed, 8 species are labelled, Apart from bands
1 and 5, the remaining bands appear to be inner membrane
components : la, 1lb, 2b, 5a, 6ba and 6b, and are assigned mol,
wts. of 82,000, 74,000, 31,000, 22,000, 19,000 and 16,500
respectively, Polypeptides 1b, 2b and 5a are also labelled
in intact mitochondria where one might have expected that the
outer membrane would prevent access of the lactoperoxidase
catalyst, However, since the amount of label in these
components is small, and increases between 4-7 fold with
inereasing amounts of digitonin, it is possible that they
represent inner membrane proteins, which become labelleh—in.
mitochondria that have a dlsrupted outer membrane, Similarly,
band 1d which is thought to be located on the inside of the
inner membrane, becomes labelled in mitoplasts, possibly due

to disruption of the inner membrane (see Chapter 8), If the
outer membrane has only been partially removed (50%), bands

lec, 2a and éc¢ (mol, wt, 62,000, 43,000 and 14,000 respectively)
become exposed, suggesting that the polypeptides are located

on the inside of the outer membrane,
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Fig. 6.3k

SDS~polyacrylamide slab gel analysis

_of surface iodinated proteins on the

external surface of rat liver mitochondria

and mitoplasts

'An identical procedure to that described in Legend 6.3(a)

is féllowed, except that labelled polypeptides are visualised

aftef a 24h exposure,

1

i
|
|
|
|
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A comparative densitometric scan of the individual
sample tracks, together with peak integration values for
the labelled bands allowed us to assign the detected poly-
peptides to one of 4 categories, Referring back to the Qata
in Table 6.2, bands 1 and 5 appear to traverse the outer
membrane as well as being labelled equally in mitoplasts and
aré included in category 4. Bands 2, 3, 4 and 7 are

exclusive outer membrane components and assigned to category 1.

Siﬁilarly, bands la, 1b, 2b, 5a, 6a and 6b appear to be
inner membrane components belonging to category 3. In
catééory 2 are components that become labelled only when the
outer membrane is partially removed, suggesting a possible

inter-membrane location for bands le¢, 2a and 6e¢c,

6.6 Polyacrylamide gel electrophoresis of [1251]-

lactoperoxidase, -

One of the problems experienced with lactoperoxidase
catalysed iodination is its ability of "self-iodination®
(David and Reisfeld, 1974). It is probable that one of the
high mol, wt., bands identified as being a mitochondrial
polypeptide corresponds to the autolabelled enzyme, This

experiment is performed to clarify the situation.

Lactoperoxidase is "self-1odinated" by excluding
mitochondria in the iodination mixture until the washing

[125I]—lactoperoxidase,

stage (see Materials and Methods M7.1 ).
electrostatically bound to mitochondria,is then co-electro-
phoresed with labelled mitoplasts so as to identify the banding

position of the enzyme, On visuvalisation of the labelled



Table 6.2.

Summary of infermation derivea From LL207)

surface labelling studies of rat liver

mitochondria and mitoplasts by digitonin

|

|

i

I

| fractionation,.
| .

I

i The information obtained from Fig. 6.3a and 6.3b is
sum@arised iﬁ this Table. . The ma jor proteins-detectable
on %he surface of intact rat liver mitochondria are asgsigned
numéers (1-7) in order of decreasing mol., wt. 'CompOneﬁts:
whi%h are allocated a letter of the alphdbet in addition %o
the?numeral denote species in the appropriate moi.‘wt.‘

range that only become labelled as the outer membrane is
g . -

removed.

! A densitometric scan (Joyce Loebl Chromoscan, Mark II,

Gat%shead, Northumberland) of the fluorographs has allow_ed:
us ﬁo quantitate the degree ofwiabelling ofmih&iQidual
components in mitochondria and mitoplasts (integration
val&es). These have been employed to assién the bagds-i
inté a category (1l-4) suggesting a location for theée

species,
|
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Fig. 6.4.

Identification of auto-labelled lacto-

by SDS-polyacrylamide gel electrophoresis.

{ peroxidase bound to rat liver mitochondria
|
|
|

l Rat liver mitoplasts are prepared and iodinated as
des%ribed in Legend 6.2, Lactoperoxidase is auto-labelled
| | ;
by Folldwing the identical procedure to that described in

the;legend except for the omission of mitoplasts (200-400pg)

whiéh are added after completion of iodination, The samples

are then treated in the usual manner.

i
i

Labelled mitoplasts (a) and lactoperoxidase-bound

mitoplasts (b) are denatured in SDS and 2-mercaptoethanol

(M 8.4.1) and solubilised samples containing equal counts

(180,000cpm) are electrophoresed as in (M 8.2). Gels are
pro?essed for fluorography (M 8.5.2) and labelled bands

det?cted after a 9h exposure,
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bands, lactoperoxidase appeérs to coinecide with band 1
(Fig. 6.4). However, later on in the discussion we
suggest why we consider band 1 to be a mitochondrial poly-

peptide rather than autolabelled lactoperoxidase,

6.7 Total labelling of mitochondrial proteins

In order to check the validity of lactoperoxidase as a
membrane impermeént labelling reagent, a comparative labelling

‘experiment using Bolton-Hunter reagent is performed,

- Bolton-Hunter reagent offers the additional advantage
of labelling all amino groups, as revealed by the much larger
heterogeneous population of labelled species, including
carbamyl phosphate synthetase, the matrix component. Fig, 6.5,
(a) and (b) compare a Coomassie Brilliant Blue G-250 stain of
mitochondrial polypeptides and the subsequent autoradiograph
of the components labelled with the reagent, The result
shows that most of the proteins visible by Coomasslie blue
staining, are also labelled with Bolton-Hunter reagent,,

indicating the membrane permeadbility of the reagent,

6.8 ~ Discussion

In assessing the validity of surface labelling studies,
two important criteria must always be considered : the extent
of disruption of the preparation during the labelling procedure,
and the "sidedness" of the inner membrane vesicles prepared

by digitonin fractionation of mitochondria,

¥e have carefully quantitated the integriiy of the outer

mitochondrial membrane by measuring the latency of cytochrome c



Fig., 6.7,

Iodination of intact rat liver mitochondria

I -
with N-succinimidyl 34~hydrory, s [271l -

iodophenyl propionate (Bolton Hunter reagent).

Rat liver mitochondria are isolated (M 4.1) and finally
res#spended in 0.2M-mannitol, 0,15M-sucrose, 1OmM-Borate,

pH é.O. An éliquot (200pg) is iodinated with 200pCi of
Bol%on Hunter reagent as described in (M 7.3) and the

sample washed (x4) in iodination buffer containing 1mM-KI

(M 3.6.1.1).

!
The iodinated mitochondria are denatured in SDS (M 4.1)

andéan aligquot of the sample containing 1 x 106 cpm is

ele@trophoresed on a 10% (w/v) acrylamide slab gel as

deﬁcribed in (M 8.2), The gel is stained with Coomassie

Brﬂlliant Blue to visualise the polypeptides (M 3.5.1),

préor to drying on to 3mM Whatman paper. Labelled bands

ar% detected by autoradiography after a 5h exposure (M 8.5.3).

Moﬂ. wt. standards proteins are co-electrophoresed as described
inE(M 8.5.5).

(a) Coomassie Blue stain

(b) mol., wt. standards (RNA polymerase and
cytochrome c)

(¢) Autoradiograph corresponding to (a)
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oxidase, an inner membrane protein complex, using exogemnous
cytochrome ¢ as substrate, A1l labelling studies are
subsequently performed on the Ml mitochondrial fraction,
rather than on the purified organelles (PMl)’ as in the first
case the outer membrane is damaged between 3-5%, as compared
to 10-15% after sucrose gradient purification, In mito-
plasts disruption of the inner membrane is monitored by
measuring the label incorporated into a protein tﬁat appears
to be totally contained within the inner membrane, carbamyl
pﬁosphaté‘synthetase. This accounts for 15-20% of the total
mitochondrial protein and migrates with a mol. wt. of 165,000
on dodecyl sulphate gel electrophoresis (Clarke, 1976a),

Both these controls are extremely important, because 1t is
necessary to assign a component to its correct location, and
complications can arise 1if the membranes-are excessively
disrupted, and leaky to the membrane impermeant probes,
Further, digitonin prepared mitoplasts may not be uniformly

sealed or RSO (Astle and Cooper, 1974).

The experimental conditions used in these studies are
adjusted so that asymmetric labelling occurs, based on the
fact that the outer mitochondrial membrane is reported to be
impefmeable to solutes of mol, wt. greater than 4,000 (Pfaff
et al,, 1968). By this criterion lactoperoxidase (mol, wt,
80,000) should not permeate the membrane, and consequently
thé proteins iodinated limited to those exposed on the
external surface, The lack of label in carbamyl phosphate
synthetase Jjustifies this assumption. However, component 1d
is labelled to a small extent, possibly in a population of

disrupted mitoplasts (see Chapter 8). The enzymatic method
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for the radio-icdination of.proteins has been found to

minimise damage to labelled proteins maintaining their
structural integrity, (Miyaechi and Chrambach, 1972) resulting

in preparations with a high retention of immunol@gical and other

biological activities,

In our iodination exberiments we have always injected
the rat with 3-amino-1,2,4-triazole 1lh prior to sacrifice
(Price et al,, 1962). Mitochondria that are subsequently
isolated have greatly reduced levels of catalase which competes
for hydrogen peroxide, the substrate of lactoperoxidase,
In tﬁis manner, we have obtained proteins that have high
specific radioactivity. The use of bu%ylated hydroxy
toluene in the lodination mixture which is thought {to prevent
lipid peroxidation and subsequent membrane damage (Welton
and Aust, 1972) has no special protective effect, hence we

have omitted its further use in this study.

The data obtained from our surface labelling studies
suggest that mitochondrial polypeptides can be divided into-
4 classes, Bands designated 2, 3, 4, 6 and 7 appear to be
exclusively located on the external surface of the outer
membrane, Other proteins such as bands 1b and 2a only
become labelled when the outer membrane is partially removed,
suggesting that they are located on the inner surface of the
outer membrane or possibly in the inter-membrane space.
Bénds la, 2b and 6a appear to be assoclated with the inner
membrane because they are labelled in mitoplasts where 97%
of the outer membrane is removed (0.20mg/mg of protein),

These polypeptides are also labelled in mitoplasts where the
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outer membrane is partially femoved as well as in intact
mitochondria (la, 2b), However, since the amount of label

in these conmponents is small and increases with lncreasing amount
of digitonin the possibility existes that these proteins are not
exposed to the exterior surface of the mitochondria, Their
labelling arises due to the exposure of these proteing in

a émall population of disrupted organelles. The maximum

label incorporated into inner membrane components (la, 2b) on
removal'of the outer membrane is only 3-7-fold more, rather
than the expected 20-fo0ld, This indicates that the outer
mitochondrial membrane may be exposed to further damage during
the iodination procedure, Alternatively, labelling of

these species could be due to the participation in the

reaction of free activated iodide, such as I, or ICl, rather

2
than a membrane impermeable lactoperoxidase tyrosine-iodide

complex (Morrison and Bayse, 1970},

In a fourth category we have designated, belong
polypeptides that appear equally labelled in both the outer_
and inner membranes and include bands 1 and 5. Three& )
explanations could account for this; these polypeptides
may represent single molecules which traverse both membranes.
Second, two polypeptides of similar mol. wt. could be
present on both the inner and outer membrane or, thirgd,
it could be due to the presence of contact points that are
present between the inner and outer membrane (Hackenbrock,
1968a). If this is the case, then it would be impossible
to prepare outer membrane free mitoplasts. The latter
point has also been considered by Huber and Morrison (1973)

as an explanation for the distinct similarity in labelling
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patterns of the extermal surfaces of the inner and outer

mitochondrial membranes,

A ma jor limitation of the lactoperoxidase iodination
method is the problem of accessible tyrosines, these being
the amino residues into which the iodine atom is inserted,.
Therefore, proteins with no accessible tyrosine residues
escape substitution. In this regard, we have assumed
that if a protein is not labelled on a particular membrane
face it is due to its absence, rather than lack of

appropriate amino residues,

We have also attempted to see if any of the labelled
bands correspond to autolabelled lactoperoxidase, On co-

[12511 lactoperoxidase with solubilised

electrophoresis of
mitoplasts (Fig. 6.4) it appears that thé enzyme may correspond
to band 1. However, the fact that WGA specifically binds

to band 1 in the absence of lactoperoxidase, argues against

this possibility (see Chapter 7).

Atso,in later experiments mitochondria are always -
washed in ilonic strength buffer after ilodination; this
coul@ aid removal of adventitiously bound lactoperoxidase,
A corollary of these findings is the appearance of lacto-
peroxidase as a single band, This indicates there is no
proteolytic degradation of the sample during the time
coﬁrse for iodination and all the bands correspond to

genuine components.

Other authors have also used lactoperoxidase to study
the location of mitochondrial polypeptides (Huber and

Morrison, 1973). However no attempt has been made to



159

correlate the autolabelled eﬁzyme with a specific band on
acrylamide gels, Furthermore, although small amounts of
the intermembrane marker enzyme, adenylate kinase are
released iﬁ their preparations of mitochondria, they did
not consider that the breakage of the outer membrane in a
small population of mitochondria would result in the

labelling of inner membrane proteins,

These results are in broad agreement with these of
Clarke kl976b) who has reported at least 6 components that
are exposed at the exterior surface of the inner membrane,
as ﬁéll as being labelled in intact mitochondria, but to
a legser extent, The author however has failed to
guantitate the extent of disruption of the outer mitochondrial

membrane,

It is known that several components of the respiratory
chain are exposed on the cy%oPlasmic surface of the inner
membrane and it may be possible to correlate these with
labelled polypeptides identified in this study. However,
before a definite function can be assigned to a component it
is necessary to have some criteria with which it can bDe
specifically associated, e.g. atractyloside is a competitive
inhibitor of the adenine nucleotide translocator and thus
allows its identification by specifically binding to the
translocase, By this criterion Boxer et al, (1977) have
identified the 29,000 mol, wt, protein in beef heart mito-
chondria as the adenine nucleotidase transporter, In their
system, this protein appears to be the ma jor labelled

component on the inner membrane and constitutes 10% of the
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total membrane protein, It correlates very strongly with
component 2b in our study which is the ma jor labelled

gspecies on the cytoplasmic surface of the inner membrane,
Also, Coty and Pederson (1975) have identified 5 components
of phosphate transport in rat liver mitochondria, Two of
these correspond in mol. wi. to components identified here

of mol. wt. 53,000 and 32,000 on the inner mitochondrial
surface, However, ldentification and functional correlation
of these proteins is an area of much potential and requires

further study.
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CHAPTER 7

Investigation of mitochondrial glycoproteins by use of

lectins.

7.1 Introduction

In the previous chapter we have identified ithe ma jor
protein components that are exposed on the external surfaces
of the outer and inner mitochondrial membranes, In this
Chapter we attempt to distinguish between the glycosylated,
and non-glycosylated components exposed on the external
membrane surfaces by using the technique of lectin immuno-
precipitation, in conjunction with lactoperoxidase~catalysed

surface iodination of mitochondria and mitoplasts.

The study of cell surface glycoproteins has been consid-
erably facilitated by the use of lectins, which have carbohydrate
binding sites displaying a variety of specificities for
individual monosaccharides. These interactions can be easily
reversed by using appropriate sugars as haptenic inhibitors
(for review, see Lis and Sharon, 1973). It is these
properties of lectins that have been exploited for identification

and characterisation of the different surface receptors,.

7.2 Applications of lectins to Membrane Biochemisiry

1. Direct agglutination and binding studies

Lectins are cell-agglutinating and sugar specific
proteins which are useful tools for studying poly-
saccharides, glycoproteins, and the presemnce of
carbohydrate on cell surfaces, For the formation of

precipitates with complementary molecules or for the
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agglutination of cells, a lectin must possess at

least 2 binding sites. Many lectins agglutinate the
erythrocytes of all human blood groups, indicating
that they bind to saccharide receptors which are
present on the surface of the red blood cell, e.g.

WGA binding indicates the presence of GlcNAce on the
cell surface, By using radio-iodinated lectins, we
have exploited this property of lectins to demonsirate
the.presenee of carbohydrate located externally on the

outer and inner mitochondrial membranes. .

Affinity chromatography.

This method employs lectins covalently bound to
Sepharose 4B to isolate lectin receptor proteins from
solubilised extracts, In the past, isolation of
binding recepitors has been impeded by the insolubility of
membrane proteins in orthodox biochemical solvents,
while more drastic solubilisation procedures desiroy the

biochemical activity.

However, glycoproteins specifically associated with
the membrane can be solubilised by treatment in 1%
(w/v) DOC (Allan and Crumpton, 1971), or non-ionic
detergents (Lotan et al., 1977) without loss of lectin
binding activity. The lectin binding proteins may be
subsequently isolated on a column of Con A-Sepharose,

as we have done for mitochondria,

We have further exploited the idea to isolate
homogeneous populations of ISO vesicles from a mixed

vesicle population of the inner membrane, This is
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based on the premise that the carbohydrate on
mitochondria is asymmetrically distributed on the
membranes, Thus, using lectins as an external

ligand for accessible carbohydrate, we have selectively

purified ISO vesicles (Walsh et al,, 1976).

Immune-precipitation

This approach begins with the solubilisation of
lectin receptors from radio-labelled membrane by an
ibnic or non-ionic detergent,. The solubilised membrane
components are then allowed to react with a specifiec
lectin, and the lectin-glycoprotein complex precipitated
by an antibody directed against the lectin, The
precipitates are then analysed by SDS-polyacrylamide gel
electrophoresis (Juliano and Li, 1976; Henkart and

Fisher, 1975)

Using this technique we have attempted to identify
the different surface receptors for Con A and WGA in

mitochondria and mitoplasts,

Lectin Overlays.

This procedure is particularly useful as it allows
rapid analysis of several samples simultaneously,
and has been employed by several groups e.g. Tanner
and Anstee (1976) who have identified the lectin

binding receptors in the human erythrocyte membrane,

This technique for identifying glycoprotein
components of membranes involves running the sample

under denaturing and reducing conditions on SDS-
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polyacrylamide gels, After fixation, the gel is
incubated with radio-iodinated lectin and bands +o
which the lectin is bound can be visualised and

compared by autoradiography.

We have adopted the method +to identify the total
lectin binding complement in mitochondrial membranes

using |*2°1]-Con A ana wcA.

7.3 Lectin agglutination and binding studies to rat liver

nitochondria and mitoplasts.

The presence of carhohydrate on the mitochondrial
membranes has been demonstrated by several groups of workers
(Glew et al,, 1973; Henning and Uhlenbruck, 1973). In
earlier data, we have shown that approx. 50% of the total
glycoprotein complement is only loosely-associated with the
organelle, and can be released under controlled conditions
which do not disrupt the integrity of the outer membrane,
These experiments are performed to investigate if any carbo-.
hydraté_remains exposed on the extermnal surfaces of mitoch-

ondrial membranes after treatments which remove these extrinsic

proteins,

(a) Agglutination studies on mitochondria pre-treated with

KCl1 or digitonin.

Isolated mitochondria are resuspended in MS-MOPS and
aliquots of the suspension incubated in ionic strengih buffer
or MS-MOPS buffer containing digitonin as described in Fig., 7.1.
The mitochondria/mitoplast fractions are then treated with

increasing gquantities of WGA. After low speed centrifugation



Fig., 7.1,

Agglutination by WGA of rat liver mitochondria

|
| and mitoplasts pretreated with KC1 or digitonin

Mitochondria are isolated from the livers of 2 female
raté and finally resuspended in 4ml of MS-MOPS, pH 7.2

(M 5.8.1).' Aliquots of the mitochondrial suspension (20mg
protein) are washed twice in one of the buffers listed
belfw by centrifugation at 6,800g for 20 min and finally

reshspended in 1ml of MS-MOPS, pH 7.2,

(i) MS-MOPS, pH 7.2 (M 3.8.1) (e)
(ii) 0.12M-KC1l, 20mM-MOPS, pH 7.2 (A )
(1ii) MS-MOPS, pH 7.2 containing 0.0lmg of
| digitonin/mg protein ( 0)
(iv) MS-MOPS, pH 7.2 containing 0.22mg of digitonin/
mg protein after the mitochondria have been

swollen and shrunk as described in (M 4.3.2) (=)
f Samples o6f the mitochondrial fraction containing 0.3mg

ofﬁprotein are then treated with inereasing quantities of

!

WGA by incubation at 2500 for 20 min. The agglutinated
mitochondria.are centrifuged at 600g for 10 min and the
suﬁernatant fractions assayed for residual cytochrome ¢

oxidase activity (M 5.2(b)),

The top curve (labelled in the fig.) represents a control

ex%eriment performed in the presence of 0,2M-GlcNAc,

{
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of the agglutinated mitochondria/mitoplasts, the supernatant
fractions are assayed for cytochrome c¢ oxidase activity,.
The data in Fig. 7.1l. shows the percentage of enzymic activity

remaining in the supernatant fractions after lectin treatment,.

The result suggests that despite treatment of mitochondria
with ionic strength or low levels of digitonin which remove
approx. 50% of the total carbohydrate, the organelles did not
display‘any reduction in agglutinability with WGA. Similarly,
when mitochondria are depleted partially or wholly of their
outer membrane by digitonin fractionation, the resulting
organélles are equally susceptible to agglutination. Thus,
it can unequivocally be concluded that both +the outer and
inner mitochondrial membranes contain accessible carbohydrate
on their external surfaces which is susceptible to direct

agglutination by WGA.

The presence of approx. 90% of the total cytochrome c
oxidase activity in the presence of GleNAc shows that the complex
formed between lectin and saccharide residues is specific.and
can be prevented in the presence of the appropriate competitive
monosaccharide,

(b) Binding studies on mitochondria and mitoplasts.
[125

IJ-WGA binding studies are performed on mitochondria
and mitoplasts washed in ionic strength buffer prior to
digitonin fractionation as described in Fig. 7.2. The results
show that the number of binding sites for WGA in mitochondria
treated with the two digitonin concentrations (0.01, 0.22mg
digitonin/mg protein) is almost double that present in intact

mitochondria, Inhibition of the binding to the lectin



Fig., 7.2,

Binding s "t“ii‘ii"i"é’s"“’5'%:""[&2'5“1”]" - WGA to exposed

|
i
! o
|

lectin blndlng réceptors in rat liver

mitochondria and mltoplasts

f Mitochbndria are isolated from thé—liver of a single
rat 'as described in (M 4.1), and resuspendé@nin 0.12M-XC1,

20mM-MOPS,. pH 7 ‘2,

[125I] WGA (M 7. 2(b)) blndlng studles are carried out

81mdltaneously in siliconised eppendorf tubes on intact rat
liver mitochondria (® ) or mitochondria treated with 0.0lmg
of dlgltonln (0 ) or swollen and shrunk mitochondria treated
w1th 0.22mg of digitonin/mg protein ( &) as described. in

(M 4 3.2). Samplé; are maintained in 0. 12M-KCl 20mM-MOPS
pH 7 2 throughout +the procedure before washlng (x4) in the
samg buffer containing 1mM-KI. A control experiment (w)
in ﬁhich 0.1M-GlcNAc is presentfdﬁfiné £He lectin incubation
andiwashing sﬁéées is also performed. Mitochondrial
pellets are measured for radicactivity in a Beckmann
Biogamma counter, Another control experiment adopting the
ide;tical procedure is also performed, except that addition of

the‘mitochondrial sample is omitted. The empty, washed tubes

: 125 . ,
arel counted for residual [ I]-activ1ty bound to the‘tube(A.L
!
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receptors is carried out by including 0.1M-GleNAc in the assay.

The data suggests that treatment with low concentrations
of digitonin in some manner either exposes a further pop-
ulation of cryptic lectin receptors, or alters the membrane
topography such that the number of available binding sites
in the intact organelle increases. Similarly, the increased
number of binding sites in the inner membrane may be explained
by assuming an equal density distribution of glycoproteins
between.the two membranes, Consequently, the inner membrane
which has a much larger surface area owing to its intense

invaginations could also contain more lectin binding receptors.

7.4 SDS-polyacrylamide gel electrophoresis of iodinated

mitochondria and mitoplasts

Qur previous data havw established the presence of carbo-
hydrate on both mitochondrial membranes, In these experiments
we attempt to see if the detectable carbohydrate can be

correlated with any of the major surface accessible proteins.

-

Labelled mitochondria and mitoplasts that are prepared
by digitonin fractionation in which the swelling step is
omitted are electrophoresed on slab gels and bands visualised
by f£luorography. As this experiment was performed before
we refined the methodology for preparation of mitoplasts,
about 10-15% of the outer membrane probably still remains
aésociated with the mitoplast. Consequently, this result
is slightly different to that described in Section 6.,5.
However, on correlation of the bands one new component is

evident, 4%, apparent predominantly in mitoplasts, -~
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The results photographed in Fig. 7.3. suggest that
bands 1, 2, 3, 4, 4%, 5, 6 and 7 are exposed on the exterior
surface of mitochondria because they are labelled in a
lactoperoxidase impermeable system, A new component
designated band 8 appears in both mitochondria and mitoplasts,
and probably represents labelled phospholipid or doliochol
phoéphate intermediates, The labelling of bands 1b, 2a and
2b, inner membrane components, 1is thoﬁght to occur in a
population of mitochondria with disrupted outer membranes,
In mitoplasts, the labelling pattern is similar to previously
descfibed, (Bands 1, la, 1b, le, 2a, 2b, 5, 5a, 6a, 6b) except
for the appearance of 4% and another minor component, 7a.
These may represent genuine extrinsic membrane components
which are easily extracted when mitochondria are washed in

KC1l or swollen in Tris-phosphate,

The result from this experiment serves as a control for
the subsequent immunoprecipitation experiments which are

performed simultaneously on the same samples,

7.5 Identification of lectin binding receptors in intact

surface labelled mitochondria and mitoplasts.

In the previous experiment we have demonstrated the ma jor
surface iodinated components accessible on the outer and inner
membranes of mitochondria, By use of the immunoprecipitation
téchnique we show which of the ma jor surface proteins are

glycosylated.
(a) Con A
Labelled mitochondria and mitoplasts are immune-

precipitated as described in the Methods (M 10.3.3a). On



Fig. 7.3 -

Detection of surface labelled components

in rat liver mitochondria and mitoplasts

on analysis by SDS-polyacrylamide gel

| electrophoresis.

i

| ,
' Rat liver mitochondria (a) and mitoplasts (b) in which

thé outer membrane is removed are prepared as described in

Leéend 6.2,

I

| Solubilised samples (M 8.4.1) containing 180,000cpm
aré applied to 10% (w/v) acrylamide slab gels and

T
electrophoresed (M 8.2), prior to detecting the labelled

baLds by fluorography after a 2 day exposure (M 8.5.2).



170

(a)

(b)

¢

2b

50

00
6b

oc



171

detection of the labelled céﬁponents b& fluorography after
SDS-polyacrylamide gel electrophoresis, at least 6 of the

ma jor surface iodinated components appear .- to be glycosylated
in mitochondria and include bands 1, 3, 4, 4%, 5 and 7. In
mitoplasts bands 1, la, 1b, lec, 2a, 2b, 4%, 5 and 7a appear

to be glycosylated, all corresponding to ma jor surface
iodinated specieg, The appearance of bands 1b, 2a and 2b

in mitochondria is attributed to labelling owing to disrupted
outer membranes, Similarly, in mitoplasts the presence of
bands 4 and 7 could be due to contaminating outer membrane,

(see Fig. 7.4a. and Table 7.1

" In a control experiment, 0.2M a-methyl-o-D-glucoside is
incubated with the lectin prior to addition to the membrane
extract. Subseguent analysis of the immune-precipitate
reveals no lodinated bands suggesting the lectin binds

gpecifically to glycosylated components.

(b)  WGA

Sgrface iodinated mitochondria are immune-precipitated-
with WGA as described in Methods (M 10.3.3b). Detection of
the labelled bands by fluorography reveals that at least 6
of the major surface iodinated components, namely bands 1,
by, 4%, 5, 6 and 7 are glycosylated. In mitoplasts, a larger
population of the bands corresponds to the major surface
iodinated components and include bands 1, la, 1b, lec, 2a, 2b,
4*; 5, 5a, 6b and 8, (see Fig. 7.4D. The labelling detected
in components 4 and 7 in mitoplasts is attributed to con-
taminating outer membrane fragments that co-purify with the

mitoplasts, Similarly, labelling in compcnents 1b and 2b in



Fig 7.4a,

Immunoprecipitation of Con A binding

receptors in surface iodinated rat liver

mitochondria and mitoplasts.

. Rat liver mitochondria are isolated as in (M 4.1) after
inj%cting fhe rat with 3-amino-1, 2, 4-~triazole (1lmg/g body
wt.,) 1lh before sacrifice, Mitoplasts are prepared using a
dig%tonin/protein.ratio of 0.2 (M 4.3.2), though in this

casé the swelling and shrinking stage is omitted.

An aliquot (200-400ug) of the mitochondrial and mito-
pla%t fractions are surface iodinated as described in (M 7.1),
priér to immune-precipitation with Con A and anti-Con A serum
(M 10.3.3(&)). The precipitated proteins are separated on
lo%i(w/v) acrylamide slab gels (M 8.2), after application
of %amples containing equal amounts of radiocactivity
(10%OOOcpm). Iodinated bands are detected by fluorography
(M é.5.2) after a 7 day exposure,

: (a) Immuﬁe-precipitated components of iodinated
i mitochondria
E (p) Immune-precipitated components of iodinated

mitoplasts
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| ' Fig. 7.4b.
!

Immunoprecipitation of WGA binding

| : receptors in surface iodinated rat

| liver mitochondria and mitoplasts

‘Rat liver mitochondria and mitoplasts are prepared and
lodinated as described in Legend 6.2. The iodinated samples

are immunoprecipitated with WGA and anti-WGA serum (M 10,3.3(b)).
i

‘The precipitated proteins are separated on 10% (w/v) slab
gelsj(M 8.2), after application of samples containing equal
quaniities of radiocactivity (12,000cpm). Todinated bands
are detected by fluorography (M 8.5.2) after a 7 day exposure.

§(a) Immune-precipitated components of iodinated

mitochondria
'(b) Immune-precipitated components of iodinated

i

mitoplasts
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| Tabie w i

Summary of the available lectin binding

]

|

J L PO
k receptors for Con A and WGA exposed on the
f external surfaces of the outer and inner

| mitochondrial membranes.
!

| The information obtained from Fig. 7.4a and 7.4b is

\
summarised in this Table. The bands visualised after

fluorography are assigned numbers (1-8) in correlation
to ghe surface iodinated components identified in

Tabﬁe 6.2. Components which have a letter of the
alp@abet in addition to the numeral, denote species that
are@not agsgigned to the external surface of the outer

membrane, but which only become significantly labelled as

the \membrane is removed,

|
{
)
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Table 7.1
MITOCHONDRIA MITOPLASTS
Major Surface| Major surface Major surface Major surface
iodinated glycosylated iodinated glycosylated
components components components components
Con A WGA Con A WGA
1 1 1 1 1 1
- - - la 12t la
1b 1(?) 1b(?) 1 1+ 1wt
- - - lc lc lc
2 - - 2(?) - -
2a(?) 2a(?)| - 2a™t 2a™ 2a,
2b(?) 2b(?)| 2b(?) 2p* optt 2ptt
3 3 - - - -
4 4 4 4(?) 4(?) 4(?)
4* 4-»(- 4—:: 4*+ 4%‘- 4_*
5 5 5 5 5 5
- - - Ba - ba
6 - 6 - - -
- B - - 6a - -
- - - 6b - 6b
7 T 7 7(?) 7(2) 7(?)
- - - Ta Ta -
8 - - 8 8 -
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mitochondria may be due to disruption of the outer membrane
in these organelles, When the experiment is performed in
the presence of 0.2M~GlecNAc, no iodinated bands can be

detected by fluorography.

The data in Table 7.1, summarises the information
obtained from the immunoprecipitation studies and shows
which of the ma jor surface iodinated components in mitochondria

and mitoplasts are glycosylated,

7.6 Isolation of soluble mitochondrial glycoproteins on a

Con A-Sepharose 4B column,

From our previous experiments it appears that the
ma jority of the surface accessible proteins on both the inner
and outer membranes are glycosylated. These results are
somewhat surprising, so in order to confirm this data we

have re-approcached the problem using different methodology.

Purified mitochondria are solubilised by boiling in
SDS so_as to eliminate protease activity, and completely .
separate hydrophobic linkages Detween subunit components
in enzyme complexes e.,g. cytochrome ¢ oxidase, The solubil-
ised mitochondria are diluted in 2-detergent buffer, until the
final SDS concentration is 0.1% (w/v) and applied to a Con A-
Sepharose 4B column eqguilibrated 1in 2~detergent bvuffer as
described in Methods (M 10.3.1). About 98% of the total
protein elutes in the void volume of the column, while 60-70%
of the total glucosamine label representing 2,0% of the
protein is r;tained. On elution with 0.,2M wo-methyl-a-D-

glucoside, 90% of the total bound label is recovered,( see

Fig. 7.9.



| Fig. 7.5.
I

Isolation of rat liver mitochondrial

| glycoproteins on a Con A-Sepharose 4B column

i Rat liver mitochondria are isolated from 2 starved rats
(M 4.1), injected intraperitoneally 16h previously with
200UCi of D-[6~3H}-glucosamine. The mitochondria are

| .

furgher purified on a discontinuous sucrose gradient (M 4.2).

3

§ Labelled mitochondria are solubilised by boiling in

SDSi(Z% w/v) and 2-mercaptoethanol (1% v/v) before diluting

1

in clolumn washing buffer (M 3.11.1). The solubilised

1

material is applied to a Con A-Sepharose 4B column as

desciribed in the Methods (M 10.3.1) and the glycdproteins
|

are kluted with 0.2M-methyl-w@-D-glucoside containing buffer

(M 3%.11.2).

EAn identical procedure is adopted for isolating the
mitthondrial glycoproteins for anti-serum preparation with
the Exception that unlabelled mitochondria are purified from
12 rats, The eluted glycoproteins are then céncentrated

by precipitation with 5 vol. of ice cold acetone.

; (0) % of glucosamine labelled material (% of maximum)

. (®) % of protein (% of total)
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7.7 Immune-precipitation of surface iodinated glycoproteins

by specific anti-serum,

In section 7.5. by immunoprecipitation using Con A we have
demonstrated the glycosylated components on the surface of
the mitochondrial outer membrane. In this experiment we
validate that data by using antiserum directed against
mitochondrial giycoproteins isolated on an immobilised

Con A column,

Surface iodinated mitochondrial glycoproteins are immune-
precipitated with anti-glycoprotein serum. An aliquot of
formalin-fixed S, aureus (Cowan I strain) is used to adsorbd
the complex prior to acrylamide gel analysis as described in
Fig. 7.6. Six surface iodinated components are specifically
immune-precipitated in mitochondria. A control experiment
in which the anti-glycoprotein serum is omitted did not
precipitate these glycosylated species, suggesting that the

anti-serum is specific.

These six components must presumably represent genuime
glycosylated species, as all interacitions with either the
cytosketal system or adjoining polypeptides have been

destrbyed by boiling in SDS.

7.8 Demonstration of total mitochondrial membrane glycoproteins

by lectin staining.

The immune-precipitation studies have provided information
on glycosylated surface proteins that are accessible to lacto-
peroxidase-catalysed iodination. By the lectin overlay

method, we are able to identify the total glycoprotein



Fig. 7.6.

Comparison of the surface iodinated glyco-

proteins in rat 1iver mitochondria by specific

immunoprecipitation using anti-Con A serum and

anti-mitochondrial giycoprotein serum,

Rat liver mitochondria are isolated as in (M 4.1) after

injecting the rat with 3-amino-1,2,4-triazole (1lmg/g body wt.)
| ’ . :
1h prior to. sacrifice. Three aliguots (200-400pg protein) of
the mitochondria are iodinated as described in (M 7.1).

Todinated mitochondria are immunoprecipitated with

eithelr Con A (a) as described in Fig, 7.4a or anti-

mitochondrial glycoprotein serum (M 9.1) (b) as described for
Con 4, except that addition of lectin is omitted.  Anti-
mito%hondrial glycoprotein serum is added and the sample
incubated at 37°C for 30 min and at 4°C for not less than
4h, i The immune complex is precipitated by indirect adsorption
with S. aureus (XKesseler, 1975) overnight at 4°c. A control
expeaiment (e) in which addition of the antiserum is omitted
is aﬂéo performed,  The immune-complexes are centrifuged at
lOOOQ after 10 min and denatured in SDS and 2-mercaptoethanol
(M 8i4.l). The S. aureus is centrifuged from the solubilised
sampﬂes (b and e¢) by pelleting at 100g for 2 min.

gSamples containing equal amounts of protein are
analysed on 10% (w/v) acrylamide slab gels (M 8,2) and the

bandsfdetected by fluorography after a 3 day exposure,
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Fig. 7.7a.

| Binding of [T Cton A 40 Teotin binaing

receptors in rat liver mitochondrial membranes

%Rat liver mitochondria are isolated (M 4.1) and sonicated
for % x 30s, prior to separation on a discontinuous sucrose
grad#ent (M 4.3.1). The membranes are pelleted and further
waséed (x2) in 100mM-phosphate buffer, pH 7.5.at 100,000g
for 90 min, before resuspending in 10mM-Tris, pH 7.2.
Mitéchondrial inner and outer membranes (20png) are denatured
in 8DS (M 4.3.1) and constituent proteins resolved by SDS-

polyacrylamide gel electrophoresis (M 8.,2).

E The gels are incubated Withv[125I]-Con A (1 x 1060pm)
as iescribed in the Methods (M 10.3.2) and processed for
fluérography (M 8.5.2). Labelled bands are visualised after
a 5§day exposure,
|
i (a) Con A..receptors in an inner and outer membrane
mixture(1+0)
(b) Con A receptors in the inner membrane (I )
i (e) Con.A receptors in the outer membrane (o)
(d) control experiment performed in the presence of

0.2M-methyl-«-D-glucoside,
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complement in mitochondrial membranes and compare the data

obtained from both methods.

Sélubilised mitochondrial membrane components are
separated by SDS-polyacrylamide gel electrophoresis,
After fixation and equilibration in phosphate buffer, the
gels are incubated with radio-iodinated lectin as described

in Fig. 7.7.

(a) Binding of Con A to mitochondrial membrane components,

Fig.\7.7a shows the binding pattern of [125I]~Con A to
mitochondrial membrane polypeptides. Detection of iodinated
bands by autoradiography reveals 20 glycosylated components
in the membrane mixture,. In the inner membrane alone, 11
bands are visible. Similarly, the outer membrane shows up
10 Con A binding components. On c omparison of the glycosylated
components in the inner and outer, 8 bands appear common %o
both membranes. The binding of lectin Lo saccharide moieties
is specific as the reaction is inhibited in the presence of 0.2Ms¢

methyl- o-D-glucoside. .

(b) Binding of WGA to mitochondrial membrane components.

The binding pattern of this lectin which is specific for
- GleNAe containing saccharide sequences, although it is
reported to bind to sialic acid (Bhavanandon and Katlic,
1979) is markedly different. Autoradiographic visualisgation
Qf the mitochondrial membrane polypeptides incubated with
[125I]-NGA, revealsonly 6 bands. On comparison with the WGA
immunoprecipitate, these correspond to those glycosylated
components designated 1, la, 1b, 2a and 2b, The band below

component 2a appears to be a new glycosylated component not



| Fig) %.7%,
| Binding o#["*7L e b6 Teetin binding

- receptors in rat liver mitochondrial

membranes

forf2 x 30s, The membranes are pelleted, and further washed

Rat liver mitochondria are isolated (M 4.1) and sonicated

(x2) in 100mM-phosphate buffer, pH 7.5 at 100,000g for 90 min,

before resuspending in 10mM-Tris, pH 7.2.

§ The remaining procedure is similar to that described in

Legend7jkqexcept that [1251]-WGA (1 x lO6cpm) is substituted
|

for/ Con A,

' (a) WGA receptors in an inner and outer membrane mixture
1
! (b) control experiment performed in the presence of

0.2M-GlcNAc,
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detected in the immunoprecipitation studies, probably due
to lack of accessible tyrosine residues for radiolabelling.
These represent. : specific lectin binding receptors, as

the binding is inhibited in the presence of 0.,2M-GlecNAc,

Fig. 7.7b.

7.9 Discussgion

The data in this chapter serves to confirm the fact
that cafbohydrate is sti1ll associated with the mitochondrial
membranes and accessible to external ligands such as lectins,
despite the removal of the loosely associated glycoprotein

with low concentrations of digitonin or ionic strength.

No definitive evidence is avallable on the distridbution
of carbohydrate on the interior and exterior surfaces of the
two membranes, although Glew et al, (1973) have suggested
that 40% of the total Con A binding sites in purified liver
mitochondria are exposed on the external surface of the
organelle, This group did noit check for the integrity.of
the outer membrane in their preparations, which is often
badly disrupted during purification on sucrose density
gradients. Similar problems arise in the interpretations
of agglutination studies using Con A, WGA and SBA to probe
for the presence of particular sugar residues on the
mitochondrial surface, perhaps accounting for the major
discrepancies reported in the data (Henning and Uhlenbruck,
1973; Nicolson et al., 1971). Our binding studies/agglutin-

ation studies are performed on the M, mitochondrial fraction

1

in which the outer membrane is minimally damaged (3-5%).



183

Further, the mitochondria are washed in 0.12M-KC1l buffer to
remove the lossely associated carbohydrate material which may
effect the data by allowing the mitochondria to bind

adventiticously to the lectin.

OQur binding studies have demonstrated that the number
of.binding sites for [125Il—WGA available on the inner
membrane is almost twice that on the outer surface,

Lehninger (1964) has calculated the total surface area of a
'mitochoﬁdrion on the assumpition that each organelle has 10
cristae, The total surface area of the inner membrane is
29@24in comparison with outer membrane of surface area 13p

On the basis of this calculation, the apparent surface area

of the inner membrane is 2.2 times more than that of the

outer membrane, Thus, 1t is justifiable to assume that

the number of available lectin receptors on the inner membrane
may also be larger. The lectin immuncprecipitation and lectin
overlay data support this assumption; +the majority of the

WGA binding species appear to be inner membrane components

(see Section 7.8).

The lectin binding studies confirm the presence of
carbohydrate on the external surface of both inner and outer
membranes, Although in this case the iodinated leectin could
be specifically binding to mitochondrial contaminants in the
Ml-fraction. However, the fact that mitochondria and
mitoplasts can be directly agglutinated by WGA as monitored
by the decrease in cytochrome ¢ oxidase activity argues

against the possibility.
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In conclusion by these.experiments we have established
unequivocally the presence of carbohydrate on the external
surfaces of the outer and inner mitochondrial membranes,

This observation is significant in that it is an exception

to the general rule that no carbohydrate is found on membrane
surfaces directly in contact with the cytoplasm of the cell,
e.é. plasma membrane and rough endoplasmic reticulum

(Hirano et al., 1972).

Lectin immunoprecipitation has permitted us to assess
that the ma jority of the proteins exposed on the outer
surféce of the organelle, namely bands 1, 3, 4, 5, 6 and 7
are glycoprotein in nature or are directly associated with
either Con A or WGA receptors in the outer membrane. Only
component 2 does not appear to interact with either of these
lectins, O0f the inner membrane species located on the
external surface, components la, 1lb, le, 2a, 2b, 4%, 5a,
©b and 7a again all appear to be glycosylated or interact
with glycoproteins in mitochondria. The presence of at
least-éo glycoproteins in mitochondria is confirmed bybléctin
overlay using [lzﬁI]-Con A, although 1t has not been possible
to correlate all these components with those observed in
immunoprecipitation experiments to date. With WGA the
data is not as expected, a number of low mol. wt. components
are apparent in the immunoprecipitate, which are not detected

by the lectin overlay method,

There is one tenable explanation for this. In the
lectin staining method all the mitochondrial components are

denatured and solubilised in SDS prior %o gel electrophoresis
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and detection of the lectin 5inding components by fluoro-
graphy. In contrast, in lectin immunoprecipitation, the WGA
binding receptors are solubilised in DOC which is shown to
be most efficient in extracting membrane proteins and glyco-
proteins (Juliano and Li, 1978). However, as Con A is

more easily denatured in DOC (Lotan et al,, 1977) a 2-detergent
buffer cocktail is made up which includes Nonidet P-40 and
Triton X-100, as well as Ca®’ and Mn®® 4o help maintain the
»biologiéal activity. Thus, it is hoped that gt the con-
centration of detergent employed in the immunoprecipitation
studies which do not denature the lectin, the ma jor lectin
binding receptors are solubilised free of other molecular
species, Hence, the bands visualised may represent lectin
binding receptors as well as associated molecular species.
For example, if one of the subunits of the cytochrome ¢
oxidase is glycosylated, all 7 subunits could be immune-
precipitated unless interactions between adjoining poly-
peptides are destroyed. Hence, it can be speculated that
the 5 bands detected in the WGA lectin overlay, represéﬁ£
genuine GlcNAc containing lectin receptors. The remaining
components detected in the immune -precipitate could be non-
glycosylated polypeptides which are associated with the

lectin receptors.

However, in the same light, lectin immunoprecipitation
offers many advantages, It can be also used in conjunction
with chemical cross-linking (Ji, 1976) to examine possible
associations between surface glycoproteins and other non-

glycosylated membrane components. This has been shown in
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the case of lymphocytes, where a specific interaction
between surface immunoglobulin and lectin has been

demonstrated (Flanagan and Koch, 1978),

From our immunoprecipitation data there appears to be
a great deal of similarity in the glycosylated components
of the 2 membranes, Iwo reasons could account for this,
If the contact points reported by Hackenbrock (1968a)do exist,
it would be difficult to obtain mitoplasts completely free
of outer membrane, consequently, the similarity could be
attributed to contaminating membrane, Alternatively, 1t
is possible to vary the protein/lectin ratios and allow

subfractionation between the different glycoprotein pop-

ulations. In our experiments this ratio is between 40/1 and
30/1. On a Scatchard plot (Juliano and Li, 1978) this
corresponds to "high affinity" regiocns. On this basis it

may be explained why, even though the outer membrane may
only account for 10% contamination of mitoplasts, it may
contain the "high affinity" binding population and consequently

be preferentially immuno-precipitated.

There also appears to be a similarity in tﬂe lectin
binding receptors for Con A and WGA on both surfaces, despite
the fact both lectins have different sugar specificities.

If mitochondria are further purified by sucrose density
gradient centrifugation and then immunoprecipitated, no
detectable differences in lecitin binding receptors for either
Con A or WGA are visible {(data not shown). This suggests
that the glycosylated species visible could not be attributed
to a specific precipitation of serum glycoproteins or other

smooth membrane contaminants. Further, it appears that the
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glycoproteins are firmly aséociated with the membrane as
they survive all the washing procedures, namely, after

the iodination and immune-precipitation. The technique
appears to be specific, in that the immune-precipitate
which form in the presence of a hapten sugar have virtually

no radioactivity.

The technique of lectin staining has many advantages
in that a large number of samples can be rapidly analysed
" for sacclaride containing moieties, at the same time as
little as 40pg of membrane sample is sufficient, During
the étaining procedures, unlike Tanner and Anstee (1976)
we have omitted the glutaraldehyde fixation of the gels,
as we found that membrane proteins which have been fixed
in acetic acid-isopropanol will remain immobilised in the
gel during incubations and washes, thus obviating the need
for a chemical cross-linking reagent. This finding is
confirmed by Rostas et al. (1977). One disadvantage of
this approach is that only isolated, denatured glycoprotein
sPecigs can be examined. Hence, it is of 1little use innthe
study of the organisation of oligomeric enzyme complexes
within the membrane, or possible linkages between trans-
membrane glycoproteins and the cytosketal elements.
However, in principle it should be possible to utilize this
method for obtaining information regarding the nature and
heterogeneity of the various lectin receptors in mitochondrial

membranes on a quantitative basis,
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CHAPTER 8

Isolation of "inside-out" vesicles and identification of the

transmembrane proteins in the inner mitochondrial membrane.

8.1 Introduction

Our previous studies have demonstrated that the carbo-
hydrate in mitochondria is present on the external surfaces
of the inner and outer membranes. By analogy with the
erythroqyte and 1ymphocyfe cell membranes and including
intracellular components, e.g., rough endoplasmic reticulum
(Hirano et al,, 1972) where the carbohydrate is asymmetrically
distributed on the cisternal surface, it is feasible to
propose that the carbohydrate in mitochondria has an asymmetric
distribution too. The latter proposition is supported by the
observation that neuraminidase treatment of a mixed mitochon-
drial inner membrane vesicle population causes a release of
approx. 50% of sialic acid residues. This same effect is
not apparent in\ﬁesicle populations which are unretarded omn a
Con A-Sepharose 4B column (G.K. Hunter and J.G., Lindsay,

unpublished observations).

Study of the topography of proteins within the bilayer
is facilitated by comparative labelling of exposed proteins
in homogeneous populations of RSO and ISO vesicles, as in
the case of the erythrocyte plasma membrane (Reichstein and
Blostein, 1975). To this end the mitochondrial inner
membrane i1s particularly well suited for such studies because
it can be obtained in either a normal orientation, as found
in mitoplasts prepared by digitonin treatment, or in largely

inverted orientation in sonically prepared SMPs,
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Our evidence for the orientation of SMPs prepared

from rat liver by marker enzymic criteria, such as cytochrome
¢ oxidase activity which should be latent ISO vesicles,
indicates that between 30-50% of the total c¢ytochrome c
binding sites are inaccessible in a normal preparation,
indicating a hetergeneous vesicle population, However,

this may not be the case for beef heart mitochondria which
have a tremendously invaginated cristal membrane from which

the SMP are derived (Racker et al,, 1965),

‘This chapter describes the method we have evolved for
isolation of homogeneous populations of ISO vesicles, and then
subsequent lactoperoxidase-catalysed iodination of RSO and
IS0 vesicles to examine the organisation of proteins within

the membrane.

8.2 Stimulation of cytochrome c oxidase activity in a

sonicated inner membrane preparation on addition of

DOC.

A valuable technique for assessing the purity of sealed
membrane populations is the use of marker enzymic activities
which are confined to either the interior or exterior face
of the membrane, In the case of the mitochondrial inner
membrane, cytochrome ¢ oxidase activity provides us with a
convenient marker since the binding site of cytochrome ¢
is located on the outer surface of the inner membrane.
Assegsment of latent enzymic activity allows us to determine
the homogeneity of SMPs prepared by sonication of rat liver

mitochondria.



189

Cytochrome c¢ oxidase aétivity is estimated in an
aliquot of the SMP suspension as described in Fig. 8.1.
On addition of 0.3% DOC (w/v), enzymiec activity is
stimulated routinely only 1,5-2.0 fold, indicating that
only 30-50% of the total cytochrome c¢ binding sites are
inaccessible in a normal preparation, This result
suggests that SMPs prepared from rat liver do not have a

uniform "inside-out" orientation,

8.3 Selective immune-precipitation of "rightside-outn

and non-sealed membrane fragments with WGA

It is commonly assumed that vesicles derived from the
mitochondrial innef membrane have a reverse orientation to
that of a mitochondrion (Racker et al.,, 1965), Qur
previous result is clearly in conflict with this idea.

Hence, by employing different methodology based on the premise
that the carbohydrate in mitochondria is asymmetrically
distributed, we have attempted to purify ISO vesicles from

a mixed population by selective immunoprecipitation of all

membrane fragments and vegicles with accessible carbohydrate,

A mixed population of purified mitochondrial inner
membrane vesicles are prepared by sonication of the inner
membrane, The vesicles are itreated with WGA and immune-
precipitated using increasing quantities of anti-WGA as
described in Fig. 8.2, The percentage of "inside-out"
vesicles remaining in the supernatant fraction is assessed
by measuring the latency of cytochrome ¢ oxidase activity +

DOC (Wojte=zak et al., 1972).
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Fig. 8.1

Crypticity of cytochrome ¢ oxidase activity

-~ in rat liver mitochondrial inner membrane

vesicle populations.

Inner membrane vesicles (20mg) are prepared from isolated
rat liver mitochondria (M 4.1) by sonication and separation of
the membraneg on a discontinuous sucrose gradient (M 4.3.1).

The inner membrane subfraction is washed twice in 100mM-
phosphate buffer, pH 7.5 at 100,000g for 40 min and the
pellet is finally resuspended in the isolation medium (M 3.,1.1).

An aliquot of the membrane suspension (50-100ng) is
assessed for eytochrome ¢ oxidase activity in the absence (----)
and presence of 0,3% (;;) (w/v) DOC (M 5.2(b)),



Fig. 8.2

Selective immunoprecipitation by WGA of

mitochondrial inner membrane vesicles

containing carbohydrate.

Inner membrane vesicles (20mg) are prepared as described

]
in ﬁegend 8.1. The final preparation is incubated at 25°¢

for

30 min with 5mg WGA before centrifugation and further

was@ing (x3) in 100mM-phosphate, pH 7.5 containing 1lmM-PMSF

to ﬁemove’excess and non-specifically bound lectin, Lectin-

tre%ted vesicles are subsequently incubated for 1lh at 3700

and

i .
jovernight at 400 with increasing amounts of anti-WGA

ser@m or normal serum (M 9.1). PMSF (1mM) is added to

inhibit protease activity.

and

Immune~complexes are centrifuged at 1,000g for 10 min

residual cytochrome ¢ oxidase activity in the supernatant

fra¢tion estimated as described in (M 5.2(Db)).

H
{

(® ) vesicles incubated with anti-WGA serum
(&) vesicles incubated with anti-WGA serum treated
with 0.2% (w/v) DOC before assay

() vesicles incubated with normal serum(rabbit)
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Fig. 8.2 shows the percéntage of eytochrome ¢ oxidase
activity remaining in the supernate when increasing
quantities of anti-WGA IgG are added. Addition of 300rpl
of anti-WGA IgG causes total precipitation of all the lectin
bound material, When 0.3% (w/v) DOC is added to the super-
natant fraction it results in a 8-10 fold stimulation in
cytochrome c¢ oxidase activity, indicating that the "inside-
out" population is between 90-95% pure. In comparison,
enzymic éctivity in the original submitochondrial population
is stimulated 1,5-2.0 fold with DOC, showing that only 30-50%
of the total cytochrome ¢ binding sites are inaccessible in

a normal preparation (see Fig, 8.1},

From this experiment we have concluded that SMP have
accessible carbohydrate and can be selectively precipitated
with WGA and anti-WGA IgG. The SMPs remaining in the
supernate contain no accessible carbohydrate and the cytochrome
¢ binding site must also be inaccessible,. As 1t is normally
on the outer surface of the inner membrane, such vesiclegw
must be "inside-outn, Finally, IgG from normal serum does
not cause precipitation of WGA bound material indicatiné

the validity of our method.

8.4 Identification of transmembrane proteins in the inner

mitochondrial membrane

Identification of proteins which traverse the 1lipid bilayer
is facilitated by comparative labelling of sealed "right side-

out"”™ and "inside-out" wvesicles.
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Treatment of mitochondria with digitonin (digitonin/
protein ratio:0.2) yields mitoplasts which are reported to
be sealed "right side-out"particles (Schnaliman et al,,
1967), The orientation of these particles could be further
assessed by the extent of labelling of carbamyl phosphate
synthetase (Clarke, 1976a). The source of IS0 wvesicles

is described in Fig, &8.2.

The result in Fig. 8.3 shows representative patterns
of the iodinated polypeptides in RSO (mitoplasts) and ISO
vesicles as revealed by polyacrylamide gel electrophoresis
in 8DS. Two new high mol, wt, components as well as one
in the 10,000 mol, wt. range are visible in ISO vesicles
and assigned 4o the non-cytoplasmic surface of the inner
membrane, Other visible differences afe; component 1d
is 4.4 times more labelled in IS0 vesicles suggesting that
the bulk or possibly all the polypeptide is located on the
inside of the inner membrane, In the latter case, the
faint labelling of band 1d in mitoplasts could be owing to
a population of disrupted vesicles as previously observed
in Chapter 6, Also, component 2b is 2,2, times more heavily

labelled in mitoplasté as compared by a densitometric scan,

Polypeptide components 1, 2b, 5, 5a, and 6a appear to
traverse the inner membrane by virtue of the fact {they
are labelled in both populations of vesicles, Track (e)
represents the polypeptides that are labvelled in the original
SMP population. A1l the bands correspond to protein species
in either RSO or ISO vesicles. In addition, two other

components appear; one between bands 2b and 5, the other



Fig. 8.3

! Identification of transmembrane proteins in

the inner membrane of rat liver mitochondria

z by SDS-polyacrylamide gel electrophoresis

E Mixed vesicle populations are prepared by sonicating the

pur%fied mitochondrial inner membrane (M 4.3.1). The vesicle
mix%ure (5ﬁg) is washed twice in 100umM-phosphate, pH 7.5 and
pelieted at 10,000g after 90 min, The vesicles are then
inc&bated-with émg of WGA and washed as described in Legend 8.1,
Theifinal preparation (0.3ml) is incubated with 0.6ml of
pur&fied antiLWGA IgG (M 9,3) as deseribed in the legend to‘
FigL 8.2, The supernatant fraction containing vesicles with
no %ccessible carbohydrate is then centrifuged at 100,000g

for 40 min to pellet the ISO vesicles and separate the excess

anti-WGA TgG.

Purified vesicles (200pg) (b), mitoplasts (200rg) (&)
andithe inner membrane mixture (200ng) (e¢) are simultaneously
iod?nated by the lactoperoxidase method (M 7.,1). Samples
are| denatured iﬁ—SDS-(M-S.A.l) and aliquots containing equal
rad%oactivity (300,000cpm) electrophoresed on 10% (w/v) slab

gels (M 8.2).. Gels are processed for fluorography (M 8.5.2)

andéiodinated polypeptides visualised as described in (M 8.5.4),

aft%r a 2 day exposure,.

The bands arrowed in the Fig, represent transmembrane

proteins.

|
|
‘
|
|
i
i
|
|
|
i
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in the low mol, wt. region, The possible origins of

these bands will be considered later.

8,5 Discussion.

In order to study the topography of proteins within
the lipid bilayer it is convenient to have sealed membrane
vesicles of defined polarity, in particular, a sealed inside-
out population. Analysis of proteins exposed on the
exterior surface can be readily performed on intact mito-

chondria (outer membrane) or mitoplasts (inner membrane).

It is commonly assumed that vesicles derived from
mitochondrial inner membrane are ISQO both from a structural
(electron microscopic, antibody studies Racker, 1970) and
functional (H+ translocation) standpoint; However,
disruption of cells or organelles generally leads to the
formation of mixed populations containing ISQO, RSO, and
non-sealed fragments. If sonic oscillation of the inner
membrane does result in a mixed populations of vesicles
rather than the uniform reversed orientation, the classical
experiments of Racker (1970) (reverse proton translocation
and antibody studies) would still remain undisputed, it
could however be argued that cytochrome c¢ which is easily
extracted, (Jacobs and Sanadi, 1960) accounts for the loss
of funciional proton translocation, The argument also
ﬁolds for the lack of activity observed when antibody is
directed against cytochrome c. Therefore, although it 1is
well established that SMP represent ISO vesicles, we feel

that the assumption ocught to be reviewed in the light of
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specific marker enzymic activities which are associated

with a particular face of the membrane,

By analogy with the distribution of glycoprotein in
the plasma membrane of other cell types especially erythro-
cytes (Steck, 1974), it seems likely that the carbohydrate
moleties are located on the external surface of the membrane
(Hirano et al., 1972; Nicolson and Singer, 1974). Using
lectins (WGA) as an external ligand for exposed carbohydrate
residues, we have selectively purified homogeneous populations

of IS0 vesicles by an immuno-precipitation technique.

The conclusions from this experiment have indicated
that a proportion of SMP have exposed carbohydrate residues
and can be specifically immune-precipitated with WGA and the
respective anti-serum. The remaining population in the
supernate has low cytochrome c oxidase activity unless

disrupted with DOC.

Thus, with access to vesicles of defined orientation,
we have performed surface labelling situdies which provide”
information on the topography of proteins within the bilayer,
and in particular identify transmembrane proteins, The
significance of these iodination studies depends on vectorial

[1251]-labe1 in carbamyl

labelling by lactoperoxidase. Lack of
phosphate synthetase (Clarke, 1976a) indicates that the
mitoplasts are not leaky to lactoperoxidase and by analogy

in IS0 vesicles, The difference in the labelled polypeptides
of mitoplasts and ISO vesicles shows that we have indeed

obtained vesicles of defined orientation and suggests that

5 of the polypeptides are itransmembrane including bands
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designated 1, 2b, 5, 5a and 6a.

In our initial surface labelling studies of intact
mitochondria and mitoplasts, bands 1 and 5 have been shown
to traverse the outer membrane, In this experiment bands
1 and 5 appear to traverse the inner membrane too, We thus
propose in a novel fashion that from our studies band 1 and
5 span both mitochondrial membranes, The hypothesis is
feasible particularly in the light of contact points that
have been‘reported between the 2 membranes (Hackenbrock, 1968a).
These points could represent regions which facilitate the
orientation of polypeptides across the two membranes. The
appearance in the iodinated mixture of & component of approx.
mol, wt. 25,000 together with one of lower mol, wt. which do
not correspond to any of the bands visuwalised in mitoplasts
or IS0 vesicles, could actually represent inner membrane
proteins that get extracted during the vesiculation process.
A similar situation is evident in the erythrocyte membrane
on manipulation of the ionic gradient to form vesicles,

In thi; case band 6 (extrinsic protein) is nearly completely
released from ghosts but retained in intact erythrocytes in
the presence of 0,15M-NaCl-5mM phosphate, pH 8.0 (Fairbanks

et al.,, 1971).

In evaluating these results we have made one important
assumption. The absence of a particular polypeptide on a
membrane face 1s attributed to its asymmetric orientation
across the 1ipid bilayer rather than the lack of accessible
tyrosine or higstidine residues: a limitation of the lacto-

peroxidase labelling method. In a similar vein, when a



1938

component e.g. 2b is labelled to different extents on both

sides of the membrane, we have interpreted the result by
assuming the polypeptide is asymmetrically orientated across

the bilayer, the bulk appearing on the cytoplasmic surface of th
membrane, This situation is reminiscent to the orientation

of PAS 1 in the erythrocyte plasma membrane which is reported
to-have only one tyrosine residue near the carboxy terminus of
the polypeptide chain, but is better accessible to lactoper-

oxidase at the NH,-terminus. (Segrest et al,, 1973).

This aspect of the project is still in its infancy and
we have noit yet been able to equate any of the surface
components with iodinated polypeptides. However, component
1d which we suggest 1s located on the inside of the inner
membrane, closely corresponds in mol. wt, to the « and B
subunits of the Fl-ATPase (58,000 and 54,000 respectively)

(Schatz, 1979).

Further work on the identification of protein components
in terms of molecular functions is anticlipated by preparing
antiserum to defined surface components and then analysing
the respective immune-precipitates by SDS-polyacrylamide gel

elecfrophoresis.

The technique of peptide mapping as described by
Bretscher (1971) will be very useful for study of the
orientation membrane proteins and glycoproteins. After
labelling and separation of mitochondrial proteins in RSO
and ISO vesicles by use of a membrane impermeable reagent,
it should be possible to elute specific protein bands and

subject them to detailed peptide mapping subsequent to
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enzymic hydrolysis, This 'type of data will be useful for
distinguishing between polypeptides which span the membrane,
or those that are symmetrically distributed in both halves of

the 1lipid billayer.
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CHAPTER 9

Possible functional roles for glycoproteins in rat liver

mitochondria.

9.1 Introduction

It has been suggested by Guidotti (1976) that all
traﬁsport processes carried out across eukaryotic membranes should
be catalysed by oligomeric glycoproteins which span the membrane,
Of the 2 ma jor energy linked functions taking place in mitoch-
ondria : ATP synthesis and Ca2+ transport, the latter is
reported to be mediated via glycoprotein (Sottocasa et al,,
1972). Preliminary evidence has also been presented of a
role for carbohydrate in the ATP synthetagse complex (Andreu
et al., 1977). However, the detailed function of the 10-12
glycoproteins (see Chapter 7) associated with the inner and

outer mitochondrial membranes remains largely unresolved,

One method for probing specific alterations in functions
of mitochondrial glycoproteins 1s to specifically "block™ these
macromolecules. This is achieved by incubation with leéfins
or specific antibodies after mild hypotonic shoék or digitonin
treatment to render ithe outer membrane permeable to these high
mol. wt, proteins, In this manner, using antibodies against
ca?t binding glycoprotein Panfili et al. (1976) have
specifically inhibited Ca2+ transport in mitochondria and

mitoplasts.

By employing lectins as gpecific "blocking agents", we
have monitored the effects on two of the best characterised

energy-linked protein functions in mitochondria and mitoplasts.
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Any inhibition by lectin tredtment will implicate membrane gly-

coprotein for an active role in that particular function,

9,2 Determination of P:0 ratios in rat liver mitochondria

The yield of oxidative phosphorylation is generally
expressed by the P:0 ratio, that is the ratio of nmol ADP

phosphorylated (to ATP) to the number of ng-atoms of 0, consumed,

2
Frequently the degree of "regpiratory control” is of interest.
This is defined as the respiratory rate in the presence of
ADP to the rate obtained following its (ADP) consumption,

This assay is based on the phosphorylation of exogenous added

ADP and Pi, which is directly coupled to FAD-linked reduction

of succinate,

The experiment shows the routine method by which we have
measured P:0 ratios, Energy-linked phosphorylation in
mitochondria is measured by the oxygen electrode method
(Estabrook, 1967). Into the cuvette of the O2 electrode
containing the assay buffer is added an aliquot of isolated
mitochoﬁaria and respiration initiated by addition of suﬁs%rate
succinate, As illustrated in Fig. 9.1 after the linear rate
of respiration is established in the presence of substrate,
addition of ADP causes an immediate increase in the rate of
O2 consumption. The amount of O2 utilised is proportional to
the amount of ADP phosphorylated to ATP,

The P:0 ratio is calculated by determining the number of
n mol of 02 consumed for the quantity of ADP added, In the
example illustrated in Fig, 9.1 the medium contains 240.0 n mol

02/1111 (Handbook of Chemistry and Physics, 33rd Ed., 1951-1952,

p.1481); X = 80,0 recorder divisions; Y = 9.5 divisions



Fig. 9.1.

! Determination of ADP:0 ratios in freshly

j ~ isolated rat liver mitochondria.

i
iRat liver mitochondria are isolated (M 4.1) and finally
resuépended.in MS-MOPS-Pi, pH 7.2 (M 3.8.1). Phosphorylation

of ADP is monitored by oxygen uptake in an assay medium
cont#ining 3.4ml MS-MOPS-Pi buffer, pH 7.2, 1L00pLl mitochondrial
prot%in (approx. 3mg), O0.lml BSA (1mg/ml), sucecinate (50pmol)
and %DP 390 nmol) are added as indicated. The calculation

of APP:O is described in the text.

|
|
i
{
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(average of 2 values); therefore ZO0.0/ﬁ mol of 0, is

utilised during active (state 3) respiration,. A 10wl aliquot
of 39mM-ADP is added equivalent to 390n mol, Correspondingly,
the calculated P:0 ratio is 1,95, A value of 2.0 is expected

for FAD-linked substrates,

9.3 Measurement of energy-linked Ca2+ transport in

rat liver mitochondria,

Mitochondria can accumulate certain ions from the sus-
pending medium in a process linked to electron transport.

2+ 2+
a

When accumulation of divalent cations occurs e.g. C , Sr

,
1t replaces oxidative phosphorylation, These processes are
therefore alternate and each is stochiometric with electron
transport. This experiment measures the energy-linked uptake

of Ca2+ by monitoring the 02 consumption,

A known amount of Ca2+ is added to mitochondria respiring
in the presence of substrate, and the . . -~ - - amount of extra
oxygen uptake is recorded, Fig. 9.2, shows the stimulation.
of respiration obtained on addition of Ca2+ to respiring
maitochondria (state 4). It is calculated thgt 49,3 n mol Oz/mg
of protein is consumed on addition of 2500 n mol of Ca2+. On
addition of an aliquot of La3+, there is almost complete in-

hibition of Ca2+ uptake, as shown by lack of respiration.

The n mol of O2 consumed being reduced to 8.5 n mol/mg protein,

9,4 Effect of lectins on Ca2+ transport in rat liver

mitochondria and mitoplasts.

By using lectins %o specifically "block" mitochondrial

glycoprotein functions, we have investigated their effect on



Fig. 9.2.°

i
|
!

} ITnvestigation of energy-linked caf’ upiake in

freshly isolated rat liver mitochondria.

|
|
' Rat liver mitochondria are isolated (M 4.1) and finally

resdspended in MS-MOPS, pH 7.2 (M 3.8.1). Energy linked

|
CaZ+iuptake is monitored by its effect on oxygen consumption
in 4n assay medium containing 3.4ml MS-MOPS buffer, pH 7.2,

100Kl mitochondrial protein (2.5mg), O.lml BSA (lmg/ml),

~
n

sucge

inate (50umol) and ca=" (2.5umol) are added as

indicated.
iln a geparate experiment, indicated by the broken line

La3+1(10umol) is added prior to addition of Ca2+.(2.5umol).
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; Table 9,1.

Investigation of energy-linked Ca2+‘uptake

into rat liver mitochondria and mitoplasts

-pretreated with lectins.

ERat liver mitochondria are freshly isolated (M 4.1) and

i
resu%pended.in MS-MOPS, pH 7.2 (M 3.8.1). An aliquot of the
mitoéhondrial protein (20mg) is treated with digitonin (0.llmg
of digitonin/mé protein) as deseribed in (M 4.3.2), except that

the éwelling and shrinking stage is omitted.

Mitochondria (10mg) and mitoplasts (10mg) are treated with
SBA, WGA and Con A (2mg) by imcubation for 1h at 4°C.  The
lectin-treated mitochondria and mitoplasts are washed twice in
MS-MdPS, pH 7.2 to remove unbound lectin and finally resuspended

in 1%1 of the same buffer.

%Energy—linked ca”t uptake is monitored in an oxygen electrode
by aidition of 3.5ml1 MS~-MOPS buffer, 0.lml BSA (lmg/ml and 100pl
mito&hondrial suspension,. Respiration is initiated by addition c
succﬁnate (50pmol), and Ca?+ (2.5umol) is added once a steady stat

of réspiration is achieved. Ca2+ uptake is monitored by stimu-

latidn in the rate of respiration.

i
i
f
i
|
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Effect of lectins on Ca2+ transport

Saﬁple Lectin Treatment | Other Additions n mol Oz/mg
protein/min
Mi'l:o‘chondria - - 12.7
Mitochondria - Ca,2+ 98,6
Mitochondxnia - Ca2+, La,3+ 15.9
Mitochondria, WGA ca?t 104.2
Mitochondria Con A cat 105.4
Mitochondria SBA calt 58,6
Mitoplasts - - 1l.1
Mitoplasts - Ca2+ 94.4
Mitoplasts WGA ca’t 49.4
Mitoplasts Con A cal* 98.4
Mit oplast; SBA Ga2+ 2.8




206

transport of the cation,

Isolated mitochondria and mitoplasts are pre-incubated
with different lectinsas described in Table 9.1. Preliminary
data indicates that SBA specifically affects Ca2+ transport in
intact mitochondria and mitoplasts, whereas with WGA Ca2+
transport is effected only in mitoplasts,. No observable effect
of Con A on Ca2+ transport could be detected, This could be
attributed to the presence of mannitol and sucrose in the assay

buffer which may act as competitive hapten inhibitors for

the lectin binding sites.

9.5 Effect of lectins on P:0 ratios in rat liver

mitochondria and mitoplasts,

In order to investigate if glycoproteimare involved in
energy-linked phosphorylation, the effect of lectins on P:0

ratios have been monitored.

The P:0 ratios for control and lectin treated mitochondria
using succinate as substrate is tabulated in Table 9.2, - No
respiratory control is observed in SBA treated mitochondria,
indicating ithat the lectin interferes with the phosphorylation,.
The other lectin treated samples demonstrate usual P:0 ratilos.
In mitoplasts, a much lower P:0 ratio is observed, possibly due
to extraction of extrinsic respiratory chain components e.g,.
cytochrome ¢ during the digitonin fractionation. No
respiratory control is observed in mitoplasts pre-treated
with lectins (WGA, Con A and SBA), although there is a

gstimulation of respiration on addition of ATP,



Table 9.2

Measurement of P:0 ratios in rat liver

I mitochondria and mitoplasts pretreated

‘ with lectins.

; Rat ;iver mitochondria and mitoplasts are prepared and
treﬂted with lectin as described in Table 9.1. P:0 ratios
areiestimated as described in Fig. 9.1 in an oxygen electrode
by addition of 3.5ml MS-MOPS-Pi, pH 7.2, 0.lml BSA (1lmg/ml)
andleOMl of mitochondrial protein (3mg). Respiration is
initiated by addition of succinate (50pmol), and ADP (390nmol)
ig ddded at intervals once a steady state of respiration is

achieved,
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Effects of lectins on P:0 ratios

SAMPLE Amount of 0, n mol ADP P:0 ratio
consumed (nmol)
Control Mitochondria 200,0 390 1.95
Mitochondria - WGA 226,0 390 1.73
Mitochondria - Con A 200,0 390 1.95
Mitochondria - SBA No respiratory 390 -
control
Control Mitoplasts 248.4 390 1.57
Mitoplasts - WGA 390 -
Mitoplasts - Con A No respiratory 390 -
Mitoplasts - SBA control 390 -
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9,6 Discussion

Mitochondrial glycoproteins can be specifically modified
by incubation with purified lectins which act as "blocking
agents", In our studies, the marked inhibitory effects
observed on Ca2+ transport in mitochondria which are treated
with either VGA or SBA, underline the value of this approach in

determining the individual roles of mitochondrial glycoproteins.

The only mitochondrial glycoprotein in which a transport
function ig implicated involves active Ca2+ transport (Sottocasa
et _al., 1972). The isolated glycoproitein does not interact
with don A (Hughes, 1976) in agreement with our data, thus
suggesting that @-mannosides and glucosides are not present

in the glycoslyated portion of the protein.

The Ca2+ binding glycoprotein is reported in the literature
as having a mol, wt. ranging from 40,000 (Sottocasa et al,, 1972)
to 31-33,000 (Carafoli, 1976). This apparent discrepancy
could be attributed to the anomalous behaviour of glycoproteins
during polyacrylamide gel electrophoresis, Also, the fact
that the prodtein is partly located in the inter-membrane space
could result in different quantities of the species being
extracted during the various experiments. In relation to the
immunoprecipitation studies and lectin overlay data which
demonstrates proteins that are specifically bound by WGA,
component 2a (mol, wt, 43,000) appears to be similar to the
Caz+ binding glycoprotein, However, further confirmation of
this fact by use of specific aniisera against the glycoprotein

is anticipated.
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We have found that pre—incubation for 1h is necessary to
obtain complete combination between lectin and glycoprotein
as no effect on Ca2+ uptake is observed if this step is
omitted (data not shown),. It is difficult fo predict the
mechanism by which the lectins effect Ca2+ transport, that is
by specifically impeding a tramnslocase process, or modulating
membrane interactions with the microfilament system which
impairs the transport system. The latter suggestion is also
put forward by Li and Kornfeld (1977) for the cytotoxic effect
of WGA on several tissue culture lines which inhibit transport

of non-utilizable amino acids.

Finally, the fact that SBA affect P:0 ratios only in

intact mitochondria, indicates that it may be blocking uptake

of ADP via non-specific "pores" present in the outer membrane,.
It still remains to be documented whether the inhibitory effect
of this lectin is owing to binding to the respiratory chain
components or interference at the energy coupling stage,. The
latter effect would be of particular interest as the presence of

carbohydrate is suggested in the F, ATPase (Andreu et ai.; 1977).
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CHAPTER 10

General Discussion

10.1 Conclusions on the topography and organisation of

the mitochondrial membrane proteins and glycoproteins

In this project we have established that carbohydrate 1is
pfesent on the external surface of both inner and outer
mitochondrial membranes, largely associated with glycoprotein,
We have confirmed that approx. 70% of this material is
readily solubilised on disruption of the organelle, A large
portion of this glycoprotein fraction (50%) is loosely-bound
to the outer surface of the organelle and released under
controlled conditions which do not disrupt the integrity of

the outer membrane,

Specific surface-labelling of intact rat liver
mitochondria (outer membrane), and mitoplasts (inner membrane)
have allowed us to estadblish the major polypeptides species
accegsible at the outer surface of {these membranes, This
approéch has been extended using immunoprecipitation tecﬁniques
to demonstrate the glycoprotein nature of the majority of

these components.

Lectin affinity procedures have been developed to
fractionate heterogeneous populations of inner membrane
vegicles, Criteria for the evaluation of the polarity of
isolated vesicles has been developed based on the sidedness
of known enzymes, e,g, the binding site of c¢ytochrome c,the

substrate for the transmembrane cytochrome ¢ oxidase complex,



211

is normally located on the'ﬁuter phase of the inner membrane.
Thus in sealed ISO populations this activity is latent unless
disrupted by detergents. By employing vesicles of defined
orientation in surface labelling studies, we have been able
to examine the topography of the inner membrane and in

particular identify itransmembrane proteins,

Using lectins as specific "blocking agents", we have
assessgd the role of glycoproteins in the 2 ma jor energy-
linked functions in mitochondria: ATP synthesis and Ca2+
trap8port. We have shown that SBA specifically diminishes
Ca2+ transport in intact mitochondria, Both SBA and WGA
have a similar effect on Ca2+ transport if the outer membrane

is partially removed. Conversely, SBA effects P:0 ratios

only in intact mitochondria,

The model in Fig.10,1 depicts our current prejudices
on the way we visualise the topography, organisation and
function of the major proteins/glycoproteins associated with

mitochondrial membranes,

OQur surface-~labelling studies on intact mitochondria
and mitoplasts have clearly established the ma jor polypeptides
preéent on the surface of inner and outer mitochondrial
membranes, We have §§signated the polypeptides into one of
four categories. The first category represents proteins
that are exclusively present on the outer membrane: bands
1, 2, 3, 4, 5, 6 and 7, In category 2 are proteins which
appear when the outer membrane is partially disrupted, and
disappear on complete removal of the membrane suggesting an

inter-membrane location for these components; 1lc, 2a and 6bc,
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Fig. 10.1

Diagrammatic representation of the proteins and
glycoproteins identified in rat liver mitochondrial

membranes.
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Category 3 includes proteins.that appear to be inner membrane
components: Dbands 1lb, 2b, 5a and 6b, Finally, into category
4 are assigned polypeptides which appear to traverse both
membranes: bands 1 and 5, Several of these ma jor polypeptide
components are glycosylated or as shown by immunoprecipitation
studies and include bands 1, la, 1b, 1lc, 2a, 2b, 4, 5, 5a, 6,

6b, 7 and Ta,

10,2 Criteria for homogeneity of "inside-out'"vesicles

In order to determine the orientation of proteins within
the iipid bilayer it is convenient to have access to defined
populations of ISO vesicles, Comparative labelling studies on
vesicles of defined polarity will ascertain the topography of
proteins within the membrane; in particular identify trans-
membrane proteins. From a historical standpoint, it has
been documented that sonication causes a fragmentation and
"pinching off" of the cristae, giving rise to vesicles whose
outer surface corresponds to the original inner surface of
the criStae, This is visualised by the position of the
repeating ATPase units (Fl) on electron micrographs and other
functional criteria, such as reverse proto'n uptake which
indicates that vesicles appear to have an opposite polarity

to intact mitochondria (Lee and Ernster, 1966),

In the case of beef heart mitochondria which has a very
convoluted inner membrane compriging of 50-60% (w/w) of the
total mitochondrial protein (as compared to 15-25% (w/w) in rat
liver), it is possible that sonication gives rise to a homo-

geneous population o IS0 vesicles, However, in inner membranes
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§ . Fig. 10.2.
i

Comparison of the cristal structures

in mitochondria isolated from rat heart

and rat liver.

(reproduced from Acta Biochim. Polonica, 19, L. Wojtezak,
H, Zaluska, A, Wroniszewska and A4,B, Wojteczak (1972)

and 7. Cell Biol. 37, C.R. Hackembrock (1968D).
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prepared from rat liver mitd&hondria which do not have such

a convoluted cristal structure, it seems doubtful that SMPs
represent a sealed homogeneous population aof ISO vesicles,
Disruption of the organelle in general leads to the formation
of mixed populations containing IS0, RSO and non-sealed
fragments with some "scrambled" membrane induced by thé fusion

of vesicles of opposite sidedness. Fig. 10.2.

In ﬁhe innerr mitochondrial membrane where good criteria
exist for assessing "sidedness", we have developed a procedure
for isolation of purified IS0 vesicles from mixed membrane
fractions, This technique is based on the ability of lectins
to interact with specific monosaccharides in the carbohydrate

chaing of membrane glycoproteins.

An important corocllary from this expériment is the
asymmetric distribution of carbohydrate on the external surface
of the inner membrane, as ISO vesicles are neither absorbed
nor precipitated by lectins. Although Andreu et al. (1978)
have reported the presence of carbohydrate in the « and P -
subunits of the Fl ATPase from beef heart mitochondria, there
still appears to be much controversy about the result. Nalin
et al, (1979) have reported a complete lack of carbohydrate

in the F, ATPase as detected by identical means (PAS stain).
¥e tend to favour the latter result as 1% supports our
observations on the asymmetric distribution of carbohydrate
on the external surface of the membrane, Alternatively, if

the ATPase is glycosylated, we can unequivocally conclude that

it possesses no WGA binding sites.
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This technique has enormous potential for use in any
membrane system vhere the carbohydrate is asymmetrically
distributed, particularly if marker enzymes are available
to assess veglcle sidedness, A similar principle has been
utilised by Walsh_gi_ié.,_(1976) to isolate ISO fragments

from lymphocyte plasma&a membranes,

10.3 Speculations on the role of the mitochondrial outer

membrane,

The presence of carbohydrate on the outer mitochondrial
membrane is of considerable significance, The glycoproteins
of cell membranes are largely intrinsic proteins, anchored by
hydrophobic interactions in the lipid bilayer with the carbo-
hydrate groups facing towards the outside, as in band 3 and
glycophorin of the red blood cell membrane (Steck, 1974).
The sugar groups from complex arrays with considerable variation
from protein to protein,. The polypeptide portions may be
anchored in the 1lipid bilayer by a sequence of hydrophobie
amino aeid residues in an @-helical form that may traverse the
bilayer, but in some cases several polypeptides may collectively
form a complex that traverses the membrane, The importance
from é functional point of view is that protein continua
span the bilayer so that they are in contact with both the

external and cytoplasmic environments,

The set of functions in which glycoproteins seem to play
an important and specific role, is the response of cells to
environmental substances, a function particularly applicable
to bands 1 and 5. The response involves 3 iypes of inter-

actions associated with 3 different parts of the glycoprotein
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molecule, The first is recognition (specific binding) of
an extracellular molecular e,g, antibody or lectin or soluble
glycoprotein, The second involves a triggering reaction
(or form of communication) across the membrane-spanning
segment, The third involves interactions at the inner face
of the membrane between the membrane glycoproteins and other
profeins, This interaction may involve responses such as

2+

release of cAMP, phosphorylation of protein, release of Ca” ,

or modulation of the microfilament system,

Ihe fact that mitochondria are able to respond to external
hypo—'or hyper-tonic media by swelling and contraction of the
inner membrane (Hackenbrock, 1968a)indicates the existence of
a microfilament system in the organelle, This is supported
by the observation that cytochalasin B at concentrations of

4

around 10 " inhibits contraction of mitochondria induced by
ATP and Mg2+ (Lin et al,, 1973). The alkaloid has a similar

effect on ATP synthesis, but to a lesser extent.

No direct role can presently be given for glycoproteins
in membrane movemenis or flow, or in the maintenance of special
forms of membrane architecture, although all these processes
may be modulated by extermnal factors through the mediation of

surface glycoproteins,

Ancther probable role for the outer membrane could be to
provide a "frame-work" into which the hydrophobic portions of
amphipathic proteilns are anchored, This would allow the
hydrophilic, catalytically active portion of the molecule access
to the membrane interface and its catalytic effectors in the

cytoplasm, An example of this situation has been presented
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for the two microsomal enzymes, cytochrome b, and cytochrome

5
b, reductase, Both enzymes contain distinet hydrophobic

5
segments which provide firm attachment of the proteins to
the endoplasmic reticulum, The hydrophobic segments containing
the catalytic sites are oriented towards the cytoplasm, per-
mitting interactions of the polar catalytic heme with either
redﬁctase, cytochrome ¢ or the desaturase of the electron

transfer system (Spatz and Strittmatter, 1971; Strittmatter

et al., 1972).

‘Finally, it is proposed that the outer membrane plays a
special structural role in preventing cosmotic swelling and
lysis of the organelle, particulary during the morphological

changes observed in respiration (Lemaster, 1978).

10.4 Mitochondrial-cytoplasmic interactions

Components which traverse both membrane are of particular
biochemical significance in the case of mitochondria, for it is

well established that the majority of mitochondrial proteins

are sygghesised on cytoplasmic ribosomes and then tranSported
into the organelle (Schatz and Mason, 1974). Maccecchini et al.
(1979) have recently documented evidence for the existence of
larger precursor forms of the three larger subunits of the
soluble Fl ATPase, Also subunit V of the mitochondrial

bcl complex is synthesised as a larger polypeptide in vitro
(CBté et al., 1979). Transport of these proteins into the
mitochondrion is accompanied by cleavage of a signal sequence

which converts the protein into a mature form in the organelle,

Thus 1t appears that translation and import of proteins are two
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independent processes (Macceéchini et al,, 1979; CB&té et al.,
1979). A similar import mechanism appears to operate during
the transport of polypeptides into chloroplasts (Highfield
and Ellis, 1978), and perhaps also during the transport of
bacterial toxins across the plasma membrane of prokaryotes

and eukaryotes (Neville and Chang, 1978),

Schatz (1979) has suggested that the mitochondrial
polypeptide- preéursors migrate to contact points in the
membrane., * Interactions with the precursor opens up a pore
across both membranes which allows the polypeptide to
equilibrate across the membrane barrier. Unindirectional
transport i1s achieved by irreversible proteolytic processing
of the precursor in the matrix. The process of protein import
is energy dependent and does not occur if ADP-ATP transport
is inhibited or oxidative phosphorylation uncoupled (Schatz,

1979).

In this regard the saccharide moieties of bands 1 and 5
(traverse both membranes) could serve as receptors for the
precursor protein, triggering of interactions with the
cytoskeletal system, which may modulate formation of.a protein
lined pore through which nascent polypeptides are inserted,
Other facts which support ithis mode of protein import into
mitochondria are the observed contact points between inner
and outer membranes (Hackenbrock, 1968a) which could facilitate
the formation of a transmembrane polar channel, Also,
examination of double membrane fracture faces of mitochondria
from yeast (Packer et al.,, 1973) and mammalian cells (Melnick

and Packer, 1971) reveals the existence of double membrane
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fracture faces showing largé regions where the outer and

inner membranes are fused together,

From a theoretical point of view this is feasible,
The membrane thickness is approx. 8nm, thus at the reported
contact points (Hackenbrock, 1968a)the total membrane width
expected is 16nm. Based on this figure, it is possible to
calculate that in a a-helix configuration a protein of

approx, mel, wt, 10,000 spans the contact points.

The ﬁorous nature of the outer membrane has heen well
documented (Pfaff et al,, 1968). The membrane is permeable
to solutes of mol, wt. up to 4,000 suggesting "holes" with an
approx., diameter of 2nm, This 1s supported by the fact that
cytochrome ¢ which has an effective spherical diameter of 34OA
(Dickerson, 1969) does not penetrate the ﬁuter membrane
(Wojtezak and Zaluska, 1969). The physiological significance
of these "holes" other than for the passage of small solutes
is unknown, Whether bands 1 and 5 are actually integrated
into the 1ipid bilayer of the outer membrane, or are simply
exposed on the cytoplasmic surface by peneitrating these '"holes!

is a question which requires further investigation.

The synthesis of membrane proteins probably begins on
free ribosomes, The N-terminal sequence of the new peptide
then causes attachment of the ribosome to the endoplasmic
reticulum,. Evidence that all glycoproteins, including
membrane glycoproteins are assembled on membrane bound ribosomes

has been presented (Morrison and Lodish, 1975),

Recently, the presence of a signal sequence of approx,

16 amino acids of a transmembrane glycoprotein of vesicular
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stomatitis wvirus has been deﬁonstrated (Lingappa et al,,
1978). The ribosomes become attached to the microsomal
membrane via a ribosome binding protein, which is postulated
to assemble into a hydrophilic channel for the passage of
nascent polypeptides through the membrane. After translation
is complete, the channel closes leaving the C-terminal exposed
on fhe cytoplasmic surface and the ribosomes become "unbound",
The signal sequence is cleaved off and carbohydrate incorpor-

ation bégins within the lumen of the endoplasmic reticulum.

In view of the hypothesis put forward by Schatz (1979)
for iﬁport of cytoplasmically synthesised proteins into |
mitochondria, it appears likely that these species are
synthesised on free polysomes and therefore remain unglycosy-
lated. It is possible that glycosylation of nascent poly-
peptide chains occurs in mitochondria by a mechanism remote
from the endoplasmic reticulum and Golgl apparatus. It
seems improbable, however, that glycosylated proteins are
imported into mitochondria as the membrane shuttle hypothesis,
(migra%&on of vesicles containing newly synthesised glyéo:
proteins which fuse into the existing plasma membrane,
Steiner et al., 1974) would result in the reverse orientation

of glycoproteins to that reported in this study.

In the light of this data, we would favour a mechanism
by -which glycosylation of nascent mitochondrial polypeptide
chains occurs within the organelle, independent of the endo-
plasmic reticulum and Golgi apparatus. Support for this
suggesticon comes from the demonstration that radiocactively

labelled sugar nucleotides are incorporated into acid
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precipitable glycoproteins in intact mitochondria (Bosmann,

1971),

10.5 TFunctional correlations with glycoproteins,

Future work,.

The central problem of membrane sirueture and its
correlation with physiological and biochemical functions
is to define the organisation of constituent molecules.
This is Q necessary pre-~requisite before a function can be
allocated to the components in molecular terms, Two
imporﬁgnt “processed in mitochondria which have been correlated
with specific protein transporters are : CaZ+ and ADP/ATP

transport.

032+ transport thought to be mediated via a specific
glycoprotein located within the inner membrane and inter-
membrane space, (Sottocasa et al,, 1972), This component
closel& corresponds to band 2a identified in our system.

However, confirmation of this fact is anticipated by use of

specific antisera against a purified glycoprotein implicated

in Ca2+ binding and transport.

in our system component 2b appears to strongly correlate
with the adenine nucleotide translocase, Riccio et al. (1975)
have isolated this protein on a column of hydroxyapatite from
mitochondria that are pretreated with radio-labelled carboxyat~
ractyloside. Later, Boxer et al. (1977) have identified the
CAT binding protein as the major component that is labelled
on the outer surface of the inner membrane in ox heart

mitochondria. In rat liver mitochondria, we have shown
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the first time that component 2b is glycosylated and
verses the inner membrane supporiting its fumetion of
leotide translocation, Correlation of component 2b

2 the adenine nucleotide translocase is anticipated by
lating the protein from rat liver mitochondria and

sequent identification by gel electrophoresis,

In view of research on red blood cells and other plasma
ranes, glycoproteins frequenitly if not always span the
id biléyer and are important in recognition and transport
xtions. _:Preliminary investigation into the functions of
identified glycoproteins by the use of lectins on observed
- transport and ATP synthesis underline the value of this
roach in determining the individuwal roles of mitochondrial
:oproteins, In this context, we hope to extend our
rtional studies to cover the full range of mitochondrial
and substrate transport systems to monitor the effects

specific lectins and antibodies.
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APPENDIX

Development of 2-dimensional electrophoresis for separation

of rat liver mitochondrial membrane proteins.

A,Ll,. Introduction

During the course of this investigation, we felt it
would be useful to have a technique by which we could obtain
detailed peptide maps of mitochondrial membrane proteins,
Minor components, or even relatively abundant proteins
caﬁnot be‘distinguished if their mol, wt. is the same as
that of one of the ma jor components; +thus resclution
obtained by one-dimensional dodecyl sulphate gel electro-

phoresis is not adequate in many cases,

In this appendix we describe a two~dimensional separation
of membrane proteins which offers a much greater power of
resolution (O'Farrell, 1975; Ames and Nikaido, 1976).

The method involves isoelectric focusing (IEF) of proteins

in the presence of non-ionic detergents and urea in the first
dimension, followed by SDS-polyacrylamide gel electrophdrésié
which separates proteins on the basis of mol, wt. in the

second dimension,

The object of these experiments is to characterise using
IEF, the banding pattern of mitcchondrial membrane proteins,
e have also attempted to optimise the procedure for further
separation in the second dimension. Although, we were
unable to continue this technique on a routine basis owing
to the technical difficulties experienced in obitaining
reproducible results, further work is envisaged, particularly

as regards detailed peptide mapping of the five inner membrane
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complexes in terms of their topographical distribution

and possible funetional roles,

A,2,  Isoelectric focusing of mitochondrial membrane

Eroteins.

In developing this method of membrane protein analysis
we.have aimed at obtaining effective solubilisation of
membrane proteins in SDS, followed by IEF in the first
dimensiéni An important reason for separating proteins
by IEF, is that large amounts of material (200pg) can be
applied to the gel without running into overloading problems;
as compared to a dodecyl sulphate gel, This 1is particularly
advantageous as the problem of low specific activity of
radio-labelled proteins and difficulty in detecting minor

species can be circumvented.

Isolated mitochondrial inner, outer and membrane mixture
are solubilised by using SDS as denaturing agent as described
in Materials and Methods (M 8.4.2). The prepared samples
are th;n polymerised into the gel mixture containing urea

and Nonidet P-40 and electrophoresed in a cylindrical gel

apparatus as described in (M 8.3.1),

Filg, 1 shows the polypeptide components of mitochondrial
membranes as visualised by Coomassie Blue staining (Vesterburg
et al,, 1977). The pH gradient is measured by use of an
aﬁtimony microelectrode system (Beeley et al,, 1972),

The gradient is linear ranging from 3.5 to 9.5, comparable with
that obtained by Beeley et al,, (1972) for the ampholine range

pH 3.5 to 10.0 (see Fig., 11). There are fewer proteins



Fig. I.

Isoelectric focusing of the proteins of imner

Q and outer rat liver mitochondrial membranes.

'
§
|

' Rat liver mitochondria are isolated (M 4.1) and purified
on é discontinuous sucrose density gradient as described in
(M 4.3.1); The ﬁembranes are pelleted by centrifugation at
lOOjOOOg for 40 min and an aliquot (3mg) solubilised as

deséribed in (M 8.4.2).

f IEF gels are prepared and the sample polymerised into
|
thg‘gel mixture prior to electrophoresis as deseribed in

|
(M 8.3.1). Extruded gels are fixed overnight in TCA

|
(10% w/v) and proteins visualised by Coomassie Blue staining
il

(M 3.5.3).

(a) membrane mixture
(b) dinner membrane

(e) outer membrane
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(a) (b) (c)
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Fig. II.

Measurement of the pH gradient of an IEF gel -

A sample contalining a mixture of inner and outer membrane
(200pg) 1is focused as described in Fig. I. The extruded gel
is washed twice in distilled water and the pH along the gel
measured at intervals (0,5cm) using an antimony miecroelecirode,

pre-calibrated with standard solutions of known pH (M 8.3.3).
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present at the basic end of fhe gel than the acidic, this
resolution could be increased by incorporating a acidic

ampholine range into the gel. In all cases however, over
30 bands could be resolved using ampholine range of pH 3.5

to 10.0.

A.3, Sodium dodecyl sulphate gel electrophoresis

After IEF of the mitochondrial membrane mixture, the
extruded gels are equilibrated in SDS sample buffer (M 3.4.3.9)
and fixed horizontally to a 10% (w/v) acrylamide slab gel
with an agarose solution as described in (M 8.3.2).
Electrophoresis in the second dimension resolves 70-80 spots

as detected by Coomassie Blue staining (see Fig, III),

From the photograph, it can be seen that the resolving
power of this method 1s much higher than any single dimension
separation of proteins, Increased sensitivity could be
achieved by radio-labelling the membrane, e.g. with [1251]3“3

detecting the spots by autoradiography or fluorography.

On some occasions, there appears to be a small amount
of streaking at the acidic end of the gel, This could be due
to a variety of reasons including poor solubility of
proteins in that region or the presence of nucleic acids
as discussed by O'Farrell (1975). Although SDS binds %o
protein with a high binding constant (Ray et al., 1966),
it comes off the protein and forms micelles with Nonidet
P-40, These migrate to the acidic end of the gel and could
be responsible for streaking. Sometimes streaking i1s also

observed at the dye front. This could be due to the



Fig., ITI.

Analysis of rat liver mitochondrial membrane

proteins by 2-dimensional separation on poly-

acrylamide slab gels.

Rat liver mitochondrial are isolated (M 4.1) and

|
so#ieated for 2 x 30s. The membranes are pelleted by
{

centrifugation at 100,000g for 40 min. An aliquot of the

mi#ochondrial membranes (3mg) is solubilised as described

in%(M 8.4.2). The sample is polymerised into the IEF gel

mi%ture (200#g/gel) and electrophoresis conducted as described

g
in?(M 8.3.1).

i After equilibration of the extruded gels in SDS-buffer

(M

3.4.3.9), gels are electrophoresed in the second dimension

as @escribed in (M 8.3.2). Protein spots are then

visualised by staining with Coomassie Blue staining (M 3.5.1).

!
)
i
|
|
i
|
|
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ampholines in the gel which behave like very small proteins;

they bind SDS and the vast ma jority migrate to the dye front.
In the presence of SDS, the ampholines are acid precipitable

and remain in the gel, observable as a dense line at the dye

front after Coomassie Blue staining. This could mar the

appearance of small proteins migrating near the dye front.

A4, Conclusions and future use of the technique.

In Eonclusion, this method offers much potential for
analysis of membrane proteins because of its capability to
solubilise and then resolve denatured proteins by two
different parameters:! IEF, which separates proteins by
virtue of their net intrinsic charge allows application of
large quantities of solubilised sample, This should be
useful in cases where it is not possible to prepare labelled
membrane of high specific activity. The polypeptides can
then be separated in the second dimension on the basis of size
and visualised either by Coomassie Blue sitaining or auto-

radiographic/fluorographic procedures.

Using this technique in conjunction with autoradiography/
fluorography it should be possible to detect e.g. [lzslj—labelled
spots (accessible proteins at membrane surface), [3H]-glucosamine—
labelled spots (membrane glycoproteins) or [358]-methionine«
labelled spots after in vivo incorporation of the radio-labelled
amino acid (total membrane protein). A longer term objective
is to attempt detailed mapping and characterisation of the
inner membrane proteins. The availability of specific

mitochondrial complexes e,g. succinate~-cytochrome ¢ reductase,
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cytochrome ¢ oxidase, will be useful in permitiing prelimin-
ary assignment of the ma jority of inner memdbrane proteins

to particular complexes on 2-dimensional analysis. Other
individual proteins can be ;dentified by their characteristic
pr operties e.g. the Ca2+ binding glycoprotein (murexide
staining) or the adenine nucleotide translocase (14C~carboxym

atractyloside tagging).

%



L3

BIRLIOGRAPHY

Adair, W. and Kornfeld, S. (1974). J. Biol. Chem. 249,

4696- 4704,

Allan, D, and Crumpton, M.J. (1970). Biochem. J. 120,
133-143.

Allan, D. and Crumpton, M.J. (1971). Biochem. J, 123,
967-975.

Allen, A.K. and Neuberger, A. (1975). FEBS Lett. 50,
362~364.

Alimann, D.W., Bacchmann, E,, Orme-Johnson, N., Tan, W.C,

and Green, D.E, (1968). Arch, Biochem. Biophys, 125,

v——

981-1012.
Ames, G. F-L. and Nikaido, K. (1976), Biochemistry. 15,
616-623,

Andreu, J.M., Larraga, V. and Munoz, E. (1977) in
Bioenergetics of Membranes (Packer, L., Papageorgiou,
G.C. and Trebst, A., eds,), pp 527-536, Elsevier/North-
Holland,IBiochemical Press, Amsterdam, Oxford and New York,

Andreu, J.M., Warth, R, and Munoz, E, (1978). FEBS Lett.
86, 1-5.

Aquila, H., Eiermann, W,, Babel, W. and Klingenberg, M.
(1978). Eur. J. Biochem. 85, 549-560.

Astle, L. and Cooper, C., (1974). Biochemistry, 13,
154-160,

Bailey, E., Taylor, C.B, and Bartley, W. (1966). Biochem, J.
98, 39p.

Beeley, J.A., Stevenson, S.M. and Beeley, J.G. (1972).

Biochim, Biophys. Acta, 285, 293-300.



Beeley, J.G. (1974). Biochem. Soc. Symposium, 40,
27-36.

Bell, R.L,, Sweetland, J., Ludwig, B. and Capaldi, R.A.
(1978) in Frontiers of Biological Energetics, Electrons
to Tissues (Dutton, P.L., Leigh, J.S. and Scarpa, A.,
eds) vol. 1, pp.l55-164.

Benéley, R.R. and Hoerr, (1934) Anat. Rec, 60, 449-445.

Bernacki, R.J., and Bosmann, H.B. (1970). Biochem, Biophys.
‘Res, Commun. 41, 498-5085.

Bhavanandan, V.P., and Katlic, A.W. (1979). J. Biol. Chem,
254, 4000-4008.

Bishajee, S. and Bachhawat, B.K., (1974). Neurobiol. 4,
48-56,

Birchmeier, W., Kohler, C.E. and Schatz, G. (1976).
Proc. Natl. Acad. Sci. U.S.A. 73, 4334-4338.

Blobel, G, and Dobberstein, B. (1975). J. Cell Biol.
67, 835-851,

Bloch, R. and Burger, M.M. (1974). Biochem. Biophys. Res,
Commun, 58, 13-19, -

Bonner, W.M. and Laskey, R.A. (1974). Eur. J. Biochem.
83-88,

Borst, P. (1972). Ann, Rev. Biochem. 41, 333-376.

Bosmann, H.B, (1971). Biochem. Biophys. Res. Commun. 43,
1118-1124.

Bosmann, H.B, and Martin, S.S. (1969). Science (N.Y.) 164,
190-192,

Bosmann, H.B. and Hemsworth, B.A. (1970). J. Biol. Chem,

245, 363-371,



234

Bosmann, H.B., Meyers, M.W.; behond, D., Ball, R. and
Case, K.R, (1972). J. Cell Biol. 55, 147-160,
Bowles, D.J. and Kauss, H. (1976). Biochim, Biophys, Acta.
448, 360-374,
Bowles, D.J., Schnarrenberger, C. and Kauss, H, (1976).
Biochem. J. 160, 375-382.
Boxer, D.H. (1975). FEBS Lett. 59, 149-152.
Boxer, D.H., Fecki, J. and Klingenberg, M. (1977). FEBS
‘Lett. 73, 43-46.
Bourgnignon, L.Y.W. and Singer, S.J. (1977). Proc, Nati.

Acad. Sci, U.S.A. 74, 5031-5035.

Bretscher, M.S. (1971a). J. Mol, Biol. 58, 775-781.

Bretscher, M.S. (1971b). Nature (London) New Biol. 231,
229-232.

Bretscher, M.S. (1972). J. Mol, Biol., 71, 523-528,

Butow, R,A., Bennett, W.F., Finkelstein, D,B. and Kellems,
R.E, (1975) in Membrane Biogenesis (Tzagoloff, A, ed,)

Pp.155-200, Plenium Publishing Corp. New York,

Capaldi1 R.A, and Green, D.E, (1972). FEBS Lett. 25,
205-209.

Caplan, A,I. and Greenawalt, J.W., (1966). J. Cell Biol,
31, 455-472.

Carafoli, E. (1976) in Mitochondria : Bioenergetics,

Biogenesis and Membrane Structure (Packer, L. and Gomez-
" Puyon, A., eds.), pp.47-60, Academic Press Inc., New York.
San Francisco and London,
Carafoli, E. and Lehninger, A.L. (1971). Biochem, J.

122, 681-690,



e32

Carafoli, E. and Sacktor, B. (1972). Biochem, Biophys.
Res., Commun, 49, 1498-1503,

Carafoli, E,, Gazzotti, P., Sattini, C., Rossi, C.S.,

Sottocasa, G.L,, S&ndri, G., Panfili, E. and de Bernard,
B. (1973) in Mechanisms in Bioenergetics, (Quagliariello,
E., Ernster, L., Azzone, G.F. and Siliprandi, N., eds),
pp. 293-307, Academic Press, New York,

Carraway, K.L., (1975). Biochim, Biophys., Acta., 415,
379-416.‘

Chance, B, and Williams, G.R, (1956). Advan, Enzymol. 17,
65-134.

Chappell, J.B. (1969). Brit. Med. Bull. 24, 150-157,

Chappell, J.B, and Haarhaff, K,M. (1966) in Biochemistry
of Mitochondria (Slater, E.C,, Kaniuga,.Z. and Wojtczak,
L., eds), pp. 75-91, London and Warsaw.

Chappell, J.B. and Crofts, A.R. (1966) in Regulation of
Metabolic Processes in mitochondria (Tager, J.M., Papa,S.,
Quagiariello, E. and Slater, £.C., eds,), Biochim., Biophys,.
Acta, vol. 7, pp. 293-316, Elsevier Publishing Co.,
Amsterdam, London and New York.

Clarke, S. (1976a). J. Biol. Chem. 251, 950-961.

Clarke, S. (1976D). J. Biol., Chem, 251, 1354-1363.

Claude, A, (1946). J. Expl, Med. 84, 51-59.

Cooperstein, S.J. and Lazarow, A, (1951), J. Biol, Chem,
189, 665-670.

c6té, C., Solioz, M, and Schatz, G. (1979). J. Biol, Chem,
254, L1437-1439.

Coty, W.A. and Pe-~derson, P.L. (1975). J. Biol. Chem,

250, 3515-3521.



236

Danielli, J,.F. and Davson, ﬁ. (1935). J. Cell., Comp.
Physiol. 5, 495-508,

Danielli, J.F. (1958) in Surface Phenomena in Chemistry
and Biology (Danielli, J.F., Pankhurst, G.A. and Riddiford,
A.C. eds.), pp. 246-265, Pergamon Press. Inc., New York,

David, G.S. and Reisfeld, R.A. (1974). Biochemistry, 13,
1014-1021.

de Bernard, B., Pugliarello, M.C., Sandri, G., Sottocasa, G.L.
‘and Vittur, F, (1971). FEBS Lett, 12, 125-128.

de Petris, S. and Raff, M.C. (1973). Nature (London),

New Biol., 241, 257-259.

De Waard, A,, Hickman, S. and Kormnfeld, S. (1976). J. Biol.
Chem. 251, 7581-7587,

Dickerson, R.E, and Geis, I. (1969) in The Structure and
Action of Proteins, p.2, Harper and Row Publishers Inc.,
New York and Londoen.

diJeso, F,, Christiansen, R.0.,, Steensland, H. and Loyter, A.
(1969). Fed. Proc., Fed. Amer. Soc. Expl. Biol. 28
663;P }

b

Downer, N,W., Robinson, N.C. and Capaldi, R.A. (1976),
Biochemistry. 15, 2930-2936.

Duee, E.D. and Vignais, P,V, (1969). J. Biol. Chem. 244,
3920-3931.

Ebner, E., Mennucci, L., and Schatz, G. (1973a). J. Biol.
Chem, 248, 5360-5368,

Ebner, E., Mennuceci, L, and Schatz, G. (1973b). J. Biol.

Chem. 248, 5369-5378,



237

Engelman, D.M. (1969). Nature (London), 223, 1279-1280.
1,

Engelhardt, W.A., (1930). Biochem. Z. 5

343-368.

Erdelt, H., Weiderman, M.J., Buchholz, M. and Klingenberg, M.
(1972). Eur. J. Blochem. 30, 107-122.

Estabrook, R.W. (1967). Methods Enzymol. 10, 41-47.

Eylar, E.H. Madoff, M.A., Brody, 0.V, and Oncley, J.L,.
(1962). J. Biol, Chem. 237, 1992-2000.

Eytan, G.D. and Schatz, G. (1975). J. Biol. Chem., 250,
'767~7§4;

Eytan, G.D,, Garoll, R.C., Schatz, G, and Racker, E, (1975).
7. Biol. Chem. 250, 8598-8603.

Fairbanks, G,, Steck, T.L. and Wallach, D.F,H. (1971).
Biochemistry, 10, 2606-2617.

Fernindez-Mordn, H, (1962). Circulation 26, 1039-1065,

Fieser, L.F. and Fieser, M, (1959) in Steroids, pp 29-31,
Chapman and Hall Ltd,, London,.

Flanagan, J. and Koch, L.E, (1978). Nature (London). 273,
278-281.

Frye, L,D. and Edidin, M. (1970). J. Cell Sci.. 7,
319-335,

Gahmberg, C.G. (1976). J. Biol. Chem. 251, 510-515,

Gahmberg, C.G. and Hakomori, S-I., (1973). J. Biol. Chen,
248, 4311-4317.

Glaser, M. and Singer, S.J. (1971). Biochemistry, 10,
"1780-17817,

Glew, R.H., Kayman, S.C. and Kuhlenschmidt, M.S. (1973).
J. Biol, Chem, 248, 3137-3145.

Goldstein, T.J. (1975) in Concanavalin A (Chowdhury, T.K.

and Weiss, A.XK. eds.), pp.35-54, Plenum Ltd., New York,



238

Goldstein, I.J., Hollerman,’é.E. and Smith, E.E. (1965),
Biochemistry, 4, 876-883.

Goldstein, I.J., Hammarstrom, S. and Sundblad, G. (1975),.
Biochim., Biophys. Acta. 405, 53-61,

Goméz-Puyou, A., Tuena de Goméz-Puyou, M., Becker, G. and
Lehninger, A,L. (1972). Biochem. Biophys. Res. Commun.
47, 814-819.

Gorter, E, and Grendel, F., (1925). J. Expl. Med. 41,
C439-443.

Green, D.E, and Ji, S. (1972). Biocenergetics, 3,
159-202.

Green, D.E,, Asai, J.,, Harris, R.A., and Penniston, J.T.
(1968) . Arch, Biochem. Biophys. 125, 684-705,

Green, D.E,, Allmenn, D,W., Bachmann, E., Baum, H.,
Kopaczyk, K., Korman, E,F., Lipton, S.H., MacLennan,
D.H.,, McConnell, D.G., Perdue, J.F.,, Rieske, J.S. and
Tzagoloff, A. (1967). Arch, Biochem, Biophys. 119,
312-335.

Guidotti, G, (1976). Trends Biochem, Sci. 1, 11-13, i

Hackenbrock, C.R. (1968a), Proec, Natl, Acad. Sci., U.S.A,
61, 598-605,

Hackenbrock, C.R. (1968b)., J. Cell Biol. 37, 345-369,

Hallermayer, G., Zimmerman, R. and Neupert, W. (1977a).
Eur. J. Biochem. 81, 523-532.

Hallermayer, G., Zimmerman, R, and Neupert, W. (1977b).

- Bur, J. Biochem. 81, 533-544.
Hatefi, Y, (1966). Comphr., Biochem, 14, 199-231,

Hatefi, Y., Stigall, D.L., Galante, Y. and Hanstein, W.G.

(1974). Biochem. Biophys. Res. Commun. 61, 313-321.



239

Hayman, M.J. and Crumpton, M.J. (1972). Biochem. Biophys.
Res. Commun, 47, 923-930.

Helenius, A, and Simoms, XK. (1975). Biochim. Biophys.
Acta. 415, 29-80.

Henkart, P.A. and Fisher, R.I. (1975). J. Immunol. 114,
710-714,

Henning, R. and Uhlenbruck, G. (1973). Nature (London)
New Biol, 242, 120-122,

Highfiel&,\P.E. and Ellis, R.J. (1978). Nature (London),
271, 420-424.

Hirané, H., Parkhouse, B., Nicolson, G.L,, Lennox, E,S, and
Sunger, S.J. Proc. Natl. Acad, Sci, U.S.A., 69, 2945~
2949,

Hogeboom, G.H., Claude, A, and Hotehkiss, R.D, (1946).

J. Biol. Chem.165, 615-629,

Hogeboom, G.H.,Schneider, W.C. and Palade, G.E. (1948).
J. Bicl., Chem., 172, 619-635,

Huber, C.T. and Morrisomn, M. (1973). Biochemistry, 12,
4274~ 4281, a
Hudgin, R.L., Pricer, W.E., Jr,, Ashwell, G., Stockert, R.J.

and Morell, A.G. (1976). J. Bicl., Chem.249, 5536-5543.

Hughes, R.C, in membrane glycoproteins (1976), pp. 100-107,
Butterworth & Co., Lecndon.

Jacobs, E.E, and Sanadi, D.R, (1960). J. Biol., Chenm.

235, 531-534.
Jaffe, C.L., Ehrlich-Rogozunsky, S., Lis, H. and Sharon, N,
(1977).  FEBS Lett. 82, 191-196,

Ji, T.H. (1976). J. Biol, Chem, 252, 1566-1570,



240

Juliano, R.L. and Li, G. (1§78). Biochemistry. 17,
678-683,
Katan, M.B., Pool, L. and Groot, G.S.P. (1976a). Eur. J.
Biochem, 65, 95-105,
Katan, M.B., Van Harten-Loosbroek, N, and Groot, G.S.P.
(1976D). Eur, J. Biochem. 70, 409-417.
Keida, C.M.T., Bowles, D.J., Ravid, A, and Sharon, N,
(1978).  FEBS Lett. 94, 391-396.
Keilin, D. (1925), Proc. R. Se. London. Ser. B98, 312-339,
Kennedy, E,.P. and Lehninger, A.L. (1948). J. Biol. Chen,
1124 847-848.
Kennel, S.J. and Lerner, R.A. (1973). J. Mol. Biol. 76,
485-502.
Kesseler, S,W. (1975). J. Immunol. 115, 1617-1624.
Klingenberg, M. (1970) in Essays in Biochemistry, (Campbell,
P.N. and Dickens, F. eds.), vol, 5, 119-159, Academic Press,
London and New York,
Koehli, H. and Von Wartburg, J.P. (1978). Anal. Biochem,
84, 127-135,
Kornberg, R.,D, and McConnell, H.M. (1971). Proc., Natl., Acad.
Sci. U.S.A. 65, 2564-2568.
Kraemer, P.M. (1971). Biochemistry. 10, 1437-1445.
Laemmli, U.K. (1970). ©Nature (Londomn) 227, 680-684.
Lee, C.P, and Ernster, L. (1966) in Regulation of Metabolic
 Processes in Mitochondria, (Tager, J.M., Papa, S.,
Quagiariello, E, and Slater, E.C. eds), Biochim, Biophys
Acta. vol. 7, pp. 218-234, Elsevier Publishing Co.,

Amsterdam, London and New York.



241

Lehninger, A.L. (1951). J. Biol. Chem. 1

90, 345-359.

Lehninger, A.L. (1959). J. Biol, Chem. 234, 2465-2471,

Lehninger, A.L. (1964) in The Mitochondrion (Davis, B.D.,
ed.), W.A. Benjamin, Inc, New York and Amsterdam,.

Lemasters, J.J. (1978). FEBS Lett. 88, 10-14.

Lewis and Lewis (1914) in The Mitochondrion (Davis, B.D. ed.),
W.A, Benjamin, Inc. New York and Amsterdam.

Li, E. and Kornfeld, S. (1977). Biochim. Biophys. Acta.
469, é02-210.

Liener, I.E. (1976). Annu. Rev. Plant. Physiol. 27,
291-319.

Lin, S., Lin, D.C., Spudich, J.A. and Kun, E. (1973).
FEBS Lett. 37, 241-243.

Lingappa, V.R., Katz, F.N., Lodish, H.F, and Blobel, G.
(1975) . J. Blol. Chem., 253, 8667-8670,

Lis, H., and Sharon, N. (1973). Annu. Rev. Biochem. 42,
541-572.

Lis, H., Sela, B,A., Sachs, L, and Sharon, N. (1970).
Biochim. Biophys., Acta. 211, 582-585,

Lotan, R., Beattie, G., Hubbell, W. and Nicolson, G.L
(1977). Biochemistry , 16, 1787-1794.

Lowry, 0.H., Rosebrough, N.J., Farr, A,L., Randall, R.J.
(1951). J. Biol, Chem. 193, 265-275,

Ludwig, B., Downer, N.W., Capaldi, R.A. (1979). Biochemistry.
18, 1401-1407,

Maccecchini, M.-L.,, Rudin, Y., Blobel, G. and Schatz, G.
(1979).  Proc. Natl, Acad, Sci. U.S.A., 76, 343-347.

Malviya, A.N., Parsa, B., Yodaiken, R.E. and Elliot, W.B.

(1968) . Biochim., Biophys. Acta. 162, 195-209,



242

Marchesi, V.T. and Steers, ﬁ. (1968). Science, New
York., 159, 203-204.

Martin, S.S. and Bosmann, H.B, (1971). Expl. Cell Res,
66, 59-64.

Mason, T,L, and Schatz, G. (1973). J. Biol. Chem. 24§,

1355-1360.

MeGivan, J.D., and Chappell, J.ﬁ. (1967). Biochem, J. 105,
15p-16p. |

Melnick, R.L. and Packer, L. (1971). Biochim. Biophys.
Acta. 253, 503-508.

Mendel-Hartvig, I. and Nelson, B.D. (1978). FEBS Lett.
92, 36-40.

Michaelis (1900), in The Mitochondrion (Davis, B.D. ed.,),
W.A, Benjamin, Inc, New York and Amsterdam.

Michaelson, D.M., Horwitz, A.F., Klein, M.P. (1973).
Biochemistry, 12, 2637-2645.

Mitchell, P, (1966) Biol. Rev. Cambridge Phil. Soc. 41,
445-502.

Miteheii, P. and Moyle, J. (1969). Eur. J. Biochen,
9, 149-155. '

Miyachil, Y. and Chrambach, A, (1972). Biochem, Biophys.
Res. Commun, 46, 1213-1221.

Molnar, J. and Sy, D. (1967). Biochemistry, 6, 1941-1947,

Morré, D.J., Kennan, T.W. and Huang, C.M. (1974).  Adv.
Cytopharmacol. 2, 107-125.

Morrison, M, and Bayse, G.S. (1970). Biochemistry, 9,
2995-3000.

Morrison, T.G. and Lodish, H,F, (1975). J. Biol, Chemn.

250, 6955-6962,



243

Nalin, C.M., Cross, R.L., Luéas, J.J., and Kohlbrenner, W,E.
(1979).  FEBS Lett. 104, 209-214,

Nass, M.M.K. (1969). Seience (N.Y.). 165, 25-35.

Neville, D.M. and Chang, T.-M, (1978). Curr. Top. Membr.
Trans. 10, 66-150.

Nicolson, G.L. and Singer, S.J. (1971). Proc. Natl. Acad,
Sci. U.S.A. 68, 942-945.

Nicolsomn, G., Lacérbiere, M. and Delmonte, P, (1971).
Exptl. Cell Res. 71, 468-472,

Nicolson, G.L. (1973). J. Supramol. Struet. 1, 410-416,

Nicoléon, G.L. (1974). 1Int. Rev. Cytol. 39, 89-189.

Nicolson, G.L. and Singer, S.J. (1974). J. Cell Biol,
60, 236-248,

Ochoa, S. (1943). J. Biol. Chem. 151, 493-505.

Ot'Farrell, P.H. (1975). J. Biol. Chem. 250, 4007-4021,

Ohnishi, T., (1975). Biochim. Biophys. Acta, 387, 475-
490, |

Omura, T., Siekevitz, P. and Palade, G.E. (1967). J.
Bioli Chem, 242, 2389-2396

Quchterlony, O. (1964) in Immunological Methods.
(Ackroyd, J.F. ed.,), pp 55-78, Blackwell Scientific
Publications, Oxford,.

Packer, L,, Williams, M.A. and Criddle, R.S. (1973).
Biochim, Biophys. Acta. 292, 92~104.

Palade, G.E. (1952). Anat. Rec. 114, 427-451.

Palmieri, F., Quagliariello, E. and Klingenberg, M, (1970).
Eur. J. Biochem. 17, 230-238,

Panfili, E., Sandri, G., Sottocasa, G.L., Lunazzi, G.,

Liut, G. and Graziosi, G. (1976), Nature (London)

264, 185-186,



bk

Papa, S., Lofrumento, N,E., Kanduec, D,, Paradies, G.
and Quagliariello, E. (1971). Eur, J. Biochem, 22,
134-143.

Parsons, D.F. and Tano, Y. (1967). Biochim, Biophys.
Acta., 135, 362-364.

Parsons, D.,F., Williams, G.R., Thompson, W., Wilsomn, D.
and Chance, B. (1967) in Mitochondrial Structure and
Compartmentation (Quagliariello, E,.,, Papa, S., Slater,
E.C. and Tager, J.M. ed.,) pp.29-70.

Pfaff, E., Klingenberg, M. and Heldt, H.W. (1965).
Biochim, Biophys.vActa. 104, 312-315,

Pfaff, E., Klingenberg, M., Ritt, E, and Vogell, W.
(1968). Eur. J. Biochem. 5, 222-232.

Pinto da Silva, P. and Nicolson, G.L. (1974).  Biochiam.
Biophys. Acta. 363, 311-319.

Poyton, R.0. and Schatz, G. (1975). J. Biol. Chem. 25

o

2

752-761.
Price, V.E., Sterling, W.R., Tarantola, V.A., Hartley,
R.W. Jr, and Recheigl, M. Jr. (1962). J. Biol. Chenm.

237, 3468-3475.

Pricer, W.E. Jr. and Ashwell, G. (1976). J. Biol, Chenmn.
251, 7539-7544.

Pullmann, M.E., Penefsky, H.S., Datla, A, and Racker, E.
(1960). J. Biol. Chem. 235, 3322-3329.

Quiﬁn, P.J. (1976) in the Molecular Biology of Cell
Membranes, p.31, Macmillan Press Ltd. London and

Basingstoke,



245

Racker, E. (1970). Essay Biochem, 6, 1-22,

Racker, E. (1975). Biochem. Soc. Trans. 3, 785-802.

Ragland, W.,L., Pace, J,L. and Doak, R,L, (1973).

Biochem. Biophys. Res. Commun., 50, 118-126,

Ray, A., Reynolds, J.A., Polet, H. and Steinhardt, J.
(1966). Biochemistry, 5, 2606-2616,

Reichstein, E. and Blostein, R. (1975). J. Biol. Chem.
250, 6256-6263.

Rieske, J.S. (1976). Biochim. Biophys. Acta. 456,
195-246

Riccio,P., Aquila, H. and Klingenberg, M. (1975a)

FEBS Lett. 56, 129-132,

Riccio,P,, Aquila, H. and Klingenberg, M. (1975b)
FEBS Lett. 56, 133-138.

Robertson, J.D. (1959). Biochem. Soc. Symp., 16, 3-4ﬁ.

Roche, A-C. and Monsigny, M. (1974). Biochim. Biophys.
Acta, 371, 242-254.

Roeloféen, B., Zwaal, R.F,A., Comfurius, P., Woodward, CiB.
and Van Deenan, L.L.M. (1971). Biochim., Biophys. Acta.
241, 925-929,

Rosenburg, S.A, and Guidotti, G. (1968). J. Biol. Chenm,
243, 1985-1992.

Rossi, C., Azzi, A, and Azgzone, G.F. (1967), J. Biol,
Chem. 242, 951-957,

Rostas, J.A., Kelly, P.T., Cotman, C.W. (1977). Anal. Biochen.
80, 366-372,

Rothman, J.E. and Lenard, J. (1977). Science, 195, 743-

753.



246

Rothstein, A., Cabantchik, Z.I, and Knauf, P, (1976).
Fed. Proc,, Fed. Amer, Soc., Expl. Biol. 35, 3-10.

Schatz, G. (1968). J. Biol. Chem. 243, 2192-2199.

Schatz, G. (1979). FEBS Lett, 103, 203-211,

Schatz, G. and Saltzgaber (1969). Biocheém, Biophys. Res,.
Commun. 37, 996-1001.

Schatz, G. and Mason, T.L. (1974). Ann, Rev., Biochen,
43, 51-87,

Scﬁatz, G:, Groot, G.S.P., Mason, T,L., Rouslin, D.C.,
Wharton, D.C. and Saltzgaber, J. (1972). Fed, Proc.
31, 21-29.

Schnaitman, C., Erwin, V.G. and Greenawalt, J.W. (1967),
J. Cell Biol. 32, 719-735.

Schneider, W.C. (1946). J. Biol. Chem. 165, 585-593,

Segrest, J.P., Kahane, I,, Jackson, R,L, Marchesi, V.T.

(1973). Arch, Biochem, Biophys. 155, 167-183.

Sharon, N. and Lis, H. (1972). Science, N.Y. 177, 949-
959,
Singer, S.J. and Nicolson, G.L. (1972). Science, N.Y.

175, 720-731,

Singer, S.J. and Nicolsomn, G.L. (1974). J. Cell Biol,
60, 236-248,
Snary, D., Goodfellow, P., Hayman, M.J., Bodmer, W.F,.
"and Crumpton, M.J. (1974). Nature (London) 258,
240-242.
Sottocasa, G.L,, Kuylenstierna, B.,, Ernster, L. and

Bergstrand, A, (1967). J. Cell Biol, 32, 415-438.



Sottocasa, G.L., Sandri, G.;.Panfili, E. and de Bernard,
B. (1971). FEBS Lett. 17, 100-105.

Sottocasa, G.L., Kuylenstierna, B., Ernster, L., and
Bergstrand, A. (1967). Methods Enzymol. 10,

448-463.

Sottocasa, G.L., Sandri, G., Panfili, E., de Bermnard, B.,
Gazzotti, P., Vasington, F.0. and Carafoli, E. (1972).
Biochem, Biophys. Res. Commun, éZ’ 808~813.

Spatz, L. and Strittmatter, P. (1971). Proc. Natl, Acad,
Sci. U.S.A. 68, 1042-1046.

Steck; T.L. (1972). J. Mol. Biol. 66, 295-305.

Steck, T.L. (1974). J. Cell Biol. 62, 1-19,

Steck. T.L,, Weinstein, R.S., Strans, J.H. and Wallach,
D.F.H. (1970). Science, N.Y, 168, 255-257,

Steck, T.L.ad Kant, J.4. (1974). Methods Enzymol. 31,
172-180.

Stein, G.S., Roberts, R.M., Davis, J.L., Head, W.J., Stein,
J.L., Thrll, C.L., Van Deen, J. and Welsh, D.W, (1975).
Nature (London) 258, 639-641.

Steiner, D.F., Xemmler, W., Tager, H.S. and Rubenstein, A.H.
(1974). Adv. Cytopharmacol., 2, 195-205,

Strittmatter, P., Rogers, M.J. and Spatz, M. (1972).

J. Biol., Chem. 247, 7188-7194.
Sumner, J.B. and Howell, S.F. (1936). J. Biol. Chen.

115, 583-588.

Tabor, C.W., Tabor, H. and Rosenthal, S.M, (1954). J. Biocl.
Chem., 208, 645-661.
Tanner, M.J.A. and Boxer, D.H. (1972). Biochem, J. 12

333=34"7.



£ 40

Tanner, M.J.A. and Anstee, D.J. (1976). Biochem, J.
153, 265-270.,

Tragoloff, A, (1970). J. Biol. Chem. 245, 1545-1551.
, 3050-3056,

Tzagoloff, A, (1971). J. Biol. Chem, 246

Tzagoloff, A, (1972). J. Bioemerg. 3, 39-45.

Tzagoloff, A, and Meagher, P, (1972). J. Biol. Chem.
247, 594-603.

Tzagoloff, A,, Rubin, M.S. and Sierra, M.F. (1973).
Biochim, Biophys. Acta. 301, 7i-104.

Walsh, F.S. and Crumpton, M.J. (1977) Nature (London)
269, 307-311.

Walsh, F.S., Barber, B.H. and Crumpton, M.J. (1976).
Biochemistry, 15, 3557-3562.

Watliatx, R., Wibo, M. and Bandhuin, P. (1963) in Ciba
Found. Symp. Lysosomes (de Renck, A.V.3. and
Cameron, M.P. eds.), pp. 176-200, London, J. and A,
Churchill Ltd.

Welton, A.F, and Aust. S.D. (1972). Biochem. Biophys.
Resi Commun. 49, 661-666.

Werkkeiser, W.C. and Bartley, W. (1966). Biochem. J.
66, 79-91,

Whittaker, P.A, and Danks, S.M. (1978) in Mitochondria
Structure, Function and Assembly (Phillips, I.D.J., ed),
Longman, London and New York,

Wilson, D.,F,, Dutton, P.L., Erecinska, M., Lindsay, J.G.

and Sato, N, (1972). Accounts., Chem. Res. 5,

234-241.,



Winzler, R.J. (1971). Int.'ﬁev. Cytol. 29, 77-125.

Wiodawer, P,, Parsons, D.F., Williams, G.R, and Wojtczak,
L. (1966). Biochim. Biophys. Acta. 128, 34-47.

Wojtezak, L., and Zaluska, H. (1969). Biochim. Biophys.
Acta, 193, 64-72.

Wojtezak, L., Zaluska, H., Wroniszewska, A, and Wojtczak,
A.B. (1972). Acta Biochim. Polonica, 19, 227-234.

Wu, H.C., Meezan, E,, Black, P.H. and Robbins, P.W. (1969).
.Biochémistry, 8, 2509-2517.

Vasington, F.D., Gazzd%ti, P., Tiozzo, R, and Carafoli, E.
(1972). 256, 43-54.

Vesterburg, 0., Hansen, L. and Sjosten, A. (1977).
Biochim. Biophys. Acta, 491, 160-166,

Vignais, P.V., Vignais, P.M. Lauquin, G. and Morel, F,
(1973).  Biochim. 55, 763-778.

Yamashina, I., Izumi, K., Okawa, H, and Furuya, E. (1965),.
J. Biochem. (Tokyo) 58, 538-542.

Zimmerman, R., Korb, H. and Neupert, W. (1978) in
Frontiers of Biological Energetics, Electrons to Tissues
(Dutton, P.L., Leigh, J.S. and Scarpa, A., eds) vol. 1,

pPp. l46-154.






