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SUMMARY

Mitochondria have their own very limited genetic system which codes
for a few proteins of the inner membrane respiratory chain. As such,
the bulk of mitochondrial proteins are nuclear encoded, syntheSised in
the c&toplasm on free ribosomes (in general as larger Mr precursors) and
subsequently imported into the correct compartment within the organelle.
We Were particularly interested in studying two mitochondrial proteins
with respedt to this problem of biosynthesis and import into the organelle.
The first of these proteins, the phosphate transport protein is an
integral, inner transmembraneous protein of mitochondria which has a
major role to play in energy metabolism in the cell. It had only been.
partially characterized when we étartéd.to investigate it and as such this
repreéented an interesting area of research. Purification of the phosphate
transport protein from rat liver mitochondria was carried out by extraction
* in an 8% (v/v) Triton X-100 buffer and then adsorption chromatography on
hydroxylapatite followed by Celite. SDS-polyacrylamide gel electrophoresis
10% (w/v) demonstrated that the protein band was apparently homogeneous
when stained with Coomassie Blue and had an Mr of 34,000. However, when

this gel was overlayed with 125

I-labelled concanavalin A to detect glyco-
proteins and exposed to autoradiography, numerous low and high Mr glyco—
protein contaminants could be visualized. To overcome this problem,
mitochondria were pre-extracted with a 0.5% (v/v) Triton X-100 buffer
prior to purification. This initial extraction solubilised about 80%
of the mitochondrial protein and effected quantitative removal of the
contaminants.

ShS-polyacrylamide gradient gel electrophoresis 14-20% (w/v) of the

’ hydroxylapatite and Celite eluates revealed one major band of N& 34,000



when stained with Coomassie Blue. Densitometric scanning of the gel
demonstrated that the protein was greater than 95% pure. . This result
was in marked contrast to the recent findings of several groups who have
purified the phosphate transport protein from bovine and pig heart mito-
chondria, respectively. The hydroxylapatite eluates, when resolved on
a similar gradient gel, demonstrated. four to five Coomassie Blue staining
bands.

In order to ideﬁtify the protein, the sulphydryl groﬁp sensitivity
of the phosphate transport protein.was employed. Labelling studies with
N-[*H] -ethylmaleimide showed that only the 34,000 M_ band was labelled
in both the hydroxylapétite and, Celite fractions, when purified from rat
liver mitochondria. This result was consistent with thé known sulphydryl
group sensitivity ofbthe phosphate transport protein. Further confirmation
has been provided by preliminary experiments with an antiserum directed
against the 34,000 Mi protein. Partial inhibition of mitoplast swelling
in isotonic ammonium phosphate buffer was achieved when mitoplasts were
incubated with the specific antiserum.

To study the biosynthesis and import of this protein into mitochondria;
in general, cultured mammalian cell lines were employed. The rabbit,
polyclonal antiserum raised against the 34,000 Mr band.proved to berun—
successful when testing its specificity by immune-blotting and later with
the in vivo mitochondrial import studies. Numerous polypeptides were
observed when crude tissue-culture extracts were challenged with the anti-
phosphate transport protein serum and analysed by the immune-replica technique‘
However, a preliminary experiment in the yeast rho strain (p) , which can
accumulate large quantities of mitochondrial precursors in the presence of
uncoupler, indicated that the protein was probably not made as a:.larger Mi

hondrial

I B S

. . _ . .
precursor, The antiserum raised against the rat liver mit

~ S8 20w wasy - W

phosphate transport protein strongly cross-reacted with a yeast protein



of 29,000 N& under the above conditions. . In addition the identity of

this cross-reacting yeast protein has been partially provided by the immune-~
replica technique, where the antiserum specifically recognised a protein

of 29,000 Mr in a yeast mitochondrial extract.

The second protein of particular interest to us was the enzyme
fumarase. This enzyme has been shown to be located in the cell cytosol
as well as in the mitochondrial matrix. In.the mitochondrial matrix,
fumarase has a functional role to play in the cperation of the 'citric
acid cycle' and in the cell. cytosol has an indirect role in the 'urea
cycle', the tyrosine-oxidizing system and in purine biosynthesis. It
has been reported in the literature that both forms of the enzyme are.
of the same M (subunit M. of 49,000). 1In studying the biosynthesis of
this enzyme, an additional problem to be overcome,kis to determine the
mechanism by which this bimodal distribution occurs.

The pig heart enzyme, which had a purity of greater than 95%, was
purchased from Sigma. A rabbit, polyclonal antiserum was raised against
the protein, so that we could monitor the biosynthesis of the enzyme

in vivo employing cultured mammalian cells. Initially, the specificity

of the polyclonal antiserum was tested in one of two ways:

(1) Enzymic activity was measured in the presence of the antiserum

and resulted in a greater than 80% inhibition.

(2) Immune-blotting of the antiserum against various crude extracts,
in which the antigen-antibody complexes formed were detected. with 1251—
labelled protein A, showed that it was monospecific.. The crude extracts

included beef heart submitochondrial fractions.

To determine which of the following mammalian tissue-culture cell

lines to employ for the in vivo biosynthetic studies, immune-blotting of



the antiserum against various crude cell extracts was carried out. The
cell lines used were Buffalo rat liver (BRL), Pig kidney (PK-15) and Bovine
kidney (NBL-1), respectively. All the crude cell extracts prepared from
these cell lines cross-reacted specifically with the antiserum, although
the PK-15 and NBL~1 cell extracts reacted most strongly. Additionally,

in the case of BRL cells, the mitochondrial (N% 45,000) and cytosolic
fumarases (Mr 47,000) appeared to differ in,Mr value.

Initial studies to determine the mechanism_of.syﬁthesis of fumarase
were carried out by labelling PX-15 and NBL-1 cells overnight in the presence
of L—[3SS]-methionine. Immune-precipitation and subsequent detection
by fluorography showed the presence of a band of.Mr_47,000, corresponding
to mature fumarase. éreliminary precursor experiments in which PK-15
cells were labelled in the presence of the uncoupler. FCCP (10pM) ,
demonstrated the existence of two polypeptide bands which had M.r values
of 47,000 and 51,000 respectively. The 47,000 M.r band is assumed to
represent cytosolically-located fumarase whereas the 51,000 Mr polypeptide
is the cytosolic precursor form of the mitochondrially-located fumarase,
under the conditions employed. When a similar experiment was performed
in BRL cells, a single specific polypeptide of M.r 47,000. could be immune-
precipitated from the cell extract. This polypeptide was assumed to
represent both cytoplasmically-located fumarase as well as the precursor
form of the mitochondrial enzyme. In the absence of uncoupler two proteins
with M.r values of 47,000 and 45,000 respectively, were recognised in a
specific manner by the antiserum, confirming. the immune—re?lica data.
Analogous examination of yeast (p) immune-blots,. to those employed with
the phosphate transéort protein, suggest the accumulatien of a larger Mi
precursor to fumarase when cells were grown for 1-2 generations in increasing |

1neotml ar concantrakion
M.awv-‘r-ﬁ-\'- N b AN N d 8 rde e e L

Finally, the data obtained has enabled hypothetical pathways to be



put. forward to explain the mechanism by which this enzyme becomes

distributed between two cellular compartments.



CHAPTER ONE

INTRODUCTION




1.1 THE MITOCHONDRIAL GENOME

1.1.1 Introduction

Mitochondria contain their own genetic'system which is respoﬁsible
for the synthesis of about 5% of the proteins found in the organelle.
Additionally, the mitochondrial genome encodes all the ribosomzl and
transfer RNAs of its separate translation system. The mitochondrial
genome is autonomously replicated and is expressed within the confines
of the organelle. Each mitochondrion in a cell contains several
copies of the closed circular DNA genome. The N& value of the DNA
" varies from species to species within a narrow range: between

10 % 106 in animal tissue and 70 x 106 in higher plants.

1.1.2 Genomic OrganisationAof Mitochondrial DNA

The complete sequence and organisation of three mamhalian
mitochondrial genomes have recently been elucidated (Bibb et al.,
1981, Anderson et al., 1981; Anderson et al., 1982). They all show
extreme economy in organisation, in that there are none or very few
non-coding bases between adjacent genes (Fig. 1.1.1). It can be
seen that the mammalian mitochondrial genome encodes two ribosomal
RNA genes (12S and 16S), 22 transfer RNA genes (tRNA) and 13 protein-
coding genes. Encoded on the heavy strand of the gencme (H-strand)

are the twb fibosomal RNA gehes, 14 tRNA genes and 12 of the 13
protein-coding genes while the remaining eight tRNA genes and one
protein-coding gene are expressed by the light strand (L~strand).

Protein products of known function have been assigned to five
of the 13 reading frames. They were identified from the amino acid

sequence of purified protein and by homology with DNA sequence of



Fig. 1.1.1
Genomic map of Mammalian Mitochondrial DNA
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The dotted areas represent tRNA genes designated by the single-letter
amino acid code, with polarity given by the arrows. All protein coding
genes are encoded on the H-strand (with counter clockwise polarity), with
the exception of URF6 which is encoded on the L strand.

CO1I, COII and>COIII; cytochrome oxidase subunits I, II and III, Cyt b:
cytochrome b, URF: unassigned reading frame, OH and OL: the origins

of H and L strand replication, respectively. (Reproduced from Clayton,

1984).



known genes in other mitochondrial systems (Bibb et al., 1981,
Anderson et al., 1981, Thalenfeld and Tzagoloff, 1980, Macino and
Tzagoloff, 1980; Nobrega and Tzagoloff, 1980). The remaining
eight unidentified reading frames (URF) are highly conserved in
bovine and human mitochondrial DNA (Anderson et al., 1981), showing
about 70% nucleotide and amino acid sequence homology. In addition,
there is evidence of protein products corresponding to human mito-
chondrial DNA URFs 1, 3, 6 and A6L (Mariottini et al., 1983, Oliver
et al., 1983; Chomyn et al., 1983). It is therefore believed that
most, if not all, df these reading frames represent genes for mammalian
mitochondrial proteins. There is only one region of mammalian
mitochondrial DNA of significant size which contains no open reading
frames, the displacement locp (D-loop). This region has been shown
to contain the origin of heavy strand replication and sequences
relevant to the promotion of RNA synthesis from each template strand
(Montoya et al., 1982; Montoya et al., 1983).

In contrast, the yeast mitochondrial genome which is about five
times the size of mammalian mitochondrial DNA, appears to be less
economically organised. - It codes for two ribosomal RNAs, 25 tRNAs
and 16 proteins, 10 of which are of unassigned function at present.

The genomic organisation of the yeast mitochondrial DNA is different
to that of its mammalian counterpart, as shown by the fact that the
large (ZTS) and small (16S) ribosomal RNA genes are 25,000 base pairs
apart on the genome. In addition, the majority of tRNA genes are
clustered on the H-strand, near the large ribosomal gene.

Finally, several yeast genes have beeﬁ shown to contain intervening
sequences (introns) in their structure, a feature absent from mammalian
mitochondrial genes. The large ribosomal RNA gene has been demon-

strated to contain one intervening sequence (Borst and Grivell, 1978)



which varies in length in different yeast strains. Cytochrome b

gene in S.cerevisiae D273/10B contains. two intron sequences (Nobrega

and Tzagoloff, 1980) while evidence from Van Ommen et al. (1979» shows
that this same gene in a different yeast strain contains four inter-
'vening sequences.

It can clearly be seen from these examples that there are marked
differences in the overall organisation of genes in various eukaryotic

mitochondria, as well as in different strains of the same organism.

1.1.3 Mitochondrial Genetic Code

The genetic code which is invariant from viruses to man is not as
originally thought universal. Mitochondria have their own version
which is subject to variation in different organisms. Mammalian
mitochondria read AGA and AGG as stop signals rather than as codons
for the amino acid argininé whereas in the mitochondfia of Neurospora

crassa (N.crassa) and Aspergillus nidulans (A.nidulans) these codons

are translated as arginine. Additionally, mammalian mitochondria
utilise the standard UAA as a termination codon.. In many human
mitochondrial messengers this latter termination codon is generated
from the primary transcript by polyadenylation, since the transcript
ends in either U or UA. Mammalian and yeast mitochondria translate
AUA as methionine rather than isoleucine whereas in N.crassa and
A.nidulans it is translated as isoleucine. In addition, AUA and AUU
can serve as start signals instead of AUG in mammélian mitochondria.
A further difference in the mitochondrial genetic code occurs in yeast
which read the four codons beginning with CU as threonine rather than
as leucine. Finally, to date the mitochondria of mammals, yeast,

N.crassa and A.nidulans specify the amino acid tryptophan by the



'universal' stop codon UGA as well as by the usual UGG codon.

There are 61 codons in the mitochondrial genetic code which,
according to the 'Wobble' hypothesis proposed by Crick-in 1966, would
require a mihimum of 32 tRNAs to decipher them all, using a G:U 'Wobble'.
Contrary to this hypothesis, mammalian mitochondria and several other
lower eukaryotes appear to require substantially fewer tRNAs to readr
their entire‘genetic code. In the case of mammalian mitochondria
only 22 tRNAs are necessary to fulfil such a function. Each of the
22 tRAs in mammalian mitochondria is able to read a 'family' of either
two or four synonymous codons. The tRNAs for the two codon families
seem to have conventional G:U 'Wobble' anticodons whereas the tRNAs
for four codon families have anticodons with a U in the 5' position.
There are two possible mechanisms to explain the four codon families;
either the U base in the 5' position of the anticodonxpairs with all
four of the 3' codons or the anticodons read only the first two bases
and ignore the last oﬁe, a hypothesis proposed by Lagerkvisﬁ (1978) ..
An interesting question is how some tRNAs With U in the 'Wobble'
pbsition are held to reading two codons rather than four. In the
mitochondria of yeast and N.crassa and in many non-mitochondrial tRNAs,.
such recognition is prevented by chemicai modification of the 'Wobble'
U, but so far sequence analysis of mitochondrial tRNAs in animals has
not revealed any modification at this position.

Tﬁe mammalian mitochondrial tRNAs are also unusual in that most
lack features common to all tRNAs. The ﬁost extreme case is that of
the tRVA for serine which lacks the D arm (de Bruijn et al., 1980).
In general, mitochondrial tRNAs are apparently stabilised by fewer
tertiary interactions. These missing or different tertiary inter-
actions may mean that the mammalian mitochondrial tRNAs have more

freedom than cytoplasmic tRNAs reflecting a different interaction



with the ribosome.

1.2 Distribution of Secretory Proteins

1.2.1 Historical Background

Although the basic principles and moleculér details of protein
synthesis have long been established, one of the most.intriguing problems
to emerge in recent years has been to understand how newly-synthesised
polypeptides, which are prédominantly made .in the cytosol, are distributed

to their final locations in different sub-cellular compartments. The
sub~cellulaf,distribution of proteins in a epkarYoticvcell.can conceptually

‘be divided into two ‘'sorting’' events:

External Space

Membrane- < ————> Plasma Membrane

’///////27 Lysosomes
Initiation of -

protein synthesis

v ; Nucleus
t:::::::::i:.Nﬁtochondria

: Free - .
"Primary Polysomes > Peroxisomes
3 n
- "Secondary v
sorting” = (Glyoxisomes)

The present understanding of the mechanisms involved in the trané—
port of polypeptides to the various sub-cellular compartments owes a
great deal to the studies performed on the synthesisvof secretory
proteins in eukaryotic cells. The. initial evidence on the mode of
synthesis of secretory proteins was provided by electron microscopy

studies and the discovery (Palade, 1955) that animal cells contain



membrane-bound ribosomes and ribosomes free in the cytcplasm.  Sub-
sequently, various secretory proteins were shown to be synthesised on
the bound ribosomes while cytoplasmic proteins were formed predominantly
on free ribosomes (revieﬁed by Palade, 1975). This distribution
suggested that secreted proteins might cross‘membranes as growing
chains rather than after completion of synthesis. Such a mechanism
was supported by the obse;vation of Sabatini and Blobel (1970) who
showed that microsomes protected nascent chains of secretory but not

of cytoplasmic protein from proteolytic degradation. The concept

that the growing polypeptide chain is translocated through the membrane
of the endoplasmic reticulum during protein synthésis was then recognised.
The attachment of bound polysomes to membranes via the amino-terminal
region of the growing polypeptide chain was first shown by Milstein

et al. . (1972) in their studies on the translation of immunoglobulin
light chain mRNA in a cell-free system. They showed that a larger N
precursor containing extra amino_acids at the amino-terminus was
synthesised in the rabbit reticulocyte 1§sate but not in the presence
of microsomal membranes. In 1975 (a,b), Blobel and Dobberstein
presented the decisive experimental data which led to thekformulation

of the signal hypothesis with the following predictions:-

a) Initiation of translation of secretory proteins’starts in‘the
cytosol with the formation of an amino-terminal signal peptide that
binds to the endoplasmic reticulum and initiates vectorial discharge
of the growing polypeptide chain into the lumen of the endoplasmic

reticulum.

b)  Vectorial discharge must start before the chain reaches a

.
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c) Signal peptides are transient entities that are cleaved before

chain termination.

1.2.2 Sequence and Structure of Signal Peptides

The signal hypothesis had a major impact on the develcpment of
this research area,-leading to the determination of the sequences of
numerous secretory proteins over theAnext few years. Initially, it
‘was expecﬁed that the structure of signal peptides would be highly
conserved, but this was found not to be the case, as these peptides
varied in length from 15~30 amino acids (Kreil, 1981). There is
little obvious homology among signal sequences, but closer examination
reveals common primary structural features which may be crucial to the
mechanism that leads proteins across membranes (Garnier et al., 1980).
In all transient signal sequences studied so far there is a centfal
region of hyd:ophbbic residues with a minimum length of 9 residues.

To demonstrate that translocation and processing'of secretory proteins
requires structural features determined by the primary amino acid
sequence, Hortin and Boime (1980), investigated the effect of decreasing
the hydrophobicity within this region.  They incorporated the leuciné
analogue, g - hydroxyleucine into bovine preprolactin using a cell-free
translational system and showed that the precursor was not processed

to the mature protein, on addition of microsomal,membraneé.

Most signal peptides also contain residues with positively charged
side chains, arginine and lysine, near the amino-terminus. Signal
peptidase preferentially cleaves on the carboxyl-terminal side of the
small, uncharged amino acids glycine, alanine, serine, cysteine and
threonine, with alanine most commonly found.

In view of the lack of primary sequence homology among signal



peptides, attention was focused on the likely secondary structure

of thése sequences. In 1979, Austen employed empirical methods to
predict the secondary structure of a variety of secretory proteins
including prohormones and immunoglobulins. There was a tendency
forec-helix formation in the central hydrophobic region of the signal
sequence. Recently determined sequences and structural predications
(Austen and Ridd, 1981) have confirmed that the central portion of all
signal peptides exhibit a high potential for forming «<-helix and to

a lesser degree, extended or p-sheet conformation. In many cases
p-turns, which would be expected to break this structure, were
predicted to occur with high frequency close to the protease cleavage
sites. The information gained from these structural studies has led
to the design and synthesis of a consensus signal sequence by Ausﬁen
et al. (1984). They studied the in vitro processing of nascent
pre-prolactin, pre-forms of pancreatic'digestive enzymes and pre-
placental lactogen by microsomal vesicles in the presence of this
consensus peptide.  This peptide was shown to inhibit, in a concen-
tration dependent manner, the processing of these secretory proteins.
It would, therefore, appear that it is the three-dimensional structure
and not the amino acid sequence of the signal peptide which is inportant

for correct location of the nascent secretory proteins.

1.2.3 Molecular Aspects of Secretory Protein Synthesis

In recent years much attention has been directed towards a more
detailed understanding of the mechanisms by which the signal peptide.
interacts with the rough endoplasmic reticulum. Warren and Dobbérstein
(1978) reported that when rough microsomes from canine pancreas were

washed with high salt concentrations they lost the capacity to trans-



locate nascent immunoglobulin light-chains in a cell-free translational
system. On re-addition of the salt extract; the microsomes were able
to translocate this protein.  Subsequently, the factor removed from
the rough microsomes was shown to be-a protein complex‘of M.r 250,000
(Walter and Blobel, 1980). It has a low affinity for ribosomes alone-
but a very high affinity for riboscmes synthesising secretory proteins.
Addition of this protein complex to a cell-free translation system
synthesising bovine-p;eprolactin, blocked its synthesis as soon as
the nascent~chain was long enough to be recognised as a putative

| secretory protein (Walter and Blobel, 1981). The block remained in
effect until salt-washed microsomes were added to the system. 1In
1982 Walter and Blobel illustrated that a 7S RNA séecies was also
associated with this complex and subsequently named it the 'signal-~
recognition particle' (SRP). It ﬁunctionS'by blocking translation of
the nascent polypeptide chain and allows the protein to find the.
molecules required to mediate its membrane transfer.

The next step in the transfer must involve a system for removing
the.translational block and permitting transfer to proceed. A
component required for the translocation of nascent secretory proteins
was isolatea from rough micrdsomes, using mild prbteolysis in con-
junction with high salt (Meyer and Dobberstein, 1980). The salt
extract prepared from rough microsomes by such treatment was capable
of restoring translocating activity to inactive membrane vesicles.
Subsequént purification vielded a polypeptide of Mr 60,000 which
represented the cytoplasmic domain of a larger membrane protein. To
further characterize the membrane-bound molecule, Meyer et al. (1982a)
raised antibodies to this polypeptide fragment. Iﬁmunebprecipitation
of solubilised, radiolabelled rough microsomal proteins, yielded a

single polypeptide of Mr 72,000. On the basis of these findings, it



has been assumed to be the membrane SRP receptor. The protein functions
by docking the SRP—ribosorﬂal complex to the rough endoplasmic reticulum

' membrane and was, therefore, called the 'docking-protein' (Meyer et al.,
1982b). There is very little information with regard to the mechanism
of attachment of ribosomes to the membrane of the endoplasrﬁic reticulum
although it appears to involve two proteins, ribophorins I and II.
Kreibich et al.. (1‘978) demonstrated that these two proteins are only
present in the rough endoplasmic reticulum.

Finally, the propértieks of the 'signal peptidase which cleaves the
amino-terminal signal sequence prior to polypeptide chain ‘conpletion
are largely unresolved. |

The current picture of the initial events involved in secretory
protein synthesis are illustrated in Fig. 1.2.1. A summary of the
molecular characteristics of the proteins involved in this system is

shown in table 1.2.1.

1.3 Import of Proteins into Mitochondria

1.3.1 Introduction

A special féature of the mitochondrion is the presence of a double
membrane system which divides the organélle into two compartments:
the intermembrane space and matrix bounded by the outer and inner
mitochondrial membranes, respectively.. These individual compartments
each have their own special set of polypeptides (Ernster and
. Kuylenstierna, - 1970) which are necessary for the normal functions
of the organelle.

As previously discussed (Section 1.1), the mitochondrion has its

own genetic material which has a very limited protein coding potential.



Fig. 1.2.1

CURRENT PICTURE OF THE INITIAL EVENTS IN SECRETORY PROTEIN SYNTHESIS

(Reproduced from Meyer et al., 1982b)
O

Sequence of events in ER-specific translocation of secretory ptoteins.
Initiation begins in the cytcplésm on free ribosomes. Translation is
" blocked by SRP (component 1) after 70-80 amino acids have been poly-
 merized and the ‘signal sequence emerges from the large ribosomal subunit.
This arrest of translation persiéts-until contact is made with the
'docking protein' (component 2) which is a 72,000 Mi, ER-specific

membrane protein. Translation then resumes and translocation proceeds.



JABLE 1.2.1

SUMMARY OF THE MOLECULAR AND FUNCTIONAL PROPERTIES OF

meHmHzm INVOLVED IN SECRETORY PROTEIN SYNTHESIS

>ROTEIN

.MOLECULAR CHARACTERISTICS

FUNCTION

5ignal Recognition
>article (SRP)

Sedimentation Coefficient of 118

6 polypeptides zn - 72,000, 68,000
54,000, 19,000, 14,000 and 9,000

Also contains 7S RNA species of
unknown function

Interacts with the signal sequence extruding
from large ribosomal subunit and arrests
protein translation

Yocking Protein
(DP)

ZH of 72,000

Receptor for the SRP; may be required for
translocation of nascent polypeptide chain
across endoplasmic reticulum membrare

Y bophorins
(I and II)

Glycoproteins with 2n of 65,000
and 63,000 respectively

Ribosome binding proteins

signal Peptidase

o ?

Cleaves transient signal sequence from
growing nascent polypeptide chain




Most mitochondrial proteins (greater than 95%) are nuclear-encoded
and thus must be synthesised on thoplasmic ribosomes before transport
to the mitochondrion. Both inner and outer mitochondrial membranes
present a barrier to the passage of most proteins. As a result, how
do polypeptides destined for one of fhe inner mitochondrial compart-
ments translocate across one or both membranes? The import process
must also be highly specific since each compartment contains a defined
set of protein components.

Incorporation of nuclear—-encoded proteins into mitochondria can be -

- divided conceptually into five steps:-

1) synthesis of the polypeptide itself, usually as a larger Mr

precursor;

2) binding of the precursor to the cytoplasmic surface of the

mitochondrial outer membrane;

3) translocation of the precursor across or into one or both
mitochondrial membranes, depending on the final suborganeller location
e ’

of the protein;

4) cleavage and/or other covalent‘modifications of the polypeptide

chain to generate the mature protein;

5) assembly of subunits into functional proteins which may involve

association with mitochondrially-encoded subunits.

These steps are shown schematically in Fig. 1.3.1 for the B~
subunit of F1—ATPase and will now be discussed individually in more

detail. .



Fj-g. 1.3.1

SCHEME ILLUSTRATING THE STEPS INVOLVED IN THE SYNTHESIS, IMPORT AND

ASSEMBLY OF THE B-SUBUNIT OF THE F,-ATPase

1

(Hay et al., 1984)

A tentative scheme for import of the precursor to p-subunit of
yeasﬁ F1—A'IPase. Step 1: a molecule of precursor (P) is translated
on a cytoplasmic polysome and released into,the cytosol (Cyt.). Step 2:
the precursor binds by virtue of its amino-terminal recognition sequence
(w) to a receptor (R) on the outer mitochondrial membréne (OM).  Step 3:
permanent or transient contact betweenk the mitochondrial membranes allows
the precursor to utilize the transmembrane potential (AﬁH+) of the
inner membrane for translocation. Step 4: the amino-terminal recognition
sequence is removed in the matrix by a chelator—sensitive processing
protease (PP). Step 5: the processed precursor assembles with other
subunits of the nascent F1-A'1Pase complex (nF1) to form the mature active .

holoenzyme (F.l ).



}}
PP : (nF1)



1.3.2 Mechanism of Synthesis of Nuclear-Encoded Mitochondrial Proteins

 Determining the subcellular site of synthesis of mitochondrial
proteins has been central to the question of how mitochondria take up
proteins in vivo. Two possible mechanisms of synthesis could be

considered:~

A) if protein import into mitochondria occurs by the same mechanisms
as employed for secretory proteins then the following assumptions
could be made:-

i) the cytosol should not contain any pools of mitochondrial
proteins since they would be imported into the mitochondrion

during translation;

ii) import of polypeptides into mitochondria should be strictly

coupled to protein synthesis;

iii) no larger M . value pfecursors to nuclear—encdded mitochondrial
polypeptides should accumulate in intact cells, since |
vectorial translation usually involves the removal of the
transient amino-terminal signal sequence prior to completion

of the polypeptide chain.

B) On the other hand, mitochondrial proteins may be synthesised on
free cytoplasmic ribosomes, existing initially as larger Mr precursors
which are post-translationally taken up into the mi tochondria.

These two possibilities have been distinguished from one another

‘primarily by adopting two methods of experimental investigation:-

i) in vitro protein translation systems using either cell-
free homogenates or reticulocyte lysates programmed with

mMRNA to perform protein synthesis;



ii) in vivo pulse-labelling studies of intact cells.

Original data from the laboratory of Butow and Kellems (1972),
demonstrated the existence of mitochondrially-bound ribosomes in
several strains of yeast. Thesé ribosomes were shown by electron
microscopy to be clustered in regions where the mitochondrial outer
and inner membranes were in close proximity (Rellems et al., 1975).
These initial findings appeared to support the view of 'vectorial
translation' of mitochondrial protéins. I

In vivo studies on the synthesis of nuclear—éncoded mitochondrial
~ proteins, howevér, provided conflicting results. Hallermayer et al.
(1977), in an extensive study looked at the kinetics of 1abelling of
newly-synthesised mitochondrial proteins in intact N.crassa cells.
They demonstrated the existence of a lag period in the incorporation
of radioisotope into mitochondrial‘proteins relative to total cellular,
ribosomal, microsomal and cytosoiic proteins. In addition, the
delayed appearance bf label was also found in immunoprecipitated mito—
chondrial matrix proteins, mitochondrial ribosomal proteins,
carboxyatractyloside-binding protein and thochromeﬂc. %The post-
translational nature of the import mechanism was revealed by the fact
that in the presence of cycioheximide, import of proteins into
mitochondria still occurred.  This suggested that newly—synthesised
mitochondrial proteins exist in an extra-mitochondriél.pool from which
they are imported into mitochondria.

A similar study employing a cell-free homogenate, prepared from
N.crassa cells, confirmed the above in vivo results (Harméy et al.,
1977) although the actual site of synthesis could not be determined
(free or membrane-bound ribosomes).

The first insight into the site of synthesis of nucléar—encoded



mitochondrial. proteins actually came from studies performed in the

algae, Chlarﬁydomonas reinhardtii. Dobberstein et al. (1977) showed

that the chlorcplast enzyme, ribulose-1, 5-bisphosphate.carboxylase
was synthesised on fr;:ee polysomes, as a larger ,Mr, precursor, in ah
in vitro translation system. in 1979, the field of mitochondrial
protein import took on a new direction owing to the studies of
Maccecchini et.al. (1979). This group of workers looked at the
mechanism of import of the three largest subunits («,p and ¥) of the
yeast F1-A'IPase. The three F,-ATPase subunits were synthesised either
in vitro using a reticulocyte lysate programmed with yeast mRNA or
in vivo employing pulse-labelled yeast sphercplasts. Unaer both
experimental conditions, they were able to show that the «, g and )4
subunits of the F1-A2[Pase were syﬁthesised as larger Mr precurso}rs.
Incubation of the in vitro synthesised precursors with isolated yeast
rﬁitochondria, in the presence of cycloheximide, resulted in their
| conversion to the mature proteins. This conversion.was also demon-
strated in the yeast spheroplasts by 'pulse-chase' experiments. In
quick succession, several groups: illustratea the existence of larger
M . precursor molecules for a number of mitochondrial proteins synthesised
in vitro under the direction of .free polysomes (Conboy et al., 1979,
Neupert et al., 1979; Raymond and Shore, 1979).

However, Butow and Ades (1980)‘ questioned the overall importance of
free polysomes in mitochondrial protein synthesis. They isolated free |
polysomes and membrane bound polysomes associated with the mitochondria
from yeast sphercplasts, which had been treated with cycloheximide to
prevent polysome 'run off'. . The proportion of , B and ¥ subunits of the

F1-A'IPaSe made by these, two populations of. polysomes was determined

PO~ jy oy JL

in a cell-free translation mixture. it was discovered that the



proportion‘of the subunits of F1-ATPase was much greater among the
products of the mitochondrially-bound polysomes than those synthesised
on free polysomes. In a more detailed experiment, Suissa and Schatz
f1982) repeated the above experiments with yeast adopting slightly
different experimental conditions to extract the mRNA from the
polysomal fractions. They showed that of the twelve ﬁitochondrial
polypeptides studied, none of the translatable mRNAs were predominately
associated with mitochondfially—bound-polysomes. The previous studies
of Ades and Butow (1980) may have over—enphésised the function of
mitochondrial-bound polysomes, as a result of inhibiting protein
snythesis with cycloheximide prior to polysome preparation. This
inhibition could result in the increased binding of the nascent
polypeptide chain together with its attached polysome. In addition,
it is very difficult to preserve the in vivo distribution of mRNAs
between free and mitochondria-bound polysomes during breakage and
fractionation of the cells.
In summary, it is generally believed that mitochondrial proteins

are synthesised on free, cytoplasmic ribosomes aé precursor molecules,
which are post-translationally taken up by the organelle. The
| existence of mitochondrially-bound polysomes has been firmly established
in yeast cells (Ades and Butow, 1980; Suissa and Schatz, 1982) but
'any role that they may play in mitochondrial protein import, does not

appear to be obligatory for this process.

1.3.3 Molecular Characteristics of Precutsors

In 1978, Korb and Neupert investigated the biogenesis of the
mitochondrial intermembrane space protein, cytochrome c. These

studies were carried out with a cell-free homogenate prepared from



N.crassa cells and a highly specific anﬁiserum to detect the protein.
In the absence of mitochondria, a precursor molecule was synthesised
which migrated with the same.Mr value as the authentic mature protein,
on SDS-polyacrylamide gel electrophoresis. The precursor protein,
apocytochrome ¢, lacked the haem group which was covalently-linked

to the protein on addition of isolated N.crassa mitochondria. It
was not until 1979 and the work of Maccecchini gg_g;.' that the
existence of larger'N& precursor molecules was demonstrated. Ehployiné
in vitro and in vivo systems they were able to show precﬁrsors to the
three subunits (;q p and ¥) of the yeast F,-ATPase that differed in
Mr from their mature counterparts by 2000-6000.

Since these studies, the existence of larger Mr polypeptides to
many cytcplasmically—synthesised'mitochondrial proteins has been shown
(Table 1.3.1). Their Mr sizes are between 500 and 10,000 daltons
larger than those of the corresponding mature proteins. In a few
cases, it has been directly shown that this size difference results
from anfaminb—terminal extension ofkthe polypeptide chain. The pre-
cursors to the yeast F1—A’1Pase A, pand ¥ subunits,\ as Well asrprecursdrs
to each of the four cytoplasmically-made subunits of cytochrome c
oxidase, are'brimary translation products whose amino-termini can be
labelled with N-formylmethionine in vitro (Lewin et al., 1980;

Mihara and Blobel 1980). There is no apparent correlation between
the size of the aminé-terminal extension and the final location of the
mature perein within the mitochondrion.

To date, it has been proven difficult to isolate precursors in
app;eciable quantities to investigate the amino acid sequence of the

amino terminal extension, directly. Recently, however, attention
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TABLE 1.3.1

CYTOPLASMICALLY- SYNTHESISED MITOCHONDRIAL, PROTEINS

JTEIN

APPARENT MOLECULAR

-3
ATTON PROTEIN ORGANISM SIZE (M . x 10 7)
MATURE PRECURSOR
'RIX Acetoacetyl CoA thiolase Rat 38 41
Acyl-CoA dehydrogenase - - -
General Rat 39 41
Long-chain Rat ? 7
Short-chain Rat 36.5 41
Adrenodoxin Cattle 12 20
Adrenodoxin reductase Cattle 50 50
S-Aminolevulinate synthase Rat 45 51
, Chicken 63-65 75
Aspartate aminotransferase Chicken 44.5 47
m,d -ATPase «—-subunit Yeast 58 64
B-subunit Yeast 54 56
¥-subunit Yeast 34 40
Carbamoyl-phosphate synthetase Rat 160 165
Frog 160 160
Citrate synthase Yeast 47 50
N.crassa 45 47
Enoyl-CoA hydratase Rat 25 29.5
L-Glutamate dehydrogenase ‘Rat 54 60
L~Hydroxyacyl-CoA dehydrogenase Rat 29.5 33
‘2 Isopropylmalate synthase Yeast 65 65
2-Ketoacyl-CoA thiolase Rat 38 38




TARLE 1.3.1 (cont.)

TEIN

APPARENT MOLECULAR

ATTON PROTEIN ORGANISM SIZE AZH x 10 7)
MATURE PRECURSOR
'RIX Malate dehydrogenase Rat 37 38
Methylmalonyl-CoA mutase Rat 77.5 80.5
Ornithine aminotransferase Rat 43 49
Ornithine transcarbamylase Rat 36-39 39.5-43
Mouse 37 39.5
Propionyl CoA carboxylase
=t-subunit Rat 70 74.5
A —subunit Rat 54 61.5
RNA polymerase subunit Yeast 45 47
Mn2+-superoxide dismutase Yeast 24 26
JER Adenine nucleotide N.crassa 32 32
BRANE Translocator Rat 30 30
F,F -ATPase subunit IX ,
~ proteolipid DCCD-binding protein N.crassa 8.2 14
Carnitine acetyl transferase Rat 67.5 69
Cholesterol side-chain - - -
Cleavage cytochrome P-450 Cattle 49 54.5
Cytochrome ¢ oxidase Yeast - -
subunit IV Yeast 14 17
" \Y/ Yeast 12.5 15
" Vi Yeast 12.5

17-20




TABLE

1.3.1 (cont.)

'APPARENT MOLECULAR
: -3

TEIN SIZE (M_ x 10 7)
ATION PROTEIN ORGANISM - S
MATURE PRECURSOR
ER subunit VII Yeast 5-7.5 5-7.5
BRANE " v Rat 16.5 18-19.5
" v Rat 12.5 15.5
D-B-Hydroxybutyrate dehydrogenase Rat 32 37
Ubiquinol cytochrome c _
reductase (bc, complex) .
subunit I Yeast 44 44.5
" II Yeast 40 40.5
" v Yeast 25 27
" VI Yeast 17 25
" VII Yeast 14 14
" VIII Yeast 11 11
Cytochrome cq Yeast 31 37
" I N.crassa 50 - 47.5
" II N.crassa 45 47.5
" v N.crassa 25 28
" VI N.crassa 14 14
" VII N.crassa 11.5 12
" VIII N.crassa 11.2 11.6
Cytochrome 4 N.crassa 31 38




TABLE 1.3.1 (cont.)

APPARENT MOLECULAR

TEIN -3
ATTON PROTEIN ORGANISM SIZE (M. x 10 7)
MATURE PRECURSOR
ER- Adenylate kinase Chicken 28 28
BRANE Cytochrome ¢ N.crassa 12 12
CE Rat 12 12
Cytochrome c peroxidase Yeast 33.5 39.5
Flavocytochrome by
lactate dehydrogenase
(-cytochrome b?) Yeast 58 68
Sulfite oxidase Rat 55 59
ER Monoamine oxidase Rat 59 59
BRANE Porin N.crassa 31 31
- Yeast 29 29
14-Kilodalton protein Yeast 14 14
45-Kilodalton protein Yeast 45 45
70-Kilodalton protein Yeast 70 70
OMM-35 Rat 35 35.5




proteins, to overcome this problem. - The sequences of the genes coding
for the proteolipid subunit of the N.crassa ATPase (Viebrock et al.,
1982) and the yeast cytochrome ¢ peroxidase (Kaput et al., 1982),

have been determined. The pre—sequenée of cytochrome ¢ peroxidase

is an exclusively amino—terminal extension of 68 amino aéids, which
renders the precursor more basic and more hydrophilic.  Similarly,

the long signal sequence of 66 amino acids of the proteolipid subunit
of mitochondrial ATPase, is very polar. It has been suggested that
the presequence is specifically designed to solubilise the proteolipid
for poét—translational uptake into the mitochondria.

So far the emphasis has been placed on the properties of precursor
proteins whose Mr value is greater than the corresponding mature
mitochondrial proteins. A few mitochondrial proteins, on the other
hand, are like cytochrome c, in that they have precursors with the same
M_ as the mature protein (Table 1.3.1). There is evidence for some
of these proteins, that although they lack a transient amino-terminal
extension, they differ from the mature protein in conformation. For
example, the extra mitochondrial form of the adenine nucleotide
translocase binds to hydroxylapatite whereas the mature form does not
bind (Zimmermannand Neupert, 1980). The precursor to the outer
hembrane protein, porin, of‘yeast is sensitive to proteinases but once
it has become integrated into the membrane, it is insensitive to
proteolysis, even in the presence of detergent (Gasser and Schatz,
1983).  Further differences in the tertiafy structures of cytosolic
precursors, have been demonstrated by showing that they form large
aggregates. The in vitro synthesised adenine nucleotide translocator
‘forms aggregates of between 120,000 and 500,000 Mf, as estimated by

gel filtration (Zimmermanpand Neupert, 1980). It has been proposed



that the post-translational formation of precursor aggregates occurs
either to protect them from proteolysis in the cytosol or for proper

presentation to the mitochondrial surface.

1.3.4 Receptors Involved. in the Recognition and Binding of Mitochondrial

Precursors

‘After translation of the cytoplasmic, precursor forms of mito—
chondrial proteins, it is postulated that an essential step in the
translocation process is the specific atf:achment of the precursors
to the cytoplasmic face of the mitochondrial outer membrane. This
interaction could involve specialised receptbrs or simply partitioning
of the precursors into the lipid bilayer. There is no convincing
evidence for specific receptors playing a role in the insertion of
mi tochondrial outer membrane proteins, although.the process has some
specificity. Gasser and Sct;atz (1983) demonstrated that the in vitro
synthesised 29,000 Mr protein of the yeast mitochondrial outer membrane
did not insert into yeast microsomes. However, evidence for the
uptake of the cytoplasmic forms of mitochondrial proteins destined for
. the intermembrane space, inner membrane and matrix strongly implicate
the éarticipation of receptor molecules.

The most extensive data suggesting a mitochondrial receptor,
has come from studies on the biosynthesis and import. of cytochrome c,
by Neupert and. co-workers. As previously discussed (1.3.3) cytochrome
c is synthesised in the cytosol as a protein with the same Mr as the
authentic, mature poly?eptide but lacks the haem group (Korb and Neupert,
1978). Covalent attachment of the haem group to apocytochrome c occurs
. after migration of the precursor to the inner membrane.

Hennig and Neupert (1981) examined the, fate of the in vitro



synthesised precursor in a reconstituted import system prepared from
N.crassa. This involved incubating the cell-free translation products
with isolatedumitochondria and individually immunoprecipitating the
appcytochreme ¢ and holocytochrome ¢ forms from:the mitochondrial

and post-mitochondrial fractions with non-cross reacting antibodies.
Radiolabelled apocytochrome ¢ was rapidly cleared from.the supernatant
fraction and the mature holoenzyme. appeared in pa:allel fashion in.the mito-
chondrial.fréction. There was no transient accumulation of the
apoprotein within the mitochondrion, under these conditions.  However,
when deuterohemin, a reversible inhibitor of the haem attachment step,
was added to fhe'reconstituted import system, a large proportion of
radiolabelled apocytochrome ¢ was. recovered with-the mitochendria.

To demonstrate that this binding was specific, Hénnigvand Neupert

(1981) showed that the precursor could. be released, in a.dose-dependent
manner from the mitochondria by incubation in the presence of excess
chemically prepared apocytochrome c. .This_indicated reversible binding
and competition between the two forms of apocytochrome c for sites on

the mitochondrial surface. The binding was shown to be ligand-spécifiC'
by further experiments in which only the apocytochrome.c form and not

the holocytochrome ¢ form, competed.with the uptake .of radidlabelled
precursor into mitochondria. Matsuura et al. (1981) subsequently
_demoﬁstrated that the'post-translational uptake of apocytochrome c

into isolated rat liver mitochondria was inhibited.by a specific segment
(‘addressing signal') of the polypeptidenchain. This segment, generated
by cyanogen bromide cleavage of apocytochrome c, extended frem residue 66
to the carboxyl-terminus.
‘The existence of different receptors for precursor polypeptides

entering other mitochondrial compartments has been inplied from the

following competition experiments. Excess apocytochrome ¢ does not



inhibit the uptake of precursors to the .adenine nucleotide translocase,
the ATPase proteolipid subunit. or cytochrome Cqr under analogous
conditions to those employed above (Zimmermannet al., 1981; Teintze
et al., 1982). These results taken- together demonstrate many of the
binding ércperties of receptors but do.not show that this activity
resides in a particular protein component of the outer. membrane. To
investigate the nature of the component(s) responsible.for binding of"
precursors to mitochondria, Riezman et al. (1983) prepared outer
membrane vesicles from yeast cells. In this system they were looking
at the binding of precursor. polypeptides in the absence of protein
translocation and processing. . When. the outer membrane vesicles were
treated with trypsin prior to binding, no precursor to cytochrome b2
or F1-ATPase;B-subunit could be found to be associated with the vesicles.
In contrast, Gasser and Schatz (1983) illustrated that the outer membrane
protein, porin, could bind to these outer membrane'vesicles, after such
protease treatment. Ligand and membrane specificity of binding was
demonstrated with these outer membrane vesicles. In addition, the
existence of different receptors was suggested also from the finding that
apocytochrome ¢ failed to inhibit the binding of the precursor to cytochrome
b2.

It would appear from these studies on mitochondrial receptors,
that there exists on the outer membrane a number of different protein
receptors which interact with different precursor molecules. Until
the outer membrane components responsible are identified in more detail
and purified, this important stage in the import process remains largely
unresolved at a molecular level.

Finally, a great deal of interest has recently been generated from
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functional post-translational import of the precursor to the rat liver



mitochondrial matrix protein, ornithine transcarbamylase (Argan et al.,
51983). The component was retained by gel filtration of the reticulo-
éyte lysa£e translational mixture on Sephadex G-25. Confirmation of
these findings was provided by Ohta and Schatz (1984) when studying
the import of -the precursor to cytochrome b2 into yeast mitochondria.
However, they also showed that a cytosolic factor which was trypsin-
sensitive and whose Mr was about 40,000, as judged by gel filtration,
was required for the import of pure ATPase p-subunit precursor. into
isolated yeast mitochondria. This data suggested a role for séluble
protein(s) of the cytoplasm in the import pathway. In addition,
Firgaira et al.  (1984) demonstrated thatAa cytoplasmic RNA moiety

was necessary for the post-translational uptake of nuclear—encoded

- mammalian proteins, destined for the mitochondrial matrix. The
ribonuclease-sensitive component showed many properties that are
characteristic of ribonuclecproteins. This suggests the possibility
that a similar 'signal-recognition particle' to that employed by
secreﬁory proteins (1.2.3) might function in the recognitioﬁ and
'targeting of nery—synthesised proteins destined for the mitochondria.
These findings also open up a completely new area of researéh with

regard to mitochondrial import of cytoplasmically-synthesised proteins.

1.3.5 Translocation and Processing of Mitochondrial Precursors

1.3.5.1 Energy Dependence of Translocation

Detailed studies of the energy dependence of translocation have
made use of an import assay in which in vitro synthesised radiolabelled
precursors were incubated with isolated mitochondria. Translocation
of polypeptides across the mitochondrial membranes was checked by

‘their inaccessibility to externally-added trypsin. Proper proteolytic



processing of the precursors was assayed by immunoprecipitation and
SDS-gel electrophoresis, to confirm that the imported proteins migrate
with the same Mr as the mature mitochondrial polypeptide.

Early work by Nelson and Schatz (1979) utilising intact yeast
spheroplasts, demonstrated that the import and cleavage of precursors

of the F fATPasea<,ﬁ and Z'subunits, as well as of two subunits of

1
the ubiquinol: cytochtome ¢ reductase complex, was energy—depehdent.
Addition' of the uncoupler CCCP to respiring yeast sphercplasts or
specific depletioﬁ of the level of matrix ATP in non-respiring yeast
sﬁrains, blocked translocation and processing of the precursors.
However, it was not possible from these observations to distinguish
between a requirement for matrix ATP and an electrochemical potential
across the inner membrane, since the addition of uncoupler makes the
inner membrane permeable to protons and simultaneousiy stimulates the
hydrolysis of ATP by the F1—ATPése (Heytler, 1979). By using
respiration deficient (rho ) yeast strains which cannot form an
appreciable mémbrane potential, Nelson and Schétz (1979) illustrated
that import from the cytoéol,gétill occurred. They concluded that -
matrix ATP was probably the immediate energy donor for translocation.
Definitive evidence to the contrary has come fromiexperiments |
performed in vitro, using a similar inport assay to the one described
earlier in this section. - To discriminate between the two possible
sources of energy that can be utilised during translocation, the
following types of inhibitors were added to the import assay mixture;
specific inhibitors of the respiratory chain (KCN, antimycin A),
of the F1Fb-ATPase (oligomycin)vand ionophores such as valinomycin.

By using various combinations of these inhibitors, it was possible to
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while the electrochemical gradient across. the inner membrane was



dépleted. Under these conditions, if the direct energy donor for
translocation of proteins into mitochondria was the membrane potential,
then the mitochondria would lose the ;bility to import precursor proteins
despite a high concentration of matrix ATP.

Gasser et al.- (1982a) investigated the effects of such inhibitors
on the translocation and processing of the F1-AEPase'5-subunit into
isolated yeast mitochondria. The precursor containing reticulocyte
lysate was gel-filtered to remove endogenous energy sources and the
isolated mitochondria treated with KCN to inhibit respiration of
endogenous substrates. To ensure a high level of matrix ATP, the
gel-filtered lysate was incubated in the presenée of ATP. ATP can
be transported into the mitochondrial matrix via the adenine nucleotide
translocase for use either directly as an energy source or hYdrolysed
by the F1FO-AIPase,to generate a proton gradient across the inner
membrane. In the absence of other inhibitors, the mitochondria
efficiently imported and processed the FT-AIPase B —subunit precursor.
However , when the mitochondria were also pre~treated with oligomycin,
translocation was blocked completely. Under these conditions, the
concentration of ATP in the matrix will be high while any electro-
chemical potential across the inner membrane will be very low. When
KCN was absent from the incubation mixture and respiration re-stimulated
by the addition of succinate, oligomycin no longer blocked import of
the precursor. These findings showed that an electrochemical potential
was essential for the import of matrix-located polypeptides. 7

Schleyer et al.. (1982) further demonstrated the importance of an
electrochemical potehtial difference across the mitochondrial inner
membrane by following the import of F1-ATPase subunit 9 from N.crassa

into isclated mitochondria. In the presence of oligomycin and



antimycin A, import was inhibited but could subsequently be restored
upon the addition of ascorbate and tetramethylphenylenediamine (TMPD) ,
which donates electrons directly to cytochrome ¢ oxidase, thus by-
passing the antimycin A induced block of electron flow.

- On a more detailed examination Qf the energy requirements for
translocation into the individual mitochondrial compartments, large
variations are to be found. Import of proteins desti'ned for the
mitochondrial outer membrane does not appear to require either ATP
or an electrochemical potential across the mitochondrial inner membrane
(Gasser and Schatz, 1983). On the other hand, proteins destined
for the mitochondrial inner membrane or matrix require an eleétro—
chemical potential difference for successful transfer across the inner
membrane (Gasser et al., 1 982a; | Schleyer et al., 1982; Gasser et al.,
1982b) .

The mitochondrial intermembrane space provides tﬁe greatest
degree of diversity in its requirement of energy for translocation.
An energised inner membrane is not required for the import of cytochrome
¢ (Zimmerman et al., 1981) into the intermembrane space whereas
translocation of cytochromes b2 and c, are dependent on the membrane
potential (Daum et al., 1982; Ohashi et al., 1982). In the case of
both cytochromes b2 and 'c1 , which are processed in two stages (see
section 1.3.5.2), the first cleavage requires an energised inner
membrane. However, for cytochrome bz, the second processing step
is probably not dependent on a membrane potential, since the addition
of valinomycin and K to isolated yeast mitochondria, does not block
the conversion of the intermediate to mature form (Daum et al., 1982).

The second processing step for cytochrome Cqr does appear to require
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form of cytochrome c, was allowed to accumulate in intact N.crassa



cells during a [3H]—leucine pulse at 8°%c. when the temperature was
raised to 25°C and the cells incubated for a further 5 min in the
presence of CCCP, no conversion to mature cytochrdme Cy was.observed.
This indicated that the second processing step in the maturation of
cytochrome c, was also energy-dependent. In addition, maturation
of cytochrome <4 from the intermediate  form is haem~dependent (see
section 1.3.5.3). |

An electrochemical potential is also required for the translocation

of polypeptides across the plasma membrane of Escherichia coli

(Date et al., 1980; Enequist et al., 1981). In bacteria, however,
the protein translocation occurs from negative to positive potential
whereas the direction of translocation is cpposite in mitochondria.
Thus it is unlikely that the transmembrane potential serves in both
cases as a simple electrophoretic gradient. The electrochemical
potential required is likely to be quite small since the rho mutant
which lacks a functional ATPase complex as well as a respiratory chain,

efficiently imports proteins.

1.3.5.2 Properties of the Yeast Mitochondrial Matrix Protease

After binding and translocation to the correct intra-mitochondrial
compartment, the larger M.r precursor proteins are generally cleaved
by a matrix-located protease. This cleavage results in the formation
of a polypeptide with the same Mr value as the mature protein, as
determined by SDS-gel electrophoresis.

The enzyme was first detected in a hypotonic extract of yeast
mitochondria (Bohni et al., 1980) from its ability to cleave several
precursors, in a specific manner, to their mature forms. This cleavage

occurred in the absence of an energy source, such as ATP. Two groups



of workers have recently reportéd the further purification of the
yeast enzyme (McAda and Douglas, 1981; Bohni et al., 1983). The
protease which had a pH optimum of 7.5 was also strongly inhibited
by a variety of chelating agents including EDTA, GTP and 1,10 -

phenanthroline. This inhibition was reversed by the addition of

Zn2+ or 002+

ions. The enzyme was insensitive to the serine protease
inhibiéors and to sulphydryl modifying reagents such as N-ethylmaleimide
and iodoacet§mide. |

These partially-purified preparations have been used to determine
the substrate specificity of the ehzyme and some of its physical
characteristics. On gel filtration, the activity exhibits an Mr
of 110,000 although SDS-polyacrylamide gel electrophoresis of the
partially purified preparations reveals the presence of approximately
ten Coomassie Blue stained bands. McAda and Douglas (1982) have
reported that the activity correlates best with the presence of a
59,000 Mr subunit. }

Incubation of an [3SS]-methiénine labelled preéursor polypeptide
with the partially-purified protease, followed by specific immunoprec-
ipitation and gel electrophoresis have been used to study the specificity
of the protease. As previously observed with the crude submitochondrial
extract (Bohni et al., 1980), the partially purified enzyme exhibits
a narrow substrate specificity. It cleaves a variety of in vitro
synthesised mitqchondrial precursors but does not process non-
mitochondrial proteins (Bohni et al., 1983). Cytochromes b2 and 4
located in the intermembrane space, are cleaved by the matrix enzyme
to intermediate forms whose M values are between those of the
corresponding precursor and mature forms. Cleavage is limited in

ven after long

>

that it proceeds no further than the mature form,

exposure to the enzyme. The in vitro processing results were confirmed



in vivo, by pulse-labelling yeast sphe;oplasts in the presence of
1,10-phenanthroline. Under these éonditions, there was rapid
accumulation of the precursor of the/a-subunit of the F,-ATPase (Bohni
et al., 1983).

Cérletti et al. (1983) adopted a slightly different approach to
illustrate that the precursors were correctly processed to their mature
forms. This was achieved by looking at the effect of the partially-
purified protease on the processing'of cytochrome ¢ oxidase subunit
V precursor, by radiochemical sequence analysis of the processed amino-
terminus of the mature protéin. The amino-terminal region generated
by this protease was in agreement with the amino-terminus of the mature
polypeptide.. |

Finally, the yeast matrix proéease~is coded in the nucleus. This

was illustrated by Bdhni et al. . (1983) who prepared a hypotonic extract

from the mitochondria of a rho mutant strain of S.cerevisiae and

1~A5Pase

p-subunit to the mature size. The protease must be encoded by the

showed that the extract could convert the precursor of the F
nucleus and imported into mitochondria, since such mutant organelles
have no functional mitochondrial protein-synthesising machinery

(Schatz and Mason, 1974).

1.3.5.3 Processing of Mitochondrial Precursor Polypeptides

Mitochondrial precursor proteins of larger Mr are proteolytically
processed to generate the mature—sized.polypeptide. The processing
step (s) can involve any one-of three different mechanisms. ‘ These
mechanisms have largely been determined by using the in vitro import
assay (described in section 1.3.5.1) and confirmed in vivo by pulse-

labelling intact cells for very short times, detecting initial products



of translation by immuncprecipitation.

Protein precursors destined for the mitochondrial outer membrane
are synthesised in the cytosol as products with the same'Mr as the
mature polypeptides, with one possible exception being the 35,000 Mr
polypeptide from rat liver mitochondria (Shore et al., 1981) (see
table 1.3.1). In their case, no proteolytic processing is required
to complete maturation. Several other nuclear-encoded, mitochondrial
proteins localised in the inner membrane, intermembrane space and
matrix also do not appear to undergo proteolytic cleavage, after
translocation. These include cytochrome ¢ of the intermembrane space,'
the adenine nucleotide translocase of the inner membrane and 2-
isopropylmalate synthase of the mitochondrial matrix (Korb and Neupert,
1978, Zimmerman and Neupert, 1980; Hampsey et al., 1983). Cytochrome
¢ does, however, require the addition of haem for complete maturation
(see section 1.3.3). Interestingly, of all the mitochondrial matrix
proteins studied to date, 2-isopropylmalate synthase is the only
example to show a lack of proteolytic processing during its maturation.
The remaining mitochondrial proteins, studied so far, are synthesised
in the cytosol as larger Mr precursors which undérgo one of two
proteolytic processing mechanisms after correct translocation. A
major role is played by a matrix-located protease in both of‘these
processing mechanisms. The properties of the partially-purified
yeast matrix protease have been described previously (see section
1.3.5.2).

The first of these processing mechanisms involves a 'one-step'
proteolytic cleavage and accounts for the majority of proteins listed

in table 1.3.1. Endoproteolytic removal of the transient amino-
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proteolytic cleavage at one sité and generates the mature protein.



The final mechanism of processing involves cleavage of the precursor

to the mature protein in two discreet stages. Cytochrome b, and

2
cytochrome Cqr located in the intermembrane space and outer surface

of the inner membrane respectively, have clearly been shown to be
processed by this 'two-step' mechanism (Teintze et al., 1982, Reid

et al., 1982, Gasser et al., 1982b, Ohashi et al., 1982, Daum et al.,
1982; Bohni et al., 1983) (see section 1.3.5.1 for details of first
proteolytic cleavage). |

To investigate the location of the intermediate-sized polypeptide
generated by the matrix protease, Daum et al. - ﬂ§82)studied the
in vitro import of cytqchrome b2 into isolated yeast mitoplasts.

When import of the precursor was allowed to proceed at low temperatures,
the intermediate polypeptide remained attached to Ehe mitoplasts whereas
most of the precursor and mature forms of the protein were found in

the supernatant fraction.. In addition, the intermediate protein was

- fully accessible to externally-added protease under conditions where
the bulk of matrix-located polypeptide was inaccessible. It was
suggested from these findings, that the intermediate was bound to the
inner membrane with the major portion exposed to the intermembrane
space. Therefore, the second proteolytic cleavage, which converts

the intermediatés to their mature forms, would take place on the

outer surface of the inner membrane.

In yeast, the enzyme responsible for the second cleavage is
different from the matrix protease, as i£ is resistant to chelating
agents such as 1,10-phenanthroline, although attempts to extract it
from the mitochondria have proved to be unsuccessful (Daum et al.,

1982) . | |
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intermediate form is required'before the second cleavage can take place



(Chashi et al., 1982). In haem-deficient yeast mutants, the inter-
mediate accumulates and is only .converted to the mature protein upon
supplementation of the. strain with the compound. required to restore
haem biosynthesis. Maturation of cytochromeb2 from its intermediate
species does not require haem attachment before proteolysis (Gasser

et al., 1982b; Ohashi et al., 1982). A diagram summarizing the import
and processing of these proteins by the 'two-step' mechanism is shown v
in Fig. 1.3.2.

More recently, Sadler et al. (1984), sequenced the gene coding for
the precursor to the yeast cytochrome Cye . The deduced amino acid
sequence of the precursor revealed an unusually long transient amino-
terminal pre-sequence of 61 amino acids. This pre-sequence consisted
of a strongly basic amino-terminal region of 35 amino acids, a central
region of 19 uncharged residues.and an acidic carboxy-terminal region
of 7 amino acids. They have suggested from this sequence data, a
model for the orientation of the precursor across the mitochondrial
inner membrane which can.explain the. 'two-step' processing mechanism.

The mechanism of processing of the matrix located enzyme, ornithine
transcarbamylase is intriguing. Conboy et al. (1982), demonstrated that
the rat liver protein was initially made as a larger precursor of Mr
39,000 in vitro. Subséquent import and processing by isolated rat liver
mitochondria not only resulted in.the production of the mature polypeptide
(M. 36,000) but also an intermediate species of M 37,000..(Morita et al.,
1982a,b). The intermediate-sized polypeptide could also be formed by
incubating the 39,000 M.r precursor form with a partially-purified rat
liver matrix protease (Miura et al., 1982), but could not.be detected

in vivo in isolaﬁed hepatocytes (Mori et al., 1981). Conboy et al.
(1982) by adding low concentrati 2+ atrix £
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rat liver mitochondria were able to suppress production of the intermediate-



Fig. 1.3.2

' TWO-STEP' IMPORT AND. PROCESSING MECHANISM FOR CYTOCHROMES c, AND b2

(Reproduced from Hay et al., 1984)

Precursors to cytochromes b2 and 4 of . yeast mitochondria are
depicted as undergoing two separate proteolytic. cleavages after entering
the mitochondrion. Panel 1: each precursor utilises the inner membrane
electrochemical potential to assume a transmembrane conformation.

Panel 2: initial cleavage (arrows), mediated by the matrix protease
yields a membrane-bound . intermediate with a new amino-terminus (N').
Panel 3: the second cleévage thought to invelve a protease at the outer
face of the inner membrane generates the mature amino-terminus (N'').
Mature cytochrome b2 is released in soluble form (with a noncovalently
bound heme group (semi-circle) into the intermembrane space. Covalent
attachment .of heme to the intermediate form of. cytochrome 4 (box)

precedes the second cleavage.
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sized form and to convert pre-ornithine transcarbamylase to its mature
form, in vitro. This result suggested that the intermediate species
and the matﬁre processed forms were generated by two distinct, competing
enzyme activities and that the 37,000.Mr polypeptide was not a bona fide
intermediaﬁe in vivo.

The overall findings to date.on the mechanism(s) of import of

cytoplasmically-synthesised polypeptides are summarized in table 1.3.2.

1.3.6 Assembly of Processed Proteins into Functional Units

The least well characterized step in the import of nuclear-encoded
mitochondrial proteins is the assembly of the processed proteins into.
functional units. A major problem so far has been to show experiment-
ally that after in vitro import, the mitochondrial polypeptides assume
the structure and .physical properties of the native protein. To
confirm that a nuclear-encoded mitochondrial polypeptide has been

correctly assembled, the following criteria should be met:-

1) an imported protein should be shown to have reached its correct

submitochondrial compartment;

2) in some instances the protein should have associated with identical

or non-identical subunits to form the structure of the native molecule;
3) imported and assembled subunits should be functional.
To date, only a few experiments have addressed these problems.

In 1982 (a), Gasser et al. investigated the specificity of localisation

of mitochondrial precursor proteins by preparing from isolated yeast
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SUMMARY OF THE MECHANISM(S) OF IMPORT OF CYTOPLASMICALLY-SYNTHESISED MITOCHONDRIAL PROTEINS

OCHONDRIAL LOCATION

RECEPTOR BINDING

ENERGY REQUIREMENT

PROTEOLYTIC CLEAVAGE PROCESS

Binding does not show

er Membrane a sensitivity to Trypsin None Zero-step

oc-Henbrane space sioasey Lo moestn s st | moser

er Membrane Binding is Trypsin Existence of an inner One-step
sensitive membrane potential

rix Binding is Trypsin Existence of an inner One-step

sensitive

membrane potential

ochondrial polypeptides whose import pathway differs with regard to any of the points above are discussed in Sections

.2 - 1.3.5 and/or listed in Table 1.3.1.




mitochondria,a soluble intermembrane space fraction, a soluble matrix
fraction and a membrane fraction (inner and outer). Prior to sub-
fractionation, an in vitro impor£ assay was performed by incubating

a labelled reticulocyte lysate with isolated yeast mitochondria.

They discovered that the labelled membrane proteins (cytochrome 4
ahd cytochrome ¢ oxidase subunit V) were exclusively located in the
membrane fraction whereas soluble matrix (2-isopropylmalate synthase)
and intermembrane space proteins (cytochrome b2) were recovered to a
large extent in their respective soluble compartment and in the
membrane fraction. It was not, however, determined whether these
membrane-associated cytochrome b2 or 2-isoprcopylmalate synthase fbrms
represented precursors trapped 'in transit' across the membranes or
non-specific adsorption.

In a study on the import of carbamoyl phosphate synthetase into
the mitochondria of foetal rat liver (Campbell‘ggJEL., 1982) , radio-
labelled carbamoyl phosphate synthetase was recovered in a soluble
fraction when mitochondria were subjected to fractionation following
an in vitro import assay. After import of the precursor into foetal
rat liver mitochondria, an increase in carbamyl phosphate synthetase
activity was demonstrated. The precursor itself showed no enzymatic
activity which implied that not only import into the correct compartment
but also assembly of the polypeptide into an active holo—ehzyme (two
identical subunits), had taken place. However, it was not ruled out
that another copurifying factor may have stimulated endogenous enzymatic
aétivity.

The correct orientation of an imported protein within the
mitochondrion has been suggested from findings on two membrane proteins.

i~

Porin, an outer memorane pProtel chiondria, has been extensively

studied in yeast (Gasser and Schatz, 1983; Mihara et al., 1982)



and N.crassa (Freitag et al., 1§82). Thé native protein is insensitive
to protease even in the presence of detergents, whereas the in vitro
synthesised product, although of the same M_as the mature protein,
is highly sensitive to protease. Upon incubation with isolated
mitochondria, the newly-imported porin was shown to be resistant
to externally added protease, even in the presence of detergent,
implying correct orientation within the membrane. In a similar study,
Zimmerman and Neupert (1980) were able to demonstrate that the imported
N.crassa inner membrane adenine nucleotide translocase, resembled the
native protein in that it was excluded from hydroxylapatite. In
contrast, in vitro synthesised precursor binds to hydroxylapatite
although it is of the same Mr as the native protein. These two studies
illustrated that the precursdr and native forms of a protein exist in
different conformations which can markedly affect the properties of
the protein. |

Finally, as yet, no one has directly demonstrated the proper
assembly of newly-imported subunits into complex holoenzymes in mito- .
chondria, although Lewin and Norman (1983) have stronj‘evidence in the

case of the yeast F1—AIPase. They studied the assembly of the F,-ATPase

1
complex in isolated mitochondria by initially incubating yeast mito—
chondria with radiolabelled precursors to the <, g.and ¥ subunits.
Newly-assembled F1—A1Pase was detected by autoradiography of the
isolated enzyme, the criterion being that only polypeptide subunité
which had been synthesised in vitro and imported into the isolated
mitochondria, could be radicactive. Incorporation of labelled subunits

did not occur in the presence of uncouplers or a divalent metal ion

chelator, nor did it occur in submitochondrial particles. They also
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could be competed by unlabelled subunits, provided the inabelled



proteins were added before mitochondria.were incubated with radiocactive
precursor. The latter two findings suggest that precursors are being
"assembled into new F1—ATPase complexes rather than exchanging with

pre-existing subunits.

1.4 Mitochondrial Phosphate Transport Protein

1.4.1 Introduction

A special feature\of the mitochondrion is .the presence of a double
membrane system in which the outer membrane displays an unusual
permeability, allowing non-specific access to molecules up to approx.
4,000 M_ (Pfaff et al., 1968). The inner membrane represents the
physical permeability barrier to the passage of small molecules into
the organelle.

Many of the most important functions of ‘the mitochondrion (Krebs
cycle oxidations, fatty acid oxidation, ATP synthesis) occur in the
matrix and substrates and co-factors for these reactions are separated
from the enzymes by the inner membrane permeability barrier. This
segregation of reactions in mitochondria suggests that a series of
carriers must exist for the transport of the substrates and products
across the inner membrane.

There are two main types of transporters in mitochendria; anti-
porters, where a single ion or substrate is moved into the matrix in
exchange for bne of similar charge and symporters where the transport
of the anion is also electroneutrai, as it is accompanied by a proton
to achieve electrical balance. Also present are uniporters where a
single ion is transported into the matrix (see Fig. 1.4.1). A transport

system of particular importance for maintaining mitochondrial functions
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is the inorganic phosphate carrier s?stem. Transport of inorganic
phosphate into-the mitochondrial matrix can occur via two distinct
carrier system; an electro-neutral phosphate/dicarboxylic acid
exchange carrier and a phosphate/hydr6xyl ion transport protein, which
catalyses the influx of about 90% of mitochondrial phosphate. These

two transport systems are particularly important because:

i) = they supply the inorganic phosphate which is essential for
maintaining the steady-state oxidative phosphorylation of ADP in the

organelle.

ii)  the latter carrier is directly linked to the pH gradient
generated by the electron transport chain in the inner mitochondrial

membrane.

iii) they allow flux of dicarboxylatés and tricarboxylates via the

phosphate/dicarboxylic exchange carrier.

1.4.2 Identification of the Protein

An interesting property of the two phosphate carrier systems is

their differing sensitivity to sulphydryl group reagents. The phosphate/
hydroxyl ion antiporter can be inhibited by low concentrations of
N-ethylmaleimide, mersalyl and p-mercuribenzoate (Fonyo and Besman,

1968, Tyler, 1969; Coty and Pedersen, 1974a). 1In contrast, the
phosphate/dicarboxylate carrier can be blocked by mersalyl and p-
mercuribenzoate but is insensitive to N-ethylmaleimide (Meyer and

Tager, 1969, Meijer et al., 1970, Quagliariello and Palmieri, 1972;

Coty and Pedersen, 1974a). The phosphate/dicarboxylate carrier can
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(Hoek et al., 1971; Coty and Pedersen, 1974a).

In 1974 (b), Coty and Pedersen using the selective inhibitors
N-ethylmaleimide and n-butylmalonate demonstrated that the overall
phosphate transport activity could be resolved into two components;
an N-ethylmaleimide sensitive component, which catalysed the transport
of about 90% of the phosphate i.e. the phosphate/H gradient-linked
carrier system and an n-butylmalonate sensitive transport protein
i.e. the phosphate/dicarboxylate exchange carrier.

Identification of phosphate/hydroxyl ion carrier protein (phosphate
transport protein): has been greatly facilitated by its sensitivity to
N-ethylmaleimide. Coty and Pedersen (1975), on treating rat liver
mitochondria with a concentration of N;[3H]—ethylmaleimide to produce
maximum inhibition of phosphate transport, labelled at least 10 poly-
peptide components of the inner membrane. A marked increase in the
specificity of N-ethylmaleimide for components of the phosphate trans-
éort system, was attained by first protecting with the reversible
sulphydryl group inhibitor p-mercuribenzoate as illustraﬁed in Fig.
1.4.2. Using this technique N-[°H]-ethylmaleimide, labelled five
proteins, one of which, a 32,000 Mr value protein, contained 40% of
the bound radiocactivity.

In 1978, Wohlrab and Greaney Jr. studied the N—[3H]vethylmaleimide—
labelling pattern of proteins in sub-mitochondrial particles, prepared
by sonication of mitochondria purified from the fligﬁtvmuscles of the

blowfly, Sarcophaga bullata. The reasons for studying phosphate

carrier protein(s) in mitochondria from the flight muscle of the

blowfly were:

i) mitochondria have a high metabolic capacity which implies a

high concentration of phosphate transport systems;



Fig. 1.4.2

THE EFFECT OF p-MERCURIBENZOATE PROTECTION ON THE SPECIFITY OF LABELLING

OF THE PHOSPHATE TRANSPORT SYSTEM WITH N—[3H] -ETHYIMALEIMIDE

(Reproduced from Coty and Pedersen 1975)

This diagram compares the labelling of the mitochondrial phosphate
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labelling after p—inercuribenzoate protection and blo&:king' with N-ethyl-
maleimide (lower scheme). If phosphate transport is inhibited by direct
addition of N—[3H] -ethylmaleimide, a number of membrane proteins are
labelled in addition to the N-ethylmaleimide binding component of the
phosphate transport system. The p-mercuribenzoate protection procedure,
however, provides means of reducing the extent and increasing the
specificity of labelling. This procedure consists of the. following four
steps: (a) Protection of the phosphate transport system -SH group with
p-mercuribenzoate. (b) Blocking of .accessible membrane -SH groups
with excess 'cold' N-ethylmaleimide. (c) Bemoval of p-mercuribenzoate
brotecting group with DTT, followed by washing of the mitochondria to
remove excess reagent. (d) Reinhibition of phosphate transport with

N- [3H] -ethylmaleimide.
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ii) mitochondria appear to possess only one phosphate transport
system (Van den Bergh and Slater, 1962; .Wohlrab, 1976) and thus

represent a unique membrane for the study of phosphate transport.

Seven major labelled proteins were observed under the conditions
employed, only two of which, 32,000 and 45,000 M. value species were
common to the rat liver mitochondria (Coty.and Pedersen, 1975).

Further confirmation as to the identity of the protein(s)
responsible for phosphate transport was provided by Wohlrab (1978),
again using mitochondria prepared from the flight muscle of the blowfly.
By comparing the alkylation of proteins in the submitochondrial
particles with the inhibition of phosphate transport, Wohlrab found
that the extent of labelling of proteins of M, value 45,000 and 32,000
could be correlated closely with the degree of inhibition of transport.

Finally, Wohlrab (1979) presented evidence which. strongly suggested
that only 32,000 Mr protein constituted the phosphate transporter.

By comparing the N—[3H]—ethylmaleimide labelling patterns of sub—
mitochondrial particles prepared from rat heart with those of the
blowfly flight muscle, Wohlrab (1979) illustrated that the 45,000

N& protein was absent/from heart sonic submitochondrial particles.
Since both types of mitochondria are energetically active and possess
a phosphate carrier system, this finding strongly suggested a role

for the 32,000 N& protein in phosphate transport.

1.4.3 Purification Studies on the Phosphate Transport Protein

Wohlrab (1980), having identified the protein responsible for

phosphate transport in mitoechondria, partially purified the phosphate

ieart mitochondria, by taking advantage of its
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phosphate transport protein and the carboxyatractyloside binding
protein (ADP-ATP translocase proteinj. SDS-polyacrylamide gel
electrophoresis analysis demonstrated that the phosphate transport
protein had an M. of 34,000; Reconstitution experiments, in which
the phosphate transport protein was incorporated into liposomes,
suggested a primary role in mitochondrial phosphate transport.
However, the reconstituted system catalysed phosphate-phosphate
exchange, as determined by 32Pi efflux or uptake, with a maximal
exchange rate which was about 2% of the rate in isolated mitochondria
(Cotyvahd Pedersen, 1974b). This phosphate-phosphate exchange was
shown to be sensitive to N-ethylmaleimide, mersalyl and p-mercuri-
benzoate but insensitive to the dicarboxylate carrier inhibitor,
n-butylmalonate br the adenine nucleotide translocase inhibitor,
carboxyatractyloside.

In 1981, Kolbe et al. . successfully separated the pig heart
mitochondrial phosphate transport protein from the adenine nucleotide
translocase, by passing the hydroxylapatite eluate through a Celite
column. Reconstitution experiments in which this hydroxylapatite/
Celite eluate was incorporated into liposomes, demonstrated that the
rate of exchange of 32Pi was slightly higher than in the hydroxylapatite
eluate but still only represented about 2% of fhe activity in vivo.
The low activity of phosphate transport reported in these two studies
did not rule out the possibility that a secondary, contaminating
protein was responsible for this activity and not the primary phosphate
transport protein. A

Kolbe gg;gl. (1981) in the same study as described above;
demonstrated that the Celite purified protein could be resolved into

four separate components by SDS-polyacrylamide gradient gel electro-



phoresis (Mr range 35,000-31,500). Three possible explanations were

proposed to interpret this result:-

i)  the phosphate carrier of mitochondria occurs as a complex of

up to four different polypeptide chains;

ii) some of the four proteins represent proteolytically or other-

wise modified forms of the same protein;

iii) the phosphate carrier is composed of one protein, the other
proteins represent different functional proteins, not related to

phosphate transport.

In recent years, a great deal of attention has been directed

towards solving this problem and will be discussed in chapter three.

1.5 Fumarase or Fumarate Hydratase (EC 4.2.1.2)

1.5.1 Introduction

Fumarase or fumarate hydratase (EC 4.2.1.2) catalyses the reversible

hydration of fumarate to L-malate according to the following reaction:

H COOH COCH
\c/ H-C-H
H + HZO
COOH H COOH

Fumarate I-malate

The hydrogen and hydroxyl groups of water are exchanged stereo-

specifically during the conversion of fumarate and I-malate.



Due to its fundamental role as an essential enzyme of the tfi- |
carboxylic acid cycle (Fig. 1.5.1), fumarase is found in a wide variety
of organisms including bacteria (de Mello Ayres and Lara, 1962;
Lamartiniere et al., 1970), yeast (Favelukes and.Stoppani, 1958),
moulds (Jacobson, 1931), plants (Shih and Barnett, 1968), invertebrates
(Clutterbuck, 1928) and mammals (Kuff, 1954; Shepherd, gg_gl.,.1955).

In 1952, fumarase was first successfully crystallised from pig
heart muscle by Massey,. who demonstrated . that it.crystéllised from
ammonium sulphate solutions in an essentially. homogeneous form.
Subsequent methods for improving the yield from pig heart muscle, were
developed by Kanarek and Hill (1964), enabling many of its molecular
and catalytic properties to be studied in detail.

The Mr value of the native enzyme as determined by sedimentation
equilibrium studies was 194,000 (Kanarek and Hill 1964). However, |
the following experimental findingsvindicated that the native enzyme

was composed of four identical subunits (Kanarek et al., 1964; Robinson

et al., 1967):

i) In the presence of 6M urea the Mr was judged to be 48,500 by

sedimentation equilibrium methods.

ii) Amino-terminal end group analysis revealed 3.6 residues of

alanine per molecule assuming an Mr of 194,000.

iii) Tryptic peptide maps of fumarase revealed about one-quarter
of the expected number of peptides based,on the lysine and arginine

content of the enzyme.

The enzymatically-active form of fumarase appears to be the

tetrameric structure since, in general, any condition which results



Fig. 1.5.1

(IZOO B

¢

oo~
Oxaloacetate

‘ NADH\I ®

(|300
HO-?—H
¢
co0~
Malate

/@

Ho” 1
(I:OO
CH
It
.
coo~
Fumarate

FADH,

THE TRICARBOXYLIC ACID CYCLE

¢
CHz-C-S-CoA
HS-CoA - i
(0 €00
® HO EHEOO' — ¢H2
CH ® £-cao
éog' -t
C00” cis-
Citrate Aconitate
oo™
o b,
| H-C-C00”
HO-C-H
C00~ Isocitrate
® CO+NADH
@ 0 c00”
- Coo” C-S-Co Chy

CH2 @ l'ZHZ @ (I;H 2
(I:H 9 ﬂﬁ___ “:HZ co, SFO
C0™  grp Coo” Ny G007 -

Succinate Succinyl CoA Ketoglutarate

Fumarase catalyses reaction of the citric acid cycle.



in dissociation of the enzYme leads to a loss of enzymic activity.

In the presence of urea or guanidine hydrochloride the enzyme is fully
dissociated and inactivated at concentrations greater than 2.0M
(Robinson et al., 1967; Teipel and Hill, 1971). However, removal of
these agents by dialysis against phosphate buffer or phosphate buffer
containing malate, restores over 90% of the fumarase activity.

For many vears it was thought that the substrate specificity of
fumarase waé quite rigid and that the enzyme only reacted with its
natural substrates, fumarate and L-malate. However, several artificial
substrates have been discovered, the structures of which revealed two

general requirements for fumarase substrates:—

a) Two negatively charged carboxyl groups are required for a
substrate, in agreement with earlier findings that this was also a

structural requirement for competitive inhibitors (Massey 1953).

b) The hydroxyl groups in all substrates must have the same con—

figuration as found in L-malate.

The reversible binding of fumarase with its substrates, fumarate
and I~malate and with two competitive inhibitors, citrate and trans-
aconitate has been examined by equilibrium dialysis (Teipel and Hill
1968) . These studies revealed that there were four substrate or
inhibitor binding sites per molecule of enzyme or an average of one
site per polypeptide chain subunit. At low concentrations of substrate
the hydration of fumarate and dehydration of malate follow Michaelis-
Menten kinetics but at concentrations more than about five times Km,
substrate activation is observed (Taraszka and Alberty 1964). The

substrate activation can be explained by one of the following mechanisms:-



i) A second molecule of substrate can bind at a site(s) other
than the active site and thereby increase the reactivity of the active

site.

ii) Fumarase possesses two or more identical binding sites for
substrate which display co-operative interéctions such that binding of
substrate té the first site(s) decreases the affinity of substrate
for the latter site(s). This mechanism is known as 'negative
co~operativity' and was originally proposed by Conway and Koshland
Jr. to explain the kinetic behaviour of glyceraldehyde-3-phosphate

dehydrogenase (Conway and Koshland Jr. 1968).

iii) The enzymé possesses two or more independent but non-identical
binding sites, or, alternatively, there are two or more forms of the

enzyme present which have different affinities for substrate.

1.5.2 Compartmentalisation of Fumarase

It has long been estab}ished that fumarase is located in the
mitochondrialAmatrix where it is an essential enzyme of the tricarboxylic
acid cycle. However, fumarase has also been reported to be involved
in many metabolié processes which occur in the cell cytoplasm (Ratner

et al., 1953, Ravdin and Crandall, 1951; Knox and Lemay-Knox, 1951):-

i) In the urea cycle fumarate is generated by the enzyme
argininosuccinase which cleaves argininosuccinate into arginine and

fumarate.

ii)  During tyrosine-oxidation, fumarate is generated by the

hydrolysis of 4-fumarylacetoécetate.



iii) In purine nucleotide biosynthesis, fumarate is derived from

adenylsuccinate.

In all cases, an extramitochondrial fumarase would be able to
link these cycles to the mitochondrial matrix tricarboxylic acid cycle,
by converting fumarate to malate, which could subsequently be taken
up as a permeant substrate.

In 1976, Nakééhima et al. demonstrated that there was as much
fumarase activity localised in the rat liver cytosol as in the mito-
chondria. This intracellular distribution of hepatic fumarase was
confirmed in analogous studies in mouse, rabbit, dog, chicken, snake,
frog and carp (Akiba et al., 1984). In the same report, these workers
looked at the subcellular diétributionvof the enzyme in rat kidney,
brain, heart and skeletal muscle and in hepatoma cells (AH-~1093).

Among these tissues, the brain was the only exception having no fumarase
activity in the cytosolic fraction, all the other tissues showing a
bimodal distribution of the enzyme.

In recent years, extensive research has been directed—towards
gaining an insight into the structural and physical properties of these
two rat liver fumarase activities. The first successful purification'
of the mitochondrial and cytosolic fumarases was achieved by Kobayashi
et al. (1981). They purified the two fumarases from isolated rat
liver mitochondrial and cytosolic fractions respectively, employing
the method of Kanarek and Beeckﬁans (1977) , which involved affinity
chromatography on a pyromellitic acid column. The mitochondrial
fumarase was resolved into two fractions by Whatman DE~52 column
chromatography, a non-absorbed and an absorbed fraction whereas the
cytosolic fraction largely passed through this column. The fumarase

activity contained in these three fractions was then crystallised



with ammonium sulphate.  Subsequent studies to characterize the
physicochemical and catalytic properties of the two separate fumarases
are summarised in table 1.5.1. It can clearly be seen from this
table that the fwo forms of the enzyme-are very similar with regard
to their properties. In addition, the amino acid composition of the
cytosolic fumarase was shown to be very similar to that of the mito-
chondrial enzyme. Furthermore, immunochemical techniques could not
differentiate the two enzyme forms from one another, since a single
precipitin band was formed between the rabbit antiserum against the
cytosolic fumarase and the cytosolic or mitochondrial fumarase. To
obtain more conclusive evidence on the identity of the cytosolic and
mitochondrial fumarases, Kobayashi and Tuboi (1983) examined the
terminal amino acid residues. The carboxyl-terminal amino acid of
both enzymes was identified as leucine by using carboxypeptidase A.
However, the amino~terminal amino acid residue of each fumarase could
not be identified by classical methods, suggesting that they were
masked. The N-termini of the mitochondrial and cytosolic fumarases
were subsequently identified as pyroglutamic acid and N-acetylalanine,
respectively. In the same étudy, these workers also compared the
primary structures of the enzymes in detail by digesting either with
an arginine-specific protease or with cyanogen bromide. Electro-
phoretic profiles of the digests were indistinguishable from each
other.

As would be expected from these observations on the molecular
properties of the mitochondrial and cytosolic fumarases purified from
rat liver, it has until recently been impossible to separate them
from their mixture. However, Hiraga et al. (1984) illustrated that

the mitochondrial and cytosolic fumarases of rat liver could be



TABLE 1.5.1

MOLECULAR PROPERTIES OF RAT LIVER MITOCHONDRIAL AND CYTOSOLIC FUMARASES

MITOCHONDRIAL
CYTOSOLIC
NON-ABSORBED ABSORBED
-Polyacrylamide Gel Electrophoresis M_ 49,000 M. 49,000 M. 49,000
rose Density Gradient Centrifugation
EH 200,000 Zﬁ 200,000 En 200,000
ecular Sieve Chromatography (Sephadex G200)

ss-Linking Experiments

(Glutaraldehyde)

No. of Subunits

4

No. of Subunits

4

No. of Subunits

4

arent wa for Fumarate

Without H.voNH 0.013 0.015 0.013

+  1TmM mo» 0.056 0.056 0.062

+ 10mM mo» 0.333 0.333 0.286
arent K - for Malate

Without mo» 0.18 0.14

+ 10mM Hu.oNP 0.59 0.60




separated from each other. by Bio-gel hydroxylapatite column chromato—-
graphy. This showed that there are some conformational differences
between the native proteins which have been indistinguishable from
their physicochemical, catalytic and immunochemical properties.

Finaliy, it has been suggested that the cytosolic and mitochondrial
fumarases are products of the same gene (Tolley and Craig, 1975;
McKusick and Ruddle, 1977). The molecular findings to date would
certainly confirm such a suggestion, sincevthe two fumarase activities
have been shown to be very closely related to one another. If the
mitochondrial and cytosolic fumarases are derived from the same gene,
the mechanism by which fumarase synthesised on cytoplasmic ribosomes
is distributed into two different subcellular compartments is an

extremely important question that has still to be resolved.



GENERAL AIMS

When I started my research in October, 1981, I set out with the

following objectives:

i) to purify the phosphate transport protein from rat liver
mitochondria and to further characterize the isolated protein by

employing its known sulphydryl grbup sensitivity properties;

ii) to raise a polyclonal, monospecific antiserum to the isolated
phosphate transport protein which I could use as a specific tool to
follow its biosynthesis in vivo, employing mammalian tissue-culture

cell lines;

iii) to raise a polyclonal, monospecific antiserum to pig heart
fumarase and to subsequently utilise this antiserum to gain an insight
into the mechanism of bimodal distribution of the enzyme, in vivo,

as above (see ii).



. CHAPTER TWO

MATERTALS AND METHODS




2.1 MATERIALS

2.1.1 Biological Materials

Animals

Female rats of the Wistér strain were bred and obtained from
the Deparfmental Animal House.

New Zealand white rabbits (4 months old) were purchased from

MRC accredited sources.

Cell Lines

Buffalo rat liver (BRL) cells were a kind gift from Dr. J. Pitts,
Beatson Institute for Cancer Research, Garscube Estate, Glasgow, U.K.

Pig kidney (PK-15) cells were supplied by GIBCO Rurcpe, Paisley,
U.K.

Bovine kidney (NBL—1)'cells were purchased from Flow Laboratories

Ltd., Irvine, Ayrshire, U.K.

Yeast
The following yeast;strains were the kind gift of Dr. G. Reid,

Department of Microbiology, University of Edinburgh:-

Wild type Saccharomyces cerevisiae (S.cerevisiae)

strain D273-10B. (e, ATCC 25657) and the corres-

ponding rho—mutant D273-10B-1

2.1.2 Chemicals for Polyacrylamide Gel Electrophoresis

Acrylamide monomer, N,N' methylene bis-acrylamide (specially
purified for gel electrophoresis), ammonium persulphate and sodium
dodecyi sulphate (SDS) wer¢ supplied by BDH Chemicals, Poole, Dorset,

U. K.



N,N,N',N' tetramethylethylenediamine (TEMED) and Coomassie
Brilliant Blue R250 were purchased from Sigma (London) Chemical
Company, Poole, Dorset, U.K. | |

Pyronin Y dye was supplied by George T. Gurr Ltd., London, U.K.

Iow Mr standards were purchased from Pharmacia Ltd., Pharmacia

House, Midsummer Boulevard, Central Milton Keynes, Buckinghamshire, U.K.

2.1.3 Radiochemicals

L—[3SS]-methionine (approx. 1100 Ci/mmol) and carrier free
Na1251 (approx. 100 mCi/ml) were purchased from Amersham International
plc, White Lion Road, Amersham, U.K.

N-[2-H] -ethylmaleimide (approx. 50 Ci/mol) was supplied by

New England Nuclear, Du Pont (U.K.) Ltd., Southampton, U.K.

2.1.4 Chemicals for Fluorography

Dimethyl sulphoxide (DMSO) and 2,5-diphenyloxazole (PPO) were
obtained from Koch-light Laboratories Ltd., Colnbrook, U.K.
Salicylic acid was supplied by Aldrich Chemical Co. Ltd.,

Gillingham, U.K.

2.1.5 Photographic Materials

Plastic intensifying screen holders (Plast-X cassettes) were
purchased from Anthony Monk (ENG) Ltd., Sutton-in-Ashfield, U.K.

Du Pont Cronex intensifying screens (18 x 24 cm) were supplied
by MAS, Springkerse Industrial Estate, Stirling, U.K.

Kodak X-Omat S film, Kodak XAR-S film, Kodak LX-24-X-ray

developer and Kodak FX-40 X-ray liquid fixer were obtained from Kodak



(U.K.) Ltd., London, U.K.

2.1.6 Immunochemicals

| Freund's adjuvants were obtained from Difco Laboratories Ltd.,
Colnbrook, U.K.

Nitrocellulose paper (0.45um pore size) was supplied by .Anderman
and Co. Ltd., Laboratory.Supplies Division, Kingston-upon-Thames,
Surrey, U.K.

Heat-inactivated horse serum was purchased from GIBCO Europe,
Paisley, U.K.

Anti-rabbit gamma-globulin conjugated to horse radish peroxidase
was supplied by Miles Laboratories Ltd., Stoke Poges, Slough, U.K.

Falcon 3912 Microtest III'IM Flexible assay plates were purchased
from Flow Laboratories Ltd., Irvine, Ayrshire, U.K.

Goat serum.and normal rabbit serum were obtained from the Scottish
Antibody Production Unit, Carluke,.lanarkshire, U.K.

Pansorbin (Staphylococcus aureus Cowan I strain (S.aureus)

cell suspension) was supplied by Calbiochem-Behring, Cambridge Bioscience,
Hardwick, Cambridge, U.K.
Protein A isolated frem S.aureus Cowan I strain was.purchased

from Sigma (London) Chemical Co. Ltd., Poole, Dorset, U.K.

2.1.7 Tissue Qulture Materials

Sterile reagents to prepare Glasgow modification of Eagle's
medium were supplied.by the Tissue Culture Unit, Department of Bio-
chemistry, University of Glasgow, with the exception of non-essential

amino acids (NERA), .(-) methionine Eagle’s medium and glutamine which



were all purchased from GIBCO Eurcpe, Paisley, U.K.

Yeast
Bacto-peptone and yeast extract were purchased from Difco

Taboratories Ltd., ColnbrOok, U.K.

2.1.8 Chromatographic Media

Hydroxylapatite (Bio—-gel HTP) was purchased from BIO-RAD
Laboratories Ltd., Watford, Hertfordshire, U.K.

Celite type 535 was supplied by Uniscience Limited, Cambridge,
U.K.

Procion Red A was obtained from Amicon Ltd., Scientific Systems
Division, Upper Mill, Stonehouse, Gloucestershire, U.K.

Sephadex G-50 was purchased from Pharmacia Ltd., Pharmacia House,

Midsummer Boulevard, Central Milton Keynes, Buckinghamshire, U.K.

2.1.9 Enzymes

The following enzyme preparations were purchased from Sigma

(London) Chemical Co., Poole, Dorset, U.K.:-

Fumarase (EC 4.2.1.2) from porcine heart

Citrate synthetase (EC 4.1.3.7) from porcine heart

2.1.10 General Chemicals

Oxaloacetic acid (OAA), acetyl CoA, 2,4 dinitrophenol, digitonin,
L-malic acid, bovine serum albumin (BSA), 1,10-phenanthroline, 5,5'-
dithio(bis) 2-nitrobenzoic acid (DINB), Triton X-100, sodium deoxy-

cholate (DOC), polyethylene sorbital mono-laureate (Tween 20),



cafbonyl cyanide m-chlorophenylhydrazone (CCCP), D-mannitol,
o-phenylene diamine, 4-morpholincprcopanesulfonic acid (Mops),
concanavalin A (con A) and wheat germ agglutinin (WGA), acetyl-L-
leucyl-L-leucyl-L-argininal (leupeptin), iodoacetamide, p?amino—
benzamidine were all supplied by Sigma (London) Chemical Co., Poole,
Dorset, U.K.

EGTA, 2-mercaptoethanol and Folin and Ciocalteu's phenol reagent
were purchased from BDH Chemicals Ltd., Poole, Dorset, U.K.

Phenylmethylsulfonylfluoride (PMSF) and Tris were obtained from
Boehringer Mannheim, Boehringer Corporation (London) Ltd., Lewes,
East Sussex, U.K. ‘

Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP)
was purchased from Aldrich Chemical Co., Ltd., Gillingham, U.K.

Sodium azide was purchased from Hopkin and Williams, Chadwell
Heath, Essex, U.K.

Dithiothreitol (DTT) was supplied.by Roch-light Laboratories,
Colnbrook, U.K. |

IodogenTM'was purchased from Pierce Chemical Cb., Rockford,
Illinois, U.S.A.

All the other fine chemicals’ and reagents used wefe of the

highest available commercial grade.

2.2  GENERAL METHODS

2.2.1 Protein Estimations

The amount of protein in a sample was measured either by the
method of Lowry et al. (1951) incorporating the modification of

Markwell et al. (1976) or by the Biuret method (Gornall et al., 1949). .



Calibration curves were constructed. from a standard stock

solution of BSA (10mg/ml).

2.2.2 Enzyme Assays

A)  Citrate synthetase (EC 4.1.3.7)

The activity of citrate synthetase was measured by the method
of Srere (1969). The assay contained in a total vol. of 1ml, 0.4M
Tris-HC1 pH 8.0, 0.5mM DINB solution, 3mM acetyl CoA and 50-100ug
of sample protein. Initiation of.the reaction was achieved by the

addition of 5mM ORA and the formation of 5-thio-2-nitroebenzoate anion

monitored at 412nm.

B) Fumarase (EC 4.2.1.2)

The activity of fumarase was measured by the method of Hill
and Bradshaw (1969) by monitoring the formation of. fumarate from
malate at 240nm. The procedure for performing the assay, in a total

vol. of 1ml, was as follows:

0.05M L-malic acid solution (dissolved in 0.1M potassium
phosphate buffer pH 7.6) was equilibrated to 25°C..  The
reaction was started by the addition of 1-5ug of purified

fumarase or 50-100pg of mitochondrial extract protein.

2.2.3 Radioiodination of Proteins

In general, iodination of proteins with‘.Na125

I was performed
by. the method of Salancinski et al. (1981). 1mg.of protein dissolved
in Tml of 20mM Tris~HCl buffer, PH 7.2 containing. 150mM NaCl was added

to a small glass vial, the bottom surface of which was coated with a



thin layer of Todogen™ (1mgy). Radiolabelling was initiated by
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the addition of 300-500uCi of Na "I (100m Ci/ml) before allowing

the reaction to proceed for 15 min at room temperature. Incorpor-

ation was terminated by transferring the mixture to a centrifuge tube

and spinning at 1000g for 5 min to pellet any residual IodogenTM.
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Free [ “°I] iodide was removed by subjecting the supernatant fraction

to chromatography on a Sephadex G-50 column (6.5 x 1.4cm), which had
beenvequilibrated with 20mM Tris-HCl buffer pH 7.2 containing 150mM
NaCl. Void volume aliquots (1ml) were analysed on an LKB Wallac
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1275 mini-gamma counter and those containing the I-labelled protein

pooled, dispensed (2 x‘106 cem/fraction) and stored at -20°c. Bio-
rad low M.r standards and protein A were labelled in a similar manner.
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The lectins, con A and WGA were labelled with Na “"I by the method

described in section 3.2.2.

2.2.4 SDS-Polyacrylamide Gel Electrophoresis

2.2.4.1 Preparation of Gels-Electrophoretic Conditions

'~ Polyacrylamide gel electrophoresis was carried out in a dis-
continuous system, according to Laemmli (1970) in the presence of 0.1%
(w/v) SDS. Slab gels (19 x 9.5cm) were cast between two glass
plates separated by 1.5mm thick teflon spacers in a perspex box designed
to accommodate four pairs of glass plates at any one time. To prepare
the separating gel, acrylamide stock solution, running gel buffer
and ammonium persulphate (listed in table‘2.2.4.1) were mixed and
degassed under vacuum on a water pump. Polymerisation was initiated
by the addition of TEMED to the mixture, the gel solution poured

immediately and overlaid with isopropanol. When the separating gel



TABLE 2.2.4.1

Composition and volumes of solutions used to cast SDS-polyacrylamide gels

Stock solution Separating gel Stacking gel
108 (w/v) 12.5% (w/v) 4.5% (w/v)
Vol. (ml) Vol. (ml) vol. (ml)

Acrylamide 29,23 (w/v)

and bis-acrylamide 0.8% (w/v) 60 75 9.0

Running gel buffer

0.75M Tris-HCl pH 8.8, 0.2% (w/v) SDS 90 90 . -

Stacking gel buffer

0.17M Tris-HCl pH 6.8, 0.14%(w/v) SDS - - 41

’ mwo - - 7.75

0.3% (w/v) ammonium persulphate 30 15 -

10% (w/v) ammonium persulphate - - -

TEMED 0.045 0.045 0.02




had set the isopropanol layer was removed and stacking gel solution
(see table 2.2.4.1) placed on top of the separating gel. Sample wells
were formed by inserting a teflon comb into the stacking gel solution
(24 wells per gel) prior to polymerisation. Variations on this method
of casting gels will be described in the appropriate section.

The reservoir buffer contained 0.025M Tris-HCl pH 8.3, 0.192M
glycine and 0.1% (w/v) SDS. Electrcphoresis was performed at 60mA
per gel until the tracking dye had reached the bottom edge of the gel.
The gel was maintained at 10-15°C by a circulating cold water system

which was attached to the electrophoretic apparatus.

2.2.4.2 Preparation of Protein Samples for Electrophoresis

In general, sanples to be resolved by SDS-polyacrylamide gel
electrophoresis were precipitated by the addition of 4 vol. of acetone
and the protein collected by centrifugation at 1500g for 10 min on
a Beckman model TJ-6 benchtop centrifuge. The pellet was dissolved
in Laemmli sample buffer (0.0625M Tris-HCl pH 6.8, 2% (w/v) SDS, 10%
(w/v) sucrose, 5% (v/v). 2-mercaptoethanol and 0.001% (w/v) Pyronin Y,

to act as tracker dye), by boiling for 2 min at 100°¢C.

2.2.4.3 Staining of Protein(s)

Protein(s) were visualised after. electrophoresis by immersing
the gel in a solution containing; 0.04% (w/v) Coomassie Brilliant
Blue R250, 25% (v/v) isopropanol and 10% (v/v) acetic acid for 8-12h
at room temperature. Destaining of the gel to reveal protein(s)
was achieved by washing the gel several times in a solution containing-

25% (v/v) isopropanol and 10% (v/v) acetic acid.



Generally, if radiolabelled proteins were being investigated
the gels were fixed in a solution of 25% (v/v) iscpropanol, 103 (v/v)

acetic acid for 8-12h at room temperature before further processing.

2.2.4.4 Estimation of the Relative Molecular Mass (Mr) of a Protein

To calculate the M. value of a protein on an SDS-polyacrylamide

gel, the electrophoretic mobility (Rf) must be defined:-

distance migrated by protein

distance migrated by tracking dye

The Rf value.for a protein can be calculated either by directly
measuring the distance on the stained gel or, more accurately, after
densitometric scanning of the gel with an LKB 2202 Ultroscan laser
densitometer. The method has to be calibrated with a set of standard
proteins of known Mr values. A plot of R.f value versus log Mi for |
these marker proteins enables the subunit M. of the sample protein to
be determined directly.

A list of the standard marker proteins used and their ME values

is given below:-

Phosphorylase b 94,000 ; BSA 67,000 ; ovalbumin 43,000 ;
carbonic anhydrase 30,000 ; soyabean trypsin inhibitor

20,100 ; et-lactalbumin 14,400.

2.2.4.5 Autoradiography

125I-—labelled proteins were

Polyacrylamide slab gels containing
dried down on Whatman 3MM filter paper using a Flexi—dryTM freeze-

drier (FTS Systems Inc., Stone Ridge, New York, U.S.A.). Detection of



radiolabelled proteins was carried out at -80°C using Kodak X-Omat
S film, employing Du Pont Cronex intensifying screens to enhance the

sensitivity of the procedure.

2.2.4.6 Fluorography

Two independent methods, which varied in theit use of chemical
fluor, were utilised to detect [3H] or,[3SS]-labelled proteins. The

sensitivity of the two techniques was comparable.

34) This procedure adopted the method of Bonner and Laskey (1974)

and utilised a water insoluble fluor. After fixing (2.2.4.3), the
gel was washed twice for 1h at room temperature with DMSO to remove
any water, then placed in a solution of DMSO conﬁaining the fluor PPO
'20% (w/v) . After a 3h incubation at room temperature, the gel
inpregnated with PPO was washed continuously for 30 min under running

water, resulting in the precipitation of the fluor in the gel.

B) A water soluble fluor, sodium salicylate was incorporated into

the gel by closely following the method of Chamberlain (1979). After
fixing, (2.2.4.3) the gel was washed several times with distilled water
to remove any acetic acid, then immersed in a solutioﬁ of 1M sodium
salicylate and incubated for a further 30 min at room temperature.

In both instances the gels were dried down on Whatman 3MM paper before

exposure to X-ray film as described in section 2.2.4.5..

2.2.5 Subcellular Fractionation Techniques

2.2.5.1 Isolation of Rat Liver Mitochondria

Mitochondria were prepared by the method of Chance and Hagihara



(1963). Female rats of the Wistar .strain (180-200g) ,: which had been
starved overnight to eliminate glycogen storage particles, were killed
by cervical dislocation, the livers excised and. rinsed 2-3 times with
ice-cold isolation medium. (0.225M mannitol, 0.075M sucrose, 500uM
BGTA, 2mM Mops buffer pH 7.2). After washing, the livers were chopped
finely with a pair of scissors before cell breakage with a tight-fitting
teflon pestle (clearance 0.004-0.006pm) on a Potter-Elvenhjem homogeniser
(5 passes). Blood, unbroken cells and nuclei were sedimented by
centrifugation of the suspension at 800g . for 7 min. The resulting
supernatant fraction was decanted into fresh tubes for. centrifugation
at 6500g for 15 min to-pellet the mitochondria. Residual blood and
nuclei were removed from this pellet by resuspending it in isolation
medium and centrifuging at 800g fof 7 min. . Finally, mitochondria
were pelleted from the above supernatant fraction by centrifugation at
6500g for 7 min before being washed once in.isolation. medium to remove
polysomal and microsocmal contamination.

All the centrifugation steps were performed at 4°C and the final

mitochondrial pellet stored at -20°C until further use.

2.2.5.2 Preparation of Rat Liver Mitcoplasts (Mitochondria with

Outer Membrane Removed)

Purified mitochondria, isolated from. rat liver (2.2.5.1) were
resuspended in 10mM Tris-phosphate buffer pH 7.5 (sweiling medium) '
at a protein concentration éf 10mg/ml before incubating on ice for
5 min. The mitochondria were then shrunk. by the addition of a solution
containing 1.8M sucrose, .2mM ATP and 2mM MysO,.  After a further 2 min

incubation on ice, mitoplasts were pelleted by centrifugation at 6500g



for 10 min. The mitoplasts were resuspended in isolation medium

(2.2.5.1) and washed twice.

2.2.5.3 Isolation of Subcellular Fractions from Cultured Mammalian

Cells

Crude subcellular fractions were prepared from the three mammalian
cell lines, BRL, PK~15 and NBL~1 by the method of Attardi and Ching
(1979) . To isolate subcellular fractions from cultures, cells were
grown as monolayers in 20 oz. roller bottles at 37°% (2.4.2). On
reaching confluence, growth medium was decanted, the cell menolayer
washed 3% with a solution containing 0.13M NaCl, 0.005M RCl, before
harvesting in 6 vol. of 0.01M Tris-HCl buffer pH 6.7 containing 0.01M
KCl and 0.15mM MgClz. After incubating for 2 min on ice, the cell
suspension was disrupted with a Potter-Elvenhjem homogeniser, using a
sufficient number of strokes (6 or 7) to break greater than 95% of the
cells. Cell breakage was measured by using a light microsccpe. On
addition of 0.25M sucrose, the homogenate was centrifuged at 11009
for 3 min to sediment nuclei and unbroken cells. A small fraction
of the supernatant was retained at this stage to represent cell extract,
the remainder being subjected to centrifugation at 6500g for 10 min
to pellet the mitochondria. The post-mitochondrial supernatant
fraction from this spin represented the cytosol of the cell. The
mitochondrial pellet was resuspended in 0.01M Tris-HCL buffer pH 6.7
containing 0.25M sucrose and 0.15mM MgCl2 before repeating the low
speed centrifugation step to remove any residual nuclei. Finally,
this supernatant fraction was centrifuged at 6500g for 10 min to
pellet the mitochonaria which were subsequently stored in 0.01M Tris-

acetate buffer pH 7.0 containing 0.25M sucrose for further analysis.



2.3 IMMUNOLOGICAL TECHNIQUES -

2.3.1 Preparation of Antisera

Commercially available pig heart fumarase . (BEC 4.2.1.2) was used
as an antigen. Purity was estimated to be greater than 95% by densito-
metric scanning of a Coomassie Blue stained.polyacrylamide gel.
Fumarase (1mg) dissolved in 0.9% (w/v) NaCl was mixed thoroughly with
an equal vol. of Freund's complete adjuvant prior to injection
subcutaneously at various sites in the neck, back and thighs of the
rabbit. This treatment wés repeated at 2-3 week intervals in the
presence of Freund's incomplete adjuvant. Antiserum was collected
by bleeding the rabbit from a marginal ear vein, 10-14 days after the
4th injection éf antigen. After allowing the blood to clot overnight
at 4°C, the antiserum was removed with a pasteur pipette, aliquoted |
(Iml fractions) and stored at -20°C.  In some instances the antiserum
had to be clarified by centrifugation of 2500g for 10 min to remove
contaminating red blood cells. Before subsequent bleedings, rabbits
were injected 10-12 days previously with 0.5-1.0mg of fumarase in
incomplete adjuvant.

A similar regime was followed for the production of the antiserum

against the phosphate/hydroxyl ion antiport protein.

2.3.2 Characterization of the Antisera

2.3.2.1 Immune-blotting (Immune-replica analysis)

A)  Transfer of proteins to nitrocellulose

After SDS—pdlyacrylamide gel electrophoresis (2.2.4.1) the



resolved proteins were transferred electrophoretically on to nitro-
cellulose paper using the BIO-RAD ,‘I'rans—BlotrHVI apparatus. A mod-
ification of the method of Towbin et al. (1979) was adopted to perform
the transfer at 400mA for 3-4h. The electrode buffer consisted of
0.025M :I'rj.s—-HCl PH 8.3, 0.192M glycine, 20% (v/v) methanol supplemented

with 0.02% (w/v) SDS.

B) Immunological detection of proteins on nitrocellulose paper

The procedure of Towbin et al. (1979) was closely followed
although a modification suggested by Batteiger et al. (1982) was
incorporated into the methodology.  After electrophoretic transfer
of the proteins to nitrocellulose, additional binding sites on the
paper were saturated by immersing for 60 min at 37°C or overnight at
4°C in a buffer containing 20mM Tris-HCL pH 7.2, 150mM NaCl, 0.5%
(v/v) Tween 20 and 0.5mg/ml sodium azide (Buffer A). Antiserum,
diluted 1 in 40 in buffer A supplemented with 5% (v/v) heat-inactivated
horse serum was then incubated with the blot for 90 min at room
temperature, after which time the nitrocellulose paper was washed
free of excess antibody by rinsing it five times with 60ml of buffer
A over a period of 30 min. Antigen-antibody complexes were then
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decorated with I-labelled protein A (2.2.3), by incubating the blot

for 90 min at room temperature in buffer.A plus the labelled protein

A (2x 106 dom/50ml).  Excess 12":’I-labellec‘i protein A was removed by
washing the paper, as described above. The blot was dried at room
temperature overnight, before exposure to autoradiography, as described

in section 2.2.4.5



2.3.2.2 Preparation of Cell Lysate for Immune-Precipitation Studies

L—[3581—methionine-labelled tissue culture cells (see section
5.2.1), were washed 3X in ice~cold phosphate-buffered saline (PBS)
solution (20mM KH2‘P04/K2HPO4 PH 7.4, 0.9% (w/v). NaCl) érior to
solubilisation in 1ml of buffer containing 0.1M Tris-HCL pH 8.2,
~ 0.1M RC1, 5mM MgClz, 1% (v/v) Triton X-100 and the protease inhibitor
PMSF (final concentration 1mM). Nuclei were removed by centrifugation
at 850g for 10 min , DOC and SDS dissolved in above Triton X-100 buffer
plus 1,10-phenanthroline (3D-TKM) were added.to the post-nuclear
supernatant fraction to final concentrations of 1% (w/v) and 0.5%

(w/v) respectively. Insoluble debris. was removed by high speed
centrifugation (19,0009 for 30 min), to yield a clear supernatant
fraction which was stored at -80°C.  Prior to storage a 5ul aliquot
of the supernatant fraction was counted. in scintillation fluid (65%
(v/v) toluene, 35% (v/v) Triton X-100, 0.023M PPO) on a Beckman LS6800
liquidvscintillation counter.

All the buffers utilised above were sterilised by passing through
a 0.2pm Nalgene filter (Nalge Company, Division of Sybron Corporation,

Rochester, New York, U.S.A).

2.3.2.3 Immune-Precipitation

10-20pl of antiserum was added to-.an aliquot (10-20 x 106 cpm/

fraction) of radiolabelled cell lysate (2.3.2.2) and the mixture
incubated for 1h at room temperature, then overnight at 4°c. Antigen-
antibody complexes were then collected by the addition of 20-40ul

df a heat-killed, formalin-fixed S.aureus cell. suspension 10% (v/v) .
After incubating for ih at room temperature the bac%eria were sedimented

by centrifugation at 14,000g for 2 min on an MSE HEppendorf Micro-



Centaur centrifuge (MSE scientific instruments, Manor Royal, Crawley,
Sussex, U.K.). Specifically-precipitated radiolabelled material was
recovered by washing the baéteria, tﬁree‘ times with 3D-TKM (2.2.3.2),
once with Triton X-100 buffer (2.2.3.2) and once with 10mM Tris-HCl
pPH 7.4 before resuspending in 50ul of Laemmli sample buffer (2.2.4.2).
After boiling for 2-5 min at 100°C .the bacteria were pelleted by
centrifugation at 14,000g for 2 min..

A 5ul aliquot of the supernatant fraction was counted in
scintillation fluid, as previously described (2.3.2.2). The immuné
precipitated proteins (20-30ul) were .subsequently analysed by SDS-

polyacrylamide gel electrophoresis (2.2.4.1) and fluorography (2.2.4.6).

2.3.2.4 The Enzyme-linked Immunosorbant Assay (ELISA)

To measure the titres of respective antisera, the antigen in
100}.11 of PBS, was bound to the bottom of. a.well of a.Falcon microtitre
plate by incubating overnight at 4°C.  Excess antigen was removed by
immersing the plate in washing buffer (PBS, 0.05% (v/v).Tween 20).
Residual binding sites were blocked. by.adding. 200pl of washing buffer
containing 5% (v/v) goat serum to the wells, prior to incubating for
Th at room temperature or overnight at 2°c. The plate was rinsed
again with buffer as before, then serial dilutions of antiserum
(1/100 to 1 /100,000) in 100ul of washing buffer placed in the wells.
After incubating for 2h at 4°C, the plate was washed in a similar
manner before adding 100pl of goat anti-rabbit gamma-globulin
conjugated to horse radish peroxidase (diluted 1/500 with washing
buffer) to each well and incubating for a further 1h at .4°C.  Excess
conjugate was removed by immersing the plate in washing buffer. The -

quantity of peroxidase activity bound to the plate was determined |



spectrophotometrically using 100ul per well of the following assay

solution:-

0.04% (w/v). o-phenylene diamine (OPD)
0.04% (v/v) H20:2
36mM citric acid

128mM NaZHPO 4

After 20 min incubation in the dark at room temperature, the
reaction was stopped by the addition of 50ul of 4N HZSO4 The
absorbance at 492nm was .determined for each well using a Titertek

multiscan spectrophotometer.

2.4 TISSUE CULTURE TECHNIQUES

2.4.1 Growth Media for Cell Lines

BRL, PK—15 and NBL~1 cell lines were grown routinely in Glasgow
modlflcatlon of Eagle's medium supplemented with 1 (v/v) NE2A,

3

100 x 10° units/1 penicillin, 37 x 103 units/1 streptomycm and either

10% (v/v) calf serum (BRL), 5% (v/v) foetal calf serum (PK-15) or 10%

(v/v) foetal calf serum (NBL~1).

. 2.4.2 PRoutine Maintenance of Cells

Cell lines were maintained in their respective media (2.4.1) as
monolayers at 37°C in Roux or 20 oz. roller bottles in an atmosphere
of 5% C02, 95% air. Cells were subcultured 1 in 5 every 3-5 days

by rinsing the cell sheets once with versene solution (5mM EDTA in PBS)
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trypsin, 0.105M NaCl in 0.01M tri-sodium citrate ac_]justed to pH 7.8



with NaOH). After incubating for a few minutes at 37°C, 20ml of
warm érowth medium was added and a single cell suspension obtained by
pipetting gently up and down several times. For radiolabelling studies,
the cells were grown 1n small plastic Petri dishes and plaéed in a
humidified incubator at 37°C containing a 5% C02/95% air atmosphere.

All the operations described above were carried out under asceptic

corditions.

2.5 CHARACTERIZATION OF THE PHOSPHATE/HYDROXYL ION ANTIPORT

PROTEIN (PHOSPHATE TRANSPORT PROTEIN)

2.5.1 Measurement of Phosphate Transport by Passive Isotonic Swelling

The transport of phosphate into mitochondria or mitoplasts (2.2.4.1
and 2) was carried out by the method of Coty and Pedersen (1975).
Mitochondria or mitoplasts were diluted to a finaJ. concentration of 10mg
protein/ml in isolation medium (2.2.5.1) and inhibitors of transport,
where appropriate. After a suitable incubation at OOC, an 0.1ml aliquot
was withdrawn and transferred to a cuvette containing 0.9ml of swelling
medium (0.1M (NH,) ,HPO,, TmM EGTA and Smi K -Hepes pH 7.4). After
- mixing rapidly, passive swelling was monitored at 750rm on a Uvichem
spectrophotometer linked to a Servoscribe chart recorder.

In control experiments to monitor the specificity of inhibitors
for phosphate transport, the swelling media contained 0.125M of either

NH

4

cl, NH4OOC CH3 or I\IH4HCO3 .1n place of (NH4) 2HPO4.

2.5.2 N-[2-H]-Fthylmaleimide Labelling of the Phosphate Transport

Proteiﬁ



Rat liver mitochondrial protein was precipitated by the addition
of 4 vol. of acetone and was subsequently collected by centrifugation
at 1500g for 10 min. The pellet was resuspended in a small vol. of
20mM Tris-HCl buffer pH 7.2 containing.2% (w/v) SDS before initiation
of radiolabelling by the addition of 40uCi of'N;[2—3H]—ethylmaleimide
(50 Ci/mmol) . Afﬁer a 30 min incubation at roem temperature the
reaction was terminated by the addition of 2-mercaptoethanol, to a
final concentration of 5% (v/v). Thereéfter, the protein was pre-
cipitated by the addition of acetone, as described above and the pellet
solubilised in Laemmli sample buffer (2.2.4.2). To determine the
extent of incorporation of the label, a 5pl aliquot of the above sample
was counted, as described previously (2.3.2.3). Radiolabelled proteins
were separated on an SDS-polyacrylamide gel (2.2.4.1) and subsequently
detected by fluorography (2.2.4.6). Additional protein fractions
from the purification procedure (3.2.1) were labelled in an analogous
manner. Intact rat iiver mitochondria .were resuspended in isolation

medium (2.2.5.1) prior to labelling, as described above.

2.5.3 Performic Acid Oxidation of the Isolated Phosphate Transport

Protein

To estimate the cysteine and methionine content of the protein,
these residues were oxidised to cysteic acid and methionine sulphone
using performic acid.

The performic acid was prepared by mixing 1ml of 30% (w/v) H202
with 9ml of 88% (v/v) formic acid and incubating at room temperature
. for 1h before use. After cooling for 15 min on ice, 1ml of performic

acid was added to the lyophilised protein-and the reaction continued

for 4h at 0°C. To stop the reaction, 20ml of distilled water was



added and the sample lycphilised.. This procedure of resuspension
in distilled water followed by lyophilisation was repeated. The

protein sample was now ready. for determination of its amino acid

composition.

2.5.4 Amino Acid Analysis

3ml of distilled water was added to.the lyophilised protein
which was then split into 6 equal fractions and placed in 16.5 x 0.75cm
test tubes. To each tube was added 10 nmoles of the internal standard
norleucine and 0.5ml of Aristar HCl, before degassing the mixtures with
nitrogen.. The samples were frozen in dry ice prior to.the tubes being
heated and drawn out for sealiﬁg’ After evacuating; the tubes were
sealed, then placed on an aluminium block set at 110jj°c. Samples
were removed after 24, 48 and 72h of hydrolysis (in duplicate) and their
contents dessicated. Finally, the samples. were analysed on an LKB
4400 amino acid analyser operated by Mr. J. Jardine of the Department

of Biochemistry, University of Glasgow.



CHAPTER THREE

PURIFICATION AND CHARACTERIZATION

OF THE PHOSPHATE TRANSPORT PROTEIN

FROM RAT LIVER MITOCHONDRIA




3.1  INTRODUCTION

In recent years, considerable attention has been directed towards
a better understanding of the operation of the mitochondrial inner
membrane phosphate transport system. The phosphate carrier plays a
major role in cellular metabolism since inorgaﬁic phosphate must be
transported continuously into the mitochoﬁdrial matrix to maintain
the steady-state oxidative phosphorylation of ADP.  Specific uptake
of this anion occurs via two distinét transport.s&stems; an electro-
neutral inorganic phosphate/dicarboxylic acid exchénge carrier and an
‘inorganic phosphate/pH gradient-linked carrier which catalyses the
influx of about 90% of the mitochondrial phosphate.

Identification of the phosphate transport protein has been greatly
facilitated by its sensitivity to the sulphydryl group reagent,
N-ethylmaleimide, as previously discussed (Section 1.4.2). . Since
1979 when Wohlrab presented strong evidence on the identity of the
phosphate’ transport érotein, several groups have attempted to purify
the protein. from a variety of tissues including beef,hear? (Wohlrab, 1980)
and pig heart mitochondria (Kolbe et al., >1981). wae%er, contrqversy
has surrounded the purity of the final preparation since the discovery
by Kolbe et al. (1981) that the pig heart protein consisted of four to
five major Coomassie-Blue staining bands of similar Mr value, when
resolved on SDS-polyacrylamide .14-20% (w/v) gradient gels. These -
controversial findings will be discussed in detail at a later stage
in this chapter. |

‘Since the exact nature of the phosphate transport proféin(s) had
not been fully elucidated at that time, an.initial aim of my project
was concerned with isolating and further characterizing.thé rat liver

mitochondrial protein, as this represented an interesting area of



research in itself.

3.2 METHODS

3.2.1 Procedure(s) for the Purification of the Phosphate Transport

Protein from Rat Liver Mitochondria

Method (a)

In general terms, a modification of the method of Kolbe et al.
(1981) was utilised to purify the phosphate transport protein from
rat liver mitochondria.

Initially, mitochondria were prepared from the livers of four rats
which had been starved overnight, as described in section 2.2.5.2. The
mitochondrial pellet was resuspended in a buffer containing 20mM LiCl,
0.1mM EDTA, 0.5mM DIT, 20mM H4PO, adjusted to pH 7.0.with LiOH and
0.5% (v/v) Triton X-100, at a protein concentration of 10mg/ml.

After incubating on ice for 15 min the mitochondrial suspension was
centrifuged at 105,000g for 1h at 4°c.  The resultant pellet was
subsequently solubilised in the above buffer containing 8% (v/v) Triton
X-100 at a similar protein concentration and incubated for 15 min

on ice. Prior to centrifugation at 105,000 for th at 4OC, the extract
was diluted 1:1 with ice-cold distilled H,0. Detergent-solubilised
mitochondrial protein was then subjected to adsorption chrométography
on hydroxylapatite followed by a similar treatment with Celite.

The extracted méterial from the second centrifugation step described
above, was mixed initially with hydroxylapatite at 0.5g hydroxyl-

apatite per ml of solubilised membrane. This slurry was incubated
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The supernatant fraction was retained at this stage while the pellet-



was washed once with extraction buffer containing 4% (v/v) Triton
X-100. ‘Subsequent treatment of this suspension, in an analogous
manner to the initial hydroxylapatite incubation, yielded a second
supernatant fraction which was bulked with the first hydroxylapatite
eluate. . Clarification of the hydroxylapatite eluates was achieved
by centrifugation at 1100g for 10 min. All centrifugation steps
were performed at 4°c.

The hydroxylapatite eluate was finally. subjected to adsorﬁtion
chromatography on Celite~-type 535 in a similar fashion to that described
for hydroxylapatite chromatography. . The only difference was that the
Celite was washed with hot water before incubation with the hydroxyl-
apatite eluate. The final Celite eluate was stored at -20°C until

further use.

Method (b)

An alternative procedure has been developed which copurifies
both the phosphate transport protein and the adenine’nucleotide
translocase.

Initially mitochondria, prepared as described previously (2.2.5.1)
were resuspended in 20mM Mops buffer pH 6.8 containing 0.25M sucrose,
0.5mM EDTA, 2.5mM MgCl2 and incubated withA4qPM carboxyatractyloside
for 10 min on ice to stabilise the adenine nucleotide translocase.
After this incubation, mitochondria were pelleted by centrifugation at
8,000g for. 10 min before pre-extracting with 20mM Mops buffer pH 7.2
cbntaining 0.4M NaCl and 0.5% (v/v) Triton X-100 by incubating for
10 min on ice. After centrifugation for 1h at 105,000g the resulting
pellet was solubilised in a 10mM Mops buffer pH 7.2 containing' 0.5M
NaCl and 4% (v/v) Triton X-100 by incubation for 10 min on ice.

Residual, insoluble material was removed by centrifugation at 105,000g



for th. The supernatant fraction was subjected.to hydroxylapatite
chromatography on a 1.75 x 25cm column which had been pre-equilibrated
with a 0.5% (v/v) Triton X-100, 0.1M NaCl, 10mM Mops pH 7.2 buffer
solution. The non—ébsorbed fraction from this column was collected
and dialysed against 20mM Tris-HCl pH.7.2 buffer containing 0.5% (w/v)
Triton X-100, before application to a Procion Red A column ( 8 x 3 cm)
equilibrated in the same buffer. Differential elution of the two
proteins from this column wés utilised to separate them; the phosphate
transport protein being eluted with 0.25M NaCl whereas the adenine
nucleotide translocase.required 3M NaCl for complete elution. Both
eluates were stored at -20°C until required.

In both procedures, fractions were retained for analysis at each
stage in the purification. Proteins were precipitated by the addition
of 4 vol. of ice-cold acetone and finally prepared for analysis by

SDsS-polyacrylamide gel electrophoresis, as described in sections 2.2.4.7.

3.2.2 Icdination of Concanavalin A (con A)

Tyrosine residues of con A were radio-labelled with Na125

I by

incubation with iodogen as follows:—

2mg con A dissolved in 0.5ml of 20mM Tris-HCl buffer pH 8.0 containing
- 0.2M methy=t-glucoside was added to a glass vial, the surface of which
had been coated with 200ug of iodogen. Incorporation.of the isotope

was initiated by the addition of 30QpCivNa125

I (carrier-free) and the
reaction allowed to proceed for 30 min at room temperature. After
terminating the reaction by dilution with 20mM Tris-HCl pH 8.0, the
incubation mixture was removed to another vessel and non-radioactive

NaI added to give a final concentration of 25mM.



This solution was dialysed subsequently against 20mM Tris-HCL
pH 8.0 buffer, before application to a (8.5 x 1.5 cm) Sephadex G50 column

equilibrated with dialysis buffer. 125

I-labelled con A was eluted
from the column by washing with 20mM Tris-HCl pH 8.0 buffer containing
"0.2M methy-glucoside. Finally, this eluted con A was. dialysed
against 20mM Tris-HCl pH 8.0 and stored at. -20°C in small aliquots

(0.5ml) .

3.2.3 Lectin Overlay Analysis of the Phosphate Transport Protein

After SDS-polyacrylamide gel electrophoresis, the resolved proteins
were fixed by incubating the gel overnight in 10% (v/v) acetic acid

1251 1abelled

and 25% (v/v) isopropanol. Prior to incubation with the
lectin, the gel was thoroughly washed by rinsing several times in

lectin overlay buffer consisting of 20mM Tris-HCl pH 8.0, 0;12M RC1,
lmM'CaClz, ™M MhClz, 1% (v/v) Tween 20, 0.1% (w/v) haemoglobin and

1251 1abelled

0.05% (w/v) sodium azide. Incubation of the gel with
con A (see section 3.2.2) was then initiated by the addition of the
lectin to the gel soaked in overlay buffer (approx. 10 x 106 cpm

125I-labelled con A). After 2 days of incubation at room temperature
_this solution was removed and the gel subsequently washed for 3-5 days
in lectin-free overlay buffer (5-6 changes), to reduce.the background
level of radiation. Autoradiography was finally carried out on the

dried gel, as described previously (see section 2.2.4.5).

3.2.4 Preparation of SDS-polyacrylamide 14-20% (w/v) Gradient Gels

SDS-polyacrylamide gradient gels (18 x 16 cm) were prepared at
4°c using a Bio~Rad slab gel apparatus (Model No. Protean 16cm) and a

gradient gel mixer which consisted of two compartments (40ml capacity/



compartment) with a connecting flow-line to allow mixing of the two
stock acrylamide solutions listed in table 3.2.1. |

The two acrylamide solutions were degassed under vacuum before
polymerisation was initiated by the addition of TEMED (6ul) to each
acrylamide stock solution. Immediately on addition of TEMED, the main

gel was poured in the following manner:-

A piece of rubber tubing connected to the gradient gel mixer was

placed between the two glass plates and the flow rate of acrylamide
solution controlled by a peristaltic pump (90 ml/h). .The gel was
carefully overlayed with isopropanol before polymerisation was complete.
After polymerisation of the separating gel, a stacking gel containing
the sample wells (15 wells/gel) was placed on top using the previously

described procedure (see section 2.2.4.1).

3.3 RESULTS AND DISCUSSION

3.3.1 SDS-polyacrylamide Gel Electrophoresis Analysis of the

Isolated Phosphate Transport Protein

- The Coomassie Blue staining profile of different stages in the

© purification of the phosphate transport protein from intact rat liver
mitochondria, after separation on an SDS-polyacrylamide gel 108 (w/vy -
is illustrated in Fig. 3.3.1a. A single, apparently homogeneous

band can be visualised after both hydroxylapatite and Celite chromato-
graphy. The electrophoretic mobilities of a set of marker proteins

of known Mr value were measured in this gel system and used to construct
standard curves of electrophoretic mobility against log subunit Mf value
(Fig. 3.3.2). Comparison of the electrophoretic mobility of the
purified phosphate transport protein with these markers gavé a value

of 34,000.



Table 3.2.1

COMPOSITION AND VOLUMES OF SOLUTIONS USED TO CAST SDS-POLYACRYILAMIDE

GRADIENT GELS 14-20% (W/V)

Stock solution

Right-hand corfpartment
14% (w/v) acrylamide

Left-hand compartment
20% (w/v) acrylamide

(Vol.. added) ‘ (Vol.. added)
29.2% -(w/v) acrylamide 9.3 ml. .13.3 ml
0.8% (w/v) bis.-acrylamide
Running gel buffe;; 5.0 mL 5.0 mL
15% (w/v) sucrose 5.7 ml -
70% (w/v) sucrose - 1.7 ml
0.03% (w/v) ammonium 60 pl | 60 pl

persulphate




The subunit Mr value of the protein is in agreement with the
findings of other groups who have purified the beef heart (Wohlrab,
1980) and pig heart (Kolbe et al., 1981) mitochondrial phosphate
transport protein, respectively. However, the finding that only the
phosphate transport protein did not adsorb to hydroxylapatite is in
marked contrast to their data. In both instances, the adenine
nucleotide translocase (Mr 30,000) was shown to copurify with the
phosphate transport protein after hydroxylapatite chromatograpﬁy.
However, Kolbe et al. (1981) demonstrated that adsorption chromato-
graphy on Celite effected quantitative removal of the translocase.

Recently, Wehrle and Pedersen (1983) attempted to purify the
phosphate transport protein from rat liver mitochondria, essentially
following the method of Wohlrab (1980). If intact mitochondria were
utilised as the initial starting material, Triton X-100 extraction
followed by hydroxylapatite chromatography resulted in purification of
the phosphate transport protein, the adenine nucleotide translocase
and a protein of Mr 68,000. This additional 68,000 M. protein was
suggested to represent a subunit of an enzyme found only in liver
mitochondria, since rat liver mitochondria are more metabolically complex
than both bovine heart and blowfly flight muscle mitochondria, used in
earlier studies. As a result of this finding, Wehrle and Pedersen
(1983) purified the phosphate transport protein from mitochondrial
inner membrane vesicles which had been treated with urea. In this case,
the 68,000 N& protein was removed but the two transport proteins still
copurified during hydroxylapatite chromatography. They have attempted
éubsequentlyvto remove the adenine nucleotide translocase by Celite
chromatography without success. It is obvious that these findings
are in marked contrast to our own data, despite the identity of the

tissue sources, namely rat liver mitochondria.



3.3.2 Lectin Overlay Analysis of the Phosphate Transport Protein

Membranes of eukaryotic cells usually contain between 2% and 10%
carbohydrate by weight in the form of glycoproteins and glycolipids.
In the plasma membrane of many cell types including red blood cells
(Nicolson and Singer, 1974) and lymphocyte membranes (Hayman and
Crumpton, 1972), this carbohydrate is asymmetrically distributed with
the sugar moieties protruding out into the extracellular environment.
It has also been demonstrated that many of the glycoproteins are trans-
membrane profeins, which are exposed to both external and internal
environments providing a means of communication across the bilayer,
eg. band 3 or the anion channel protein of. the red cell which makes
it selectively permeable to HCO3 and C1~ and glycophorin A also of
the red cell plasma membrane Whose function is unknown.

It has been reported that isolated mitochondria contain 1-2%
carbohydrate by weight (De Bernard et al., 1971) and that covalently-
associated saccharide moieties are pfesent on the cytoplasmic surfaces
of both the inner and outer membranes (D'Souza and Lindsay, 1981).

In this connection, it was decided to investigate the possibility that
the integral inner membrane,phosphaté transport protein from rat liver
mitochondria was glycosylated. This was achieved by using the lectin
overlay method described in section 3.2.3 .and 12SI—labelled con A to
permit detection of covalently-bound mannose, N-acetylglucosamine

and/or glucose residues. Con A was chosen to determine whether the
phosphate transport protein was glycosylated or not because it had
previously been shown in this laboratory that about 80% of rat liver
mitochondrial glycoproteins bound to con A-Sepharose columns. Comparison’
6f the protein staining pattern (Fig. 3.3.1a), in which the phosphate

transport protein appears to be homogeneous with . the corresponding



125I—labelled con A overlay autoradiograph (Fig. 3.3.1b), clearly

illustrates the existence of numerous low and high Mr value glycoprotein
contaminants. However, there is no bound label in.the region of the
phosphate transport pfotein (Mr 34,000) which suggests that it is
unlikely to be glycosylated.

An improved purification procedure was devised to remove con-.
tamination with glycoproteins by extracting the mitochondria initially
with a buffer containing 0.5% (v/v) Triton X-100 before'selectiée
extraction of the phosphate transport protein (see section 3.2.1
method a). These findings are depicted in Figs. 3.3.3(a) and 3.3.3(b)

125I-labelled con A overlay

which represent the Coomassie Blue and
profiles of the purified phosphate transport protein after separation
on an SDS-polyacrylamide gel 12.5% (w/v). It is apparent that the
pre-extraction step solubilises about 80% of the mitochondrial protein,
incldding the bulk of contaminating glycoproteins.

Fig. 3.3.3(a), track 4 demonsfrates that the 0.25M RCl eluate from
the Procion Red A column (see section 3.2.1 method b) migfates with

an identical M.r value of 34,000 when compared with the final Celite

product (see section 3.2.1 method a).

3.3.3 SDhS-Polyacrylamide Gradient Gel Electrophoresis of the

Purified Protein

In recent years, a great deal of controversy has surrounded the
nature of the protein component(s) that constitute the phosphate carrier
system. This controversy was initiated in 1981 by Kolbe et al. v‘vho
purified the transport protein from pig heart mitochondria and separated
the protein component(s) on an SDS-polyacrylamide gradient gel 14-20%

(w/v). They discovered that the Celite purified protein had been



resolved into four separate components which ranged inMr from 35,000
to 31,000. Three possible explanations were proposed to interpret

this result:-

i) the phosphate transporter of mitochondrial inner membrane is

composed of four different polypeptide chains;

ii) some of the four proteins represent proteolytically or other-

wise modified forms of the same protein;

iii) the phosphate transporter is one protein, the other proteins

represent contaminants which copurify with the transport protein.

A subsequent report by Kolbe et al. (1982) which investigated the
nature of these additional bands in more detail,vled to the proposal
of a model in which proteolytic processing was suggested to account for
their existence (Fig. 3.3.4).  The phosphate transport protein was
purified from beef heart and pig hearﬁ mitochondria respectively.
Purification involved using slightly different procedures to the original
protocol including two successive extractions of mitochondria with
Triton X-114 instead of Triton X-100. The model was based on the
findings of three very similar proteins which differed slightly in M.
(34,500, 34,000 and 33,000),amino acid composition and could‘explain
the contradictory observations of the study. It was assumed in this
model that the native carrier is composed of two subunits. The
occurfence of the active phosphate transport protein as a dimer of two
identical subunits would be in accordance with other membrane transport
proteins which were found to consist of two equal subunits in their
active form; eg. the adenine nucleotide translocase (Klingenberg et al.,
1978) .

As a consequence of these findings, the purified rat liver and beef



heart mitochondrial phosphate transport proteins were subjected to
SDS—polyacrylémide gradient gel electrocphoresis 14-20% (w/v) and their
Coomassie Blue staining profiles compared (Fig. 3.3.5). The beef
heart protein was purified from mitochondria in an analogous manner to
the rat liver mitochondrial polypeptide (section 3.2.1 method (a)).

It can clearly be seen that there is a major difference between the
protgin product (s) at the hydroxylapatite stage in the two preparations.
One major band is observed in the rat liver sample which migraées with
an Mr value of 34,000, whereas two major bands with Mr of 34,000 and
31,000 respectively are detectable in the beef heart preparation.
Wohlrab (1980) previously demonstrated this latter result when purifying
the phosphate transport protein from the same tissue source and'suggested
that the 31,000 M_ polypeptide band was likely to be the adenine
nucleotide translocase. It has subsequently been illustrated that
there are three possible ways to remove this 31,000 Mr protein involving
either Celite chromatography (Kolbe et al., 1981), mersalylultrogel
chromatography . (Touraille et al., 1981) or Triton X-114 extraction of
mitochondria (Kolbe et al., 1982). As depicted in track (6), this was
shown to be correct when the beef heart hydroxylapatite eluate was
subjected to adsorption chromatography on Celite.

- In marked contrast to the findings of Kolbe et al. (1982), however,
there is no evidence for the existence of four to five Coomassie Blue
staining bands in either preparations hydroxylapatite or Celite eluates.
If the proteolytic processing model proposed by these workers to explain
their results with the beef heart and pig heart mitochondrial phosphate
transport proteins is correct,.then the rat liver and beef heart
mitochondria used in our purifications are less sensitive to proteolytic
attack.

Confirmation as to the purity of the rat liver mitochondrial protein,



separated on thé above gel system, was provided by densitometric scanning
of the gel using an LKB Ultroscan 2202 laser densitometer. The purity

of the Coomassie Blue stained protein of Mr 34,000 was estimated to be
about 95%. Finally, it should be noted that the 0.25M KRCl eluate from the
Procion Red A column of the alternative procedure (method b, section 3.2.1),
demonstrated the existence of only one polypeptide band when separated and
stained with Coomassie Blue on the above gradient gel system (track 4).

The SDS-polyacrylamide gradient gel 14-20% (w/v) was prepared as described

in section 3.2.4.

3.3.4 CHARACTERIZATION OF THE PHOSPHATE TRANSPORT PROTEIN

3.3.4.1 Effect on N-ethylmaleimide on Phosphate Transport into

Isolated Mitochondria

Initially our aim was to confirm that the protein isolated from rat
liver mitochondria constituted the phosphate transport system by established
procedures. It has been well documentated (Fonya and Besman, 1968, Tyler,
1969; Coty and Pedersen, 1974a), that this transport system is inhibited
by very low levels of the sulphydryl group reagent, N-ethylmaleimide. It
is also generally accepted that N-ethylmaleimide reacts specifically with
an essential sulphydryl group of the phosphate transport system rather than
non-specifically altering membrane permeability. Preliminary experiments
were carried out to confirm the susceptibility of this system to N-ethyl-
maleimide. This property can simply be demonstrated by measuring the
transport of phosphate into isolated mitochondria utilising the fact that
mitochondria passively swell in solutions of isotonic ammonium phosphate
buffer (Chappell and Crofts, 1966).

The swelling of mitochondria in solutions of ammonium salts depends



on the ability of the anion present to penetrate the mitochondrial
.inner membrane, as illustrated in Fig. 3.3.6 (Chappell, 1968). A
rapid qualitative means of measuring the swelling process is to monitor
the decrease in absorbance at 750nm, when mitochondria are placed

in such ammonium salt buffers. Fig. 3.3.7(a) confirms the earlier
findings of Chappell and Crofts (1966), in that it describes the

effect of incubating rat liver mitochondria in isotonic solutions of
ammonium chloride, acetate, bicarbonate and phosphate, respectively.

It can clearly be seen that there is a marked decrease in the absorbance
at 750nm of the mitochondrial suspension, when incubated in ammonium
acetate, bicarbonate or phosphate buffers. This indicates that
swelling has occurred when mitochondria are placed in these respective
media. However, no swelling is induced in the presence of ammonium
chloride buffer. These results demonstrate that the three anions,
phosphate, bicarbonate and écetaﬁe can penetrate the mitochondrial
inner membrane whereas the chlqride ion cannot enter into the matrix.
To confirm that_phosphate uptake can be inhibited by very low levels

of the sulphydryl group reagengv.N—ethylmaleimide (Coty and Pedersen,

. 1974b) , isolated rat liver mitochondria were pre—incﬁbated with this
inhibitor prior to monitoring their passive swelling in isotonic
ammonium phosphate buffer (Fig. 3.3.7b). It is clear that there is

" no decrease in absorbance over the time-course of the experiment,
suggesting that N-ethylmaleimide has inhibifed phosphate uptake. Pre-
treatment with N-ethylmaleimide did not significantly affect chloride,
acetate or bicarbonate induced swelling of mitochondria.  Since bi-
carbonate and acetate ions penetrate the mitochondrial inner membrane
by simple diffusion, this finding rules out the non-specific alteration
df membrane'permeability by N-ethylmaleimide.

The swelling studies were pérformed according to the method of



Coty and Pederson (1974b), as described in section 2.5.1.

3.3.4.2 N;[3H]-EthylmaleimidebLébelling Studies of the Phosphate

Transport Protein

In the past,_the'phosphate transport protein has been identified
by several groups as a result of its sensitivity to N-ethylmaleimide.
Incorporation of N—[3H]-ethylmaleimide into mitochondrial. inner membrane
proteins at concentrations known to inhibit phosphate transport into
isolated mitochondria, was the criterion used to achieve such an
identification (Coty and Pederson, 1975, Wohlrab, 1978; Wohlrab,
1979). By cpmparing the,N1[3H]rethylmaleimide labelling patterns of
blowfly f£light muscle mitochondria with rat heart sonic submitochondrial
particles, Wohlrab (1979) was able to identify a protein of M, 32,000
as constituting the phosphate trénsport protein. - A more detailed account
as to the identification of the protein can be found in section 1.4.2.
In this section, this property of the phosphate transport system was
utilised to confirm the identity of tﬁe isolated rat liver mitoéhondrial
protein of Mr 34,000.

It has been established (section 3.3.4.1) that N-ethylmaleimide can
inhibit the transport of phosphate into intact rat liver mitochondria
as measured by the 'ammonium swelling technique' of Chappell and Crofts
(1966). It was also shown that this effect was specifically due to
interaction with a free sulphydryl group on the transport protein and
not due to non-specific alteration of membrane permeability (Fig. 3.3.7b).
However, whén intact rat liver mitochondria or the 8% (v/v) Triton X-100
extracted material are labelled with N—[3H]-ethylmaleimide, several
polypeptides can be visualized after fluorography of the resolving
ShS-polyacrylamide gel (12.5% (w/v) Fig; 3.3.8b). This result is in

agreement with the earlier findings of several groups including Coty



and Pedersen (1975), who showed that at least ten polypeptide components
of the rat liver mitochondrial inner membrane could be labelled in an
analogous manner. After subsequent hydroxylapatite chromatography
(track 3), only a protein of Mr 34,000'incorporates the label. ‘This

is in marked contrast to the results of Wohlrab (i980) and Kolbe et al.
(1981) , who purified the transport protein from beef heart and pig
heart mitochondria, respectively. They discovered that not only could
this‘transporter be labelled with N—[3H]rethy1maleimide, after adsorption
chromatography on hydroxylapatite, but that the adenine nucleotide
transloc‘:asev(Mr 30,000). aisq co-labelled with the isotope. The result
does, however, confirm our earlier observations that after treatment

of the Triton X-100 extract with hydroxylapatite, only a polypeptide
band of M 34,000 stains with Coomassie Blue. Celite chromatography,
as expected, results in the labelling of one band of Mr'34,000 in
agreement with the data of Kolbe et al. (1981), who showed that this
treatment removed the adenine nucleotide translocase protein from their
pig heart mitochondrial preparation. Fig. 3.3.8(a) demonstrates the
initial Coomassie Blue staining patterns.of the proteins prior to
fluorography;

The above data was confirmed in an experiment where intact rat
liver mitochondria were initially incubated with N—[3H]—ethy1maleimide
and the phosphate transport protein subsequently purified, as described
in section 3.2.1 method (a). This experiment was performed'té rule
out the possibility that labelling of the protein of M. 34,000 was the
result of a conformational change during its isolation and that in the
native state the polypeptide reacted with N;[3H]—ethylmaleimide. A
similar labelling pattern to that achieved in the prévious experiment
(Fig. 3.3.8b) was attained in that only a protein of Mr 34,000 could be

detected on the fluorograph after hydroxylapatite and Celite chromato-



graphy, respecﬁively (Fig. 3.3.8c).

The evidence presented in this section, as to the nature of the
isolated polypeptide of M_ 34,000, illustrates many of the previously
recognised features of the phosphate transport protein. All N;[3H]—
ethylmaleimide labelling experiments were performed according to the

procedure described in .section 2.5.2.

3.3.4.3 IMMUNOLOGICAL STUDIES

3.3.4.3.1 Effect of an Anti-Phogsphate Transport Protein Serum on

Phosphate .Transport

Recent studies to illustrate the role of the purified polypeptidé
of Mr 34,000 have concentrated on reconstitution experiments. In these
experiments the purified protein.was incorporated into liposomes and
the rate of phosphate-phosphate exchange measured- by 32Pi efflux or
uptake. Wohlrab (1980) and Kolbe et al. (1981), both demonstrated
that the reconstituted system prepared from the purified beef heart
and pig heart mitochondrial proteins respectively, catalysed phosphate-
phosphate eXchange. However, the maximal exchange rate was only about
2% of the rate in isolated mitochondria (Coty and Pedersen 1974b).

Kolbe et al. (1982) have subsequently demonstrated that if the phospholipid
cardiolipin is included in the purification procedure, the rate of
exchange of phosphate. can be enhanced 30-fold.

‘As a result of the generally poor reconstitution exchange rates
and the fact that I was particularly interested in studying the bio-
synthesis of this protein in vivo, which required the use of a specific
antiserum, further confirmation as to the identity of the protein

isolated was provided by the following experiments; phosphate transport



into intact mitochondria and mitochondrial inner membrane vesicles
(mitoplasts) was studied in the presence of a rabbit, polyclonal antiserum
directed against_: the polypeptide of Mr 34,000 (see section 2.3.1).
Mitochondria or mitoplasts were pre-incubated for 1h at 4°C before
monitoring phosphate transport, as described in section 2.5.1. Fig.
3.3.9(a) demonstratés that the antiserum directed against the purified
protein of Mr 34,000 inhibits phosphate uptake into mitoplasts by about
50%, whereas éontrol serum, as expected, has no such effect‘én swelling.

In addition, aithoucjh not shown here the anti-phosphate transport protein

serum had no effect on the swelling of mitochondria in NH4HC03, NH4COOCH3

4
be explained by the fact that the substrate for the transport protein

or NH,Cl. Partial. inhibition of phosphate uptake into mitoplasts can

is a small molecule which may still have access to its binding site even
in the presence of antiserum and thus cause swelling. Additionally,
the ‘following factors may contribute to only observing a partial inhibition -

of mitoplast. swelling:

i) Since the antiserum raised égainst ‘the purified protein is
polyclonal in nature, many of the resulting antibody molecules may be
recognising antigenic determinants (epitopes) of the protein which do
not constitute the phosphate binding site and thus do not interfere

with phosphate binding and mitoplast swelling.

ii) Secondly, a small amount of the outer membrane may still be
attached to these inner membrane vesicles, particularly at the contact
points of the two membranes. If the phosphate transport protein is
located at or near to these junctions then antibody access would be

limited by. the outer membrane.

As an additional control, phosphate uptake into intact rat liver

mitochondria which had been pre-incubated with either the antiserum



directed against the polypeptide of Mr' 34,000 or control serum, was
monitored. In this case (Fig. 3.3.9b) , NO inhibition of swelling was
observed, as one would expect, since with intact mitochondria immuno-
globulin molecules are too large to penetrate the ocuter membrane and thus
block antigenic sites on the transport protein, deeply embedded in the |
inner membrane. Mitoplasts were prepared from intact mitochondria by
the method described in section 2.2.5.2.

In.suﬁmary,' the findings of the last two sections (3.3.4.2 and
3.3.4.3) strongly suggest that. the protein isolated from rat liver mito-

chondria with anAMr value of 34,000, is the phosphate transport protein.

3.3.4.4 Amino Acid Analysis of.the Phosphate Transport Protein

The amino acid composition.of the purified rat liver mitochondrial
phosphate transport protein, which had been treated with performic acid
prior to analysis, was performed according to the methodk described in
section 2.5.4. To account for the loss of serine and threonine as a
result of acid hydrolysis the values found at 24, 48 and 72h were extra-
polated to zero-time. Values for valine and isoleucine were estimated
from samples taken at 72h, since the recovery of these resisues is not
complete until after 72h of acid hydrolysis. When the number of residues
was calculated from the original amino acid composition data of the rat
liver mitochondrial phosphate transport protein, an M . value of about
17,000 was obtained. If the number. of amino acid residues is then
doubled, the Mr of the phosphate transpofter is in accord with the
previously reported values (Mr‘ 34,000). The amino acid corrpésition of
the rat liver protein was subsequently expressed as moles amino acid
percentage of total composition of the protein. Table 3.3.1 compares

the amino acid compositions of the rat liver and beef heart mitochondrial



phosphate transport proteins. ihe.conposition of the beef heart transport
protein was determined by Kolbe et al. (1982). Clearly, the compositions
of the two phosphate transport proteins are in general very similar
although there are major differences in the contents of cysteine and
tyrosine. The rat liver mitochondrial phosphate transport protein contains
at least twice as much ‘cysteine as the beef heart protein. Additionally,
the rat liver phosphate transport protein does not appear to contain
tyrosine whereas the beef heart protein contains about 10 residues of

this amino acid assuming a subunit M. of 34,000 for the protein. The

lack of tyrosine in the rat liver mitochondrial phosphate transport
protein partially confirms the purity of the protein. If the final
preparation of the protein was contaminated with other polypeptides, it

is unlikely that these additional polypeptides would not also contain

tyrosine residues.



Fig. 3.3.1 (a) and (b)

LECTIN OVERLAY ANALYSIS OF THE PURIFIED PHOSPHATE TRANSPORT PROTEIN

FROM INTACT RAT LIVER MITOCHONDRIA

The phosphate transport protein was purified from intact rat liver
mitochondria, as described in section 3.2.1 method (a) and initially
resolved on a 10% (w/v) SDS-polyacrylamide gel (gels were cast between
14 x 8cm plates). After electrophoretic separation and detection of
the protein(s) with Coomassie Blue (see section 2.2.4.3), the gel was
1251 1abelled

subjected to lectin overlay analysis (see section 3.2.3) with

con A.

a) Coomassie Blue staining profile of different stages in the purifi-
cation of the phosphate transport protein; (1) initial 8% (v/v) Triton
X-100 extract, (2) hydroxylapatite fraction, (3) Celite-adsorbed

fraction, (4) low Mr standard proteins.

125

b) Tracks (5 - 8) I-labelled con A overlay profiles of tracks (1 - 4).
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Fig. 3.3.2

STANDARD CURVE OF ELECTROPHORETIC MOBILITY OF, MARKER -PROTEINS VERSUS

LOG SUBUNIT Mr VALUE

To esfimate the Mr value of the purified rat liver mitochondrial
phosphate transport protein on an SDS-polyacrylamide gel (10% (w/v)),
a set of standard proteins of known Mr were resolved on the same gel.
By plotting the electrophoretic mobility (Rf value). of the standard
proteins versus log subunit M_value, the M_ of the phosphate transporter
could then be determined. The low Mr standard proteins used in this

calculation are listed in section 2.2.4.4.
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Figs. 3.3.3 (a) and (b)

LECTIN OVERLAY ANALYSIS OF THE PURIFIED PHOSPHATE TRANSPORT PROTEIN

FROM TRITON X-100 0.5% (v/v) PRE-EXTRACTED RAT LIVER MITOCHONDRIA

Rat liver mitochondria were initially pre—extracted with a 0.5%
(v/v) Triton X-100 buffer prior to solubilization in an 8% (v/v) Triton
X-100 buffer and further purification of the phosphate transport protein
(see section 3.2.1 method a). Tﬁe phosphate transporter was' then
subjected to analysis by SDS-polyacrylamide gel electrophoresis 12.5%
(w/v) and subsequent lectin overlay analysis (see section 3.2.3). The
gels were cast between 14 x 8cm glass plates in a perspex box designed

to accommodate four pairs of plates.

a) Coomassie Blue staining profile of (1) 8% (v/v) Triton X-100 extract
(2) hydroxylapatite eluate (3) Celite-adsorbed fraction (4) 0.25M KCl
eluate from Procion Red A column (5) low Mr standard proteins.

b) Ianes (6-10) 125I—con A overlay profiles of ( 1—5)'.
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Fig. 3.3.4

Model of the mitochondrial phosphate carrier

.
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The model is based on the finding of three very similar proteins differing
slightly in Mi and amino acid composition. It assumes that the native
transporter is composed of two subunits and that proteolytic cleavage

of the native protein occurs at two positions close to the amino and
carboxyl terminal ends of the polypeptide chain during isolation of
mitochondria. - The cleaved polypeptides remain associated to the protein
due to hydrophobic, ionic and/or hydrogen bond interactions. The model
explains why no labelled N-ethylmaleimide was found to be bonded to the
phosphate transporter fraction in the presence of protecting concentrations
of mersalyl, although under these conditions the transport of phosphate

was inhibited. (Reproduced from Kolbe et al., 1982).



Fig. 3.3.5

SDS-POLYACRYLAMIDE GRADIENT GEL ANALYSIS 14-20% (w/v) OF PURIFIED

PHOSPHATE TRANSPORT PROTEIN FROM RAT LIVER AND BEEF HEART MITOCHONDRIA

Coomassie Blue profile of different stages in the >purification of
the phosphate transport protein (see section 3.2.1 methods a and b).
From rat liver mitochondria; (1) 8% (v/v) Triton %-100 extract,
(2) Hydroxylapatite eluate, (3) Celite—-adsorbed fraction, (4) 0.25M NaCl ‘*
eluate from Procion Red A column.  From beef heart mitochondria,
(5) Hydroxylapatite eluate, (6) Celite-adsorbed fraction, (7) Marker

proteins 94,000-14,400 Mr"
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Fig. 3.3.6

POSTULATED MECHANISM OF MITOCHONDRIAL SWELLING IN SOLUTIONS OF

ISOTONIC AMMONIUM SALTS
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Figs. 3.3.7 (a) and (b)

INHIBITION OF MITOCHONDRIAL' SWELLING IN ISOTONIC (NH4) 2_1-201 MEDIUM IN

THE PRESENCE OF N-ETHYIMALEIMIDE

Rat liver mitochondria (prepared as described in section 2.2.5.1)
were initialiy resuspendea’in isolation medium (section 2.2.5.1) to a
protein concentration of 10mg protein/ml. N-ethylmaleimide (50pM) was
added to the suspension and incubated on ice for 2 min pfior to the
swelling of mitochondria in isotonic (NEH,) ,HPO, medium (see section
2.5.1). In control experiments to monitor the specificity of inhibitors
for phosphate transport, the swélling media contained 0.125M of either

NH,C1, NH400C'CH3 or NH,HCO, in the place of (NH4)2HPO4.

4 47773

a) Mitochondrial swelling in the absence of N-ethylmaleimide.

b)  Mitochondrial swelling in the presence of N-ethylmaleimide.
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Figs. 3.3.8 (a), (b) and (c)

N—[BH] -ETHYLMALEIMIDE LABELLING STUDIES OF THE PHOSPHATE TRANSPORT

PROTEIN FROM RAT LIVER MITOCHONDRIA

The phosphate transport protein was either labelled with N—[3H]-
ethylmaleimide in intact mitochondria and then purified (Fig. 3.3.8&)
or labelled at the various stages of its purification with N—[3H]-
ethylmaleimide (Fig. 3.3.8b). Incorporation of N—[3H] -ethylmaleimide
into the phosphate transport protein was performed according to the

method described in section 2.5.2.

a) Original Coomassie Blue staining profile of various fractions from
the purification of the phosphate transporter; (1) low Mr standards,
(2) Celite-adsorbed fraction, (3) hydroxylapatite fraction, (4) 8%

(v/v) Triton X-100 extract, (5) intact rat liver mitochondria.

b)  Fluorographic pattern of (2 - 5) after labelling with N—[3H]-
ethylmaleimide (6 - 9).

©) N-[H]-ethylmaleimide labelling pattern of the phosphate transport
protein when labelled in intact rat liver mitochondria prior to purifi-
cation; (1) intact rat liver mitochondria, (2) hydroxylapatite eluate,

(3) Celite—adsorbed fraction.
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Figs. 3.3.9 (a) and (b)

PARTIAL INHIBITION OF PHOSPHATE UPTAKE IN RAT LIVER MITOPLASTS PRE-

INCUBATED WITH A SPECIFIC ANTISERUM TO THE PHOSPHATE TRANSPORT PROTEIN

4

-AS MEASURED BY THE NH *_10M SWELLING TECHNIQUE

Rat. liver mitoplasts, prépared as described in section 2.2.5.2,
or mitochondria (see section 2.2.5.1), were initially resuspended in
isolation medium (section 2.2.5.1) at a protein concentration of 10mg/ml.
An equal volume of anti-phosphate transport protein serum or control. serum
was then added to each suspension and pre-incubated for 1h on ice. The
passive swelling of the suspensions» in isotonic (NH4) 2HE'04 medium (see

section 2.5.1) was then monitored at 750nm.

a) Swelling of mitoplasﬁs in (NH4')2HPC)4 medium; in the pfesence of anti-

phosphate transport protein serum or control serum.

(b)  Swelling of mitochondria in (NH,) ,HPO, medium, in -fehe presence of

anti-phosphate transport protein serum or control serum.
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TABLE 3.3.1

COMPARISON OF THE AMINO ACID COMPOSITIONS OF THE RAT LIVER

AND BEEF HFART MITOCHONDRIAL PHOSPHATE TRANSPORT PROTEINS

AMINO ACID %gsLi VECgl;’JPQSITION Izgg EE%OSITION
Cysteine ‘ 2.39 0.88
Aspartate (+ Asparagine) o 11.94 12.27
Methionine 1.30 1.28
Threonine 8.08 9.12
- Serine 7.21 7.40
Glutamate (+ Glutamine) 10.56 8.00
Proline 3.55 2.34
Glycine 12.57 12.42
Alanine 8.65 7.29
Valine 6.75 5.64
Isoleucine 4.24 4,30
Leucine , 8.74 8.53
Tyrosine 0.00 3.60
Phenylalanine . 3.76 4.64
Histidine 0.87 1.24
Lysine 6.22 8.67
Arginine 3.17 2.31

To measure the content of methionine and cysteine in the protein,
these residues were oxidised to cysteic acid and methionine sulphone
using performic acid (see section 2.5.3 for further details). The
amino acid composition of the phosphate transport protein was sub—
sequently determined by the method described in sections 2.5.4 and
3.3.4.4. |



'CHAPTER FOUR

CHARACTERIZATION OF ANTISERA RAISED AGAINST

THE PHOSPHATE TRANSPORT PROTEIN AND FUMARASE



4.1  INTRODUCTION

In the preceding chapter, a detailed account was given of the
purification and identification of the rat liver mitochondrial phosphate
transport protein. Thié protein was also of particular interest from
a biosynthetic point of view as it is central to energy metabolism within
the cell and is likely to be a transmembraneous inner membrane protein.
There is very little information with regard to the biosynthesis and
import of mitochondrial transmembrane proteins although the adenine
nucleotide translocase protein has been extensively studied in N.crassa
cells (Zimmerman and Neupert, 1980). 1In contrast to the general findings
with mitochondrial proteins (Table 1.3.1), these workers discovered
that this protein was not made as a larger N& precursor although there
was evidence to suggest that the cytosolic form of the protein existed
‘in a different conformation to the mitochondrial form. As a result
of these findings, I was interested in discovering the mode of synthesis
of the mitochondrial inner membrane phosphate transport protein EQ see
if this was the general mode of synthesis of mitochondrial transmembraneous
proteins.

A second protein of interest with regard to its biosynthesis was
fumarase which has a bimodal distribution in many tissues (Akiba et al.,
1984) . This tricarboxylic acid enzyme is not only found in the mito-
chondrion but also in the cell cytoplasm where it has a role to play in
the urea cycle and tyrosine catabolism. In studying the biosynthesis
of this enzyme, an additional problem to be overcome is to determine the
mechanism by which this enzyme becomes distributed between two cellular
compartments. |

A prerequisite for studying the biosynthesis of mitochondrial

proteins is the use of a highly specific probe to detect the protein of



interest from a mixture of labelled polypeptides. This probe can be
provided by a polyclonal, monospecific antiserum directed.against the
protein(s) of particular interest. Before aﬁ antiserum can be utilised
in such a manner, it must be fully characterized. To characterize an
antiserum, the antibody titre and precise degree of specificity of
interaction with the antigen must be determined. The antibody titre can
be measured by the indirect enzyme-linked immunosorbant assay (ELISA) and
the monospecificity of the antiserum by the recently developed immune-
blotting technique.

In this chapter, the antisera raised agains£ both the phosphate

transport protein and fumarase are fully characterized by these methods.
4,2 METHODS

4.2.1 Subcellular Fractionation of Cultured Mammalian Cells

Preparation of a cytosolic fraction from PK-15 cells was performed
by the method of Mori et al. (1981). Cells, grown to confluence in a
200z roller bottle, were washed twice with buffer containing 20mM
K+—HEpes PH 7.4, 0.25M sucrose, 3mM EDTA and 0.1mM PMSF before resuspending

in the same buffer at a concentration of 5 x 106 cells/ml. Tml aliquots

(5 x 106 cells) were removed for incubation on ice (2 min) with a range
of digitonin concentrations (0.5mg/ml suspension), respectively. After
this incubation, the mixture was centrifuged at 14,0009 for 1 min and

the supernatant fraction ;etained to measure both fumarasé (see section

2.2.2B) and citrate synthetase (see section 2.2.2A) activities. Citrate

synthetase activity was measured to test the integrity of mitochondria.

4.3 RESULTS



4.3.1 Determination of the Antibody Titres of Antisera to the

Phosphate Transport Protein and Fumarase

The antibody concentrations of the’phosphate transport protein
and fumarase antisera respectively, were indirectly measured by the
non—competitive ELISA assay.(Vbller et al., 1976). As described in
section 2.3.2.4 antigen—-antibody complexes can be detected by incubating
with a horseradish peroxidase-linked second antibody against the IgG
of the species ih which the test antibody was elicited.  Subsequent
incubation of this enzyme-linked complex with a substrate of the enzyme
enables direct measurementvof the antibody titre by formation of a
coloured product. = The antibody titre can then be obtained by plotting
a graph of absorbance of product formed versus antibody dilution for
both a control sefum and test antiserum. The point at which there is
no significant difference in absorbance between the control and immune
antiserum is called the 'titre-point'. 'Figs. 4.3.f(A) and 4.3.1(B) indicate
such determinations for the initial bleedings of rabbit, polyclonal
antisera raised against.the_phosphate transport protein and the enzyme
fumarase, respectively. It can clearly be seen that there is no
significant difference betweeﬁ the éntibody titre values of both antisera;
as they lie in the range of 1 in 10,000. This value is in good agreement
with the generally accepted value for the initial»bleed of any antiserum.
Antibody titre was increased by subsequent injection of the rabbit with

purified antigens.

4.3.2 Immune-Blotting Analysis of the Phosphate Transport Protein

Antiserum

In section 3.3.4.3, this antiserum was shown to partially-inhibit

(50%) mitoplast swelling in ammonium phosphate buffer in a specific



manner. This result strongly suggested that the protein isolated from
rat liver mitochondria was indeed. the phosphate transport protein. To
confirm that the rabbit polyclonal antiserum was monospecific, it was
tested by using’thé highly sensitive imﬁune-replica technique of Towbin
et al. (1979). Antigen-antibody complexes formed were detected by

1251 _1abelled protein A (2 x 10°

incubation of the blot with cpm/blot)
and exposure to autoradiography, as descfibed in section 2.3.2.1(B).

Fig. 4.3.2(B) illustrates such an analysis when the antiserum was tested
against various quantities of Celite-purified phosphate transport protein.
After exposing the autoradiograph for two days at -80°C, a band corres-
ponding to the phosphate tfansport protein (Mr 34,000) can be seen in
each track which increases in intensity as the level of purified protein
increases. This result gives an indication of the sensitivity of the
technique in that 0.5ug of purified phosphate transport protein can be
visualized after the above'exposure time. Additionally, the result
confirms that the antiserumkrecognises the antigen ﬁo which it was
initially raised. However, of interest is the appearance of a doublet
at Mr 68,000 which is particularly noticeable at the higher levels of
purified protein. A recent report by Tasheva and Dessev (1983), strongly
suggested that this Mr 68,000 doublet was of .an artifactual nature owing
to the presencelof 2-mercaptoethanoi in Laemmli sample buffer. Confirm-
ation of their findings was provided by an experiment in which Laemmli
sample plus 2-mercaptoethanol or DIT in the absence of protein, was run
on an SDS-polyacrylamide gel, transferred to nitrocellulose paper and
incubated with the phosphate transport protein antiserum (Fig. 4.3.3A,
tracks 1 and 2). Clearly, the 68,000 Mr doublet is present in both
these samples and arises when sulphydryl group ﬁeagents are present in

the buffer. This latter point has been confirmed in an experiment where

the Celite-purified phosphate transport protein was solubilized by boiling



in Laemmli sample buffer plus 2-mercaptoethanol and then treated with a
5-fold excess of the alkylating reagent, iodoacetamide. Iocdoacetamide
was used to alkylate free sulphydryl groups on the excess 2-mercapto-
ethanol. After resolution by SDS-polyacrylamide gel electrophoresis,
the protein was transferred onto nitrocellulose paper and subsequently
overlayed with phosphate transport protein éntiserum for analysis by the
immune-replica technique (see section 2.3.2.1B). Although not shown
here, this treatment of the protein removed the 68,000 M% doublet from
the corresponding autoradiograph. Clearly, this high Mr doublet arises
as an arﬁifact of the system although its actual nature is unknown.

The next step in the characterization of this antiserum, by the
immune—feplica technique, was to challenge crude mammalian culture cell
extracts. This approach can be utilised to confirm that the antise;um
is monospecific.in its recognition of antigen, a prerequisite for the
future biosynthetic studies. In addition, this type of analysis can be
performed to establish that the protein is presént in the various cell
lines and to show that the antiserum directed against the rat liver protein
can cross-react with other tissue sources of the protein. Fig. 4.3.3B
illustrates the autoradiographic profile of such a blot when crude
cytosolic, mitochondrial and whole cell extracts, prepared from PK-15
and BRL cells respectively (see section 2.2.5.3), were treated with the
phosphate transport protein antiserum. . Numerous high Mr bands can be
visualized in all three fractions prepared from each cell line. These
additional, non-specific bands vary markedly in Mr. In the mitochondrial
fractions of each. cell line (tracks 4 and 5), a faint polypeptide band
of Mr 34,000 cah be visualized when compared with track (1), the Celite-
pu;ified,‘rat liver mitochondrial phosphate transport protein. However,
in contradiction to this finding no polypeptide band of this Mr can be

seen in the post-nuclear supernatant fractions prepared from these cell



lines (tracks 6 and 7). As expected from its location in the cell,
no phosphate transport protein band can be shown to exist in the cytosolic
fractions (tracks 2 and 3).

The faint polypeptide band of Mr‘34,000 in the mitochondrial fraction
prepared from the BRL cells and the lack of this polypeptide in the post-
nuclear supernatant fraction, suggests that the level of phosphate
transport protein in these cells is low. In the case of the PK-15 cell
line, the findings indicate that either the protein is present in low
'levels.within the cell or that it does not cross react very strongly with
the antiserum which is raised against the rat liver mitochondrial phosphate
transport protein.

Similar results to the above were obtained when rat liver mito-

chondrial subfractions Were blotted and treated with this antiserum.

4.3.3 Effect of Fumarase Antiserum on Enzymic Activity

In order to show that an antiserum is directed against a particular
enzyme or protein, éne should be able to show an inhibition of that protein's
biochemical activity by the antiserum. This was achieved by aséaying'the
activity of the pig heart purified fumarase (EC4.2.1.2) in the presence
of anti-fumarase serum, as described in the legend to Fig. 4.3.4.

" Enzymic activity was calculated from the following equation:
Specific activity'(Ehzyme units/mg protein) =

A240nm/min x 1000

2.44 x'mg protein/reaction mix

= nmoles/min/mg protein

To observe the effect of the rabbit, polyclonal antiserum on

fumarase activity, the percentage of enzymic activity in the presence of



fumarase antiserum as compared to control enzymic activity where no
antiserum was added, was plotted against the voi. of antiserum added to
the reaction mixture (Fig. 4.3.4). It can clearly be seen from Fig.
4.3.4, that there is a dramatic decrease in enzymic activity on addition
of low levels of antiserum (10-20ul), which levels off at about 75%
inhibition of enzymic activity. In the presence of pre-immune serum no

inhibition of enzymic activity:can be found.

4.3.4 Immune-blot Analysis of Anti-fumarase Serum

The immune-replica technique (Towbin et al., 1979), was used to
fully characterize the rabbit, polyclonal fumarase antiserum in a similar
manner to that employed for the phosphate transport protein antiserum.
Initially,‘the technique was utilised to confirm that the antiserum
interacted with the antigen to which it was raised. The effect of
incubating a fixed quantity of fumarase (5ug). with serial dilutions of
the fumarase antiserum, by the immune-replica assay, is illustrated in
Fig; 4.3.5A. There is a very strong interaction of the antiserum with
enzyme at low antiserum dilutions (ie..1 in 20), track (1), which gradually
decreases with increasing antiserum dilution. However, even at very
high antiserum dilutions (ie. 1 in 500, track 6), a polypeptide band
corresponding to fumarase (Mr 47,000) can be detected after autoradio-
graphy for two days at -80°c. Apart from demonstrating that the antiserum
interacts with the purified pig heart enzyme, this result gives an in-
dication of the sensitivity of fumarase antiserum towards its antigen.
Fig. 4.3.5C illustratés the autoradiographic profile obtained when various
levels of purified fumarase (0.5 - 10ng) are blotted and treated with a
fixed concentration of antiserum (1 in 40 dilution). After a two day
exposure at —80°C, a band corresponding. to mature fumarase (Mr 47,000)

can be visualised which in agreement with the analogous phosphate trans-



port protein blot (Fig. 4.3.2), increases in intensity with raised levels
of purified antigen. Fig. 4.3.5B represents the original Coomassie Blue
staining profile of Fig. 4.3.5C prior to immune-replica analysis with the
fumarase antiserum.

Monospecificity of the fumarase antiserum was demonstrated by showing
that the antiserum only reacted with a single component when. challenged
with crude mammalian tissue culture cell extracts (2.2.5.3), by the
immune-replica technique (2.3.2.1B). In this case, the various crude
cell extracts were prepared from BRL, PK-15 and NBL~1 cell lines,
respectively. Fig. 4.3.6 demonstrates that fumarase can be detected
in both the mitochondrial and cytosolic compartments of BRL and PK-15
cells (tracks (2), .(3), (5) and (6)). This finding is in agreement with
the earlier work of several groups including Nakashima et al.. (1976) who
have shown that fumarase is distributed between the cell cytoplasm and
mitochondrial matrix compartments of rat liver, regpectively.  Interest-
ingly, the BRL cytosolic form of enzyme appears to be of a higher M.r value
(47,000) than the corresponding mitochondrial form (45,000). In contrast,
the pig kidney fumarases are of an identical N& value (47,000). The
bimodal distribution of fumarase was confirmed in an experiment in which
intact PKR-15 cells were treated with a series of concentrations of the
detergent-like compound, digitonin (see section 4.2.1). Ihé release
of fumarase from PK-15 cells»was measured at all concentrations of
- digitonin used by measuring.enzymic activity as described:in section"
2.2.2B. To act as an indicator of mitochondrial breakage, the activity
of the mitochondrial matrix marker, citrate synthetase, was also assayed
in each sample (Fig. 4.3.7). At low levels of digitonin where the cell
plasma membrane is disrupted preferentially, no measurable citrate synthetase
activity could be detected. However, under the same conditions the

release of fumarase from the cytosol was shown. This cytosolic activity



corresponds to about 40% of the total cellular .activity of fumarase. e
The existence of a cytosolic pool of enzymic. activity confirmed the
prévious immune~replica data in. cultured mammalian cells (see Fig. 4.3.6).
At higher levels of digitonin (2 and 5mg/ml cell. suspension), citrate
synthetase activity could be detected in the supernatant fraction also
indicating breakage of mitochondria. A corresponding rise in fumarase
activity accompanied mitochondrial disruption, indicating the presence

of a second pool of fumarase in 'this organelle.

Finally, the immune-replica. technique was used to demonstrate that
the mitochondrial fumarase activity was localized in the matrix compart-
ment of the organelle. Beef heart‘mitochondria,.prepared by the method
of Smith (1967), were sonicated for 3X 15S (high power and amplitude
3 settings) on an MSE Ultrasonic disintegrator and the membrane fraction
pelleted by centrifugation at 100,000g for th. Boxer (1975) previously
demonstrated that such mitochondria are largely devoid of outer membrane
material. ‘This was shown by assaying the beef heart. mitochondria for
the ocuter membrane marker enzyme, monoamine oxidase. When this was
performed (Boxer, 1975), only 4% of the total mitochondrial protein
represented outer. membrane material. As a result of these findings,
"sonication of beef heart mitechondria in our studies will result in the
release of matrix components. Fig. 4.3.8 illustrates the autoradio-
graphic profile of the immune-blot from such sanples,after treatment
with fumarase antiserum. The enzyme (Mr 47,000) could be detected in
both the matrix fraction (track.3) and intact. mitochondria (track 1) but
not in the membrane fraction (track 2). Thése findings are in agreement

with the known mitochondrial function of the enzyme.

4.4  DISCUSSION



4,4.1 Immune-replica Assay

In this study, the specificities of rabbit, polyclonal antisera
raiséd against the rat liver mitochondrial phosphaﬁe transport protein and
pig heart enzyme fumarase respectively, were largely determined by the-
immune-replica technique (Towbin et al., 1979), as described in section
2.3.2.1(5). This technique is now routinely used in our laboratory
to characterize many different antisera. By transferring SDS-polyacryl-
anﬁde gel electréphoretically separated proteins on to nitrocellulose

‘paper one has the following advantages:-
i) wet filters are pliable and easy to handle,

ii) the immobilised proteins are readily and equally accessible

to antiserum,
iii) transfer analysis generally calls for small amounts of reagents,
iv) processing times can be significantly reduced.

It also has the adv?ntage over the conventional gel methods utilised
in the past to determine the specificity of antisera, in that it enables
the M_ values of all proteins recognised by the antisera to be calculated
directly.

The method of Towbin.et al. (1979) was originally adopted in this
laboratory to determine the specificity of both rabbit, polyclonal
antisera to the rat liver mitochondrial phosphate transport protein and
. to the pig heart enzyme, fumarase. To saturate additional protein

binding sites on the electrophoretic blots, they were soaked in a 3% (w/v)
' BSA solution (sée section 2.3.2.1B), prior to treatment with antiserum.
After incubation with antiserum, the immobilised antigen-antibody complexes

were decorated with 12SI—labelled protein A (prepared as described in



section 2.2.3) and exposed to autoradiography (section 2.2.4.5). In all
experiments usihg BSA as the blocking agent,,thé backgrounds of the

blots after exposﬁre to autoradiography were extremely poor and as a

result difficult to interpret.' To overcome this problem, the modification
of Batteiger et al. (1982) was adopted. It involved the use of the
non-ionic detergent Tween 20 (0.5% (v/v)) to block additional protein
binding sites on the nitrocellulose paper, instead of BSA. By using

a non-ionic detergent to block unoccupied sites on the nitrocellulose

paper, several advantages can be gained:

a) The efficiency of electrophoretic transfer can be determined by

staining the proteins directly on the blot.

b) Staining for protein after immunological probing enables one to
determine if the electrophoretic pattern is conserved during antibody

incubation and washes.

c) Comparison of the autoradiogram and the stained blot from which

it was derived, allows accurate identification of immunoreactive proteins.

All the immune-blots illustrated in this chapter were treated with
Tween 20 and resulted_in clearer backgrounds, enabling easier inter-

pretations.

4.4.2 Specificity of the Phosphate Transport Protein Antiserum

Immune-replica analysis of the phosphate transport protein antiserum
always-denonstrated the presence of a doublet of Mr 68,000, although the
Mr value of the purified protein was 34,000. This doublet was even
present when the Celite purified rat liver mitochondrial phosphate

transport protein was treated to such an analysis. Densitometric scanning



| of a Coomassie Blue stained gel containing the Celite purified carrier
had previously shown its purity to be greater than 95%.

The possibility that this doublet represented a dimer of the
phosphate transport protein was ruled out by the findings in our
laboratory of several, completely unrelated antisera reacting with it
on immune-replica analysis. In 1983, Tasheva and Dessev reported the
existence of a doublet of similar Mr to that mentioned above when resolving
a class of proteins bound to DNA by SDS-polyacrylamide gel electrophoresis.
They showed that when 2-mercaptoethanol was present in Laemmli sample '
buffer-during SDS?polyaCrylandde gel electrophoresis, two additional
bands with electrophoretic mobilities corresponding to'Mr values of
68,000 and 54,000 respectively, were stainable with silver and to a
lesser extent Coomassie Blue. Closer examination of the Coomassie Blue
stained polyacrylamide gel used to resolve the phosphate transport protein
(Fig. 4.3.2n), confirmed these authors' results. They also demonstrated
that even in the absence of protein, when only sample buffer was loaded
on to the gel, these two bands could be detected and thus were of a
non-protein origin. Fig. 4.3.3(4) illustrated the effect of loading
Laemmli sample buffer plus 2-mercaptoethanol or DIT on to a gel and
analysing by the immune-replica technique with phosphate transport protein
antiserum. The 68,000 M% doublet and a slightly lower Mr band were
strongly labelled in both instances, confirming the non-protein nature
of the bands and suggesting that they arise as an artifact of this
system. To overcome this problem it has recently been shown in our
laboratory that if the protein samples are treated with an excess of the
alkylating reagent, iodoacetamide after solubilization in Laemmli sanple'
buffer, the 68,000'Mi,doublet can no longer be detected on the auto-
radiograph. This finding suggests a role for the free-sdlphydryl groups

on 2-mercaptoethanol in the artifactual nature of this doublet. However,



it does-not explain why the antiserum to the phosphate transport protein
recognises and binds to the doublet.

" When the phosphate transport protein antiserum was tested for
specificity against tissue culture cell extracts, numerous additional
high Mr bands could be visualized on the autoradiogram. Purification
of the IgG fraction from whole antiserum had no effect on the immune-
replica paﬁtern of these extracts. The following explanations can be
put forward to possibly explain these results:

i) The additional polypeptides of higher Mi which are interacting
with the antiserum against the phosphate transport protein (Mr 34,000),
may have arisen from the presence in the antigenic preparation of proteo—
lytic fragments derived from larger Mr polypeptides. These proteolytic
fragments may comigrate with the phosphate transport protein during
ShS~-polyacrylamide gel electrophoretic separation and thus will not be
differentiated from the phosphate transporter by Coomassie Blue staining.
| During the preparation of cultured mammalian cell extracts, if there is
no problem with proteolysis, the antibodies elicted against the proteolytic
contaminants will be able to react with the uncleaved protein giving rise
to these polypeptide bands of higher Mr value. A similar finding to
this has been reported previously by Suissa and Reid (1983), when studying
the specificity of antisera directed against the p-subunit of the yeast
F1-AIPase. They discovered that the antiserum also cross-reacted with
the «~subunit of this complex which has been shown to be particularly
sensitive to proteolysis. This interpretation of the immune-replica
data obtained with the antiserum raised against the phosphate transport
protein is unlikely as the preliminary amino acid composition data of the
protein illustrates that it contains no tyrosine (see Table 3.3.1). If
the phosphate transporter was contaminated with proteolytic degradation

fragments of polypeptides of higher M# value, then one would expect this



to affect the amino acid composition data. It is unlikely that all of

the contaminating proteins do not contain.any tyrosine residues.

ii) An altérnative explanation is that these additional proteins
are very antigenic contaminants which are present in the phosphate
transporter preparation in low levels and thus are not detectable by
Coomassie Blue staining. In agreement with this explanatién>are the
reéults,of earlier findings which showed that. the fat liver mitochondrial

12SI—iabelled con A

phosphate transport protein when overlayed with
illustrated numerous high and low Mr glycoprotein contaminants (see

Fig. 3.3.1B). A;though pre-extraction of mitochondria with a 0.5%

(v/v) Triton X-100 buffer (see section 3.2.1 method a) appeared to
quantitatively remove these glycoproteins, lectin overlay analysis was
not performed on subsequent pufifications of the phosphate transpcrt
protein. As a result, if the preparations used for injecting the rabbit
were. contaminated with low levels of glyccprotein, antibodies would alsb
be raised against theﬁ and -they would’sgbsequently be detected by
immune-replica analysis; Again, however, this explanation is unlikely
because one does not see these additional bands when the purified
phosphate transport protein is analysed by the immune~replica technique

(see Fig. 4.3.2).

iii) A third explanation of the immune-replica analysis of cultured
mammalian cell extracts with the antiserum directed against the phosphate
transport protein is based on the hydrophobic properties of the trans-
membrane carrier. It is very likely that many of the protein's antigenic
determinants are also of a hydrophobic nature. These additional bands
on the autoradiograph may, therefore, arise as a result of the constitutive .
polypeptides exposing similar hydrophobic determinants to those found on

the phosphate transport protein and thus being recognised by the antiserum.



This interpretation, however, would have to suggest in yeast, where the
antiserum specifically recoghises a protein of 29,000 Mi, that no other
polypeptides contain similar hydrophobic determinants to those found on

the rat liver mitochondrial phosphate transporter (see Fig. 5.3.10a).

iv) Finally, a fourth explanation of the immune-replica findings can
be gi&en in which the polypeptide bands of h:'Lgher,_Mr values represent
either aggregates of the phosphate transport protein or aggregates of the
phosphate transport protein with other cellular polypeptides. The
aggregation of membrane proteins, even in the presence of SDS, has recently
been reported by Finbow EE;EL; (1983). They were carrying out studies
on the gap junction protein isolated from a wide variety of tissue sources
and illustrated that the protein (Mr 16,000) dimerised when boiled in

SDS, to give a polypeptide of Mr 26,000 when resolved by SDS-polyacrylamide
gel electrophoresis. To overéome this problem, Finbow et al. (71983)
solubilised the gap junction prétein in an SDS solution at room temperature.
The wide range of N& values of the additional polypeptides obtained when
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