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Abstract

Protein synthesis in isolated yeast mitochondria
incubated in the presence of optimal amounts of GTP is
stimulated 2-fold by addition of dialyzed postpolysomal
supernatant (5-150) from either yeast, rat liver, or rat
skeletal muscle. S5-150's isolated from either glucose-
repressed or stationary phase yeast cells had considerably
lower stimulatory activity than S-150 isolated from midlog
phase cells. Cyclocheximide treatment of rats decreased
the amino acid incorporation rate by isolated liver mito-
chondria and lowered the stimulatory activity of the cor-
responding liver S-150 in comparison with control liver
supernatant.

A partial purification of the cytosolic factors which
stimulate yeast mitochondrial protein synthesis has been ac-
complished by chromatography of yeast S~150 on Sephadex G-50.
Most of the stimulatory activity eluted in a peak with a molecular
weight of 2000 or less. Stimulation of mitochondrial protein
synthesis by the low molecular weight activator fraction
was insensitive to cycloheximide, sensitive to chloram-
phenicol and trypsin, and proportional to the concentration
of protein added. Mitochondrial protein synthesis in the
absence of activator ceased after 20 min, while that in the
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presence of activator continued for 40 min. Analysis of
the products of the stimulated mitochondrial protein syn-
thesis by dodecylsulfate polyacrylamide gel electrophoresis
revealed that the activator increased equally the labeling
of all products. These results suggest that cytoplasmic
lévels of low molecular weight factors present in the cyto-
sol regulate mitochondrial protein synthesis in vivo.

Yeast mitochondrial protein synthesis shows biphasic
Arrhenius plots both in vivo and in wvitro, with a two-fold
increase in the activation energy below the transition
temperature, suggesting a functional association between
mitochondrial protein synthesis and the inner membrane.

Gel electrophoresis of mitochondrial translation products
labeled in vivo revealed that the same proteins are syn-
thesized and then inserted into the membrane above and
below the transition temperature of the membrane.

The rate of leucine uptake into mitochondria was de-
creased at least five-fold in the presence of chloramphenicol,
suggesting that leucine is used mainly for protein synthesis.
Under conditions where the membrane potential was dissipated
but matrix ATP levels high, uptake was inhibited, suggesting
that the membrane potential is required for leucine trans-

port which may occur by an active transport mechanism.
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I. Introduction

A. The Organism

The unicellular fungus, Saccharomyces cerevisiae, has

provided us with much of what we know about mitochondrial
biogenesis. This yeast is a facultative aerobe whose growth
conditions can be easily manipulated, and the effects of
these chaﬁges on mitochondria can be studied. Aerobic
growth on nonfermentable carbon sources such as lactate or
ethanol leads to the full development of the mitochondrial

respiratory chain. However, when S. cerevisiae is grown

aerobically on a ferméntable carbon source such as glgcose,
cellular respiration and mitochondrial respiratory chain
activities are depressed; this phenomen is known as glucose,
repression (1l). The growing culture ferments the glucose,
producing ethanol and carbon dioxide; as the glucose supply
is exhausted, Ehe cells switch from fermentative to oxidative
metabolism, with a rapid increase -in components of the
respiratory chain (2). This respiratory adaptation (khown
as glucose derepression) requires protein synthesis in both
the cytosolic and mitochondrial compartments.

Anaerobic growth of yeast on glucose in a media supple-
mented with unsaturated fatty acids and ergosterol /the

formation of the two lipid components is oxygen dependent



(3,4)/ leads to marked reductions in mitochondrial respira-~
tory chain components including cytochromes (5-8). Cells
grown under these conditions contain mitochondrial-like
structures, termed "promitochondria” by Schatz (9). Promito-
chondria can differentiate into fully respiring mitochondria
on transfer of the cells to aerobic conditions (10). The
acquisition of full respiratory capacity that occurs when
cells undergo gluceose derepression or aerobic adaptation
has madq these two physiologic changes important tools in
the study of the formation of the mitochondrial inner membrane.
The easy genetic manipulation of yeast has been instru-
mental in our understanding of cytoplasmic inheritance (10).
Haploid strains, which grow vegetatively by budding, are di§—
tinguished sexually by a pair of chromosomal alleles, a and
2., Upon mixing of haploid a and o¢ cells, fusion occurs
producing diploid zygotes which divide mitotically to yield
diploid clones. When diploid cultures are starved for nitro-
gen, they divide meiotically to produce a tetrad of four
haploid cells (ascospores). Mating. alleles a and & as
well as all other nuclear genes segregate 2:2 in a Mendelian
fashion in the four haploid products of each ascus; however,
mitochondrial genes preferentially segregate during vege-
tative growth of diploids prior to meiosis. Therefore,

ascospore tetrads generally show a 4:0 or 0:4 pattern of



-

inheritance of mitochondrial genes (10). Tetrad analysis
has been a powerful tool in the investigation of mitochondrial
heredity.

Ephrussi and his colleagues (11,12,13) provided the
first direct evidence of a cytoplasmically inherited deter-~
minant in yeast. They described respiratory deficient mutants
which were named petites because of their small colony size.
These mutants contained no cytochrome a, az, or b,and there-
fore required fermentable sugars for their growth. " Exposure
of normal cells to acridine dyes greatly increased the rate
of formation of petites. In addition, the petite mutation
was induced with equal ease in haploid or diploid cells.
Crosses of petite strains with wild-type strains produced
only wild-type progeny. Furthermore, repeated backcrosses
of the progeny to the petite strains failed to produce
petites. They calculated that this could be explained in
Mendelian terms only by assuming the presence of 12 reces-
sive genes. Instead they concluded by ascribing "the
mutant character to the loss or inactivation of an extra-
nuclear, particulate, and autoreproducing factor required
for the normal synthesis of the respiratory enzymes" (12).

Chen et al. (14) described mutants with the petite
phenotype but showing a Mendelian (2:2) segregation pattern

in crosses to the wild-type. Crosses of the nuclear petites



with cytoplasmic (vegetative) petites gave some wild-type
diploids, indicating that the two types of petites "comple-
ment " one another; therefore the nuclear and cytoplasmically
inherited genes determining petite phenotype are nonidenti-
cal (15).

Wright and Lederberg (16) provided direct evidence for
the cytoplasmic location of vegetative petite mutations.
They took advantage of the ability of certain yeast strains
to transiently form, upon mating, heterokaryons which con-
tain unfused parental nuclei along with cytoplasm from both
parents. They crossed an ©€ petite strain carrying a‘nuclear
inherited auxotrophy for arginine to an a respiratory com-
petent strain auxotrophic for thiazole. Analysis of haploid
clones budded off from heterokaryons /12 arginine and 23
thiazole mating pair progeny/ revealed that 4 were _o(
arginine but respiratory competent while 3 were a thiazole
petites, indicating that the respiratory activity was
segregating independently of the nuclear-inherited auxo-
trophies and was therefore cytoplasmically inherited.

B. Introduction to Mitochondria

Part of the following summary about mitochondrial
structure and function has been adapted from Lehninger (17).
1. Mitochondria vary considerably in size and

shape from one species to another. The organelle contains two



membranes: an outer membrane which is generally smooth
and an inner membrane which has inward folds. The inter-
membrane space is between the two membranes, while the
matrix is inside the inner compartment. The outer and
inner membranes differ in both the total amounts and com-
position of lipids and proteins. The phospholipid car-—
diolipin, which is abundant in the inner membrane, is
present in only small amounts in the outer membrane,
while cholesterol is present mainly in the outer membrane
(18,19).

2. The enzymes of respiration and oxidative phos-
phorylation are located in the inner membrane. Many
respiratory chain substrates are oxidized by NAD-linked
dehydrogenases. Electrons from NADH are funneled into
the electron transport chain via NADH dehydrogenase;
the final electron acceptor is oxygen. Electron trans-
port leads to the formation of an electrochemical proton
gradient (20) which is used by F,ATPase in the production of
ATP, by metabolite transport systems, and by other pro-
cesses.

3. The electron transport chain can be separated
into four high-molecular weight complexes which cata-
lyze the transfer of electrons as described below

(21) :



Complex Electron donor Electron acceptor
I NADH Coenzyme Q
IT Succinate Coenzyme Q
IIT Coenzyme QH2 Cytochrome C
Iv Cytochrome C O2

4. The mitochondrial matrix is the site of the
citric acid cycle, fatty acid oxidation, and amino acid
oxidation., In addition, mitochondria, in a tissue specific
manner, play a role in heme biosynthesis, fatty acid biosyn-
thesis, steroidogenesis, gluconeogenesis, and urea production.

C. Mitochondrial Biogenesis

The first conclusive evidence showing that mitochondria
contain their own DNA was provided in the early 1960's.
Nass and Nass (22) stained DNA with uranyl and lead ions
and observed "fibrils" in the mitochondria under the
electron microscope. Prétreatment of the preparation with
deoxyribonuclease eliminated the "fibril" staining, suggest-
ing that the mitochondria contained DNA,., Definitive proof

came from Luck and Reich (23) and Rabinowitz et al. (24);

e

they found that DNA isolated from Neurospora and rat liver
mitochondria had a lower buoyant density than nuclear DNA,
Subsequent studies using renaturation kinetic analyéis

(25,26) and restriction fragment digestions have revealed




that the unigque gene sequence content of mitochondrial DNA
is equal to the molecular weight obtained by electron micro-

scopy (27-29). It is now clear that mitochondria DNA in

7 7

most species is small (1x10’ to 7x10° daltons), duplex, devoid
of histones, and circular (see 10 for review).

In 1964, several groups (23,30,31) showed that isolated
mitochondria could incorporate radiolabelled ribonucleotides
into an acid-insoluble product. RNA polymerase has since
been purified from mitochondria by many groups (32-37).
Although reports of protein synthesis in isolated mito-
chondria appeared over twenty years ago (38), these obser-
vations were disputed throughout the 1960's. Mitochondrial
protein synthesis was confirmed by many groups (39-42), but
reports conflicted on the amino acid and energy requirements
for optimal protein synthesis in vitro. In a definitive
study on rat liver mitochondria, Wheeldon and Lehninger
(43) showed that amino acid incorporation could be supported
at maximal rates by ATP itself, indicating that the high-
energy intermediate generated by electron transport did ﬁot
energize protein synthesis directly. Wheeldon (44) also
observed amino acid incorporation by isolated mitochondria
under conditions where bacterial contamination was minimized.
Beattie et al. (45) definitively excluded bacterial con-

tamination as the cause of the observed in yvitro incorporation;




they also demonstrated that mitochondrial translation
products are predominantly incorporated into the inner
membrane (46). Subsequently, Beattie (47) used inhibitors
of cytoplasmiz and mitochondrial translational systems to
demonstrate in rat liver slices that soluble mitochondrial
proteins are synthesized outside of the mitochondria and
then transferred inside. Greater than 90% of mitochondrial
proteins are synthesized on cytosolic ribosomes (see 48 for
review); the transport of these proteins into mitochondria
is discussed in section D of this chapter.

Luck attempted to determine whether mitochondria arise
from preexisting mitochondria or originate de novo (49).
He followed the uptake of labeled choline into mitochondrial

membranes of a choline requiring Neurospora mutant. Auto-

radiograms of cell cultures grown after transfer from a
labeled to unlabeled medium showed a unifqrm distribution
of the radioactivity in mitochondria. Furthermore, cells
shifted from a low to high choline medium showed a change
in the density of the entire mitochondrial population; the
phospholipid to protein ratio was affected, although the
concentration of cytochromes per mg of protein was the same.
These results suggest that mitochondria grow by addition of

molecules into preexisting membranes of all mitochondria



and that the lipid and protein components can vary
independently (49).

As discussed earlier, anaerobically grown cells lack
respiratory capacity but acquire it guickly upon exposure
to oxygen. Anaerobically grown cells contain promito-
chondria Whiqh lack cytochromes but retain a protein synthesis
system (50). Plattner et al. (51) addressed the question of
whether mitochondria'originate de novo during the aerobic
transition or promitochondriavdifferentiate into fully
respiring mitochondria. They labeled promitochondrial
proteins by growing cells anaerobically with radioactive
leucine in the presence of cycloheximide, an antibiotic which
inhibits protein synthesis on cytosolic ribosomes but has
no effect on mitochondrial translation (52-~54). After
transfer to unlabeled media and aerobic growth, cells were
examined for the presence of label by autoradiography.
Plattner et al. (51) demonstrated label in the membranes
of mitochondria, indicating that promitochondria do dif-
ferentiate into mitochondria.

In 1968, Smith and coworkers examined another aspect
of mitochondrial biogenesis, DNA replication (55). Using
the isotopic transfer method of Meselson and Stahl (56),

they demonstrated that yeast mitochondrial DNA, like nuclear



10

and procaryotic DNA, replicates semiconservatively. The
enzymes for this complex process are cytoplasmically
synthesized and subsequently transferred into the mito-~-
chondria. Mammalian mitochondrial DNA begins replication
with synthesis of a new H-strand, leading to displacement
of the parental H-strand and formation of a D-loop inter-
mediate (57). A large proportion of DNA molecules are found
as D-loop intermediates which contain a7 S H-strand initia-
tion sequence. Elongation of the H-strand proceeds uni-
directionally (58). L-strand synthesis begins only after
two-thirds of the new H-strand is completed (57).

The timing of mtDNA replication with respect to nDNA
replication appears to vary with the organism. Mammalian
mtDNA usually replicates discontinuously at a slightly
different time than nDNA, while in some lower eucary©Otes it
is continuous throughout the cell cycle (see 59 and 60 for
review). Mechanisms controlling the initiation of mtDNA
replication are largely unknown.

D. Transport of Proteins Into Mitochondria

Mitochondrial protein synthesis accounts for less than
10% of the total protein mass of mitochondria (see 48 and 61
for review). How then are the several hundred mitochondrial

proteins which are coded by nuclear genes and translated on
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cytoplasmic ribosomes transferred into precisely defined
locations within the mitochondrial organelle? 1In a well-
studied example of protein transport, the synthesis of
proteins destined to be secreted, ribosomes are attached
to the cytoplasmic side of the endoplasmic reticulum.
Nascent polypeptide chains are vectorially translocated into
the lumen of the rough endoplasmic reticulum. The trans-
membrane movement of the polypeptide chain is coupled to
its elongation, a cotranslational process (62-64). Kellems
and Butow (65,66) presented evidence for the binding of
cytoplasmic ribosomes to outer mitochondrial membranes and
suggested a similar cotranslational mechanism of protein
transfer into mitochondria. However, it now appears that
the predominant if not sole mode of protein transfer into
mitochondria is posttranslational (67).

Hallermeyer et al. (68), using in vivo pulse and pulse-
chase labeling experiments, found that the appearance of
label into mitochondrial proteins (matrix proteins, ribo-
somal proteins, cytochrome ¢, and carboxyatractylosidg—
binding protein) showed a lag relative to total cellular,
ribosomal, microsomal, and cytosolic proteins. Newly syn-
thesized mitochondrial matrix proteins were first detected
in the cytosol and then in the mitochondria, suggesting

that there is an extramitochondrial pool from which these
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proteins are transported into the mitochondria. Further-
more, cycloheximide did not prevent the import of proteins
into the mitochondria, indicating that import was posttransla-
tional. Recent studies have indicated that mitochondrial
precursors are synthesized on free polysomes and released

into the cytosolic space (67).

Import of proteins into mitochondria has since been

reconstituted in vitro, using the products of celi—free
translation systems and isolated mitochondria (69,70).
Most but not all cytoplasmically synthesized mitochondrial
proteins are made as slightly larger precursors (67), which
are transported across mitochondrial membranes and processed
to their mature size in the absence of protein synthesis
(69) . Import of most precursor proteins into mitochondria
requires energy; the membrane potential has been shown to
be the direct energy source (71).

Hennig and Neupert (72) have shown that the conversion

of apocytochrome ¢ to holocytochrome ¢ by Neurospora

mitochondria requires the covalent attachment of heme to

the protein; an analogue of heme prevented both the trans-
location of the precursor across the membrane and the attach-
ment of heme. Recently, yeast cytochrome QQ and g, were

found to be processed by a two-step import mechanism (73).
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In the first import step, the precursor to cytochrome ] is
cleaved to an intermediate form by a matrix protease; the
second step, the processing of the intermediate to mature
cytochrome S requires heme. Schatz's group have succeeded
in partially purifying a matrix—-localized o-phenanthroline
sensitive protease which cleaves only mitochondrial pre-
cursors (74).

The binding of apocytochrome ¢ to Neurospora mitochondria

was shown (72) to meet several criteria for specific inter-
action of a protein with a receptor (75), including: (1)

binding is rapid and reversible; (2) saturable binding to a
limited number of binding sites; (3) specificity of binding
(i.e., apocytochrome ¢ from horse bound with a 10-fold less.

affinity in comparison with Neurospora apocytochrome c.).

Apparently the protein structures required for binding have
been relatively conserved during evolution, since Neurospora
precursor proteins are imported into rat liver and yeast
mitochondria (71,76). Competitive binding experiments with
different precursors indicate that there are at least two
types of receptors (77). Future work in this area of

protein transport and processing should prove exciting.

E. Mitochondrial Genome

A giant step forward in our understanding of the
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functional role of mtDNA was made possible by the develop-
ment of powerful genetic and physical technigques to map

the mitochondrial genome. Several classes of mitochondrially
inherited mutations have been instrumental in this work.
Petites (¢7), whose induction from wild-type cells is greatly
increased by acridine dyes (12,13), contain mtDNA from which
large segments have been deleted. The retained DNA sequences
are amplified to the original wild-type genome size (78-80).
Both ¢~ and QO (cells devoid of mtDNA) mutants lack mito-
chondrial protein synthesis (81l). Many mutants have been
found which are resistant to inhibitors of several mito-
chondrial functions (protein synthesis, electron transport,
and oxidative phosphorylation). Particularly useful inhi-
bitors include: chloramphenicol, erthromycin, and paromycin
(protein synthesis); antimycin, diuron (electron transport);
and oligomycin (oxidative phosphorylation). Tzagoloff and
coworkers isolated and characterized mitochondrial mutants
(mit™) which have defects in the respiratory chain and in
oxidative phosphorylation but are capable of mitochondrial
protein synthesis (82,83). These mutants are defective in
the synthesis of one or more mitochondrial translation
products; the mutation is presumably located in the struc-

tural gene for these translation products. Syn~ mutants are
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non—e- point mutants that are completely blocked in mito-
chondrial protein synthesis; mutations in mtDNA genes
coding for tRNA's and fRNA's are involved (84,85),

The initial approach to mitochondrial gene mapping,
classical recombinational analysis of genetic markers to
determine linkage patterns, was unsuccessful because mt
genes separated by short distances appear unlinked by this
analysis (86,87). However, several other genetic mapping
techniques have been successfully used. Schweyen et al.

(88) examined the frequency of loss of two genetic markers

and retention of two others during the generation of é"
mutants from a stock strain carrying all four markers

(double loss/double retention analysis). Thrée possible

pairs of double-~deletion/double retention Q" genotypes were
possible but only one would_result from two independent
deletions of mtDNA; the two other genotypes could be explained
by a single deletion. The markers were then ordered in a way
that yields the rarest complementary pair as a double deletion
(88). Molloy et al. also used coretention and codeletion

of markers in Q- strains to map mutations (89). The analysis
assumes that @~ clones contain continuous segments of the
mitochondrial genome and that closely linked markers will
either be coretained or codeleted more often than unlinked

markers when a library of ¢~ strains are examined. Slonimski
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and Tzagoloff mapped mit™ mutants lacking either cytochrome
oxidase or coenzyme QH,-cytochrome ¢ reductase activity to
each other and to drug resistant markers (90). They crossed
mit” strains with isonuclear ¢~ mutants and assayed recom-
binants for restoration of respiratory function (growth on
a nonfermentable substrate). In crosses leading to restora-
tion of respiration, the mit™ mutant must be within the
mtDNA segment retained by the ¢~. Furthermore, mit~™ x mit~™
crosses leading to wild-type progeny led to identification
of distinct mutant clusters. Thus the authors localized on
mtDNA 3 regions for cytochrome oxidase and one for coenzyme
QH,—cytochrome ¢ reductase which are necessary for the acti-
vities of these respiratory chain complexes. >
Fine structure mapping of mt genes has proceeded rapidly
by classical deletion mapping using libraries of @~ clones
(0~ deletion mapping). The principle involved is to locate
a point mutation to a given segment of the map by recombi-
national analysis using @~ clones with different deletion
endpoints. If a point mutant recombines with one e‘ strain
to yield wild-type progeny, but not with another, then fhe
point mutation must lie in the non-overlapping region of
their mtDNA's (91). MtDNA can also be isolated and charac-
terized by a variety of physical techniques. These include:

(2a) mtDNA-mtDNA hybridization (92,93) /¢~ with wild-type and
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other ¢~ cloneg/; (b) restriction endonuclease mapping

(94,95) /comparison of restriction fragments between different
e~ clone§7; (c) hybridization of mtDNA with mtRNA (96)
/R-looping or heteroduplex analysis/; (d) sequencing of

mtDNA (97-99).

Hybridization of tRNA's aminoacylated with labeled
amino acids to @~ mtDNA has shown that at least 22-23 tRNA's
are coded by the yeast mt genome (100,101). The 21 S
rRNA, which is a "split" gene containing an intervening
sequence (96), and the 155 rRNA have also been mapped to the
yeast genome. The current map of yeast mtDNA, derived
through use of all the techniques described above, is shown
in Fig. 1. The genes for three subunits of cytochrome oxidase,
cytochrome b, subunits 6 and 9 of the proton-translocating
ATPase, a ribosomal protein (Varj), and the two rRNA's are
present in the 75 kbp genome. Between the coding regions
are long stretches of A-T rich segments whose function is
unknown. The A-T content of total yeast mtDNA is 82%, a
highly unusual sequence content (102).

The gene coding for cytochrome b has several unusual
features. At least four genetically unlinked loci are
imvolved in the expression of cytochrome b. Mutations in
some of these box loci affected both cytochrome b and cyto-

chrome oxidase synthesis (103). Correlation of the genetic
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Figure 1

Map of Yeast Mitochondrial Genes.
The open circles represent tRNA genes. Adapted from
the Cold Spring Harbor Meeting on Mitochondrial Genes
(1981).

18



19

and physical maps indicated that the cytochrome b gene
is large and mosaic; there are 6 "exons" and 5 "introns"
in some strains (104). However, several of the "introns"
contain open reading frames; mutations in these segments
block cytochrome b mRNA processing and prevent the synthesis
of subunit i of cytochrome oxidase. Slonimski and coworkers
(105) have proposed that after the initial step in splicing
of cytochrome b mRNA, there ié translation of an exon—int;on
coded "maturase" protein which is required for the subsequent
splicing of the pre-mRNA for cytochrome b. Ano£her cyto-~
chrome b intron-coded maturase helps splice the cytox sub~-
unit I transcript, which is also transcribed from a "split"”
gene. This may explain the pleiotropic nature of certain
box mutants (106).

Direct sequence analysis of the gene coding for
subunit I of cytox (107) has revealed the presence of 6
introns, 4 of which contain open reading frames. The 4th
intron has a 70% homology in predicted amino acid sequences
compared to the lst intron of cytochome b, suggesting that
both introns may be translated. However, except for the
probable role of two open reading frames in introns of cyto-
chrome b pre-mRNA, the function of other open reading frames,
located in areas of the genome where no known mitochondrial

translation product maps, is unknown. The presence of similar
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sequences (108) in all these open reading frames (high
content of lysine, asparagine, and isoleucine), would suggest
a common function for these putative proteins. Hopefully,

we shall see shortly direct proof for the translation of these
open reading frames along with an increased understanding ofv
the function of these proteins.

Macino et al. (109) have shown by sequence analysis of
yeast mtDNA that the genetic code in mitochondria does not
follow codon rules previously thought to be universal. The
UGA codon, normally a terminator codon, is recoénized instead
by tryptophan tRNA. Threonine tRNA rather than leucine
tRNA recognizes CUA (110). Furthermore, mt genes are aecoded
by only 24 tRNA's (110). This contrasts sharply with Crick's
(111) wobble hypothesis which requires a minimum of 32 tRNA's
to decipher the genetic code. Mitochondria are able to
function with fewer tRNA's because they employ only one
tRNA for each unmixed codon family; these tRNA's have a
U in the wobble position of their anticodons (110).

The complete sequence of the 16,569 base-pair human
mitochondrial genome has recently been determined (112).

A comparison between yeast and human mt genomes reveals
several important differences. Human mt genes are not
spliced, nor are they separated by A~T rich spacer regions.

Intact, some adjacent genes contain no nucleotides between
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them. Instead, genes coding for mitochondrial proteins and
rRNA's are "punctuated" by tRNA genes which probably serve
és signals for the processing of the transcripts (112-115).
Unlike procaryotic or cytoplasmic euwaryotic mRNA's, human
mt mRNA's do not contain non-translated leader sequences
but start directly with AUG or AUA initiation codons. 1In
addition, half of the termination codons in the mRNA's are
created by post-transcriptional polyadenylation (112).
Human mtDNA also contains 8 unidentified reading frames
which show 70% homology in DNA sequence compared to bovine
mtDNA. A recent report showiné that mammalian mitochondria
synthesize up to 25 proteins suggests that some of these
unidentified reading frames may be translated (116);

Comparisons between mt genomes from different species
have‘turned up the surprising finding that subunit 9 of
ATPase (DCCD binding protein) can be coded for by either the
mt or nuclear genomes. Subunit 9, a highly hydrophobic

protein, is coded for by yeast on mtDNA; however, in Neurospora

and humans the gene is located on nuclear DNA and the protein
synthesized on cytoplasmic ribosomes (112,117-119). The
extensive sequence homology between DCCD binding proteins
from these species suggests that gene transfer between mt

and nuclear genomes occurred during evolution. Sebald and

Viebrock (120) addressed the question of how the nuclear
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gene for the protein was modified to enable such a hydro-
phobic protein to be translated in the cytosol and then
transferred posttranslationally into its integral membrane
position in the mitochondria. They found that the protein
was translated as a precursor containing a hydrophilic
66-residue presequence which balanced the hydrophobic
character of the mature protein.

F. Mitochondrial Transcription

RNA polymerase was reported by several groups (32-37)
to have been purified from mitochondria. Recently, in care-
ful studies which ruled out nuclear contamination of the
mitochondrial preparation, Levens et al. (37) showed yeast
mitochondrial RNA polymerase to be a 45,000 dalton protein
Whose activity is stimulated by polyZaKHlL7 templates,

2+, and unaffected by either rifampicin oxr

inhibited by Mn
X —~amanitin. These results distinguish the mitochondrial
enzyme from all known nuclear or bacterial RNA polymerases
(37).

Edwards et al. (121) have used guanyltransferase, an
enzyme which couples GTP to a di- dr triphosphate terminated
polyribonucleotide, to label primary yeast mitochondrial

transcripts. They exploited the knowledge that yeast and

mammalian mt mRNA's do not contain the "cap" structure
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common to other eucaryotic mRNA's (122) and assumed that
primary mt transcripts retain their 5'triphosphate ribonu-
cleotide.

Hybridization of the labeled primary transcripts with
¢ mtDNA showed 17 separate transcriptional initiation sites
on the yeast mt genome. Furthermore, the purified RNA
polymerase of Levens et al. (37) initiated transcription of
-rRNA genes on cloned DNA templates at the same sites as
determined by mapping of labeled primary transcripts, indi-

cating some specificity of in vitro transcription by purified

RNA polymerase. Nothing is known about the possible inter-—
action of RNA polymerase with regulatory factors. However,
it is interesting to note that anaerobically grown cells,
which have greatly reduced rates of mitochondrial protein
éynthesis, contain RNA transcripts indistinguishable from
cells grown aerobically (123). These results imply that
regulation of mitochondrial protein synthesis in anaerobic
cells occars at the level of translation.

Hybridization of yeast mtDNA with saturating amounts of
mtRNA revealed that 35% of the mtDNA hybridized, indicating
that about 70% of a single strand equivalent of mtDNA was
transcribed (123). Separated strandsfrom a cloned restriction
fragment of mtDNA showed large differences in their abilities

to hybridize to mtDNA; one strand hybridized 42% but the
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other only 2%, suggesting that yeast mt transcription may
be highly assymetric.

The physical mapping of yeast mtRNA to mtDNA has shown
multiple precursor transcripts, each differing slightly in
size, which hybridize to the same gene region (124-126).
These results have confirmed genetic and sequencing data
which indicate that the genes for cytochrome b and subunit I
of cytochrome oxidase contain intervening sequences. The
processing enzymes required for the splicing of these RNA's
must be nuclear encoded since ¢~ strains are able to produce
mature RNA's (124).

In contrast to the multiple promoter sites on yeast
mtDNA, mammalian (Hela cell) mtDNA contains only two, one .
for H~strand transcription and another for L-strand trans-
cription (127). Attardi et al. (127) have suggested two
pathways for H-strand transcription-which start near the origin
of replication: (1) continuous transcription of nearly the
entire H-strand into a single polycistronic molecule, which
is then processed by precise endonucleolytic cleavages
before and after tRNA sequences; (2) transcription attenua-
tion at the 3' end of the 165 rRNA in a manner analogous to
the bacterial attenuation mechanism described by Yanofsky

and coworkers (128). 1In contrast to yeast, HeLa cell mtDNA
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has also been shown to be symmetrically described (129).
Mammalian (130-132) and yeast mt (133,134) were reéorted to
contain poly-A additions at the 3' end of their mRNA's that
were 60-100 and 20-30 bases long, respectively. However,,
the yeast poly-A tail has been disputed (135).

Whether or not all mtRNA was transcribed from the mt
genome was a much debated subject several years ago (60).
Reijnders et al. (136) provided the first conclusive demon-
stration that mitochondria did not import RNA. They showed
that labeled mtRNA hybridized with nDNA in the absence but
not in the presence of a 100 fold excess of unlabeled.cyto-
solic rRNA. This was not due to contamination of the cyto-
solic rRNA with mtRNA, because cytosolic rRNA had no effect
on mtRNA-mtDNA hybridization. Apparently the only RNA
isolated from the mt fraction which hybridized to nDNA was
contaminating cytoplasmic RNA. The wealth of genetic and
physical data on mt genes and translation products which
has been amassed over the years makes it improbable that

yeast, Neurospora, or human mitochondria import RNA. How-

ever, in Tetrahymena, Chiu et al. (137) have found several

mt tRNA's which hybridize only to nDNA and not to mtDNA;
they concluded that these ERNA's are nuclear transcripts
which are imported into the mitochondria. Suyama and

Hamada (138) have suggested that mt aminoacyl tRNA



26

synthetases serve as transport carriers for the imported

tRNA's. Whether results reported for Tetrahymena prove

to be true for any other organisms remains to be seen.,

G. Mitochondrial Translation

The endosymbiotic theory of mitochondrial evolution
would suggest that the mitochondrial translation systems
possess many similarities to those of procaryotes. However,
we have already seen strong contrasts between mitochondria
and bacteria in the areas of mRNA processing and genetic
code usage. Evidence reviewed below shows that, although
there are some similarities between the two systems, ;he
mitochondrial translational apparatus is in many respects
unique. .

Antibiotics have been important tools in investigations
of mitochondrial protein synthesis. Chloramphenicol (CAP),
an inhibitor of bacterial protein synthesis (139), Qas first
reported to inhibit amino acid incorporation by isolated
mitochondria in 1963 (40). Subsequently, two groups con-
firmed that CAP was specific for mitochondrial translation;
the drug did not affect protein synthesis by isolated micro-
somes (43,46). By contrast, cycloheximide (Chlx), which had
no effect on mitochoﬂdrial protein synthesis (46), completely

inhibited protein synthesis by isolated microsomes (53,54).
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Initial insight into the nature of mitochondrial trans-
lation products was provided by Huang et al. (140) who
observed that growth of yeast in the presence of CAP inhi-
bited the formation of cytochrome b and cytochrome oxidase.
CAP grown cells were respiratory deficient (141), but other
mitochondrial enzymatic activities were unaffected (142,143).
These results suggested that mitochondrial translation pro-

ducts are probably components of the respiratory chain. Two

general approaches have since been used to identify mito-

chondrial translation products. The first employs in vivo
pulse labeling of cells in the presence of Chlx or CAP,
followed by gel electrophoresis of isolated mitochondria.
The second analyzes mitochondrial translation products
synthesized in vitro. These studies have shown that mito-
chondria synthesize only 5% of all mitochondrial proteins.
In a series of experiments on the biosynthetic origin
of F;ATPase, Tzagoloff et al. (118,144) showed that F,
and the oligomycin-sensitivity conferring protein (OSCP)
are synthesized in the cytoplasm, while fow membrane
proteins in the ATPase complex are mitochondrial translation
products. Glucose derepressing cells were pulse labeled in
the presence of Chlx, mitochondria isolated, and immuno-
precipitated with antisera to the entire complex. After

gel electrophoresis, four radioactive bands were seen,
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indicating that these four polypeptides are synthesized on
mitochondrial ribosomes. Mason and Schatz (145) employed
similar techniques to show that the three largest subunits
of cytochrome oxidase, I, II, and III, are synthesized in
the mitochondria while subunits IV through VII are made in

the cytoplasm. In vivo studies have demonstrated that in

N. crassa and S. cerevisiae, cytochrome b is mitochondrially
translated (146-148). Similarly, Lambowitz et al. (149)

and Groot et al. (150) showedcxm protein component of the
mitochondrial small ribosomal subunit to be of mitoéhondrial
origin. In S. cerevisiae; this protein has been called Var 1
because of the strain dependent variation in its electro-
phoretic mobility (151).

The second approach to identify mitochondrial trans-
lation products, translation in vitro by isolated mitochon-
dria, has confirmed studies in vivo. Isolated mitochondria
were shown to synthesize polypeptides similar in mobility
on SDS gels to those obtained in wvivo (152). Poyton and
Groot (153) further refined the in vitro system and demon-
strated with specific antisera that isolated mitochondria
can synthesize subunits I, II, and III of cytochrome oxidase.
As discussed earlier, although we now know the identity of

the major mitochondrial translation products, the discovery

of numerous unidentified reading frames on the yeast
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mitochondrial genome make it probable that additional
polypeptides, possibly regulatory factors, are synthesized
in small amounts by mitochondria.

The presence of ribosomes in mitochondria was first
demonstrated by electron microscopy (154). Subsequently,
mitochondrial ribosomes were isolated from rat liver (155),
cauliflower (156), Hela cells (157), N. crassa (158), and

S. cerevisiae (159)., Mitochondrial ribosomes comprise an

extremely diverse class in terms of sedimentation velocity
and protein-rRNA composition, with most species lacking a
5 S RNA (see 160 for review). Animal mitochondrial ribosomes
have sedimentation velocities of 55-60S, a result of their
extremely low (30%) RNA content (160), while yeast mt contain
70-80 S ribosomes (159).

As is the case with E. coli ribosomes, peptidyltransferase

activity of Neurospora, yeast, and rat liver mt ribosomes

is inhibited by CAP (161-163). Yeast mitochondrial ribosomes
will function with supernatant enzymes (initiation and
elongation factors) from E. coli (164,165). However, in
general, supernatant factors from the cytoplasm of eucaryotic
cells will not function with mt ribosomes (165-167). As
mentioned earlier, many human mt mRNA's start directly with
initiation codons. It will be interesting to learn how the

tertiary structure of mRNA enables it to bind mt ribosomes



30

without the usual 5' nontranslated leader sequence.

Two polypeptide elongation factors have been isolated
from yeast mitochondria, Gpit and Tpit., which are analogous
to peptidyltranslocase and aminoacyl-tRNA binding factors
(168) . Gpit and Tpit factors will work with bacterial but
not cytosolic ribosomes in a poly-rU system. Antisera can
discriminate between the cytosolic and mitochondrial elonga-
tion factors. Structural similarities between mt and bac-
terial G factors are indicated by the inability of diphtheria
toxin to ADP-ribosylate either factor (168). However, fusidic

acid, which inactivates both bacterial and cytoplasmic G-

factors, does not affect the G ;, of Neurospora (169.

In 1967, Barnett and Brown (170) reported the first
isolation of mitochondrial transfer ribonucleic acids.
Several lines of evidence have shown mt tRNA's to be distinct
from their cytosolic counterparts. Mitochondrial tRNA will
hybridize to mtDNA but neither cytosolic tRNANOr procaryotic
tRNA will do so (171). Most mitochondrial tERNA's can also
be separated from cytosolic tRNA's by reversed phase column
chromatography (172). Recently, DNA sequencing (112) has
revealed that most human mt tRNA's lack some features found
in all other nonmitochondrial tRNA's, including: (1) the
constant seven base length "TyC" loop: (2) the constant

bases Ajg, Gy5, Gyg, and Gjg. Mitochondria from all species
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contain two types of methionyl tRNA, one of which, tRNAfmet,

is used in the initiation of protein synthesis as in
procaryotes (173-177). The tRNafmet  s1ong with the enzyme
which formylates the methionine, transformylase, have only
been detected in the mitochondria and not in the cytosol

1. (178) utilized the knowledge that

(171,177). Mahler et
veast mitochondria are deficient in deformylase activity
(178,179), to selectively label mitochondrially synthesized
proteins with radioactive formate. They showed that initia-
tion of mitochondrial protein synthesis, as measured by
f-met-puromycin formation, was muchhigher in lactate grown
cells in comparison with glucose repressed cells, in agree-
ment with the decrease in respiratory chain activity caused
by glucose repression.

In bacteria, the formylation of tryafmet requires N10.
formyltetrahydrofolate as the formyl group donor. Stone and
Wilkie (180,181) found that pyrimethamine, an inhibitor of
dihydrofolate reductase, also inhibited yeast mitochondrial
protein synthesis, indicating that mitochondria require
reduced folate pools for the formylation of trvafmet 1
is not known whether the mitochondrial formyl group donor
is the same as the bacterial.

An important role for yeast mitochondria in folate

coenzyme mediated transfer of one carbon groups and serine-
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glycine metabolism has been suggested by the localization
of serine transhydroxymethylase, dihydrofolate reductase,
N, N10-methylene tetrahydrofolate dehydrogenase, Nlo;
formyltetrahydrofolate synthetase, and thymidylate synthe-
tase in mitochondria (182). A yeast mutant was isolated
which was auxotrophic for thymidylate, methionine, adenine,
and histidine; the mutant was found deficient in only the
mitochondrial forms of serine transhydroxymetﬁylase, dihydro-
folate reductase, and thymidylate synthetase (182). The
anxotrophic requirements could be replaced by added folic
acid suggesting that mitochondrial folate coenzymes are
involved in yeast folate biosynthesis. The relation between
mitochondrial folate pools and regulation of initiation of
mt protein synthesis clearly needs much more exploration.
Mitochondrial aminoacyl tRNA synthetases like mt tRNA's
differ from their cytosolic counterparts (183-185). Amino-
acyl synthetases isolated from mitochondria neither chromato-
graph identically with cytosolic enzymes nor do they show
the same acylation specificities towards different tRNA's
(183). Furthermore, antisera raised against the cytosolic
form of N. crassa leUWyl tRNA synthetase did not cross react
with the mitochondrial enzyme, and antisera against the mito-
chondrial enzyme did not inhibit the cytosolic activity,

indicating that the two enzymes are structurally distinct (184).



33

Interestingly, the genes for both forms of the enzyme are
closely linked on the nuclear genome (184), suggesting
coordinated regulation.

For years many groups have unsuccessfully attempted to
study mitochondrial translation using mt mRNA in hetero-
logous translation systems (186). Only recently, with the
help of DNA sequencing data, has it become clear why so many
groups failed. The UGA codon is decoded in mitochondria by
tryptophan tRNA; however, in all other systems this codon
leads to termination of translation. Recently, DeRonde et
al. (187) have synthesized the complete polypeptide of
subunit II of cytochrome oxidase in a wheat germ extract
supplemented with mt mRNA and a UGA-suppressor tRNA. This .,
polypeptide is apparently made as a precursor (188).

Ideally, insight into the mechanisms regulating mito-
chondrial translation should be gained through studying
submitochondrial translational systems which are recon-
structed using homologous components. Unfortunately, this
approach has so far met with little success. Although
Pfisterer and Buetow (189) have recently reported develop-
ment of a homologous submitochondrial system which synthe-
sizes complete polypeptides, calculations (190) reveal the
rate of protein synthesis in their system to be only 0.3 pmol

methionine incorp./incubation/mg protein in comparison with
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200 or more pmole leucine incorp./incubation/mg protein by
isolated, intact mitochondria (191). Clearly, further
improvements in the submitochondrial system need to be made
before it can be used successfully to study mitochondrial
translation.

H. Requlation of Mitochondrial Transcription

and Translation

Since most mitochondrial translation products are sub-
units of respiratory chain complexes which also contain
subunits synthesized on cytopiasmic ribosomes, it is clear
that’mechanism(s) must exist to control the synthesis of
proteins at the two intracellular sites such that a functional
mitochondrial inner membrane is formed in an orderly manner.
Kim and Beattie (192) studied the kinetics of formation of
different enzyme complexes of the inner membrane in yeast
undergoing glucose derepression. Their results suggested
that the various enzyme complexes are assembled into the
inner membrane in an asynchronous process. Furthermore,
addition of inhibitors of protein synthesis (CAP, Chlx)
during derepression revealed that mitochondrial proteins
synthesized both in the cytoplasm and in the mitochondria
accumulate to a limited and varied extent for each enzyme
complex, prior to their integration into functional units

in the membrane. Brown and Beattie (193), using similar

techniques to examine the induction of cytochrome oxidase
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and cytochrome b-c; complex activities during aerobic adap-
tation, found that pools of cytoplasmically made proteins
accumulate for cytochrome oxidase but not for the cytochrome
pfgi complex when mt protein synthesis is blocked. These
results indicated that formation of an active cytochrome
brgi complex during aerobic adaptation is subject to a dif-
ferent mode of regulation from that observed duriné glucose
derepression (194). Interpretation of these studies is com-
plicated by the difficulty in distinguishing regulation at
the level of either assembly or protein synthesis.

The first indication that cytoplasmically synthesized
proteins may control mitochondrial protein synthesis came in
1971 (195). Tzagoloff found that addition of either CAP or
Chlx to glucose derepressing yeast cells prevented an increése
in oligomycin-sensitive ATPase activity. However, a sequential
exposure of derepressing cells to CAP followed by Chlx led
to a three-fold increase in ATPase activity. Reversing the
order of addition of inhibitors led to a much smaller increase
in activity. 1In addition, preincubation of cells in CAP
followed by Chlx labeling led to a three-fold increase in
net SH leucine incorporation by mitochondria. Furthermore,
the longer the exposure to CAP, the greater the increase in
mt protein synthesis. Tzagoloff suggested that cytoplasmic
products exert positive control on mitochondrial protein
synthesis and that this control is proportional to the

accumulation of certain cytoplasmic products. Ibrahim
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et al. (196) then tested if preincubation with CAP in vivo
could stimulate mitochondrial protein synthesis in wvitro.
Mitochondria isolated from cells preincubated with CAP
incorporated 100% more labeled amino acid into protein than
did controls, while Chlx preincubation led to a 50% decrease
in mitochondrial incorporation. Studies on mitochondrial
polysomes by Ibrahim and Beattie (197) suggested that cyto-
plasmic proteins may control mitochondrial protein synthesis
either by stimulating chain initiation or by causing in-
creased formation of mt messenger RNA's. They found a 2-fold
increase in the mitochondrial polysome to monosome ratio
when the cells were preincubated in chloramphenicol. Further-
more, the rate of polypeptide chain initiation as judged by

formation of f-met-puromycin was also increased both in vivo

and in vitro by CAP preincubation. Conversely, both the

polysome to monosome ratio and polypeptide chain initiation
were decreased 50% by preincubation of cells with Chlx. The
rate of amino acid incorporation by isolated mitochondrial
- polysomes in an elongation system was also increased three-
fold by CAP preincubation of cells, indicating that there
are indeed a significantly greater number of nascent chains
on these polysomes.

Poyton and Kavanagh (198) tested cytoplasmic control

of yeast mitochondrial protein synthesis directly, in an
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in vitro system. They reported that isolated mitochondria

are capable of synthesizing proteins for 30 min, after
which time synthesis ceases. Addition of a dialyzed post-
polysomal supernatant to mitochondria which had stopped
protein synthesis stimulated amino acid incorporation and
the stimulation was proportional to the amount of supernatant
protein added. They claimed that titration of the S-100
supernatant with antisera to holo-cytochrome oxidase resulted
in a loss of the S-~100's ability to stimulate synthesis of
cytochrome oxidase subunits I, II, and III. A 55,000
dalton precursor protein to cytochrome oxidase sdbunips

IV through VII was reported to exert a specific stimu-
latory effect on the synthesis of the mitochondrially made
subunits of cytochrome oxidase (198-200). However, the
attractive hypothesis suggesting control of mt synthesis of
subunits I to III of cytochrome oxidase by the cytoplas-—
mically synthesized partner subunits, does not appear to

be correct. Lewin et al. (201) and Mihara et al. (202)

have rigorously shown that subunits IV through VII are made
as four separate precursor proteins, indicating that the
polyprotein precursor probably does not exist. Furthermore,
Lewin et al. have been unable to confirm the stimulatory
properties of the cytoplasmically synthesized cytochrome

oxidase subunits.
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Genetic studies have provided further evidence for
cytoplasmic control of mitochondrial protein synthesis.
Ebner et al. (203) isolated a yeast nuclear mutant (pet
'494-1) which lacked subunit III of cytochrome oxidase, yet
contained normal levels of the cytoplasmically synthesized
subunits. Nuclear amber suppressors which affect trans-
lation on cytoplasmic ribosomes suppressed the mutant pheno-
type indicating that the mutated gene locus coded for a
cytoplasmically synthesized proﬁein (204) . The pattern of
cytochrome oxidase subunits in a heme-less mutant (205)
was different from that observed with pet 494-1; this argues
against the possibility that pet 494-1 carries a lesion in
heme a synthesis. Apparently, the mutation is in a cyto-
plasmic regulatory protein which is necessary for mitochondrial
synthesis of subunit III of cytochrome oxidase. similarly,
other nuclear mutants have been isolated that prevent the
synthesis of cytochrome b or of subunit 9 of the ATPase (206).
Recently, a nuclear mutant which specifically abolishes
production of mature cytochrome b mRNA, has been isolated,
providing a direct demonstration of cytoplasmic control of
mitochondrial gene expression (207).

There are many ways by which cytoplasmically synthesized

proteins could regulate mt protein synthesis. Since almost
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all the proteins of the mt transcription—translation system
are made on cytosolic ribosomes, any one of these proteins
could control mt protein synthesis. Prime candidates for

a general control mechanism would be RNA polymerase and
initiation-elongation factors. On the other hand, as seen
above, special regulatory proteins may be involved in the
synthesis of either all mt proteins or only specific ones.
Alternatively, low molecular weight peptides may be involved.
These proteins and/or peptides could work at the level of
transcription or translation. It appears probable that
multiple regulatory pathways exist.

Feldman et al. (208) showed that 20 min after the shut-
off of cytosolic protein syntﬁesis in a temperature-sensitive
strain deficient in initiation at non~permissive temperatures,
amino acid incorporation into mitochondria ceased. However,
incorporation of labeled formate into f-met puromycin was
not inhibited at the non-permissive temperature, indicating
that cytosolic protein synthesis is required for some step
beyond mitochondrial initiation. Given the generation time
of yeast, 1% to 2 hrs, it appears unlikely that the quick
shut—-off of mt protein synthesis could be due to a lack of
RNA polymerase or other factors normally used in transcription-
translation. More plausible explanations include: (1) a

specific regulatory factor must be synthesized in the cytosol



40

for mt protein synthesis to continue; (2) when cyto-
plasmic protein synthesis is shut off, a regulatory factor
is produced which specifically inhibits mt protein synthesis.
The bulk of this thesis represents work which supports the
first hypothesis. The second hypothesis may also have some
validity and should be amenable to direct in vitro testing.
Ray and Butow (209) examined the regulation of yeast
mt rRNA synthesis using temperature sensitive mutants which
are defective at the non-permissive temperature in isoleucine
tRNA charging, polypeptide chain elongation, and initiation
of protein synthesis. Cytosolic protein synthesis was
inhibited by using Chlx or incubating the mutants at the
non-permissive temperature. They found a striking corre-
lation between the fraction of cytoplasmic ribosomes
"stalled"” in polysomes and the extent to which mt rRNA
synthesis is inhibited. The greater the fraction of ribo-
somes in polysomes, the greater the inhibition of mt rRNA
synthesis. The mode of inhibition of cytosolic protein
synthesis was important, suggesting that specific regqlatory
signals, not just a lack of cytosolic proteins are required
for inhibition of mt rRNA synthesis. Similarly, LaPolla
and Lambowitz (210) have found in N. crassa a tight coupling
between cytosolic protein synthesis and mt rRNA synthesis.

The nature of those regulatory signals is unknown.



41

Because S 5 in N. crassa and Var 1lin S. cerevisiae

are the only mt ribosomal proteins synthesized intramito-
chondrially, it is possible that they have special roles
in mt protein synthesis. The proportion of mitochondrial
protein synthesis devoted to both proteins increases as
the rate of mt protein synthesis decreases (150,211,212).
Lambowitz (213) has suggested that the intramitochondrial
concentration of free S 5 may help coordinate the rates of
synthesis of cytosolic and mitochondrial products. Under
conditions where the supply of cytosolically-syrnthesized
mt ribosomal proteins became rate-limiting for assembly,
free S 5 levels would increase; free S 5 could then decrease
mt translation by acting as a repressor of transcription
or by inhibiting mRNA translation. Further work in this
area will undoubtedly lead to an increase in our under-
standing of intracellular control mechanisms.

I. Thesis Objectives

An important area in biochemical research today
addresses the question of how the growth and development
of subcellular organelles is coordinated with overall cell
function. Since mitochondrial proteins are synthesized on
ribosomes located both insidé and outside of the mitochondria,
and many of these proteins are assembled into oligomeric

respiratory chain complexes, mechanisms must exist to
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control the synthesis of proteins at the two sites such
that a functional mitochondrial inner membrane is formed.
When this thesis work was begun much evidence had already
accumulated to suggest that cytoplasmically synthesized
proteins may control mitochondrial protein synthesis. In
addition, it had recently been reported that a yeast post-
polysomal supernatant could restore protein synthetic
activity to isolated yeast mitochondria which had stopped
synthesis (198). The authors claimed that a polyprotein
precursor to subunits IV through VII of cytochrome oxidase
exerted a specific stimulatory affect on the mitochondrial
synthesis of subunits I to III. In light of these findings,
it seemed important to investigate the following: .

1. What was the stimulatory activity of the post-
polysomal supernatant due to? Could the stimulatory factors
be purified and characterized by using a well-defined in
vitro assay for mitochondrial protein synthesis?

2. Were the cytoplasmically synthesized subunits
of respiratory chain complexes involved in the stimulation
or did other factors play a role?

3. Could results from in vitro experiments be
correlated directly with our knowledge of in vivo physio-
logical regulation of mitochondrial protein synthesis?

4, How general a phenomenon was the in wvitro
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stimulation? Could it be demonstrated in higher eucaryotes?
Some of the answers to these questions are presented
in the following chapters.
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Portions of the following thesis have been published
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for Optimal Yeast Mitochondrial Protein Synthesis." Finzi,
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Meeting. (1981)

"Isolation of Cytosolic Proteins Which Control Yeast
Mitochondrial Protein Synthesis."” Finzi, E., Sperling, M.,
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II. Stimulation of Yeast Mitochondrial Protein Svnthesis

by Postpolyvsomal Supernatants from Yeast, Rat Liver,

and E. coli

A. Introduction

It is now firmly established that mitochondria contain
DNA and all necessary components for its transcription and
translation. The physical and chemical characterization
of many components of the mitochondrial protein-synthesizing
system have been reported by numerous investigators for a
variety of organisms (48,61,214). Formation of the mito-
chondrial respiratory chain pequires the coordinated syn-
thesis of proteins in both the mitochondria and cytoplasm.
Six to eight hydrophobic proteins of the mitochondrial
inner membrane are mitochondrial translation products.
Three proteins are associated with cytochrome aajz (145,
118,215), two to four with oligomycin-sensitive ATPase
(118,144,216,217), and one, cytochrome b, with complex III
of the respiratory chain (146-148,215,218). The remaining
proteins of these enzyme complexes are synthesized by the
cytoplasmic system. Previous studies have suggested that
cytoplasmic proteins may control mitochondrial protein
synthesis either by stimulating chain initiation or by
causing increased formation of specific mitochondrial

mRNA's (194-198).
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Poyton and Kavanagh (198) have reported that mito-
chondrial protein synthesis in vitro ceases when an endo-
genous pool of cytoplasmically synthesized proteins is
depleted. Protein synthetic activity was restored to
depleted yeast mitochondria by addition of an S-100
fraction from yeast to the incubation medium. In the
current study we have demonstrated that this effect is not
species specific and that S-100 fractions obtained from
either rat liver or E. coli could restore the protein syn-
thetic activity of depleted yeast mitochondria as well or
better than the S-100 from yeast. Furthermore, the addition
of an S-100 fraction to isolated yeast mitochondria at time
zero also stimulated protein synthesis but to a greater extent
than when the S-100 fraction was added to depleted mito-
chondria. |

B. Materials and Methods

Pyruvate kinase, puromycin dihydrochloride, cyclo-
heximide, chloramphenicol, and ribonuclease A (bovine
pancreas) were obtained from Sigma; trypsin and trypsin
inhibitor were from Boehringer Mannheim. Labeled /Z,5-3H7
leucine (51.6 Ci/mmol) was obtained from New England Nuclear.
Sprague-Dawley rats were obtained from Perfection Breeders.

1. Growth of Yeast and Preparation of Mitochondria

A diploid strain of S. cerevisiae used in this
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laboratory for several years was grown in the medium pre-
viously described (198). All procedures involved sterile
solutions and strictly aseptic technique. Mitochondria
were isolated from midexponential phase cells, washed once
in sterile distilled water, and then once in an MTE (0.6 M
mannitol, 0.01 M Tris, pH 7.6, and 0.00l.M Na, EDTA) buffer.
Cells were then suspended in the MTE buffer and shaken for
20 s at 4,000 rpm with glass beads in a Bronwill tissue
homogenizer. After cell debris was removed by centrifugation
(3 X) for 10 min at 600 x g, the supernatant was centri-
fuged for 10 min at 12,000 x g to pellet mitochondria.

The mitochondrial pellet was washed two times in the MTE
buffer, recentrifuged at 12,000 x g, and then suspended in\
this buffer at a concentration equivalent to 10 mg of
protein per ml. All isolation procedures were carried out
at 4°, Mitochondria prepared by this method had the same
protein synthetic capacity as mitochondria prepared using
the glusulase procedure.

2., Protein Synthesis In Vitro

Isolated yeast mitochondria (1.0 mg of protein per
ml) were incubated in a protein-synthesizing mixture (198)
with the following modifications: 0.003 umol/ml of L-leucine
was used and bovine serum albumin was deleted from the

mixture. One ml of the protein-synthesizing mixture was
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added to a 25 ml Erlenmeyer flask and aerated by gentle
shaking at 30°. Protein synthesis was determined as the
incorporation of L-/7Z,5-3H7 leucine (0.08 mCi/ml;51.6 Ci/
umol) into trichloroacetic acid precipitable protein (219).
The filters containing the precipitated protein were counted
in a Beckman LS-9000 scintillation counter using Econofluor
as the scintillant.

Bacterial contamination of the incubation flasks was
determined at the end of each experiment by plating 0.1 ml
of incubation medium on blood agar plates. The plates were
incubated at 300 for 72 hours and then the colonies were
counted. The bacterial contamination varied from 70
bacteria/ml to 1,400 bacteria/ml. Bacterial contamination >
of this level does not affect the results of mitochondrial
protein synthesis in vitro (45,220).

3. Preparation of §-100 Fractions

E. coli S-100 fractions were prepared from strain
K-12 cells grown on 2% glucose, 2% bactopeptone, 2% yeast
extract, and 0.01% MgSO, in sterile tap water at 30°.
The cells were harvested in early log phase and washed
once in sterile distilled water and once in 10 mM potassium
phosphate buffer, pH 7.0. Cells were then suspended in
the 10 mM phosphate buffer containing 0.18 mg of phenyl-

methylsulfonyl fluoride (PMSF) per ml and shaken 3 X for 30 s at
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-

4,000 rpm in a Bronwill tissue homogenizer with glass

beads. The cell homogenate was cleared of cell debris by
centrifuging for 10 min at 10,000 x g. The resulting super-
natant fraction was centrifugéd for 120 min at 105,000 x g
to give an $-100 fraction. The upper 3/4 of this fraction
was removed from the centrifuge tube with a sterile Pasteur
pipette and then dialyzed for 15 h against 10 mM phosphate,
pH 7.0.

S. cerevisiae S~100 fractions were prepared from

post-mitochondrial supernatants of mid-log phase cells
which were processed as described previously,.except that
the MTE buffer contained 0.18 mg/ml of PMSF. The post-
mitochondrial supernatant was centrifuged for 60 min at
105,000 x g to give an S-100 fraction. The upper 3/4 of
the S-100 fraction was then dialyzed against 10 mM phos-
phate, pH 7.0, for 15 h.

To prepare rat liver S-100 fractions Sprague-Dawley
rats were decapitated and approximately 50% of the liver
removed and placed in STE-PMSF (0.25 M Sucrose, 0.0l M
Tris, pH 7.0, 0.001 M Na, EDTA, and 0.18 mg PMSF/ml) buffer.
The liver tissue was homogenized with a Potter-Elvehjem
glass tissue grinder with a Teflon pestle in the STE-PMSF
buffer. The homogenate was then centrifuged for 10 min

at 600 x g. The resulting supernatant fraction was
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centrifuged for 10 min at 10,000 x g to prepare a post-—
‘mitochondrial supernatant fraction. This fraction was
then centrifuged for 60 min at 105,000 x g. The upper
3/4 of this S-100 fraction was the dialyzed against 10 mM
phosphate for 15 h.

Where indicated, the S$-100 fractions were treated with
ribonuclease A (60 ug/ml) for 45 min at 30° or treated
with trypsin (100 ug/ml) for 45 min at 30° and then with
lima bean trypsin inhibitor (50 ug/ml) for 10 min at 30°
The control (i.e., untreated) 5~100 fractions were also
incubated for 45 min at 30°. To obtain a control for the
trypsin treatment, trypsin was incubated with trypsin in-
hibitor for 5 min at 30° and then added to the control
S-100 fraction before use.

- Unless otherwise indicated all steps in the prepa-
ration of S-100 fractions were performed at 4°.

4., Electrophoretic Analysis of Mitochondrial

Translation Products

Isolated mitochondria (1 mg of protein/ml) were
incubated in a protein-synthesizing mixture (198), with
the modification that L-methionine was omitted. After a
40 min incubation, S-100 fraction was added to the depleted

mitochondria followed by the addition of L-/ 3°S_7methionine.
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After 20 min, 5 mM unlabeled L-methionine was added and the
incubation continued for 15 min. The mixture was then
chilled on ice. The incubation mixture was then
centrifuged at 12,000 x g for 10 min to pellet mitochon-
dria. The mitochondrial pellet was washed two times in MTE
buffer containing 5 mM unlabeled methionine. The pellet
was dissolved in dissociating buffer and analyzed by SDS
10% polyacrylamide gel electrophoresis followed by auto-

radiography (221).

To determine the translational products from mitochondria

stimulated by the different S-100 fractions at time zero, an
S-100 fraction was added to the protein synthesizing mixture
containing L-[7358_7hethionine. The reaction was begun by
the addition of the mitochondria. The mitochondria were
incubated for 30 min, then 5mM unlabeled L-methionine was
added, and the incubation continued for an additional 15 min.
The mitochondria were then pelleted by centrifugation, and
the sample was processed as described above.

C. Results

1. Stimulati f Isola 4 Mj ia ost—

polysomal Supernatants Is Not Species Specific

Isolated yeast mitochondria are capable of synthe-
sizing proteins in vitro for 30 min, after which time

the synthesis ceases. Poyton and Kavanagh (198) previously
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reported that the addition of an S-100 fraction from yeast
to depleted mitochondria which had stopped protein synthesis
fully restored their ability to incorporate amino acids into
protein. As indicated in Fig. 2, the stimulatory activity
of the S-100 fraction used is not species specific. The
addition of an S-100 fraction from either yeast, rat liver,
or E. coli all restored the ability of depleted yeast mito-
chondria to synthesize polypeptides. The data also indi-
cates that the degree of stimulation observed was dependent
upon the amount of the S-100 fraction added to depleted
mitoéhondria. In addition, the S-100 fraction by itsglf did
not incorporate amino acids into protein.

To show that the increased rate of amino acid incor- |
poration into protein after addition of the S5-100 did indeed
‘represent mitochondrial protein synthesis, choramphenicol
(0.2 mg/ml), the specific inhibitor of mitochondrial protein
synthesis (40,43,46,140) was added before the S-100 fraction.
Under these conditions the stimulatory activity was com-
pletely abolished. Similarly, the addition of puromycin
(0.2 mg/ml) also blocked the stimulation by the S-100
fraction. The addition of either 0.3 or 0.9 mg of bovine
serum albumin to depleted mitochondria failed to restore
protein-synthesizing activity, indicating that the stimula-

tion by the S-100 fractions was not just a nonspecific
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Figure 2

Stimulation of yeast mitochondrial protein synthesis by
S-100 supernatants from either yeast (A), rat liver (B),

or E. coli (C). Isolated yeast mitochondria were incubated
in a protein-synthesizing mixture for 35 min, whereupon a
one-tenth volume of dialyzed S-100 supernatant ( @ ) con-
taining the amount of protein indicated or 10 mM phosphate
buffer ( @ ) was added. Before the addition of either
1.2 mg of yeast S-100 (A), 1.5 mg of rat liver S-100 (B),
or 0.3 mg of E. coli S-100 (C), 0.2 mg/ml of chlorampheni-
col was added ( A ) to the protein synthesizing mixture.
Aliquots containing 0.1 mg of mitochondrial protein were
taken at the times indicated and the amount of newly syn-
thesized protein was determined as described in Section IIB.
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effect due to protein.

During these experiments the initial rate of protein
synthesis and the degree of stimulation by the S-100 fraction
were noted to vary for each mitochondrial preparation.
Hence, a comparison of the stimulatory activity of the three
different S-100 fractions was made using mitochondria from
the same preparation. A one-tenth volume containing 0.5 mg
of S-100 protein was added to an incubation mixture contain-
ing 1 mg of depleted yeast mitochondria which had stopped
protein synthesis. This concentration of yeast and rat liver
S~100 fraction stimulated 2-fold the initial activity, while
the E. coli S-100 fraction stimulated 6-fold.

The three different S-100 fractions were also added to
the incubation mixture at time zero. As shown in Fig. 3,
the capacity of the S-100 fractions to stimulate mitochondrial
protein synthesis at the beginning of the incubation period
is increased greatly over the stimulatory capacity when
added to depleted mitochondria. The addition of 1 mg protein
of yeast S-100 fraction to isolated yeast mitochondria at
time zero stimulated protein synthesis 8-fold, compared to
the 2-fold stimulation when the S-100 fraction was added to
depleted mitochondria. Similarly, the addition at time zero
of 1 mg protein of a rat liver S-100 fraction stimulated

mitochondrial protein synthesis 6-fold, while 0.5 mg protein
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Figure 3

Stimulation of yeast mitochondrial protein synthesis by

5-100 supernatants at time zero.

Isolated yeast mito~

chondria were incubated in a protein-synthesizing mixture
containing a one-tenth volume of dialyzed S-100 super-

natant, ( &
1.0 mg protein from yeast,
liver, ( @
the addition of 1.0 mg protein of
to depleted mitochondria.

(A

) 0.5 mg protein from E. coli,

) 10 mM phosphate buffer.

(A )

) 1.0 mg protein from rat
The (0-0) indicate
yeast S-100 supernatant

Aliquots containing 0.1 mg of

mitochondrial protein were taken at the times indicated
and the amount of newly synthesized protein was determined

as described in Section IIB.
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of an E. coli 8-100 fraction stimulated mitochondrial
protein synthesis 12-fold.

2. Electrophoretic Analvsis of Mitochondrial

Translation Products

The Mans and Novelli procedure (219) used in these
experiments for determination of protein synthesis measures
trichloracetic acid precipitable radioactivity which can
result from short polypeptides containing only 3 to 5 amino
acid residues. Hence, the observed stimulation of mito-
chondrial protein synthesis might represent an increased
rate of initiation but not the synthesis of complete pro-
teins. To evaluate this possibility, isolated mitochon-
dria were labeled with ZTBSS_7hethionine in the presence
of either yeast, rat liver, or E. coli S~100 fractions.

The translation products were individually displayed by
SDS-polyacrylamide gel electrophoresis followed by auto-
radiography. As shown in Fig. 4, the gel patterns of the
isolated mitochondria, either in the presence or absence
of the different S-100 fractions, are very similar to the

gel pattern of in vivo mitochondrial translation products.

Synthesis of the bands corresponding to subunit III of
cytochrome oxidase, cytochrome b, and Var 3 (221) appear
to be stimulated to the greatest extent (Fig. 4). These

results indicate that the yeast, rat liver, and E. coli
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Figure 4

Electrophoretic analysis of mitochondrial translation
products. Mitochondria were labeled exactly as described
in Section IIB. The L-/ 39S_7/methionine was 200 uCi/ml.
Lanes 6 and 7 contain 50,000 cpm; all others contain
100,000 cpm., Lanes 1, 2, 3, and 4 contain the products
after the zero time addition of yeast, rat liver, E. coli,
and 10 mM phosphate buffer pH 7.0, respectively. Lanes 5,
6, and 7 contain the products after the addition of yeast,
rat liver, and E. coli to depleted isolated mitochondria.
Lane 8 contains the in vivo mitochondrial translation
products. The bands corresponding to Var 3, subunits I,
II, and III of cytochrome oxidase, and cytochrome b are

indicated on the Figure.
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S-100 fractions stimulate mitochondria to synthesize com-
plete polypeptides of high molecular weights which cor-
respond to those known in vivo mitochondrial translation
products.

3. Properties of the Stimulatory Factor(s)

In order to learn more about the composition of
the stimulatory factors, the S-100 fractions were treated
as follows prior to addition to the incubation mixture;
dialysis against 10 mM phosphate, incubation with ribonu-
clease A or digestion with trypsin. As seen from the data
in Table I, the stimulatory activity of both the rat liver
and E. coli S-100 fractions is nondialyzable, ribonuclease
A-resistant, and sensitive to trypsin digestion. These
properties are consistent with the hypothesis that the
stimulatory factors are proteins. Similar results were
previously reported by Poyton and Kavanagh (198) for an

S-100 fraction from S. cerevisiae.

D. Discussion

The major finding of this paper is that the stimulation
of protein synthesis in isolated yeast mitochondria by extra-
mitochondrial proteins is not species specific. The auto-
radiography data clearly demonstrate that label is incor-
porated into completed polypeptides indicating that the

stimulation of yeast mitochondrial protein synthesis by the
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Table I

Properties of the Stimulatory Factors Present in

the S~100 Supernatants?®

Stimulatory Activity % Total

Source of (cpm/mg of mito- Stimulatory
S-100_ Supernatant Treatment chondrial protein) Activity
Rat Liver None 19,280 100

Dialysis 18,580 96
RNase 18,320 a5
Trypsin 0 0
E. coli Noﬁe 19,580 100
Dialysis 21,730 111
RNase 17,460 89
Trypsin 2,330 12

@Mitochondria (1.0 mg/ml) were incubated in 7.5 ml of

the protein-synthesizing mixture for 35 min at 30°.

The incubating mixture was then partitioned into 1 ml
aliquots and 0.1 ml of the indicated S-100 supernatant
was added. This mixture was then incubated for an
additional 30 min. The stimulatory activity was deter-
mined as the difference between those counts present in
the mitochondrial protein synthesizing mixture after 65 min
of total incubation and those counts present after the
initial 35 min of incubation. The E. coli S-100 super-
natant contained 3 mg of protein/ml and the rat liver
S-100 supernatant contained 10 mg of protein/ml. Details
of the protein-synthesizing mixture and for the treatments
of the S-100 supernatants are given in Section IIB.
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yeast, rat liver, and E. coli supernatants reflects a common
regulatory function. We have also found that an S-100
fraction prepared from Boston lettuce will also stimulate
isolated yeast mitochondrial protein synthesis (data not
shown). Hence, cytoplasmically synthesized proteins which
stimulate mitochondrial protein synthesis must have retained
a similar structure throughout evolution.

Furthermore, the results of this paper clearly show
that the supernatants from these three organisms stimulate
yeast mitochondrial protein synthesis to an even greater
extent when added at the beginning of the incubation period.
There are several explanations for this observation., Perhaps,
isolated mitochondria lose their integrity during the long X
incubation or membrane receptors are degraded by protease
activity during this time and hence do not achieve maximum
rates of protein synthesis. Another suggestion might be
that an inhibitor of mitochondrial protein synthesis is
produced or activated during the course of the experiment.

Previously, it was suggested that mitochondrial protein
synthesis ceases when a pool of cytoplasmically synthesized
proteins is depleted (197,198). Our data suggest that
freshly isolated mitochondria may also be deficient in
proteins necessary for optimal rates of protein synthesis.

These protein pools may become limiting if they form
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complexes with other protein subunits and then become
integrated into the mitochondrial membrane or if they are
lost during mitochondrial preparation. Alternatively, these
proteins may be degraded after performing a catalytic functon.
Studies in wvivo and in vitro have shown that synthesis re-
sumes when these protein pools are replenished, indicating
the existence of a positive control by cytoplasmically
synthesized proteins on mitochondrial protein synthesis.
Indeed, we have observed that a dialyzed 100,000 x g
supernatant obtained from sonicated yeast mitochondria
will also stimulate mitochondrial protein synthesis in vitro.
Several categories of interaction may be involved in
the regulation of mitochondrial protein synthesis. For
example, stimulatory proteins may enter the mitochondria
and effect regulation at the level of transcription or
translation, or both. Furthermore, the mitochondrial pro-
tein-synthesizing system is complicated by the fact that
much of its protein-synthesizing machinery is synthesized
in the cytoplasm and then transported into the mitochondria.
Hence, the transport of the stimulatory proteins may enhance
the transport of the components of the mitochondrial protein-
s?nthesizing machinery. Alternatively, the stimulatory
proteins may not enter the mitochondria but may act via a

membrane receptor which then results in an increase in
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transcription, and/or translation, and/or transport.

Yeast mitochondrial ribosomes will function normally
when incubated with initiation and elongation factors from
E. coli (164,165). Therefore, one might suspect that the
initiation and elongation factors in the S-100 fractions are
responsible for its stimulatory activity. If this is the
case, then one must hypothesize that the initiation and
elongation factors of yeast mitochondria are rapidly degraded
and that these are the proteins which are depleted in mito-
chondria when protein synthesis ceases. However, it is
unlikely that an S-100 from rat liver provides elongation
or initiation factors because rat liver cytoplasm incubated

with ribosomes isolated from Neurospora, Euglena, or Xenopus

mitochondria fails to have a protein synthetic capacity
(166,167,222). Another proposal is that cytoplasmically
synthesized polypeptide subunits of certain enzyme complexes
containing products of both mitochondrial and cytoplasmic
origin interact with the nascent chains present on the mito-
chondrial polysomes and increase the rate of elongation.
Recently, it has been reported that nuclear gene products

regulate the intramitochondrial synthesis of individual sub-
units of cytochrome oxidase in both N. crassa (223,224) and

S. cerevisiae (203,204). These nuclear gene products are

not subunits of cytochrome oxidase but regulate either the
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transcription or translation of the specific mitochron-
drially synthesized protein. By contrast, a general control
mechanism may exist in which the synthesis of all of the
proteins coded by mitochondrial DNA is stimulated by cyto-
plasmic protein(s). The stimulatory proteins in the S-100
fractions may possibly be these nuclear gene products which

regulate the synthesis of mitochondrial proteins.
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IITI. Partial Purification of Cytosolic Factors Which

Control Yeast Mitochondrial Protein Synthesis

A. Introduction

It is now well established that mitochondrial bio-
genesis requires input from two distinct genetic systems,
one mitochondrial and one cytoplasmic, as well as two
separate systems for protein synthesis (48,61,85,214).

Most mitochondrial translation products are subunits of
respiratory chain complexes which also contain subunits
synthesized on cytoplasmic ribosomes. Enzyme complexes
requiring dual synthesis include cytochrome ¢ oxidase, the
cytochrome p;gi complex and the oligomycin sensitive ATPase
(see 85 and 186 for review). It is generally accepted that‘
a mechanism must exist to control the synthesis of protein
at the two intracellular sites such that a functional mito-
chondrial inner membrane is formed in an orderly manner.
Previous studies with yeast undergoing glucose dere-
pression have suggested that cytoplasmic proteins may control

mitochondrial protein synthesis both in wvivo (194-197) and

in vitro (196), and that this control may occur by either
stimulation of chain initiation or increased formation of
specific mitochondrial mRNA's (197). Furthermore, nﬁclear
mutants which regulate the intramitochondrial synthesis of

specific subunits of cytochrome oxidase have been described
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(203,204,225). The nuclear gene products of these mutants
do not appear to be subunits of cytochrome oxidase but are
probably regulatory proteins.

Several years ago, Poyton and Kavanagh (198) reported
that protein synthesis Dby isolated yeast mitochondria ceases
when an endogenous pool of cytoplasmically synthesized
proteins is depleted, and that an 100,000 x g supernatant
from yeast can restore protein synthesis to depleted mito-
chondria. Recently, in this laboratory, we demonstrated
that this effect is not species specific as similar fractions
from either rat liver or E. coli were equally effective in
restoring mitochondrial protein synthesis (226). Further-
more, the addition of the cytosolic fractions to isolated
yeast mitochondria at time zero stimulated protein synthesis
6-8 fold. These results suggested that the coordination of
the mitochondrial and nuclear genetic systems could be
studied by purifying and characterizing the stimulatory
proteins using a well-defined in vitro assay for mitochon-
drial protein synthesis.

In a recent report, Ohashi and Schatz (227) have sug-
gested that the stimulation of yeast mitochondrial protein
synthesis Dby supernatants is due to the presence of non-
dialyzable GMP which is converted to GDP (or GTP) during

incubation in the protein synthesizing medium. The results
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of the current study confirm the observation that GTP
stimulates mitochondrial protein synthesis several fold,

but demonstrate that the protein synthetic rate is stimu-
lated to an even greater extent by addition of high-speed
supernatants from the cytosol. Furthermore, a low molecular
weight protein fraction which stimulates mitochondrial pro-
tein synthesis independently of GTP has been partially puri-
fied. These results suggest that low molecular weight
factors present in the cytosol regulate mitochondrial pro-
tein synthesis.

B. Materials and Methods

1. Materials

Pyruvate kinase, cycloheximide, and chloramphenicol
were obtained from Sigma Chemical Company; trypsin and
trypsin inhibitor were from Boehringer-Manheim. Labeled
[Z,5—3§71eucine (55.9 Ci/mmol) was obtained from New England
Nuclear. Sephacryl S$-200 Superfine was from Pharmacia.
dl-Tetrahydrofolate (TH4) was prepared from folic acid as

described (228,229). The TH, was lyophilized and stored with

4

ascorbic acid under N, at -20°, Nlo—formleH4 was obtained

by neutralizing NS,NlO-—methenleH4 immediately before use.

NS,NlO

—methenleH4 was prepared by dissolving commercial
Leucovorin(Ns—formleH4)in 0.2 M potassium phosphate, pH 1.0,

0.15 M ascorbic acid on the day of the experiment. 5—methleH4
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was generously provided by Dr. Kevin Scanlon. Goat milk
folate-binding protein (FBP) was a generous gift from
Dr. Sam Waxman.

2. Growth of Yeast and Preparation of

Mitochondria for In Vitro Protein Synthesis

A diploid strain of S. cerevisiae used in this

laboratory for several years was grown in medium previously
described (198), wiﬁh the modification that 2% galactose

was the energy source. For breparation of mitochondria,
cells were grown aerobically and harvested in late log

phase of phase of growth. Where indicated, cells were grown
in medium (198) containing 8% glucose and harvested in mid-
log phase. All procedures involved sterile solutions and
strictly aseptic techniques. Unless otherwise noted, all
steps up to the breakage of spheroplasts were performed at
room temperature. After breakage, all procedures were carried
out at 0-4°. Cells were grown aerobically in medium con-
taining 2% galactose until late log phase, when they were
harvested by centrifugation and washed once with sterile
distilled water. Cells were then suspended in a buffer con-
taining 20 mM Tris-HC1l, pH 9.0, 20 mM EDTA, and 50 mM Q -
mercaptoethanol at a concentration of 1 g wet weight of
cells per 3ml of buffer and incubated at 30° for 15 min.

Subsequently, the cells were harvested, washed 3 times with
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sterile distilled water and then suspended at a ratio of

1 g wet weight of cells per 4 ml of buffer A (1 M sorbitol,
20 mM potassium phosphate, pH 7.4). Three mg of Zymolyase
5000 was added for each g of cells and the suspension incu-
bated at 30° for 60 min, by which time digestion was com-
plete. The spheroplasts were harvested by centrifugation,
washed once with buffer A, and carefully resuspended at three
times their original culture density in growth medium supple-
mented with 1 M sorbitol and incubated at 30° for 60 min
with gentle shaking. After the incubation, the spheroplasts
were harvested by centrifugation at 2000 g for 5 min, and
washed once with ice cold buffer A. The spheroplasts were
then resuspended in ice coid buffer C (0.6 M mannitol, 1 mM
EDTA, 1 mg/ml of bovine serum albumin, 10 mM potassium
phosphate, pH 6.8) and lysed at low speed in a Waring Blendor
for 25 s. The broken spheroplasts were then diluted 5 to

10 times with buffer C and cell debris removed by three
centrifugations at 1200x g for 10 min. The supernatant was
centrifuged for 10 minat 12,000 x g. The mitochondrial pellet
was washed two times in buffer, recentrifuged at 16,000 x g,
and then resuspended in this buffer at a concentration of

10 mg of protein per ml., Where indicated, the 1 h incubation
(recovery step) of spheroplasts in growth media supplemented

with 1 Msorbitol was omitted during the preparation of mito-

chondria for in vitro protein synthesis.
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3. Preparation of High Speed Supernatant (S5-150)

Fractions were prepared from postmitochondrial super-
natants of cells which were processed as described previously,
except that buffer C contained 0.18 mg/ml of phenylmethyl-
sulfonylfluoride (PMSF). The postmitochondrial supernatants
were centrifuged for 90 min at 150,000x g to give the S-150
fraction. The upper three-fourths of this fraction was removed
from the centrifuge tube with a sterile Pasteur pipet and
then dialyzed for 15 h against buffer D (10% glycerol, 50 mM
KC1l, 1mM EDTA, 20 mM potassium phosphate, pH 7.0) in Spectrapor
3 tubing which has a 3500 molecular weight cutoff. The dia-
lyzed supernatants were then concentrated by Sephadex G-200
beads to a protein concentration of 30-40 mg/ml and stored
at —70o in aliquots. S-150 supernatant from cells grown
either in 2% galactose to early stationary phase, or in 8%
glucose to midlog phase, were prepared as described above.

4. Partial Purification of Activator Factors

from High Speed Supernatant

For each purification experiment, S-150 fractions
were prepared fresh from 60 g cells grown to late log phase
in 2% galactose, as described above, with the modification
that the S-150 fractions were kept at 4%, After Sephacryl
S-200 chromatography of the high speed supernatant, the

active fractions were pooled and concentrated by Amicon UM2
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ultrafiltration. The pooled fractions were either used
immediately or brought to 50% glycerol by direct addition

of glycerol and then stored at -20°. Prior to use, the pooled
low molecular weight activator which had been stored in 50%
glycerol was dialyzed for 15 h against buffer D. For deter-
mining the trypsin sensitivity of the low molecular weight
activator fraction, the pooled activator was dialyzed against
20 mM potassium phosphate, pH 7.0, 50 mMKCl, and 1 mM EDTA

for 3 h prior to trypsinization. Where indicated, the
molecular weight of the activator was determined by Sephadex
G-50 chromatography of S-150 fractions that had been stored
at -70°. Folates in the low molecular weight activator
fraction were assayed using folate-binding protein as des~-
cribed by Waxman and Schreiber (230).

5. Protein Synthesis In Vitro

Isolated yeast mitochondria (1.0 mg of protein/ml)
were incubated in a protein synthesizing mixture (198) with
the following modifications: Leucine was added to a final
concentration of 20 nmoles per ml, bovine serum albumin
(1L mg per ml) was included and amino acid incorporation
initiated by addition of mitoghondria. In experiments
determining the kinetics of protein synthesis, 1 ml of
protein synthesizing mixture was incubated in a 25-ml

o}
Erlenmeyer flask and aerated by gentle shaking at 30 .



71

The total reaction volume was reduced to 0.5 ml for all

other experiments in which 0.1 ml aliquots were taken

40 min after the start of the incubation and protein syn-
thesis determined by the incorporation of L—[ﬁ15—3§71eucine
(0.08 mCi/ml, 55.9 Ci/mmol) into trichloroacetic acid-
precipitable protein (219). In some experiments the isolated
mitochondrial pellet was preincubated for 3 min at 28°

before resuspension and addition of the mitochondria to

the flasks.

6. Electrophoretic Analysis of Mitochondrial

Translation Products

Isolated mitochondria (1 mg of protein per ml,
0.5 ml) were incubated in a protein synthesizing mixture
(198) with the modification that L-methionine was omitted.
To determine the translation products from mitochondria
stimulated at time zero, the protein-synthesizing mixture
was incubated either with S$-150, 100 uM GTP, or low molecular
weight activator, in the presence of 200 uCi per ml of
L~ZTBSS_7hethionine. The reaction was then started by ad-
dition of mitochondria. After a 35 min incubation, 5 mM
unlabeled L-methionine was added and the incubation continued
for an additional 15 min. The mixture was then centrifuged at
12,000 x g for 10 min to pellet mitochondria. The mito-

chondrial pellet was analyzed as described previously (221).
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To determine the translational products from depleted
mitochondria stimulated by an S-150 fraction or low molecular
weight activator fraction, mitochondria were incubated in
the protein synthesizing mixture for 40 min. Either fraction
was then added to the mitochondria, followed by the addition
of L-/ 39S_7methionine. After 30 min, 5 mMunlabeled L~
methionine was added and the incubation continued for an
additional 15 min, after which the mitochondria were processed
as described above.

C. Results

1. Stimulation of Mitochondrial Protein

Synthesis by Postpolysomal Supernatants

We have recently reported that addition of dia-
lyzed yeast postpolysomal supernatant at time zero to
isolated yeast mitochondria stimulated protein synthesis
6-8 fold suggesting that the protein synthetic capacity
of mitochondria is apparently limited by extramitochondrial
proteins (226). Ohashi and Schatz (226) have confirmed
the stimulation by the supernatant but concluded that the
stimulatory agent is GDP (or GTP) synthesized during the
incubation from non-dialyzable GMP present in the super-
natant. As seen in Fig. 5, the addition of GTP to the
incubation medium did indeed stimulate protein synthesis

by isolated mitochondria several fold; however, addition
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. Stimulation of yeast mitochondrial protein synthesis by
GTP and S~150 fraction. Isolated yeast mitochondria

(1.0 mg per ml) were incubated in a protein-synthesizing
mixture containing (A) 100 uM GTP plus 2.0 mg of dialyzed
S-150; (0) 100 uM GTP; (@) no addition. Aliquots con-
taining 0.1 mg of mitochondrial protein was removed at
the times indicated and the amount of newly synthesized
protein was determined as described under Section IIIB.
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of an S5-150 fraction. at time zero led to a nearly 2-fold
stimulation over the GTP supplemented mitochondria when
comparing the total incorporation after a 50 min incubation.
Addition of GTP in concentrations ranging from 10 uM to

1 oM resulted in the same stimulation of incorporation and
did not alter the kinetics, suggesting that GTP does not
become rate-limiting for protein synthesis at 100 uM

(Fig. 6). For each mitochondrial preparation, the stimula-
tion of protein synthesis by GTP varied from 2- to 7-fold,
while that observed after addition of GTP and S-150 varied
from 5- to 12-fold; however, in all preparations, addition
of an S-150 fraction to the GTP supplemented mitochondria
resulted in significant stimulation, in most cases approxi—\
mately 2-fold.

The differences between these results and those of
Ohashi and Schatz (226) may have occurred because their
mitochondria were incubated in a protein synthesizing medium
supplemented with all amino acids except methionine for
15 min prior to the addition of /355 7methionine. Under
these conditions, isolated mitochondria synthesized an
incomplete spectrum of mitochondrial translation products,
predominantly cytochrome b and subunit III of cytochrome
oxidase (226). To evaluate this possibility, the trans-

lation products synthesized by mitochondria which either
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Stimulation of yeast mitochondrial protein synthesis by
GTP. Isolated yeast mitochondria (1.0 mg per ml) were
incubated in a protein-synthesizing mixture containing
(O) 10 uM GTP; (O) 100 uM GTP; (@) 1 mMGTP; and (&)
no addition. Aliquots containing 0.1 mg of mitochondrial
protein was removed at the times indicated and the amount
of newly synthesized protein was determined as described
under Section IIIB.



76

were preincubated for 15 min before addition of / 3°5_7
methionine, or were added to incubation medium which already
contained 17358_7hethionine were compared. The gel pattern
reveals that preincubation of the mitochondria for 15 min
did not prevent synthesis of the complete set of mitochon-
drial translation products. Furthermore, addition of GTP

at this time did not change the relative rates of synthesis
of any of the labeled proteins‘nor did it stimulate the
synthesis of any new proteins (Fig. 7).

If the stimulation by S-150 fractions were due solely
to conversion of non-dialyzable GMP to GDP (or GTP) during
the incubation, then pretreatment of an S$-150 fraction with
5'nucleotidase should abolish the stimulation (226). Under
our experimental conditions, 5'-nucleotidase pretreatment
decreased the stimulatory activity of the S$-150 fraction
to the same extent as incubating the S-150 at 30° for
30 min in the absence of 5'nucleotidase (Table II).

2. Physiological Correlation of the S-150 Stimulation

To demonstrate that the control of mitochondrial
protein synthesis by cytosolic proteins is indeed physio-
logical, SflSO fractions were isolated from cells grown
under different conditions, and tested for their ability
to stimulate mitochondrial protein synthesis. As shown in

Table III, the stimulation of GTP supplemented mitochondria
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Figure 7

Electrophoretic analysis of in vitro mitochondrial
translation products. Isolated mitochondria were labeled
with 200 uCi per ml of L~/ 3°S_/methionine, as described
under Section IIIB. In lanes 1 and 2, L~/ 35S_/methionine
was added at time zero while in lanes 3 and 4, mitochondria
were preincubated for 15 min at 30° in the protein syn-—
thesizing mixture before addition of zf355_7hethionine.
Lanes 1 and 4 contain the products synthesized by mito-
chondria in the absence of GTP. Lanes 2 and 3 contain

the mitochondrial translational products after zero time
addition of 100 uM GTP. An aliquot containing 50,000 cpm
was added to each lane. The bands corresponding to Var 3,
Var 1, subunits I, II, and III of cytochrome oxidase, and
cytochrome b are indicated on the figure.
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Table II

Stimulation of Mitochondrial Protein Synthesis by an

S-150 Fraction Is Not Affected by 5'Nucleotidase

Experimental Condition Incorporation Rate®
Mitochondria 21
+GTP 142
+GTP + S-150 227
1GTP + Mock-treated S$-150 171
+GTP + 5'Nucleotidase-treated S-150 172

Isolated yeast mitochondria (1.0 mg/ml) were incubated
in the protein-synthesizing mixture and the amount of newly
synthesized protein determined as described under Section
ITIIB. The S-150 supernatant (0.87 mg in0.035 ml) was in-—
cubated with or without Crotulus atrox 5'nucleotidase (Sigma,
Type IV, 0.04 units) for 30 min at 30°. Mock~treated S~150
supernatant was incubated without 5'nucleotidase. The GTP
concentration was 100 uM.

@Incorporation is pmol leucine incorporated per mg
of mitochondrial protein per 40 min incubation.
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Table III

Comparison of Stimulatory Activities of S-150 Fractions

Isolated from Yeast Cells Grown Under Different Conditions

Percent
Incorporation Stimulation

Addition to Mitochondria ' Rate? above GTP
none 14
GTP 101 0
GTP + Midlog S-150 156 100
GTP + Stationary phase S-~150 116 22
GTP + Glucose Repressed S-150 128 44

Protein synthesis in isolated mitochondria was assayed
as described in the legend to Table I. Where indicated,
0.8 mg of S~150 supernatants isolated as described under
Section IIIB, were included in the protein-synthesizing
mixture. The GTP concentration was 100 uM.

aIncorporation rate is pmol of leucine incorporated
per mg mitochondrial protein per 40 min incubation.
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by an S-150 fraction from glucose-repressed cells was
decreased more than 50% relative to that obtained with an
S~150 fraction isolated from cells grown in galactose.

This result was anticipated as it was reported previously
that mitochondrial protein synthesis is decreased in glucose
repressed mitochondria (196). Similarly, an S-150 fraction
from cells in stationary phase had less than one~fourth the
stimulatory activity of an S-150 isolated from cells grown
in mid-log phase. These results indicate that the stimu-
latory activity of S-150 fractions in vitro is well corre-

lated with the mitochondrial protein synthetic rate in vivo

of cells from which the S5-150's supernatants were isolated.

3. Partial Purification of the Stimulatory Factors

Initially, yeast S-150 was fractionated in buffer
D by chromatography on Sephacryl S-200. The stimulatory
activity eluted mainly in a near void volume peak and in a
peak in the 40,000 to 80,000 molecular weight range. In
adaition, a small amount of stimulatory activity eluted in
a peak with a molecular weight less than 10,000 (data not
shown). After refractionation of the 40,000 to 80,000
molecular weight peak on Sephacryl S-200, about half of
the stimulatory activity was now eluted in the near void
volume peak as well as that present in the middle molecular

weight range (data not shown). Fig. 8 indicates that
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Figure 8

Elution profile of stimulatory activity after Sephacryl
S-200 chromatography of S-150 fractions. The S-150

(41.7 mg/ml, 11.1 ml) was loaded onto a 100 x 2.5 cm
column and eluted in buffer D at a flow rate of 0.84
ml/min. Three minute fractions were collected and 0.1 ml
of fractions were assayed for stimulation of mitochondrial
protein synthesis as described in Section IIIB.

The horizontal line represents the incorporation rate by

mitochondria alone.
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concentrating the S-150 to greater than 40 mg protein per
ml before fractionation on Sephacryl S-200 resulted in most
of the stimulatory activity appearing in the near void
volume (peak I); however, there was a gradual tailing off

of activity toward lower molecular weight fractions. These
observations suggested that the stimulatory factors present
in the S-150 may have a tendency to aggregate to higher
molecﬁlar weight forms. In order to confirm this suggestion,
the activity present in peak I was pooled and dialyzed
overnight against buffer D containing 0.5 M potassium phos-
phate, before refractionation on Sephacryl S-200 in an
attempt to disaggregate the stimulatory factors. As seen

in Fig. 9, most of the stimulatory activity now eluted in
40,000 to 80,000 molecular weight range (peak II) and the
low molecular weight range (peak III) with some spreading

of activity occurring throughout ﬁhe fractions. Further
evidence for the suggestion that stimulatory factor(s) may
aggregate was obtained when 1.8 Mpotassium phosphate was
added directly to the S-150 to a final concentration of 0.5 M
prior to chromatography (Fig. 10). This treatment caused an
even greater disaggregation of the stimulatory activity such
that half of the initial stimulatory activity was now eluted
in peak III. These results suggest that the stimulatory

activity eluting in peak I represents the low molecular weight
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Figure 9°

Elution profile of near void volume stimulatory activity
after dialysis against high salt and Sephacryl S-200 chro-
matography. Fractions 62-79 from the elution profile shown
in Fig. 8 were pooled and concentrated by Amicon PM 10
ultrafiltration to 5.1 mg per ml. The concentrate (9.2 ml)
was dialyzed for 15 h against a buffer containing 10% gly-
cerol, 0.5Mpotassium phosphate, pH 7.0, and then loaded
onto the column above and eluted with buffer D at a flow
rate of 0.78 ml/min. The horizontal line represents the
incorporation rate by mitochondria alone. Fractions were
assayed for stimulation of mitochondrial protein synthesis

as described in the legend to Fig. 8.
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Figure 10

Elution profile of the stimulatory activity of an S-150
fraction after direct addition of high salt. S-150

(11.0 ml, 44.1 mg/ml) was incubated for 15 min with 4.2 ml
of a buffer containing 10% glycerol, 1.82Mpotassium phos-
phate, pH 7.0, and then loaded onto a 100 x 2.5 cm Sepha-
cryl S-200 column and eluted in buffer D at a flow rate of
0.80 ml/min. The stimulatory activity was assayed as
described in the legend to Fig. 8.
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stimulatory factor(s), which have aggregated either with

themselves or with other proteins. Consistent with this

view was the diffuse elution of the low molecular activator(s)

after DEAE-~cellulose chromatography possibly because of
aggregation with other proteins with different isoelectric

points (data not shown).

4. Molecular Weight Estimation of Stimulatory Factor(s)

Chromatography of the S-150 on Sephadex G-50 in
the presence of high salt revealed that most of the stimu-

14C sucrose, indicating that

latory activity coeluted with
the low molecular weight activator(s) has a molecular weight
of 2000 or less (Fig. 11).

5. Propertij L W

Activator Fraction

The low molecular weight fraction chosen for
further studies contains very little of the total protein
and represents a 40-fold purification of the stimulatory
activity present in the S-150. The stability of the low
molecular weight activator fraction in buffer D varied.

Most preparations lost greater than 75% of their activity
after 3 days of storage at 4°: however, sometimes less than
30% of the activity was lost after 3 weeks, when the acti-
vator fraction was stored in buffer D containing 50% gly-

cerol at —200. By contrast, the stimulatory activity of
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Figure 11
Elution

Sephadex G-50 chromatography of S-150 fractions.
The S-150 (50.0 mg/ml,

profile of stimulatory activity.
3.5 ml) was incubated for 15 min with 1.26 ml of a buffer
containing 10% glycerol, 1.82 Mpotassium phosphate, pH 7.0,
and then loaded onto a 48 x 1.6 cm column. The column was
eluted with 10% glycerol, 50 mM potassium chloride, 20 mM
potassium phosphate, pH 7.0 at a flow rate of 0.4 ml/min.
Three minute fractions were collected and 0.1 ml of frac-

tions were assayed for stimulation of mitochondrial protein
synthesis as described under Section IIIB. GTP (0.5 mM)
The horizontal line represents

was included in all assays.
the incorporation rate by mitochondria alone.
represent the elution volumes of folate binding protein

(30,000 daltons) and sucrose, respectively.

Peaks 1 and 2
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§-150 fractions was stable for at least 5 months when

stored at -70°. As shown in Table IV, stimulation of
mitochondrial protein synthesis by the low molecular weight
activator(s) was greater than 98% sensitive to chlorampheni-
col and insensitive to cycloheximide, indicating that the
stimulation of amino acid incorporation by the activator(s)
represents mitochondrial protein synthesis. Furthermore,
stimulation by the activator fraction was trypsin-sensitive,
indicating its protein nature.

6. GTP Independence of Low Molecular

Weight Activator Fraction

In order to demonstrate that stimulation of mito-
chondrial protein synthesis by the low molecular weight .
activator fraction is independent of GTP, mitochondria were
incubated with increasing amounts of activator in the pre-
sence and absence of GTP (Fig. 12). Addition of different
concentrations of the activator fraction stimulated mito-
chondrial protein synthesis to the same extent whether or
not the incubation medium contained GTP. Furthermore, stimu-
lation of mitochondrial protein synthesis by addition of
the activator fraction was proportional to the amount of
protein added. These results indicate that a low molecular
weight fraction purified from the S-150 can stimulate mito-

chondrial protein synthesis independently of GTP and confirm
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Table IV

Propertieé of the Low Molecular Weight Activator Fraction

Incorporation
Addition to Mitochondria Rate?
none 21
GTP (100 uM) 142
GTP + Activator 228
GTP + Activator + Cycloheximide (100 ug/ml) 230
GTP + Activator + Chloramphenicol (200 ug/ml) 3
GTP + Trypsinized .Activator 133

Protein synthesis in isolated mitochondria was assayed’
as described in the legend to Table II. Where indicated,
30 ug of activator fraction was included in the incubation
mixture. For trypsin treatment the activator fraction was
incubated with trypsin (200 ug per ml) for 20 min at 30°
and then with lima bean trypsin inhibitor (400 ug per ml)
for 10 min at 30°. The control (i.e., untreated) activator
fractions were also incubated for 30 min at 30°. To obtain
a control for the trypsin treatment, trypsin was incubated
with trypsin inhibitor for 5 min at 30° and then added to
the control activator fraction before use.

aIncorporation rate is pmol of leucine incorporated
per mg mitochondrial protein per 40 min incubation.
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Figure 12

Stimulation of mitochondrial protein synthesis by the low
molecular weight activator fraction in the presence and
absence of GTP. Isolated mitochondria (1.0 mg/ml) were
incubated in the protein-synthesizing mixture with (@)

or without (0) 100 uM GTP. Fractions 114-142 from the
column chromatography described in Fig. 10 were pooled
and concentrated by Amicon UM 2 ultrafiltration to 0.45
mg per ml. The indicated amounts of this low molecular
weight fraction were included in the incubation mixture.
After 40 min aliquots of 0.1 ml were removed and the amount
of newly synthesized protein determined, as described
under Section IIIB. The horizontal line represents the
incorporation rate by mitochondria alone.



90

our earlier suggestions (226) that freshly isolated mito-
chondria are deficient in protein factor(s) necessary for
optimal rates of protein synthesis.

Further evidence in support of this suggestion was
obtained by studying the kinetics of amino acid incorpora-
tion by mitochondria incubated either with GTP, the activator
fraction or both (Fig. 13). Addition of 100 uM GTP to
isolated mitochondria caused a marked increase in the rate
of protein synthesis for 20 min, after which time éynthesis
ceased. By contrast, in mitochondria incubated with 90 ug
of low molecular weight activator, the initial rate of pro-
tein synthesis was slower than in GTP supplemented mitochondria;
however, synthesis continued at a linear rate for at least .
40 minutes. This marked difference in kinetics of protein
synthesis between GTP or activator supplemented mitochondria
was noted in all experiments. Interestingly, protein syn-
thesis by mitochondria incubated with both GTP and activator
had kinetics that exhibited some characteristics of either
GTP or activator supplemented mitochondria. The initial
rate of protein synthesis when both activator and GTP were
added was faster than with either alone, while synthesis
continued for 40 min, but was not linear after 20 min. These
results strongly suggest that the stimulation of mitochondrial

protein synthesis by GTP or the low molecular weight activator
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Figqure 13

The kinetics of yeast mitochondrial protein synthesis
stimulated by GTP or low molecular weight activator
fraction. Protein synthesis by isolated mitochondria
was assayed as described in the legend in Fig. 5. The
low molecular weight activator fraction was prepared as
described in the legend to Fig. 12. The incubation
mixture contained (@) 100 uM GTP + 90 ug of low mole-
cular weight activator; (0) 90 ug of low molecular
weight activator; (4 ) 100 uM GTP; (A) no addition.
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fraction occurs by different mechanisms.

7. Electrophoretic Analysis of In Vitro

"Mitochondrial Translation Products

To show that the stimulation of mitochondrial
protein synthesis by activator(s) represents synthesis of
complete proteins and to determine whether the low molecular
weight activator fraction stimulates the synthesis of some
or all mitochondrial translation products, isolated mito-
chondria were labeled with 17358_7methionine in the presence
or absence of activator. ‘As seen in Fig. 14, the activator
fraction stimulated equally the synthesis of all mitochondrial
translation products whether added at the beginning of the
incubation or after 35 min. The low molecular weight acti-,
vator(s) and the S-150 from which it was derived stimu-
lated the synthesis of bands corresponding to subunits I(
II, and III of cytochrome oxidase, Var 3, cytochrome b, Var 1
and several other unidentified mitochondrial translation
products.

8. Effect of Folate Derivatives on

Mitochondrial Protein Svnthesis

Bianchetti et al. (231) have reported that the
formyl group donor Nlo-formyrﬂi4 stimulates in vitro yeast
mitochondrial protein synthesis. They also found that N10-

formleH4 stimulated 10-fold the in vitro synthesis of
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Figure 14

Electrophoretic analysis of in vitro mitochondrial trans-
lation products. Isolated mitochondria were labeled with
200 uCi per ml of L-/35S_7/methionine, as described under
Section IIIB. Lane a, mitochondria. Lane b, mitochondria
plus 37 ug of activator protein. In lanes ¢ and d, 37 ug
of activator and 1.0 mg of S-150 supernatant were added
after 35 min. To each lane 50,000 cpm were added. The
bands corresponding to Var 3, Var 1, subunits I, II, and III
of cytochrome oxidase and cytochrome b are indicated in the
figure. The low molecular weight activator fraction was
prepared as described in the legend to Fig. 12.
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initial peptides by mitochondria, as measured by peptidyl
puromycin derivatives. They concluded that the endogenous
pool of mitochondrial formyl group donors required for the
formylation of tRNATMet pecomes exhausted during the course
of the incubation. Assay of the low molecular weight acti-
vator fraction for folate revealed that it contained large
amounts (200 ng/ml) of folate. To test the possibility that
the activator was a reduced folate derivative donating formyl
groups to the mitochondria, two approaches were taken.

First, folates derivatives were synthesized and examined

for their ability to stimulate in vitro mitochondrial protein
synthesis. As seen in Table V, none of the folates tested

stimulated protein synthesis to a significant extent.

9. Effect of Folagte-Binding Protein on the Low

Molecular Weight Activator Stimulation

The second approach involved the use of purified
goat milk folate-binding protein to see if the stimulatory
activity of the low molecular weight activator fraction was
affected by binding of all the folate. Control experiments
using Sephadex G-50 chromatography showed that, under the

14—labeled folic acid was

conditions used in Fig. 15, C
completely bound by folate-binding protein (data not shown).

On the basis of assays which indicated the amount of folate

in the low molecular weight activator fractions, the fractions
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Table V

Effect of Folate Compounds on Protein Synthesis

In Vitro by Yeast Mitochondria

v

Incorporation %

System Rate? Stimulation
Expt. 1
GTP (Control) 62 + 10
GTP + .1 mMFolic Acid 6l + 2 - 2
GTP + 0.34 mM Ascorbate +

0.1 mMNlO-FormleH4 60 + 3 - 3
GTP + S5-150 84 + 7 + 35
Expt. 2
GTP (Control) 383 + 6
GTP + S-150 589 + 42 + 54
GTP + 5 mM Ascorbate 418 + 40 + 9
GTP + 5 mM Ascorbate + 50 uM TH, 443 + 18 + 16
GTP + 5 nMAscorbate + 50 uM TH, + ‘

1 mM Formate 426 + 49 + 11
GTP + 51mM Ascorbate + 100 uM

N'O-FormylTH, 363 + 22 - 5
Expt. 3
GTP (Control) 89 + 1
GTP + 20 uM 5-MethylTH, 93 + 1 + 4
GTP + 60 uM 5-MethylTH, 96 + 1 + 8
GTP + S-150 202 + 7 +127

9Incorporation rate is picomoles of leucine incorporated/
mg of mitochondrial protein/40-min incubation. Values shown
are the means +S.D. for each experiment. Protein synthesis
in isolated mitochondria was determined as described under
Section IIIB. Where indicated, 1.0 mg of S~140 fractions
were added to the incubation. The GTP concentration was
0.5 mM. Sodium ascorbate was added as indicated to prevent
oxidation of TH, and NlO—FormleH4.
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Figure 15

Stimulation of mitochondrial protein synthesis by the low
molecular weight activator fraction in the presence and
absence of folate-binding protein. The S-150 was frac-
tionated on Sephadex G-50 as described in the legend to
Fig. 11. Fractions were then incubated at 4° for 10 min
with (@) or without (0) purified goat milk folate binding
protein. Folate binding protein was added in a 7-fold
excess in binding capacity relative to the amount of free
folate in the fractions. Fractions were assayed for stimu-
latory activity as described in the legend to Fig. 8.
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were then incubated with sufficient folape—binding protein
to bind all folate. Fig. 15 shows that folate binding
protein had no effect on the stimulatory activity of the
fractions. It is unlikely that goat milk folate;binding
protein can enter the mitochondria since non-mitochondrial
proteins are not transported into the mitochondria (67).
There fore, these results suggest that the stimulatory factors
in the activator fraction are not folate derivatives.

10. Influence of Ascorbate and Other Respiratory

Chain Substrates on Protein Synthesis

Sodium ascorbate, which was added in some experi-—
ments to prevent the oxidation of reduced folate derivaties,
was found to give a significant but variable stimulation of
mitochondrial protein synthesis (Table V and VI). The
stimulation by ascorbate was completely inhiﬁited by cyanide,
indicating that oxidation of ascorbate via site III of the
respiratory chain (232) led to the observed stimulation.

D-IL lactic acid, oxidation of which involves only s;te I1I,
and ethanol, which utilizes phosphorylation sites II and III
during its oxidation, both stimulated mitochondrial protein
synthesis. Succinate, however, was without effect. Although
X ~ketoglutarate is present in the protein-synthesizing
medium, cyanide had no effect on protein synthesis by

control flasks (Table VI, expt. 1l). These results suggest
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Table VI

Effect of Respiratory Chain Substrates on In Vitro

Yeast Mitochondrial Protein Synthesis

Incorporation %
System Rate?@ Stimulation
Expt. 1
GTP (Control) 80 *+ 8
GTP + 1 mM KCN 82 + 5 + 3
GTP + 5.5 mM Ascorbate 149 + 2 + 86
GTP + 5.5 mMAscorbate + 1 mMXCN 88 + 1 + 10
GTP + S-150 199 + 11 +149
GTP + $-150 + 1 mM KCN 194 + 4 +143
GTP + S$-150 + 5.5 M Ascorbate 212 + 7 +165
Expt. 2
GTP (Control) ' 73 £ 4
GTP + 3mM Ascorbate 108 + 9 + 48
GTP + 3mM Ethanol 112 + 7 + 53
GTP + 1.5 mMSuccinate 71 + 1 - 3
GTP + 3mM D-1I, Lactate 95 + 5 + 30
GTP + S5-150 144 + 8 + 97

aIncorporation rate is picomoles of leucine incorporated/
mg of mitochondrial protein/40-min incubation. Values shown
are the means*S.D. for each experiment. The GTP concentra-
tion was 0.5 mM. Protein synthesis in isolated mitochondria
was determined as described under Section IIIB. Where indi-
cated, 1.0 mg of S-150 fractions were added to the incubation.
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that X-ketoglutarate is not readily oxidized by mito-
chondria under these incubation conditions. The mechanism
of action of the low molecular weight activator(s) present
in the S-140 fraction is unknown. However, the activator(s)
apparently works independently of the respiratory chain
since the stimulatory activity is not affected by cyanide
(Table VI).

11. Dependence of S-150 Stimulation on Recovery

Incubation of Spheroplasts

Ohashi and Schatz (227) did not observe S$-140
stimulation of protein synthesis in GTP-supplemented mito-
chondria. These workers omitted the 1 h "recovery" of
Zymolyase prepared spheroplasts in growth media supplemented
with 1M sorbitol during the preparation of mitochondria.

To evaluate the possibility that differences between our
results and those of these workers may have occurred because
they omitted the recovery step, mitochondria isolated from
"recovered"”" and "nonrecovered" spheroplasts were tested

for their ability to be stimulated by S-140 fractions.

As seen in Table VII, omission of the recovery step sharply
reduced the capacity of mitochondria to be stimulated by an
S-140 fraction. However, the amino acid incorporation rate
in the absence of added S-140 fractions was not influenced

by the recovery step.
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Table VIZI
Effect of Recovery of Yeast Spheroplasts on
Cytoplasmic S-150 Stimulation of Protein Synthesis

In Vitro by Yeast Mitochondria

Experimental Incorporation
Condition Recovery® Rate
Mitochondria + GTP - 301 + 23
Mitochondria + GTP + S-150 - 389 + 70
Mitochondria + GTP + 332 + 15
Mitochondria + GTP + S-150 + 567 + 44

8Yeast mitochondria were isolated from spheroplasts
which were either recovered for 1 h inlM sorbitol supple-
mented with growth media or broken immediately after conver-
sion to spheroplasts. The GTP concentration was 0.5 mM.
Where indicated, 1.0 mg of S~150 was added to the incubation.
. Protein synthesis was assayed as described under Section IIIB,
The incorporation rate represents the picomoles of leucine
incorporation/mg of mitochondrial protein/40 min incubation.
Values shown are the meansiS.D. of a representative experi-
ment which was repeated three times.
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D, Discussion

Previously it was suggested that mitochondrial protein
synthesis ceases when a pool of cytoplasmically synthesized
proteins is depleted (198). Studies in vivo and in vitro
have provided evidence that synthesis resumes when these
protein pools are replenished, indicating the existence of
a positive control by cytoplasmically synthesized proteins
on mitochondrial protein synthesis (194-198,221,226). By
contrast, Ohashi and Schatz (227) recently concluded that
the stimulation of mitochondrial protein synthesis by
cytoplasmic extracts is due to guanyl nucleotides. A major
finding of the current study is that the stimulation of
yeast mitochondrial protein synthesis by postpolysomal
supernatants is due in part to low molecular weight cyto-
plasmic factors of a protein nature which function inde-
pendently of GTP. This conclusion is supported by the
following evidence: (1) mitochondrial protein synthesis
studied in the presence of optimal concentrations of GTP
can still be stimulated by addition of an S-150 fraction:
(2) stimulation by the S-150 fraction is not affected by
incubation with 5'nucleotidase; (3) growth conditions
which decrease the rate of mitochondrial protein synthesis

in vivo also decrease the observed stimulation by the S-150

fraction; (4) stimulation of GTP supplemented mitochondria
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by a partially purified activator fraction is trypsin-—
sensitive; (5) assay in_the presence of GTP of fractions
from Sephadex G-50 chromatography of the S-150 revealed

that almost all of the stimulatory activity eluted in a peak
with a molecular weight of 2000 or less.

The differences between our results and those of Ohashi
and Schatz (227) might be explained by two major differences
ip the methods used to prepare mitochondria for protein
synthesis ig vitro. First, these workers prepared mito-
chondria by suspending spheroplasts in a thick paste with
glass beads and then breakingy them by stirring with a glass
rod. We have found breakage of spheroplasts to be a criti-
cal step in mitrochondrial preparation. Mitochondria iso-~
lated from spheroplasts broken in more concentrated suspen-
sions had the same protein synthetic capacity as those
lysed with more dilute buffer; however, mitochondria isolated
from concentrated suspensions of spheroplasts could not be
stimulated by S~150 fractions when GTP was included in the
assay medium. Furthermore, mitochondria isolated from
spheroplasts broken for longer than 25 s also lost their
capacity to be stimulated by S-150 fractions when GTP was
present, although the unstimulated protein synthetic
capacity remained the same. Apparently, stimulation of

mitochondrial protein synthesis by cytoplasmic factors is
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dependent on the isolation of mitochondria of the highest
integrity, while this may not be as important for GTP stimu-
lation. Second, these workers omitted the 1 h recovery
incubation of spheroplasts in growth medium supplemented
with 1M sorbitol. We found that stimulation of mitochondrial

protein synthesis in vitro by yeast S-150 was dependent

upon the recovery of spheroplasts. Omission of the recovery
step sharply reduced the stimulatory activity. We would
like to suggest the possibility that some component of the
outer or inner membrane is required for stimulation of mito-
chondrial protein synthesis by cytoplasmic factors. This
component, perhaps a membrane receptor, might easily be
damaged by certain breakage techniques used to isolate
mitochondria and during the cell wall digestion incubation
step. In support of the former idea, Ades and Butow (233)
have recently reported that the transport of cytoplasmically
synthesized proteins into the mitochondria is highly
dependent on the method used to break spheroplasts and
prepare mitochondria.

Amino acid incorporation by isolated yeast mitochondria
was stimulated by ascarbate, lactate, and ethanol. Cyanide
blocked ascorbate stimulation, indicating that electron
transport by the respiratory chain was involved. Surprising-

ly, neither X -ketoglutarate nor succinate increased the
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incorporation rate. In contrast to these results, Grivell
and Roodyn (234) and Ibrahim et al. (152) observed increased
incorporation rates in the presence of succinate,while other
workers (198) have found <X -ketoglutarate to be a good
respiratory substrate for mitochondrial protein synthesis.

No explanation for these differences is apparent.

A partial purification of cytoplasmic factor (s) which
stimulate mitochondrial protein synthesis has been achieved
in this study, and a low molecular weight protein fraction
has been found to stimulate the synthesis of all mito-
chondrial translation products independently of guanine
nucleotides. Furthermore, the activator protein fraction
doubles the length of time isolated mitochondria synthesize
proteins, suggesting that protein synthesis by isolated
mitochondria incubated with GTP may éease after 20 min
because the low molecular weight activator factor (s) are
rapidly degraded when their catalytic function has been
completed.

The observation that the synthesis of all mitochondrial
translation products is stimulated by the activator factor (s)
indicates a general control mechanism by which mitochondrial
protein synthesis could be coordinated with the cytoplasmic
synthesis of mitochondrial proteins. By regulating the

levels of low molecular weight activator(s), yeast cells
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could increase or decrease the synthesis of proteins on
mitochondrial ribosomes according to need. Such a mechanism
would represent a form of unidirectional control by the
nuclear genetic system on the mitochondrial genetic system.
Support for this view is provided by the data indicating a
strong correlation between the rates of mitochondrial pro-
tein synthesis in vivo and the presence of activator(s) in
S-150 supernatant (Table III). lFurthermore, these results
suggests suggest that cytoplasmic levels of activator

factor (s) may directly regulate mitochondrial protein syn-
thesis in vivo; however, it seems unlikely that the stimula-
tory factor(s) are cytoplasmically synthesized partner
subunits of respiratory chain complexes as was previously
suggested (198-200). The activator factor(s) do not appear
to function via the respiratory chain since cyanide has

no affect on S-150 stimulation.

The low molecular weight activator(s) may regulate
mitochondrial protein synthesis in a variety of ways. The
activator(s) may enter the mitochondria and stimulate
transcription, translation, or both. Alternatively, the
activator(s) may act indirectly by binding to a membrane
receptor which leads to an increase in transcription and/or
translation. These possibilities are currently being

investigated in our laboratory.
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IV. Control of Yeast d M ian Protei

Synthesis by Cyvtoplasmic Factors

A. Introduction

The biogenesis of the mitochondrial inner membrane
requires the synthesis of proteins at 2 intracellular
sites: 1 cytoplasmic; 1 mitochondrial. A mechanism must
exist to coordinate the synthesis of proteins at the 2
distinct intracellular sites such that mitochondrial forma-
tion occurs in an orderly manner. Previous studies in yeast
using selective inhibitors of cytoplasmic and mitochondrial
protein synthesis have suggested that cytoplasmically syn-
thesized proteins may control mitochondrial protein syn-
thesis both in vivo (118,194-196) and in vitro (194) and
that this control may occur by either stimulation of chain
initiation or increased formation of mitochondrial mRNA's
(197). Protein synthesis by yeast mitochondria in vitro
was reported stimulated by addition of a high-speed cyto-
plasmic supernatant from yeast (198). This effect is not
species—-specific, as protein synthesis in vitro by isolated
yeast mitochondria could be stimulated markedly by post-

polysomal supernatants from either E. coli, rat liver, or

yeast (226). However, stimulation of yeast mitochondrial
protein synthesis by all of these high speed supernatants

may be due to the presence of non-dialyzable GMP which is
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converted to GDP (or GTP) during the incubation in the
protein-synthesizing medium (227). We have confirmed that
GTP stimulates yeast mitochondrial protein synthesis in
vitro, but found that addition of a post-polysomal super-
natant from yeast doubles the rate of mitochondrial protein
synthesis in the presence of optimal concentrations of
GTP (235). Data presented here indicate that high-speed
supernatants from rat skeletal muscle and liver also stimu-
late yeast mitochondrial protein synthesis in the presence
of GTP. In addition, evidence has been obtained to suggest
the control of protein synthesis in liver mitochondria by
cytoplasmic proteins.

B. Methods

1. Preparation of Mitochondria

Yeast mitochondria were prepared as in S ection IIIB2.
Skeletal muscle mitochondria were prepared as in (236) or
from mechanically homogenized muscles (237). Rat liver
mitochondria were prepared in 0.2 Mmannitol, 0.07 M sucrose,
10nM Hepes (pH 7.7), and 2 mM EDTA asin (238).

2. In Vitro Mitochondrial Protein Synthesis

The incubation mixture for yeast mitochondrial
protein synthesis in wvitro was modified (198) to contain
20 nmol/ml of L-leucine, 1 mg/ml of bovine serum albumin

and, where indicated, 0.5 mMGTP. Protein synthesis was
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initiated by addition of mitochondria and was determined

by the incorporation of L-/4,5-3H/leucine (0.04 mCi/ml,

55.9 Ci/mmol) into trichloroacetic acid-precipitable protein
(219). Amino acid incorporation by either skeletal muscle
or liver mitochondria was carried out as in (237). Where
indicated, cycloheximide (0.5 mg/ml in 0.85 g%NaCl) was
administered intraperitoneally from 2-24 h before sacrifice.

3. Preparation of Cytosolic Postpolysomal

Supernatants (S-140)

Rat skeletal muscles were excised and homogenized
with a Brinkmann Polytron homogeniéer in buffer D (10 mM
potassium phosphate, pH 7.4, 1 mM EDTA, 10% glycerol,
1M PMSF, and 1 mMTLCK). Immediately after sacrifice, rat
livers were perfused via the vena cava with ice-cold 10 mM
potassium phosphate, pH 7.4, 130 mM NaCl, 1mM EDTA to remove
erythrocytes, followed by homogenization in buffer D. The
post-mitochondrial supernatant from the homogenates was then
centrifuged for 90 min at 140,000 x g. The upper 60-70%
of the supernatant was dialyzed 15 h in Spectrapore tubing
(M,~cutoff 3500) against 10 mM potassium phosphate, pH 7.4,
10% glycerol. The dialyzed S-140 was concentrated by treat-
ing the intact dialysis bag with Sephadex G-50, then frozen

with liguid nitrogen, and stored in aliquots at =-70°.

Yeast S-140 fractions were prepared as in Section IIIB3,
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C. Results and Discussion

1. Effect of GTP on Protein Synthesis In Vitro

by Yeast and Mammalian Mitochondria

The effect of exogenous GTP on the rate of protein
synthesis in vitro was compared in yeast and mammalian
mitochondria (Table VIII). Addition of 10-1000 uM GTP to
the incubation medium stimulated yeast mitochondrial protein
synthesis > 3-fold. A marked effect was observed at 10 uM
of GTP with the maximum stimulation observed at 100 uM.

By contrast, addition of these same concentrations of GTP
had almost no effect on the rate of protein synthesis by
either rat liver or skeletal muscle mitochondria. At most,
a marginally significant increase was observed. Perhaps,
mammalian mitochondria have a larger endogenous pool of
guanine nucleotides in comparison with yeast mitochondria.
Alternatively, yeast mitochondria may suffer a greater
loss of nucleotides during preparation.

2. Effect of Postpolysomal Supernatants from Yeast,

Rat Liver, and Skeletal Muscle on Protein

Synthesis In Vitro by Yeast and Rat Mitochondria

In (226) the stimulation of yeast mitochondrial
protein synthesis by addition of postpolysomal supernatant
fractions isolated from E. coli, rat liver, and yeast was

observed in a medium lacking exogenous GTP. As shown in
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Table VIIX

Effect of GTP on Protein Synthesis In Vitro by Yeast

and Mammalian Mitochondria

Protein Synthesis?®

Source of

Mitochondria Control 10 uM GTP 100 uwM GTP 1 mM GTP
Yeast 58 181 227 192
Rat Skeletal Muscle 5.5 —— 6.1 ——
Rat Liver 10.0 10,2 11.2 12.5

@Incorporation rate is picomoles of leucine incorporated/
mg of mitochondrial protein/40-min incubation. Protein
synthesis in isolated mitochondria was determined as des-
cribed in Section IVB. Values shown are representative of
an experiment which was repeated two times.
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Table IX, addition of an S-140 from either rat skeletal
muscle, rat liver, or yeast significantly stimulated yeast
mitochondrial protein synthesis in the presence of 0.5 mM
GTP., S-140 from rat liver increased the incorporation rate
in vitro more effectively than the S-140 from yeast. Pro-
tein synthesis in the presence of added S-140 fractions was
97% chloramphenicol-sensitive, indicating its mitochondrial
origin.

While most efforts have focused on the cytoplasmic
control of yeast mitochondrial protein synthesis, some
studies have suggested a similar control of protein syn-
thesis in rat liver mitochondria. Therefore, we investi-
gated the effect of addition of cytoplasmic S-140 fractions
on the rate of mammalian mitochondrial protein synthesis.
In contrast to the above data, addition of an 5-140 fraction
from either E. coli, yeast, rat skeietal muscle, or rat
liver failed to stimulate rat liver mitochondrial protein
synthesis in vitro (not shown). Similarly, addition of an
$-140 fraction isolated from regenerating rat liver, in
which the rate of mitochondrial protein synthesis is increased,
was without effect. All attempts to stimulate rat skeletal
muscle mitochondrial protein synthesis by addition of S-~140

fractions were unsuccessful.
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- Table IX

Cytoplasmic S-140 Fractions from Yeast, Rat Liver, and Skeletal Muscle

Stimulate Protein Synthesis In Vitro by Yeast Mitochondria

Addition to : Incorporation Rate?
Mitochondria —_—
Expt. 1 Expt. 2 Expt. 3
‘Activity % Stim. Activity % Stim. Activity % Stim.
GTP (Control) 192 *+ 10.9 141 + 6.4 91.5 * 2.6
GTP + S-140 (Yeast) 379 + 33.2 97 204 + 21.6 45 6l

GTP + S-140 (Skeletal
Muscle) 265 + 14.8 38 -

GTP + S-140 (Rat Liver) 243 £ 7.4 72

223  + 9.0 144

@Incorporation rate is picomoles of leucine incorporated/mg of mitochondrial
protein/40-min incubation. Protein synthesis in isolated mitochondria was
determined as described in Section IVB. Values shown and the meansiS.E. for each
experiment. Where indicated, 1.0 mg of S-140 fractions were added to the incubation.
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3. Rat Liver Mitochondrial Protein Synthesis

In Vitro After In Vivo Cycloheximide Treatment

The effects of cycloheximide administration to rats
upon RNA and protein synthesis provided another approach to
the cytoplasmic control of mammalian mitochondrial protein
synthesis (239-242). After administration of cycloheximide,
the synthesis of total mitochondrial protein, >' 90% of
which is cytoplasmically synthesized, was inhibited at 2 h
followed by a recovery phase during which an actual stimu-
lation was observed at 24 h. Here, the rates of liver mito-
chondrial protein synthesis in vitro were measured at several
time intervals after the administration of cycloheximide

in vivo (Fig. 16). A 30-40% decline in the incorporation .

rate was evident 2 h after injection and was still observed
after 16 h; however, by 24 h after cycloheximide treatment,
the ability of liver mitochondria to synthesize protein

in vitro had increased slightly above the control level.

These results suggest that inhibition of cytoplasmic trans-
lation may lead to a decrease in the rate of mitochondrial
protein synthesis. Restoration of the rate of cytoplasmic
protein synthesis after the metabolism and excretion of
cycloheximide may then\be followed by return of the rate

of mitochondrial protein synthesis to control levels or

higher.
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Figure 16

Effect of cycloheximide administration in wivo upon liver
mitochondrial protein synthesis in vitro. Cycloheximide
(2.5 mg/kg) was injected intraperitoneally at the indi-
cated times prior to sacrifice. Protein synthesis in
vitro by rat liver mitochondria was determined as in
Section IVB. The data shown represent the mean values and
ranges of 2 separate experiments.
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4. Dose Dependent Effects of

Cyvcloheximide Treatment

The effect of cycloheximide administration in vivo
was dose~dependent when the rate of liver mitochondrial
protein synthesis in wvitro was examined 2 h and 18 h after
injection (Table X). A maximum inhibition of 30-40% was
observed at either time.

5. Effect of Liver Cvtoplasmic S-140 Fractions from

Control and Cvcloheximide—-Treated Rats upon

Protein Synthesis by Isolated Yeast Mitochondria

The above experiments with cycloheximide suggest
a control of rat liver mitochondrial protein synthesis by
cytoplasmically synthesized proteins; however, no direct
stimulation of mammalian mitochondrial protein synthesis
could be demonstrated after addition of S-140 fractions.
Thus it was of interest to determine the stimulatory effect
of high-speed supernatants from cycloheximide~treated rats
on the rate of protein synthesis in vitro by isolated yeast
mitochondria.( The $-140 fractions were prepared from rat
livers after intraperitoneal injection of cycloheximide
at the times indicated in Fig. 16 and tested for their
ability to stimulate protein synthesis (Table XI). All
the S-140 fractions tested increased the incorporation

rate in isolated yeast mitochondria; however, the stimulatory



116

Table X

Effect of Dosage Level of Cycloheximide Administered
In Vivo Upon Liver Mitochondrial Protein Synthesis

In Vitro

Cycloheximide Hours After Incorporation % of

(mg/kg) Injection Rate® Control

0] 2 26,7 + 1.1 100.0
2.0 2 22.0 + 0.8 82.3
10.0 2 21.3 * 2.1 79.6

100.0 2 15.6 + 1.6 58.3
0 18 30.4 + 3.5 100
1.25 18 26.1 + 0.8 85.8
2.50 18 21.3 + 1.3  70.1

@Incorporation rate is picomoles of leucine incor-
porated/mg of mitochondrial protein/incubation. The
indicated dose of cycloheximide dissolved in physiological
saline was injected intraperitoneally at 2 or 18 h prior
to sacrifice. Protein synthesis by isolated yeast mito-
chondria was determined as described in Section IVB.
Values shown are the meansitS.E. of a representative
experiment which was repeated two times,
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Table XI

Effect of Liver Cytoplasmic S$-140 Fractions From Control
and Cycloheximide-Treated Rats Upon Protein Synthesis

In Vitro by Yeast Mitochondria

Treatment of Incorporation % Stimulatory
Yeast Mitochondria Rate? Activity
No addition 91.5 + 2.2 -

Plus S-140 ' 223 + 7.6 100

I

Plus S-140 2 h after

Cycloheximide 185 + 6.1 70
Plus S-140 16 h after

Cycloheximide 185 + 8.8 70
Plus S-140 24 h after

Cycloheximide 168 + 5.5 57

QIncorporation is picomoles of leucine incorporated/
mg mitochondrial protein/40-min incubation. Protein
synthesis in wvitro by isolated yeast mitochondria was
determined as described in Section IVB. Rat liver 5-140
fractions (1.0 mg) were prepared from animals sacrificed
at the stated time after intraperitoneal administration of
cycloheximide (2.5 mg/kg). Values shown are the meansiS.E.
of a representative experiment which has been repeated
three times.
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ability of S-140 fractions isolated from rats 2-24 h after
ycloheximide treatment was decreased compared with the
control. These results suggest that the inhibition of cyto-
plasmic translation in rat liver by c¢ycloheximide may result
in decreased levels of factors present in the cytosol

which stimulate yeast mitochondrial protein gynthesis in
vitro.

These results indicate that high-speed supernatant
fractions obtained from both rat liver and skeletal muscle
can significantly stimulate protein synthesis by isolated
yeast mitochondria in the presence of optimal concentrations
of GTP. Furthermore, these results do not support the con-
clusion that stimulation of protein synthesis in isolated |
yeast mitochondria by high-speed supernatant from different
organisms is solely due to guanine nucleotides (227). More-
over, cycléheximide administration in vivo resulted in
decreased ratesof protein synthesis in yvitro by rat liver
mitochondria. This decrease could be correlated with a
diminution in the ability of the supernatant fractions to
stimulate yeast mitochondrial protein synthesis. Despite
these indications of a cytoplasmic regulation of mammalian
mitochondrial protein synthesis, no stimulation of the latter
by addition of S-140 fractions was observed. Perhaps, isolated

liver mitochondria contains a sufficient pool of the
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stimulatory factor(s) and hence do not require additional
stimulatory factor(s) during the course of the incubation.

In support of this, rat liver mitochondria synthesize
proteins at a linear rate of 40-60 min in vitro (243); while
protein synthesis by yeast mitochondria in vitro ceases after
20-30 min (198,226,235).

We have purified a low molecular weight fraction from
yeast that stimulates protein synthesis'by isolated yeast
mitochondria (235). The possibility that a similar stimu~
latory factor(s) is present in rat liver supernatants is

intriguing.
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V. Effect of Temperature on Protein Synthesis and

Leucine Transport by Yeast Mitochondria

A. Introduction

Studies on the temperature dependence of membrane-bound
enzymes and transport systems, in a variety of organisms,
have shown discontinuities in the Arrhenius plots with an
increase in activation energy at lower temperatures (244-250).
The breaks in the Arrhenius plots have been shown by many
physical techniques including electron spin resonance (251,
252), fluorescence probing (253,254), differential scanning
calorimetry (255,256), and X-ray diffraction (257) to be
paralleled by thermotropic phase transitions in the lipid
bilayer. Studies in which the fatty acid composition of
membrane lipid in E. coli (244,245,250,258,259) and

S. cerevisiae (260-262) have been manipulated have shown

that the break temperature in Arrhenius plots correlated
well with the degree of lipid unsaturation.

The activities of mammalian and yeast mitochondrial
respiratory chain complexes such as NADH oxidase, succinate
dehydrogenase, and the cytochrome b-c, complex have also
been reported to show discontinuities in Arrhenius plots
(248,250,260~-265). Towers et al. (266) reported breaks

in the Arrhenius plots of in vitro rat liver mitochondrial

protein synthesis from which they concluded that there is a
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physical association between mitochondrial ribosomes and
the inner membrane. Similar results for in vitro yeast
mitochondrial protein synthesis were subsequently reported
by Marzuki et al. (264). Uptake of the radiolabeled amino
acid into isolated mitochondria was not investigated in
either study. Hence, it is possible that the transport of
the amino acid was rate-limiting for protein synthesis and
that changes in this process with temperature led to the
observed breaks in the Arrhenius plots.

We have investigated the temperature dependence of
yeast mitochondrial protein synthesis both in wvivo and in
an optimized in vitro system. Similar breaks in the Arrhenius
plots have been observed in both cases. Furthermore, mito-,
chondrial translation products labeled in vivo below the
apparent transition temperature of the inner mitochondrial
membrane were shown to be inserted into the membrane.
Leucine uptake does not appear rate-limiting for mitochondrial
protein synthesis; however, the rate of leucine uptake is
greatly stimulated by protein synthesis. In contrast to
the reported energy-independent uptake of neutral amino
acids by rat liver mitochondria (267-270), yeast mito-
chondria take up leucine rapidly only in the presence of
an energy source. Valinomycin and carbonyl cyanide m¥

chlorophenyl hydrazone (CCCP) both inhibit uptake under
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conditions where matrix ATP is high, suggesting that leucine
import requires a membrane potential and may occur by active
transport.

B. Materials and Methods

1. Growth of Yeast and Amino Acid

Incorporation Studies

The haploid strains, KL1l4-4A and D273-10B, were
grown aerobically in 3% galactose and harvested in the late
log phase of growth, as described previously
(271) . Yeast mitochondria were prepared
from strain KL14-4A as in (235) for in vitro protein syn-
thesis experiments and amino acid uptake studies. Iso-
lated yeast mitochondria (1.0 mg of protein/ml) were .
incubated in a protein-synthesizing mixture (272) with
the following modifications. The incubation mixture, pH
7.2, contained 20 nmol/ml of leucine, 0.3M mannitol, bovine
serum albumin (1 mg/ml), and 0.5mMGTP. 1In experiments
determining the kinetics of protein synthesis, 1 ml of
protein-synthesizing mixture was incubated in a 25 ml
Erlenmeyer flask and aerated by gentle shaking at the
indicated temperature. Protein synthesis was initiated
by addition of mitochondria and aliquots containing 0.1 mg
of protein were removed from the incubation at indicated

times and protein synthesis determined by the incorporation
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of L/Z,5-3H/leucine (55.9 Ci/mmol) into trichloracetic acid
(TCA) precipitable protein, as previously described (219).
To determine the temperature dependence of protein synthe-
sis, the incubations were usually run at 4 different
temperatures for each mitochondrial preparation, using Gyro-
tory shakers with an accuracy of iQ.SO. The protein syn-
thetic rate was calculated from the linear part of the
incorporation curve. To combine the results of several
individual experiments in one figure, the results have been
normalized to the incorporation rate of 28° of a representa-
tive experiment. The actual incorporation rate at 28°
ranged in different experiments from 47 to 107 pmoles per

10 min per mg of mitochondrial protein. The curves of
Figures 20 and 22 were obtained by using the method of

least squares to fit the data.

2. Leucine Uptake Into Mitochondria

The uptake of radioactive leucine into isolated
mitochondria was studied in the same incubation medium
used for protein synthesis. Aliquots containing 50 to
100 ug of mitochondrial protein were removed at various
time intervals and filtered on Millipore filters (2.5 cm,
0.45 uM pore size) which had been presoaked in 10 mM
unlabeled leucine to minimize nonspecific binding to the

filters. The filters were immediately washed 2 times with



124

5 ml of ice cold 0.3 MKC1l, before air drying and counting
(273). The zero time values were taken as blanks and sub-
tracted from all other values. The nonspecific binding
did not exceed 0.04% of the total radioactivity added to
the filter. Studies on the temperature dependence of
leucine uptake were perforﬁed as described for protein
synthesis.

Respiratory chain substrates, ATP, phosphoenoclpyruvate
(p~enolpyruvate) and inhibitors were added in the concen-
trations indicated in the legend of Table XIII. For
studies on the energy requirements of leucine uptake, mito-
chondria were preincubated for 2 min at 28° in the incuba-
tion medium, before starting the reaction by addition of
radioactive leucine. Chloramphenicol (200 ug/ml) was added
to block completely protein synthesis. Aliquots were removed
after 8 min and uptake determined as described above.

3. Estimation of the Mitochondrial Free Leucine Pool

Isolated mitochondria were incubated at either 7°
or 28° in the protéin synthesis incubation medium described
above. After 9 min of incubation chloramphenicol in an
ethanolic solution was added to a final concentration of
200 ug per ml. The incubation was continued for another
minute and 100 ul aliquots were then withdrawn and processed

for leucine uptake or TCA precipitable protein. At the same
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time, to estimate the free intramitochondrial leucine pool,
100 ul aliquots were removed, filtered on Millipore filters
and washed twice with 5 ml of ice cold 0.3 MKCl. Filters
were then immediately placed into 20 ml glass beakers con-
taining 1 ml of ice cold 0.2 N perchloric acid (PCA). The
be akers had been treated previously with Glas-Treet (All-
tech Associates) to reduce binding of leucine to the glass.
The filters were then cut into small pieces; after 30 minutes,
the PCA was poured off and the filfer pieces washed with

1 ml of 0.2 NPCA. The combined acid extracts were centri-
fuged for 10 minutes at 15,000 x g, and aliquots of the acid
supernatant counted. Nonspecific binding of leucine to the
Millipore filters, as calculated from zero time points at
7° and 28° was subtracted from the free leucine pool and
total leucine uptake measurements.

4, Protein Synthesis In Vivo

To determine the temperature dependence of mito-
chondrial protein synthesis in vivo, yeast cells were pulse
labeled with [T358_7methionine in presence of cycloheximide
(221) for 4 and 8 minutes at 0°, 5°, 109, 15°, 20°, 25°, and
30°. The rate was calculated from the linear slope obtained.
Mitochondria and submitochondrial particles were isolated
after breaking the cells in a Bronwill shaker (221) and TCA~

precipitable radioactivity determined (219). Sodium
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dodecylsulfate gel (SDS) electrophoresis was performed in
10% acrylamide, gels stained with Coomassie Blue, dried
and autoradiographed as described previously (221).

5. Materials

Pyruvate kinase, chloramphenicol, cycloheximide
ATP, and p-enolpyruvate were obtained from Sigma Chemical
Company. Labeled L-/4,5-~3H/leucine (55.9 Ci/mmol) and
L-/355_ 7methionine (1000 Ci/mmol) was obtained from New
England Nuclear. Acrylamide, bisacrylamide, and TEMED
(N,N,N',N'-tetramethylethylenediamine) were from Eastman. Other
chemicals used were of the highest purity commercially
available.

C. Results

1. Temperature Dependence of Mitochondrial

Protein Synthesis In Vivo

The temperature dependence of yeast mitochondrial
protein synthesis in vitro has been used to study indirectly
possible associations between the inner mitochondrial mem-
brane and the protein synthetic system (264). To study

in vivo mitochondrial protein synthesis, yeast cells were

pulse labeled in the presence of cycloheximide at various
temperatures, mitochondria isolated, and the rate of pro-
tein synthesis determined. As seen in Figure 17, an

Arrhenius plot of protein synthetic activity shows a clear



127

°C
30 25 20 15 10 [ 0
T [} ] T T T T
~ a5}
T
o
€
T 40F
£
E
a
5
3 35fF
Q
P28
=2 30k
R
]
q
o 25 5
[+
-4
20 1 2 - ] J
33 34 35 36
% x 10”3
Figure 17

Arrhenius plot of mitochondrial protein synthetic activity
in vivo, 7Yeast cells were pulse labeled for 4 and 8 minutes
with /™35S_7methionine in the presence of cycloheximide,
mitochondria isolated, and the rate of TCA precipitable
radiocactivity determined as described in Section Vg. Each
value represents the mean of two experiments. The numbers
on the graph are activation energies expressed as Kcal/mole.
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break at 10-12°.

2. Electrophoretic Analysis of Mitochondrial

Translation Products Labeled Below the

Transition Temperature of the Membrane

It was possible that only incomplete polypeptides
were synthesized by mitochondria in vivo at temperatures
below the transition temperature of the membrane. To
investigate this possibility, yeast mitochondrial trans—
lation products were labeled in vivo at 7° and 30°, then
analyzed by SDS polyacrylamide gel electrophoresis which
was followed by autoradiography. The gel pattern obtained
reveals that the two strains of yeast have the ability to
synthesize exactly the same translation products at 7° as
at 30° (Fig. 18).

To determine if the mitochondrial translation products
synthesized at low temperatures were indeed inserted into
the membrane, mitochondria were isolated from cells labeled
at 5°9, sonicated, and separated into membrane and soluble
fractions. SDS gel electrophoresis of the membrane fraction
revealed the normal mitochondrial translation products; the
small percentage of TCA precipitable counts present in the
supernatant did not migrate as complete polypeptides after
gel electrophoresis (data not shown). These results sug-

gest that yeast mitochondria can synthesize complete
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Figure 18

Electrophoretic analysis of mitochondrial translation
products labeled at different temperatures. Yeast cells
were labeled in the presence of cycloheximide at 7° and
30° for the times indicated as described in Section VB.
Lane 1, strain KL1l4-4A labeled at 7© for 7 min. Lane 2,
strain D273-10B labeled at 7° for 7 min. Lane 3, strain
KL14-4A labeled at 30° for 3 min. Lane 4, strain D273-10B
labeled at 30° for 3 min.
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translation products and insert them into the membrane at
temperatures below the transition temperature.

3. Temperature Dependence of Mitochondrial

Protein Synthesis In Vitro

Since uptake of the radiolabeled methionine into
whole yeast cells occurs via a membrane transport system,
it is possible that changes in the specific activity of
the cytosolic methionine pool with temperature may have
affected the observed rate of in vivo mitochondrial protein
synthesis. Therefore, we investigated the temperature de-
pendence of mitochondrial protein synthesis using an opti-
mized in vitro system. Figure 19 shows that amino acid
incorporation at 28° was linear for about 8 min, after which
time the rate was slower (226,235). The observed incor-
poration rate at 28° was 10.7 pmoles leucine per min per
mg of mitochondrial protein and was inhibited 97% by chloram-
phenicol indicating its mitochondrial origin. At lower
temperatures there was a short time lag before the incor-
poration rate became linear. This lag may reflect the time
required at lower temperatures for the uptake and equili-
bration inside the mitochondrial matrix of externally sup-
plied nucleotides and amino acids. The Arrhenius plot of
amino acid incorporation shows a clear break at 11-13°

with an increase in activation energy from 19.50 Kcal/mole
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Figure 19

The kinetics of in vitro yeast mitochondrial protein syn-
thesis at different temperatures. Isolated yeast mito-
chondria (1.0 mg per ml) were 1ncubated in a prote:.n—
synthesizing mixture at (0) 28°; (o) 20°; (A) 16°; (T3)
13°; (4) 10°; (m) 7°. Aliquots contalnlng 0.1 mg of
mitochondrial protein were removed at the times indicated
and the amount of newly synthesized protein was determined
as described under Section VB,
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above the break to 41.94 Kcal/mole below (Fig. 20). There-
fore, yeast mitochondrial protein synthesis shows biphasic
Arrhenius plots both in vitro as well as in vivo with an
identical transition temperature.

4, Temperature Dependence of Leucine Uptake

Into Mitochondria

To calculate protein synthetic rates in isolated
mitochondria, one usually assumes that the added labeled
amino acid equilibrates rapidly with the intramitochon-
drial pool of the amino acid. If the external pool of the
amino acid is much larger than the intramitochondrial pool,
then incorporation rates are derived from the specific
activity of the édded labeled amino acid. At lower tempera-
tures, however, the uptake of the label, in this case leu-
cine, may be rate limiting for protein synthesis. Therefore,
breaks in Arrhenius plots of mitochondrial protein syn-
thesis in vitro might reflect membrane mediated transport
of leucine into mitochondria rather than protein synthesis.
To investigate this possibility, the rate of leucine uptake
into isolated mitochondria was studied at various tempera-
tures.

The uptake of ZTBH_7leucine was linear for almost 8 min
at 28O with an observed rate of 14.2 pmoles per min per mg

of protein (Fig. 21). At lower temperatures, the uptake
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Arrhenius plot of in vitro mitochondrial protein synthe-—
sis. Isolated mitochondria (1.0 mg/ml) were incubated
in a protein-synthesizing mixture and the incorporation
rate determined as described under Section VB. To com-
bine the results of several experiments, the rates were
normalized to 28°. The numbers on the graph are activa-
tion energies expressed as Kcal/mole,
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Figure 21

Kinetics of uptake of [TBH_71eucine into mitochondria at
different temperatures. Isolated mitochondria were in-
cubated at (&) 28°; (0) 20°; (4) 10°; and (R) 4°, as
described in Section VB. Aliquots were removed at the
indicated times and filtered on Millipore filters prior
to counting as described in Section VB.
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was linear for at least 16 min; however, no lag in uptake
was observed at any temperature. In each experiment, the
-rate of leucine uptake at 28° was usually 30-60% higher
than the rate of leucine incorporation into TCA-precipitable
protein. Figure 22 shows the Arrhenius plot of leucine
uptake rates. Accurate measurements of uptake were more
difficult to obtain at lower temperatures because of the

low rates of uptake; however, the data suggest a break at
10-13°. This temperature range agrees well with the ob-

served break in both in vitro and in vivo mitochondrial

protein synthesis.

5. Leucine Uptake Is Dependent on Protein Svnthesis

One cannot determine from the data in Figures 21 \
and 22 whether or not leucine uptake regulates protein
synthesis. Figure 23 shows, however, that the rate of
leucine uptake is markedly dependent on protein synthesis.
Uptake was decreased at least 5~fold in the presence of
sufficient chloramphenicol to block 97% mitochondrial pro-
tein synthesis. These results suggest that the intramito-
chondrial pool of leucine is very small relative to the
amount of leucine incorporated into protein during the
incubation.

The data of Table XII indicate that, although the

rate of uptake of leucine at 7° is 10% of that at 289,
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Arrhenius plot of / >H_7leucine uptake into mitochondria.
Isolated mitochondria were incubated and the rate of
uptake determined as described under Section VB. To
combine the results of several experiments, the rates
were normalized to 28°. The nunbers on the graph are
activation energies expressed as Kcal/mole.
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Kinetics of / °H 7leucine uptake into mitochondria in the
presence (200 ug/ml) and absence of chloramphenicol. Iso-
lated mitochondria were incubated at 28° with (@) or
without (0) chloramphenicol as described in Section VB.
Aliquots were removed at the indicated times and filtered
on Millipore filters prior to counting as described in
Section VB.
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Table XIT

Comparison of Leucine Uptake, Amino Acid Incorporation,

and Leucine Pools as a Function of Temperaturea

Measurements at Counts min~img—1
Different Temperatures

o) o

7 28
Leucine Uptake 32,700 + 5820 330,000 * 19400
Free Leucine Pool 22,100 + 9610 33,300 *+ 13700

TCA-Precipitable Protein 10,800 £ 1020 257,000 #* 15200

Total Leucine (calculated) 32,900 290, 000

2Yeast mitochondria were incubated as described under
Section VB. Values shown are the meanstS.D, of a repre-
sentative experiment which was repeated 3 times. Total
leucine was calculated by adding free leucine pool and
TCA-precipitable protein measurements.
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the free leucine intramitochondrial pool, as estimated by
recovery of non-TCA-precipitable radioactive leucine, is
equivalent at the two temperatures. The observed differences
in the free leucine pool are not statistically significant.
The sum of leucine incorporated into TCA-precipitable
protein and the free leucine pool is close to the total
uptake value measured by Millipore filtration, as expected.
These results suggest that during the incubation the

specific activity of intramitochondrial leucine pools is
similar above and below the transition temperature of the

@ Therefore, it is unlikely that breaks in Ar-

membrane .
rhenius plots of mitochondrial protein synthesis in wvitro
are caused by the temperature dependence of leucine uptake.,
If one assumes that after 9 min of incubation at 28° there
has been‘equilibration of the intramitochondrial leucine
pool with external leucine, then the internal pool size

is in the range of 14-30 pmoles per mg of mitochondrial
protein. The lower limit is estimated from the free leu-
cine pool measurements; the upper limit from the difference

between total leucine uptake and leucine incorporated into

TCA~precipitable protein. These values are consistent with

8Attempts were made to directly measure the leucine
pools of mitochondria isolated from the incubation medium
by Millipore filtration, using a sensitive fluorometric
amino acid analyzer; results were inconclusive apparently
because of the low leucine content of mitochondria relative
to the background leucine levels.
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the 30 pmoles of leucine per mg of mitochondrial protein
equilibrated within the mitochondria during the incubation
in chloramphenicol (Fig. 23).

6. Leucine Uptake Into Mitochondria Is Inhibited

by Valinomycin and CCCP

Addition of the ionophore valinomycin and the
uncoupler CCCP to the incubation medium inhibited leucine
uptake into mitochondria when protein synthesis was com-
pletely blocked by chloramphenicol (Table XIII). At a 5 uM
concentration of CCCP uptake was inhibited 36%; at 15 uM
there was 79% inhibition. The high concentratioﬁ of CCCP
required for inhibition may result from the presence in the
incubation medium of 100 uM cysteine which has been reported
to activate CCCP (274). The ionophore valinomycin, which
causes breakdown in the membrane potential in the presence
of K+, inhibited leucine uptake 76%. Furfhermore, omission
of respiratory chain substrates and the ATP regenerating
system led to a 93% inhibition of uptake.

Inhibition of leucine uptake by valinomycin and CCCP
suggests that the transport of this amino acid into the
mitochondria requires a membrane potential. However, the
inhibition might result from a decrease in intramitochondrial
ATP due to the increased activity of the oligomycin-sensi-

tive ATPase (275) after the breakdown of the membrane
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Table XIIT

Effect of Energy and Inhibitors on Uptake of [TGH_71eucine

Into Mitochondria®

pmoles of leucine

System uptake min_lmg'l
Expt. 1 ,
Complete 1.33 *+ 0.29
Complete + Valinomycin 0.251 #* 0.19
Complete minus ethanol, '

p—~enolpyruvate, and ATP 0.096 + 0.12
Expt. 2
Complete 1.67 + 0.07
Complete + Valinomycin 0.40 * 0.16
Complete + Valinomycin +

Oligomycin 0.44 + 0.18
Complete + CCCP (5 uM) 1.08 + 0.26
Complete + CCCP (15 uM) 0.35 + 0.19

@The complete system consisted of the protein-synthesiz-
ing mixture described under Section VB, mitochondria (1.0
mg/ml), 5mMethanol, and 200 ug/ml of chloramphenicol.
Mitochondria were incubated for 8 min at 28°, aliquots
removed, and uptake determined as described under Section VB.
The concentration of various substances were: valinomycin,
5 uM; oligomycin, 10 uM; ATP, 2 mM; p-enolpyruvate, 5 mM.
Values shown are the meanstS.D. of representative experi-
ments.
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potential. Therefore, if ATP was the direct energy source
for uptake, oligomycin should reverse the inhibition by
preventing hydrolysis of ATP that enters the mitochondria.
Furthermore, since ADP/ATP exchange is electrogenic, ATP
entry into mitochondria will be favored by the absence of
a membrane potential such that ATP levels in the matrix
are higher in the presence of valinomycin and oligomycin
than in their absence (276). Table XIII shows that oligo-
mycin and valinomycin inhibited the rate of leucine uptake
to the same extent as valinomycin alone, suggesting that the
menbrane potential is the direct energy source for leucine
uptake and that leucine transport may occur via an active
transport mechanism.

D. Discussion

Mitochondrial membrane-bound enzymes and transport
systems are directly influenced by phase transitions in
the phospholipid bilayer, as seen by changes in activation
energies below the transition temperature of the membrane.
Isolation of mitochondrial ribosomes in good yield requires
conditions that partially solubilize mitochondrial membranes
(197,277,278), suggesting that ribosomes are physically

s

associated with the inner ﬁembrane. Marzuki et al. (264)

observed the transition temperature of Arrhenius plots of

in vitro yeast mitochondrial protein synthesis to vary with
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the unsaturated fatty acid content of mitochondria. They
concluded that mitochondrial ribosomes are associated with
a lipid environment similar to that of the respiratory

chain complexes. The results reported in this study also
indicate that yeast mitochondrial protein synthesis exhibits
a break in the Arrhenius plot at 10-13°, both in vivo and

in vitro. Furthermore, leucine transport into mitochondria
does not appear to be rate-limiting for protein synthesis,
suggesting that the uptake of the labeled leucine did not
cause the observed temperature dependence of protein syn-
thesis. However, other membrane-associated processes such
as the uptake of externally supplied ATP into the mito-
chondrial matrix or alternately the synthesis of ATP by the
respiratory chain may be rate-limiting for protein synthe-
sis and contribute to the observed temperature dependence.
Hence, we can only conclude that there is a functional asso-
ciation between the inner membrane and mitochondrial

protein synthesis.

The results presented here indicate that yeast mito-
chondria in vivo can insert complete mitochondrial trans-
lation products into the inner membrane at 50, albeit at a
slower rate. No labeled peptides were observed in the super-
natant after sonication of mitochondria previously labeled

at 50, suggesting that the translation products are inserted
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directly into the membrane. By contrast, transfer in
vitro of cytoplasmically synthesized precursor proteins
into a protease-resistant location in the inner mitochon-

drial membrane of Neurospora crassa mitochondria is

temperature—~dependent (279). At 0-4° the precursor to the
ATP/ADP carrier was observed bound to the mitochondria but
sensitive to protease digestion. After the incubation
temperature was raised, this protein was inserted into a
protease~resistant location in the membrane (279). The
differences between our in vivo results and those of these
workers may result from the difficulty in observing low
rates of protein insertion into membranes in vitro at tem-
peratures below the phase transition. Alternatively, the
insertion of mitochondrial translation products into the
membrane may occur by a different mechanism than that of
cytoplasmically synthesized proteins.

The present study indicates that leucine transport
into yeast mitochondria is tightly regulated by mitochondrial
protein synthesis. Thg rate of uptake was decreased at
least 5-fold in the presence of chloramphenicol, while in
the absence of chloramphenicol, the rate of uptake was
always slightly higher but comparable to the incorporation
rate of leucine into TCA-precipitable protein. Apparently,

the leucine utilized for protein synthesis is immediately



145

replaced by transport of more leucine into the mitochondria.
Although the rates of protein synﬁhesis differ greatly
with temperature, the intramitochondrial leucine pools are
small and similar at temperatures above and below the tran-—
sition temperature. Therefore, leucine transport does not
appear to be rate limiting for protein synthesis. Estimates
show that intramitochondrial free leucine pools are quite
small, 14-30 pmoles per mg of mitochondrial protein. Small
pool sizes would be expected from the strict dependence
of uptake on protein synthesis which suggests that intra-
mitochondrial leucine is used mainly for protein synthesis.
A uniport mechanism for neutral amino acid uptake into
rat liver mitochondria was suggested by the observation that
mitochondria swell in isosmolar solutions of neutral amino
acids (267,269,270). No apparent energy requirement for
swelling was observed. In addition, ATP, uncouplers, and
inhibitors of the respiratory chain had no effect on the
uptake of radiocactive L-leucine into rat liver mitochondria
(268). By contrast, the studies presented here on leucine
uptake into yeast mitochondria indicate that this process
requires energy. Uptake was inhibited in the presence of
CCCP or valinomycin, conditions under which the membrane
potential is dissipated. When the membrane potential was

low but matrix ATP levels high, uptake was also inhibited,
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suggesting that the membrane potential and not ATP is
required for transport of leucine. Moreover, omission of
respiratory chain substrates and ATP from the incubation

led to a complete inhibition, suggesting that leucine uptake
may occur via an active transport mechanism. The energy
requirement for yeast mitochondrial leucine transport may be
due to the relatively high uptake rate, 14 pmoles per mg per
min compared to that reported for rat liver mitochondria
(280) . The faster rates of yeast mitochondria leucine trans-
port may be due in turn to the much higher rates of protein
synthesis in yeast mitochondria compared with those of rat
liver mitochondria (281).

E. Concluding Remarks

Protein synthesis in eucaryotes is a complex multi-
step process which may be regulated in a variety of ways.
Experiments reported here have shown that cytoplasmic S-150
fractions from yeast, rat liver, and rat skeletal muscle can
stimulate yeast mitochondrial protein synthesis in vitro in
the presence of optimal concentrations of GTP. Physiological
relevance of this in vitro stimulation is suggested by the
correlation of in wvivo mitochondrial protein synthetic
activity in yeast and rats with S-150 stimulatory activity
in vitro (Tables III, XI). Furthermore, a low molecular

weight (4 2000) protein fraction purified from yeast
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postpolysomal supernatants has been found to stimulate the
synthesis of all mitochondrial translation products.

The mechanism by which the activator factor (s) work
is unknown; however, the cyanide insensitivity of the S-150
stimulatory activity suggests that mitochondrial electron
transport is not involved (Table VI). A possible mechanism
is suggested by evidence which indicates that protein syn-
thesis in reticulocytes in regulated by heme (see 282 for
review). When reticulocyte lysates are incubated in the
absence of added hemin, protein synthesis is shut off after
5 min. The inhibition is caused by the activation of‘a
heme—-controlled repressor which blocks polypeptide chain
initiation by phosphorylating subunit 2 of the initiation
factor eIF-2. Heme prevents the activation of the re;
pressor. In this regard, we have found that protein synthe-
sis by isolated mitochondria ceases after 20 min; however,
in the presence of the low molecular weight activator
fraction amino acid incorporation continued for 40 min.
Perhaps the low molecular weight yeast factor activates a
phosphatase which dephosphorylates a mitochondrial initia-
tion factor, thereby stimulating protein synthesis. Re-
cently, low molecular weight (1000-4000) peptide-like
factors have been implicated in insulin action (283-286).

Seals and Czech (285) have shown that binding of insulin
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to its receptor on isolated adipocyte plasma membranes leads
to production of a peptide-like second messenger which
activates pyruvate dehydrogenase in mitochondria. Kiechle
et al. have isolated a similar factor from insulin-treated
adipocytes and shown it to stimulate pyruvate dehydrogenase
by activating a phosphatase which dephosphorylates the
enzyme (286).

A possible role for heme in regulating mitochondrial
translation was first suggested by Beattie (287), who found
that inducers of heme biosynthesis stimulated mitochondrial
translation. Saltzgaber and Schatz (288) have observed that
heme-deficient yeast mitochondria synthesize normal amounts

of subunits II and III but greatly decreased quantities of .

subunit I, of cytochrome oxidase. In vivo studies by

Clejan et al. have shown a 33% decrease in mitochondrial
protein synthesis by heme-deficient yeast mutants (289).
Similarly, Kumar and Padmanaban (290) have found that

heme-deficiency in Neurospora crassa decreased mitochondrial

protein synthesis both in vivo and in vitro. In the absence
of hemin, N. crassa mitochondrial lysates ceased protein
synthesis within 5 min; as in reticulocyte lysates, hemin
addition led to a restoration of synthesis. Whether heme
regulation of mitochondrial protein synthesis occurs by a

heme-controlled repressor mechanism remains to be seen.
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The GTP stimulation of yeast mitochondrial protein
synthesis reported here (Figures 5, 6) and by Ohashi and
Schatz (227) is intriguing. No carrier protein which can
transport GTP into mitochondria is known to exist. The
poséibility that GTP exerts its stimulatory effect by
binding to a regulatory membrane receptor warrants further
investigation.

Recently, Dieckmann et al. (207) have utilized advances
in cloning and yeast transformation techniques to isolate
a nuclear gene which controls production of mature cyto-
chrome b mRNA. Similarly, O'Malley et al. cloned the
nuclear gene for the yeast mitochondrial adenine nucleotide
translocator (291). Rapid isolation and characterization
of nuclear genes coding for mitochondrial proteins should

greatly facilitate our understanding of mitochondria and

make this field an interesting one to follow.
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