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ABST RACT _

InyestigatiqQns were conducted into the mechanisms by
which mitochondrial protein synthesis is governed in tissues
of the rat. The historical perspectives leading to the
current state of understanding of the role of mitochdndrial
protein synthesis in the ovefall process of mitochondrial -
biogenesis are discussed. A particularly useful tool in
these investigations was the examination of the effects of
streptozotocin-induced diabetes mellitus upon mitochondria
from rat skeletal muscle and kidney. ' The rate of amino acid
incorporation in vitro by isolated muscle mitochondria from
diabetic animals was decreased by 50-80% from control v#lues.
Treatment of diabetic animals with insulin lowered blood
glucose levels to control values and restored the rate of
muscle mitochondrial protein synthesis in vitro.to control
levels. The rates of muscle mitochondrial protein synthesis
in vitro were decreased by 25% when the animalé wexe fasted
for two days. Comparison by dodecyl sulfate polyacrylamide
gel electrophoresis of the translation products synthesized
by isolated muscle mitochondria from control and diabetic
rats revealed a uniform decrease in the synthesis of all
poljpeptides in fhe latter. Auriﬁtficarboxylic acid and
pactamycin, inhibitors of peptide chain initiation, blocked
protein synthésis iﬁ'vitfo by muscle mitochondria to a
greater extent in contrels than in diabetics, suggesting that
diabetic muscle mitochondria are less able to initiate

protein synthesis than control muscle mitochondria.
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Phenotypic changes ohserved in di;betic muscle
mitochondria included a 36% decreaéé%in the content of
cytochrome éé3,and a-ZZ%'decreaée'in cytochrome é{ both ’
of which contain products of mitqchdndrial translationi
State 3 and uncoupler-stimulated respiration (with glutamate
as substrate) were both decreased by about 25% in diabetiq
mitochondria. By contrast, the specific activities of NADH
and succinate dehydrogenases, exclusively products of
cytoplasmic translation, were not decreased in muscle mito-
chondria from diabetic animals; the specific muscle content
of mitochondria was also unchanged in the diabetic. These
results suggest that the considerable éﬁscular atrophy
‘observed in diabetics may involve decreases in both cyto-
plasmic and mitochondrial proteih synthesis, the latter
reflected in profound differences in the respiratory chain.

By contrast with these findings, comparison of.kidney
mitochondria from control and diabetic rats revealed no real
differences in the rates of protein synthesis in_vitro,
cytochrome content, state 3 respiration, specific activity
of succinate dehydrogenase, and the recovery of mitochondria
from kidney homggenates: Kidney mitochondria are thus 1like
liver miﬁochondria in bheing relatively unaffected by insulin
deprivation. The translation product synthesized in vitro
by mitochondria from rat.kidney, liver, and skeletal muscle
are very similar to each other.

The close correlation between the effects of diabetes

mellitus. upon the rates of total cytoplasmic protein synthesis

-iy—-



in vivo ahd mitochondrial protein-synthesis in vitro
suggested that, as in lower eukaryctes, mitochondrial
protein synthesis may be governed by cytoplasmic trans-
lation products. This hypothesis was further investigated
by comparing the ability of cytoplasmic post-polysomal
supernates from control, diabetic, and cycioheximide treated’
animals to stimulate protein synthesis in vitro by isolated
rat muscle, rat liver, and yeast mitochondria. The results
of these experiments indicated some degree of support for
this hypothesis. All of these findings are discussed within
‘the context of the current picture of mitochondrial

biogenesis.
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I. INTRODUCTION

A. General Introeduction to Mitochondrial Studies

"It is a good thing for the emtire enterprise
[the eukaryotic cell] that mitochondria and
chloroplasts have remained small, consexrvative,
and stable, since these two organelles are, in a
fundamental sense, the most important living
things on earth. Between them they produce the
oxygen and arrange for its use. In effect, they
run the place." (1) '

The foregoing quote, penned by Lewis Thomas in 1972,
indicates a keen appreciation of the importance of mito-
chondria in eukaryotic cell function, a perspective based on
more than a century of histological and biochemical ohserya=-
tions by scores of scientists. Indeed, the history of mito-
chondriology is in many ways a synopsis of the development of
the science of biochemistry. Accordingly, the following
summary of the salient events leading to our current state of
knowledge will of necessity be highly abbreviated. Kolliker
(2) reported the observation of "sarcosomes" in skeletal
miscle as early as 1853. Pfliger demonstrated in 1872 that
axygen was consumed by all mammalian tissues, not just the
blood and lungs (3). Im 1886, MacMunn (4) reported the
presence of cellular pigments, which he termed "histohematins"
but which are now called cytochromes. 1In the early 1890s,
Altmann (5) developed methods for staining mitochondria; based
upon his observations of size, shape, and distrihution he
proposed that mitochondria were bacteria-like organisms living

autonomously within largexr cells.
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The period between 1910 ‘and 1940 yielded tremendous
adyances in the undergtanding of cellumlar energy production
and its relationship to,respiraticn; ﬁetween 1912 and 1923,
Wieland (6) investigated the role of dehydrogeneses in cell-
ular metabolism. Beginning at about the same time; Warburg

. (7) tackled’ the process of oxygen "activation" by respiratory
enzymes, showing that iron was involved and that respiration
wés inhibited by cyanide. 1In 1525; Keilin (8) reported the
independent rediscovery of the cellular pigments which he
renamed "cytochromes;" he examined their spectral changes
during respiration; Several years later; Warburg (9) demon-
strated the presence of heme in respiratory enzymes. In 1929,
Fiske and Subbarxow (10Q) reported the presence of ATP and
phosphocreatine in skeletal muscle. In 1931, Engelhardt (11)
demonstrated that phosphorylation of ADP and respiration were
coupled processes; During thevﬁeXt nine years,‘wérburg (12)
examined the role of"flavins and'pyridine nucleotides in
respiration and demonstrated that ATP formation and dehydro-
éenation were coupled; Xeilin (13) examined reconsﬁituted
electron transport in heart preparations; Davson and Danielli
advancéd the lipid bilayer membrane model (14); and Krehbhs
éé'ii* elucidated the urea cycle (15) and the tricarbpxylic

acid cycle (16). Between 1939 and 1941, Lipmann (17) examined

v

the role of ATP in cellular energy transfer.
The 1940s were a very productive decade. ' The dis-
_covery of cellular fractionation procedures by Claude

(18) led to his isolation of liver mitochondria (19);
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refinement of the isolation'procedures by Hogeboom, Schneider,
and Palade (20). led within a very short time to the demonstra-
tion by Kennedy and Lehninger that the mitochondrion was the
intracellulér locus of the Krehs cfdle}_the B~axidation of
fatty acids; and oxidative phosphorylation (21);

In the 1950s, Chance (22) and others; using difference
spectroscopy, Qere able to deduce thé sequence of‘carriers‘in
the electron transport'chain: Later; Green (23) postulated
that the electron-transport chain was composed of four lipid-
protein complexes; these were subsequently isolated and
studied by Hatefi‘é& éi; C24); In 1961; Mitchgll (25) prqposed
the chemiQsmotic mechanism of enerxgy coupling, a hypothesis
which specifically invoked the necessary participation of the
inner mitochondrial membrane;

As a result of the aforementioned reports and others
too numerous for individual citation, the following summary
of mitochondriai structure and functions has evolved:

1. Mitochondria from different species are

morphologically and biochemically different.
Even within a given individual animal,

there is tissue-~specific heterogeneity in’ .
mitochondrial ultrastructure and metabolic
capahilities (26).

2. The ofganelle conprises an outer membrane,

an intermgmhrane space;_an inner membrane,
and a central matrix. Eéch'of these com-~

ponents has distinct structural and metabolic



features. The total number of different
enzymes localized in .mitochondria is.over
one hundred (27}.

The mitochondrial matrix is the site of

dehydrogenation of pyruvate, fatty acids,

‘ketone bodies, most Krebs cycle intermediates,

and amino acids; yielding NADH (27).

NADH feeds electrons into the respiratory
chain, located in the inner membrane. The
process of electron transport leads to the
formation of an electrochemical proton
gradient across the inner membrane which can
be utilized to drive the phosphorylation

of ADP, and the uptake of Ca*+ zand many other
substances (28)..

Mitochondria also pg;ticipate in metabolic
pathways which may occur parfially in the
cytoplasm, including fatty acid biosynthesis,
ketogenesis, heme biosynthesis, and steroido-
genesis (28).

The respiratory chain can be separated into
four enzymatic complexes which transferx

electrons in the following manner (28):

compieé:f'eléétron‘donor' electron- acceptor
I " NADH Coenzyme Q (CoQ)
II - succinate CoQ
III CoQH2 cytochrome g.
v cytochrome ¢ 02
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B. The Qrigin of Mitochondria

The recognition of the metabolic importance of mito-
chondria naturally prompted inquiries into the processes
involved in their formatioﬂ; In 1950: Ephrussi and Sloninski
(29) reported that treatment of yeast cells with acriflavin
or ethidium bromide gave rise to so-called "petite" muténts
{(due to their slow growth, they fofmed'small colonies) lacking
cytochrome oxidase; these mutations were inherited in non-
Merdelian fashion. Within two years, Potter Eé él. (30) and
‘'Hogeboom and Schneider (31) independently reported the presence
of DNA in mitochondrial preparations; however; it wés more
than ten years before these observatidns became generally
accepted. DNA had also been reported to be present in
trypanosomal kinetoplasts (32) and in chloroplasts .(33, 34).

In the late 1950s, two groups of ihvestigatofs reported that
amino acids could be incorporated into proteins by isolated
mitochondria (35, 36); once agaiﬁ, it took severai years before
these findings were generally accepted.

' The presence of DNA in mitochondria was-confirmed by
electron microscopy (37] and autoradiography of cells labelled
with tritiated thymidine (38; 39); even more convincing were the
demonstrations that unique DNA molecules whose buoyant density
differed from that of nuclear DNA from the same species could

~ be isolated fiom mitochondria (40; 41); the less-dense mito-
chondrial DNA had a much higher A-T content than nuclear DNAa.
'By 1970, sufficient evidence'héd been amassed (42) to indicate

that mt DNA (from essentially all species]) was small
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(1-5 x 107 daltons; 15-75 khp), circular, and devoid of
histones.

In 1962; Bahr and Zeitler (43) ocbserved dumbbell-shaped
mitochondria in rat liver aﬁd suggested that they were under-

T

~going division. This evidence was supported by the experiments

of Luck (44).with Néﬁréép;;aiér$§s;: A choline-requiring

mutant was labelled ié ziig with'Ilqc]-choline, and subsegquent-
ly transferred to medi&m containing excess'unlabelled choline
and grown for three division cycles. Autoradiographic exam-
ination of the cells at various times indicated a random
(uniform) distribution of label throughout the mitochondrial
population; the density of labelling decrgasédrwith.each
division cycle. These results were interpreted to indicate

that new:mitochondria’were'formed by addition of new (unlabelled)

phospholipids to the old (labelled) mitochondrial membranes.

Similar conclusions were reached by Parsons and Rustad (45),

who labelled the mt DNA of fefraﬂfméﬁa with [%H]-thymidine
and monitored its fate during subsequent celi division.
Partitioned mitochondria were observed by Tandler et al.
in mouse liver (46): feeding mice with galactoflavin for
several weeks induced formation of giant mitochondria;'upon
administration of riboflavin to the animals, the mitochondria
divided and feturned to normal dimensions:

.The possible informational role of mt DNA was implied
by the reports of two.groups in 1964 that mit&chondria con;
tained a PNA-dependent RNA polymerase (41, 47). RNA had been

reported in mitochondria as early as 1948 (20), but it was



not until 1967 that the possibility of contamination with
cytoplasmic RNA was convinéipgly excluded (48-50). Meanwhile,
'several groups demonstrated thaﬁ-the earlier observations of
" protein synthesis by iéolatedumitochdndri; were indeed
correct (51-57): Roodyn éﬁfgi. (51) examined the amino acid
"and energy requirements for amino aéid incorporation by
isolated rat liver mitochondria; Wintersberger (53) performed
similar studies with yeast mitochdndria; mitochondria from
rat brain (54); beef heart (52), and N:”c;;s;; (56) were also
shown to be capable of protein synthesis iﬂ';it£6. Wheeldon
and Lehninger (55) demonStrated'that ATP itself, not some
high-energy intermediate; provided the enexrgy for mt protein
synthesis; they performed these gxperiments under conditions
where bacterial contamination was minimized. The possibility
that thevobserved incorporation of labelled amino acids was
due. to bacterial contaminatién was definitively excluded by
Beattie et gi. (57), who also demonstrated that the inner
membrane was the location of the labelled mitochondrial
kranslation products (58);

Among the most useful tools in investigations of mito-
chondrial protein synthesis are antibiotics which selectively
inhibit either the mitochondrial or cytoplasmic translation
processes. The first report that amino acid incorporation
by isolated mitochondria and chloroplasts could be inhibited
by chloramphenicol (CAP) was méde in 1964.(59);. Vazquez (60-
61) had shown that CAP bind&'to the large subunit of bacterial

ribosomes from several species. The inhibitory effect of



CAP on mitochondrial protein synthesis in viﬁro was subsequent-
ly reconfirmed {SS,.STI..ZOn'thé ather @and; cycloheximide, an
inhibitor of translation by cytaplasmic ribosomes (62-66) had
no effect on protein syﬂthésis‘££5v££r; by isolated mito-
chondria (57, 67—691: The potential use of these inhibitors

as tools for investigation of mitochoﬁdrial biogenesis was
developed most exfensively by Linnane's'group (68, 70-73).

In particular; they showed that CAP Eould block the normal
development of mature mitochondria in yeast undergoing glucose
derepression L73); Furthermore; they showed (69) that
lincomycin, erythromycin; spiramycin, carbomyci&, and oleando-
mycin also inhibited mitochondrial translation; these drugs also
inhibit bacterial protein synthesis in the same way that
chloramphenicol does (74);

The transcription of mt DNA can also be inhibited
selectively by drugs which are known to interact with pro-
karyotic DNA. Ethidium bromide, used by Ephrussi et al., to
generate petite mutants of yeast (29), selectivelf inhibits
réplication and transcription of mt DNA (75, 76). Mito-
chondrial transfer RNAs and their activating enzymes were
first reported in 1967; they were shown to be distinct from
their cytoplasmic counterparts (77, 78): The 6ther soluble
factors required for mitochondrial translation were also shown
to differ from their'cthSOIic counterparts (79). Similarly,
there appeared many repbrté of the isolation of unigue mito-
chondrial ribosomes from‘ﬁ: ;;a;;a (49; 56),,liver'(48),.HeLa

cells (80, 8l), and X. IaéVis-(Sz). It was further demon-
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strated that, as in prokaryotes but not in eukaryotic cytbsol,
mitochondrial translation is initiated with N—formyl méthionine
L83);

The many similarities obSérVed among plastid (mito-
chondrial and chloroplast) and bacteriél DNA, RNAs; ribosomes,
and protein synthesis led to the reactiQation of the "endo-
symbiont hypothesis" (84-86) first imélied by Altmann (5.).
More recently, comparisons of fefredoxin; éftype cytochromes,
and ribosomal RNA sequences have been employed to construct
a phylogenetic tree indicating the eyolutionary interrelation-
ships hetween mitochondria; chloroplasts, eubacteria,
cyanophytes, and eukaryotes (87);' However; it is possible to
become overinfatuated with such speculations. We now know
that the mitochondrial genetic code and protein-synthetic
apparatus are unigue; they share both similarities with and
important differences from either the prokaryotic or eukaryotic
nucleocvtoplasmic systems (cf; Ref. 88); details of these .
d%fferences will be discussed in a subsequent sectioh.

In summary, the following points had been reasonably
firmly established by the early 1970s:

1. The lipid components of the mitochondrial

membrane are synthesized primarily in the
cytoplasm and subsequently transferred into
the cytoplasm (89). |

2. Most (>90%) of the proteins (enzymes) of the

mitochondria are élso translated in- the

cytoplasm and subsequently transferred intol



1

the mitochondria; cytoplasmic translation
is inhibited hy cycloheximide (90).-
Isolatedﬂmitochdndria are capable of
pﬁotein synthééis'ig ;it;; when supplied
with a source of‘ATP; amino acids, and
suitable concentrations of inorganic ions.
They contain unigue DNA; ribosomes, tRNAs,
and other soluble factors involved in |
protein synthesis (90);

The products of mitochondrial protein
synthesis are a limited number of very
hydrophobic proteins whose predominant
destination is the iﬁﬁgr mitochondrial

membrane (90).
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Cc. Mitochondrxial Genes and Translation Products

The demonstration that mitochondria contain DNA and
synthesize proteins does not necessarily prove that the two
are related. Indications that mt DNA did indéed code for
’the mitochondrial translation products were reported by
Mahler et al. The effects of ethidium bromide, a specific
inhibitor of mitochondrial DNA replication and transcription,
upon a variety of parameters of mitoéhondrial formation,
were very similar to those of chloramphenicol, a specific
inhibitor of mitochondrial translation (91). Furthermore,
the formation of mitochondrial polysomes was insensitive to
conditions which blocked the synthesis of cytoplasmic RNA,
but sensitive to conditions whiéh inhibited the fprmation of
mitochondrial RNA (92). These findings were also supported
by the report of Tzagoloff et al. (93) that a series of yeast
mutants with specific lesions in cytochrome oxidase and '
cytochrome b showed non-Mendelian inheritance of the mutations,
indicating that mt DNA was the site of the mutaﬁions.

Th'e most convincing evidence indicating the mitochondrial
genomic origin of mitochondrially-synthesized proteins is the
- demonstration that RNA isolated from mitochondria hybridizes
to mitochond?igl but not nuclear DNA (94—57). Isolation of
mitochondrial mRNA was facilitated by the demonstration that
it possessed shoxt 3' terminal polyadenylate sequences in HelLa
cells (98), Ehrlich ascites cells (99), and yeast (100),

although the latter finding has been disputed (101). 'Trans-

lation of yeast mitochondrial poly (A)*RNA in a E. coli cell-
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free system yielded products which could be immunopre-

cipitated with antisera to cytochrome oxidase (100). Their

electrophoretic mobilities corresponded to thase of the

three largest 'subunits of cytochrome oxidase, which had

previously been shown to be translated on mitochondrial

ribosomes (102).

Identification of mitochondrial translation products

has been accomplished primarily by two methods:

1.

Proteins synthesized by mitochondria are

" selectively labelled (i.e. in vivo by intact

cells in the presence of gycloheximide or

in vitro by isolated mitochondria) and their
functional roles assigned by reacting with anti-
sera raised against various purified mitochondrial
enzyme complexes, either before or af£er
electrophoretic separation.

Examination is made of the effects of defective
mitochondrial protein synthesis upon various
enzyme complexes suspected to contain mitochondrial
translation products. In this case, gotal
proteins of the mitochondria can be labelled

in vivo in the presence of inhibitors of mito-
chondrial transcription or translation. Alter-
natively, mutatiéhS»in mitcchondrial proteins
which display non-Mendelian inheritance patterns

can be isolated and studied.
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It is hardly accidental that most of our knowledge of
mitochondrial genes and their translation products has been
obtained from studies of a single organism, the yeast

Saccharomyces cerevisiae; there are substantial advantages

militating for the use of this organism. Large quantities
of‘genetically—identical cells are easily growﬁ and harvested.
The conditions of growth can be varied appreciably, and the
effects of such changes on ﬁitochondrial functions can be
examined. Growth on media containing high concentrations of
fermentable substrates (glucose, galactose, mannose, etc.)
leads to a decreased rate oflcellular respiration; this
condition is known as catabolite o? glucose repression (103).
Under such circumstances, ethanol is produced and excreted by
the cells; as the fermentable carbon source becomes'exhausted,
the cells undergo a transition from anaerobié to aerobic
metabolism, thus permitting utilization of the previously-
formed ethanol. This transition is known as glucose (catabolite)
derepression. During this process, the levels of various
réspiratory enzymes increase. This increase involves protein
synthesis in both c¢ytoplasm and mitochondria; however, their
synthesis and subsequent assembly appear to proceed in

an asynchronous manner (104, 105).

‘ Alternatively, yeast cells can be grown anaerobically,
if fermentable substrates, g:éosterol, and unsaturated fatty
acids are provided [the latter two components require oxygen
for their synthesis (106, 107)]. Under these'érowth con=-

ditions, the cells are utterly devoid of respiratory activity
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LlOB); howeyver, they do contain mitochondria-like strﬁctures
("promitochondria") which contain mt DNA, oligomycin-sensitive
ATPase, and reduced levels @f various NAD+-linked dehydro-
genases (109; 110); the promitochdnaria are capable of protein
synthesis in wvitro (110). In these structures there is a
coﬁplete lack of enzymatic activity in complexes II, III and
IV of the respiratory chain (111); correspondingly, coenzyme
Q and spectrally-detectable cytochromés are also totally
absent (108, 110). The lattermost observation is not part-
icularly surprising, since oxygen is necessary for the bio-
synthesis of protoporphyrin IX (112).

Upon aeration, anaerobically-grown yeasts rapidly
acquire respiratory capacity, a process known as respiratory
adaptation (108). This process involves.formation of cyto-
chromes a, 33, g,Ag, 21 (113), coenzyme Q (114), ergosterol,
and unsaturated phospholipids (115). Respiratory adaptation
is retarded if the cells are catabolite~repressed (116). A
Adaptation is also blocked by inhibitors of cytoplasmic
t;anslation and by inhibitors of mitochondrial transcription
or translation (117), indicating the participation of both
nucleocytoplasmic and mitochondrial genetic éystems in this
process. Further studies of respiratory.adéptation in the
presence of CHX or CAP by Chen and Charalampous (118, 119)
and Brown and Beattie (120) indicated that the formation of
the inner-membrane enzyme complexes p;oceeded_asynchrénously,
" with the formation of the cyfoplasmic translation prdducts

seeming to precede that of the mitochondrial products. This
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theme will be dealt with in greater detail in Chapter IV
{(Discussion).

In 1971, Tzégoloff gﬁ él; pulse-labelled yeast cells
in the presence of cycloheXimidé and rapidly isolated the
mitochondrial rutamycin-sensitive ATPase by immunoprecipit-
ation, revealing that four of the subunits [5, 6, 7, and 9]
wvere mitéchondrial in origin (121). Similar techniques were
emploved by Mason and Schatz (102) and Rubin and Tzagoloff
{121) to demonstrate that the three largest subunits of
cytochrome oxidase [I, II, III] were also mitochondrially
synthesized. Weiss et al. (122) and Lin and Beattie (123)

showed that in N. crassa and S. cerevisiae,respéctively,

cytochrome b was also mitochondrially translated. Similarly,
one protein component of the small ribosomal subunit was
demonstrated to be of mitochondrial origin in N. crassa by

Lambowitz et al. (124) and in S. cerevisiae by Groot et al.

(125) Interestingly, in S. cerevisiae, this protein dis-

p}ays considerable variability in electrophoretic mobility
among different strains of the organism (126, 127).

Analogous identification of mitochondrial translation
products in animals has proven somewhat more difficult. The
most convincing studies have generally ‘'been :performed. using
separated cell preparations (i.e., cultured hepatocy;es, Hela,
cells, etc.) or isolated mitochondria in &itro Using. isolated
rat hepatocytes and. rat hepatoﬁp cells, Nelson et gl; ¢1L28)

. demonstrated that the mitochondrial translation products

include the three largest subunits of cytochrome oxidase,
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cytochrome b, and two subunits of the proton-translocating
ATRase. Cytox I, II, and III are also synthesized by isolated
rat liver mitochondria (129). By contrast, Attardi gﬁ al.
have detected over 20 mitochondrial translation products in
He La cells (130); most of these products remain unidentified,
but it is likely. that they inciude cytox I, II, and III,
cytochrbme b, and at least one of the ATPase subunits (131).
In addition to their suitability for various physio-
logical manipulations, yeasts also possess substantial advantages
over animal cells for genetic studies. Conseqguently, detailed
knowledge of the characteristics of the yeast mitochondrial
genome has generally preceded that of mammals. The following
summary of yeast reproduction has been adapted from
Sager (132).

Haploid strains of 8. cerevisiae exist in two mating

types ("sexes") which are controlled by chroﬁosomal alleles
designated a and &. Upon mixing, cells of oppositg mating .
types fuse to form diploid zygotes, which can divide mitotically
t; give rise to clones of diploid cells. Under starvation
conditions, diploid cells can be induced to sporulate;

through meiosis, a single.diploid cell yields four refractile
haploid spores encased within an ascus. It is possible to
isolate individual ascospores; upon germination, each gives

rise to a haploid clone. Crosses of haplo.id cell types éan

be subjecied to genetic analysis; either the resultant

diploids or the haploid ascospores may be used for this purpose.

The a and'g alleles, like other nuclear genes which differ
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in the parents, segregate among the ascospore tetrad in a
Mendelian (23:2) ratio;' Déviations from this pattern are
indicative of the presence of extrachromosomal genetic
elements. During cell fusion But prior to nuclear fusion,
there is a period where buds can be produced. Sometimes,
these buds contain only one éf the unfused Haplqid parental
nuclei, but they contain cytoplasm from both parents.
Parental strains with different chromosomal mutations
not directly related to mitochondrial function (e.g., amino
acid auxotrophy, etc.) can be employed to facilitate sub-
sequent selection of particular progeny. As previously
discussed, Ephrussi et al. were able tovgenerate respiration-

deficient petite mutants of S, cerevisiae which displayed

non-Mendelian inheritance by treatment with acriflavin or
ethidium bromide (29). When crosses of petite strains with
wild-type strainé were analyzed by Wright and Lederxberg (133)
[530 mating pairs; 91 appropriate haplbid clones], six clones
contained wild-type nuclei but exhibited petite phenotypy.

By contrast, five other clones contained nucleil from the
petite parent but exhibited normal respiration. Hence, the
petite property segregated independently of the nucleus (133).
Earlier Chen EE al. (134) reported the isolation of a series
of mutants with petite,phendtype, but with a Mendelian pattern
of genetic segregation. Crosses of these nuclear petites
with cytoplasmic petites yield two wild-type and two petite
ascospores; by contrast, crosses between two cytoplasmié

petites always yield petite progeny. Since nuclear and
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cytoplasmic petites complement one another, the genes involved
are clearly nonidentical‘C132L;- Where the location of the
~genetic lesion is known; nuclear éefitég are designated by

the abbre&iation‘égé; cytoplasmic (mitochondrial) petites

are designated as p— (or p0,.if they completely lack mt DNA).

In higher eukaryotes (Chlamydomonas, plants) as well as yeast,

some mechanism for preferential segregation of the cytoplasmic
genes appears to exist (132); in yeast, but not in mammals,
the mitochondrial genomes appear to undergo recombination priox
to meiosis (135). Thus in yeast, the ascospore tetrads
generally inherit these determinants in a 4:0 or 0:4 pattern
(132). Hence, genetic analysis provides a powerful tool in
the.investigation of the mitochondrial genome.

In addition to the p- mutants, several other classes
of useful mutatiqns in yeast mitochondrial DNA are also avail-
able; they include mutants resistant to compounds which
specifically inhibit mitochondrial functions (protein synthesis,
electron transport, oxidative phosphorylation). Such mutants
can be induced or arise spontaneously. Particular inhibitors
of mitochondrial translation (chloramphenicol, paromomycin)
electron»transport (antimyecin A, Diuron), and oxidative
phosphorylation (oligomycin, rutamycin) have.proven particul-
arly useful in this regard. Additionally, there are two add-
itional classes of mutants in which mitbchondrial protein
synthesis is defective. In the class of mutants designated
mit~, éynthesis of one or more mitochondrial translation

products is defective, presumably due to a mutation in a
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structural gene. In a class of temperature-sensitive (syn™)
mutants, growth at the nonpermissive temperature leads to the
rapid induction of the éétiée-phénotype; components of

the mitochondrial protein-synthesizing machinery (e.g., tRNA)
are presumably involved. Both of these classes are distinct
from p~ mutants, which completely lack mitochondrial protein
synthesis (135).

Once a particular phehotype has been demonstrated to
display anon-Mendelian pattern of inheritance, it can be
subjected to genetic analysis. Alternatively, mitochondrial
DNA (from any organism) can be isolated and examined by a
variety of physical and biochemical-techniques. These include
DNA-DNA hybridization [e.g., p- vs. wild-type, known as dele-
tion mapping ]; hybridization of mtDNA with mt RNA [heterxo-
duplex analysis J]; rest?iction enzyme (136) analysié [physical
mapping ']1; and DNA sequencing studies (137, 138). Among the
interesting findings of such investigations is the demon-
stration that the p~- mutants retain only a small portion of
éhe wild-type mt genome; however, through tanaem reduplicafion,
the total size of the p- mt DNA approximates that of the pt
wild-type genome [25ﬁ contour length; 70+ kbpl (135). This
providés.a simple explanation of the observation that b'
mutants are incapable of reversion (132).

Heteroduplex analysis has unequivocally demonstrated
that mitochondrial DNA contains the genes for mitochondrial
rRNAs and tRNAs. By use of well-defined p~ strains and suitable
restriction fragments of pt mt DNA, the specific locations

of these genes could be determined. Furthermore, the results
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so obtained could he complemented by classical recombinational
analysis, permitting coxrelation of the genetic and physical
maps of the mitochondrial genome. . The information so assembled

for S. cerevisiae confirms that its mt DNA carries the

stxuctural_genes'for cytox I, II, and III, cytochrome b, two
subunits of the proton-~translocating ATPase, and a ribosohe—
associated protein, as well as for the ribosomal and transfer
RNAs (135). Their relative locations aré indicated in
Illustration B, which also includes for comparison the recently-
determined genome map for human placental mt DNA (131).

An interesting class of yeast mutations in éhe struct-~-
ural gene for cytochrome b exists in which the expression of
cytox I is also affected; these are termed box or cob mutants.
Genetic analysis led to the recognition of several complement-
ation groupé within the box locus; furthex investigatiﬁn by
genetic and physical technigues led to the reéalization that
the gene for cytochrome é is split, containing five exons
[coding segments] interspersed with four int;ons»[noncoding
ségments]; the entire gene is transcribed and subéequently pxo-
cessed (139a,b). Slonimski et al. have proposed that the excised
intron transcripts are also ligated and translated, yielding
a "maturase" required for proper processing of the'pre—mRNA
for cytox I (140), which is also transcribed from a split
_gene. |

By comparing the {(partial) aminq acid sequences of
known mitochondrial translation products with the b;sé

sequences of p~ DNA retaining the corresponding genes (for
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apocytqchxome b, cytox II, and ATPRase subunit 9), Tzagoloff's
_grxoup (141) discoyered that the genetic. code in mitochondria
does not ohey thé "universal" rules determined by the groups
of Nirenberg (142Y and OchoavCl4BI: Instead, the UGA
"termination" codon is recognized by a mitochondrial "éuppressor"
“tRNAtXP, Further differences:between the mitochondrial and
the universal genetic codes and unique features of the mechan-
ism by which the former is decoded by the mitochondrial
transfer RNAs have subsequently been reported by several groups
using a number of different organisms, including animals (l44-
150). These results helped clear up the mystery of how the
limited number [< 22] of tRNAs could suffice for complete
translation when the wobble hyéothesis (151) required a minimum
of 32 tRNAs.

In the 75 kbp mitochondrial genome of yeast, the tRNA
genes are primarily localized in a single region, there are
at least three split genes [for cytochrome b, cytox I, and
the 21S rRNA], the genes are separated by A-T rich noncoding
'sbacer segments, and unique promoter sequences and an origin
of DNA replication have not been identified (135). Recently,
the complete sequence of the 16,569-base~pair human placental
mitochqndrial genome has been determined (131). Several
important differences from the yeast mt genome have been observed.
The human mt genome appears to contain neither spacer segﬁents
nor split genes. Moreover, the structural genes for thé
ribosomal RNAs and the mitochondrially-synthesized proteins

are "puntuated" by the tRNA genes which are scattered arxound
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the genome (152-154). Mammalian mitochondrial tRNAs are not
importgd from the c¢ytoplasm (155).

Despite its small size, the mammalian mitochondrial
genome apparently possesses a respectable amount of genetic
information. The general arrangement of genes appears to
be identical in mt DNA from humans, cattle, mice and rats,
although their individual base sequences vary (156). The
sequence ana;ysis of human and bovine mt DNA has revealed
the presence of eight "unidentified reading frames" which
begin with a methionine codon and end with a termination
codon (131); these could presumably represent genes for [as
yet unidentified] mitochondrial proteins, since the human
sequences show a high degree of homology with analogous
regions in bovine mt DNA, and it seems unlikely that non-
functional genes would be retained in such a compact genome
(157). It is also intéresting to note ;hat‘bolymorphic forms”
of mt DNA have been identified in populations of horse, man,
speep, goat, and rat (158~160; cf. additional sources in
Ref. 161). Several groups have employed these observations
to prove the exclusively maternal inheritance pattern of
mitochondrial DNA in mammals (161l). There will undoubtedly

be many more equally-intriguing reports in the near future.
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D, The Biogenesis of Mitochondxia

TR TR

It is cleax that the centinuqus, orderly pxroduction of
‘mitochondria within any growing eukaryotic cell redquires a

coordinated interplay of several hasic processess

l."Thb’syntﬁesiS‘df'tHE“Iipi&Vcompdnents bf'thew

outér'and'inner'membranes. All of the enzymes involved in this
phase are products of guclear.genes; most of these enzymes

are located in the smooth endoplasmic reticulum, with the
exception of the cardiolipin synthetase (89). Wirtz and
Zilversmit demonstrated that exchange of phosphblipids between
microsomes and mitochondria can take pPlace in vitro (162).
Beattie obtained evidence suggesting that the ouéer mito-
chondrial membrane may be the first component synthesized
during mitochondrial biogenesis (163). Further studies in vivo.
~and in rat liver slices in vitro (164) indicated that the.
kinetics of incorporation of [3H]~phenylalanine into insoluble
mitochondrial proteins and the incorporation of [lkcl-glycerol
into mitochondrial phospholipids were very similar; both
differed from the time courses observed for microsomal label-
ling. Kadenbach (165) found that the transfer.of [?2p]-
labelled phospholipids from microsoﬁes to unlabelled mito-
chondria proceeds with kinetics identical to those of the
transfer of [!*C]<~labelled proteins, implying that some of

the proteins are trénsferred as phospholipid-protein complexes.

Phosphatidyl choline appeafs to be transferred more rapidly

than phosphatidyl ethanolamine (166).
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. The mechanisms hy which memhrane lipid synthesis and
transfer to the mitochandria are cooxrdinated with the following
processes are still unclear; It is likely that the majof
factoxrs governing phospholipid synthesis are the availability
of suitable precursors and metaholic energy. Under condi;ions
where parts 6f-the respiratory’ chain are nonfunctional due to
unavailability of flaviﬁs, giant mitochondria are observed (46);
this implies that phosphoLipid synthesis and transfer are

somewhat independent of other steps in mitochondrial biogenesis.

2. 'The SYnthesis of mitochondrial proteins 'in the

cytoplasm directed hy ducIear'genes. As previously discussed,

the vast majority of mitochondrial proteins are synthesized
extramitochondrially in the cytoplasm; they are translated
froﬁ'mRNA which has been transcribed in the cell nucleus.'
The'mechanisms governing nuclear transcription and cytoplasmic
translation are extremely complex. In anihal cells, protein
synthesis is governed not only by the availability of amino
gcids and metabolic ehergy. but also by a large number of
hormones and other factors. Transcription of genes for many
enzymes is regulated by steroid hormones (167); in prokaryotes
and eukaryotes, cAMP is also implicated in transcriptional
control (168)., Control at the levél of translational
initiation is also commonly ohsexved; among the factors
implicated here are cAMP (162), hemin (170-177), oxidized
"glutathione (176-178), GTP (179) and aouhlevstranded.RNA (177,

180-183). Moreover, cytoplasmic mRNA may exist in "masked™
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(dormant) forms (176, 177), Inasmuch .as hundreds of poly~
peptides of cytoplasmic origin ‘are involved in the ‘spectrum
of mitochondrial enzymic activities, it is clearly
impractical to attempt a comprehensive aiscussion of the
control of their synthesis. Selected aspects of appropriate

control mechanisms will be discussed in sections I.E. and 1IV.

3,  Transfer of cytopiasmicalIYAsypthesizeﬁ’proteins

into the mitoqhqédxipn- The experiments of Kadenbach (165)
implied that cytochrome ¢ is synthesized on the ribosomes
attached to the rough endoplasmic reticulum and subsequently
transferred to the mitochonarion as a phospholipid coﬁplex.
Kellems and Butow (184) observed that cytoplasmic 80S ribo-
somes were associated with the outer membrane of yeast mito-- -
chondria; with the elucidation of the "signal hypothesis" by
Blobel et al. (185), the mechanism by which cytoplasmically-
synthesized proteins could be imported by mitochondria seemed
quite clear.' It is now known, however, that these early
observations were probably incorrect in most regards.
Neupert's_gréup conducted kinetic studies in vivo (186)
and in vitro (187) on fhé trahsport of cytoplasmically~-
synthesized pfoteins into the mitochondria of N, crassa.
Import of cytoplasmically~synthesized proteins'into mito-
chondria was not prevented when cytoplasmic translation was
inhibhited by cyclohekimide; hence, a vectorial mechanism of
cétranslational protein ségregation was excluded. Moredver,

mitochondrial matrix proteins labelled in pulse and pulse-
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chase experiments were first detected in the cytosol and
suhsequently in the mitochondria. More recently, the same

~group has demonstrated that in N. crasse and S. cerevisiae,

apocytochrome é is the only form of this particular enzyme
which can be taken up by the mitochondrion; the heme group
is attached after the, apoprotein has been imported (188,189).
. There are selective mechanisms governing the mito-
chondrial import of cytoplasmic proteins.' Marra et al. (190-
192) have demonstrated that the mitochondrial isozymes
of asparate aminotransferase and malate dehydrogenase are
imported by rat liver mitochondria in an energy-depenﬁent
manner, while the cytoplasmic isoenzymes are not imported;
Mitochondrial ésparate aminotransferase appears to be made
in the cytoplasm as a larger precursor (193); the protease
which processes it is located in the mitodhondrial matrix (194).
There does not appear to be a singlé common mechanism
for import of cytoplasmically-synthesized proteins by mito-
chondria. Neupert and Schatz (195) have postulated the
éxistence of at least two classes of "receptoxs" for such
import on the outer mitochondrial membrane. Some, but not
all, mitochondrial proteins of cytoplasmic orxigin are synthe-
sized as larger precursors (195); these éppéar to be trans-
lated predominantly on "free" ribosomés (195,196). Research
into this important aspect of mitochondrial biogenesis is
continuing. |

.4, The replication of mitochondrial DNA. As previously

indicated, the enzymes involved in this process appear to be

entirely of cytoplasmic origin. By contrast with most other
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aspects of mitochondrial biogenesis, somewhat more is known
about DNA replication in animals than in yeast. Electron
micrographic observations indicate that initiation of
replication of mt DNA involves the synthesis of a 75 single-
strand DNA fragment which displaces the opposite (L) strand,
leading to formation of a characteiistic "D-loop" (197).
Shearman and Kalf (198) first demonstrated that DﬁA replica-
tion occurs on the inner mitochondrial membrane in rat liver;
Attardi et al. showed that the point of attaéhmént to the
membrane is near the H-strand origin of replication - i.e.,
at the D-loop (199). The mitochondrial DNA polymerase in
mammalian ceils belongs to the class designated as Y-poly-
merases (200). Replication of the L-strand begins at a ‘
point about 1/3 of the way around the genome from the H-
strand origin, and does not occur until this region has been
exposed by H~strand synthesis (131).

The mechanisms controlling the initiation of mt DNA
replication are not well understood. In different organisms,
‘'several different patterns of correlation of mt DNA replica-
tion with the overall cell.cycle have been observed (201).

One can only speculate on the role of the membrane attachment
in the replication of mt DNA: pefhaps changes in transmembrane
electrochemical potential are involved. Alternatively, regul-
atory proteins of cytoplasmic origin or ion (Mn**, zZn*+) trans-
location could be involved. A subétantial'number‘of questions
in this area remain to be answexred (202).

5. Intramitochondrial transcription.and translation. In
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yeast, transcription of mt DNA is partially symmetrical (203);
it'is initiated from at least five separate promoters (204).
By contrast, in mammalian mitochondria both strands of DNA
appear to be completely transcribed (119); the promoter for
the H-strand is located in the vicinity of the D-loop (i.e.,
near the origin of replication), while the Lfstrand promoter
is located about 1/3 of the way around the genéme (131).
There appears to be a transcription attenuator following the
two IrRNA genés which are located near the origin of replica-
tion of the H~strand, from which most, but not all, of the
genetic information is transcribed (131). Although the L-
strand is also completely transcribed in HeLa cell mito-
chondria, thg resultant transcripts are much more rapidly
degraded than the H~strand trénscripts (205) . |
Transcriptional regulation in mammalian mitochondria
thus appears to be a "primitive affair" in which differential
gene expression is achieved by a combinafion of trans-
cription-attenuation, control of the cleavages required to
;enerate transcripts of individual genes, and stability of
the final transcripts (157). The "punctuation" of the pre-~
-mRNA transcripts at their 5' ends by vérious tRNAs which
must be excised prior to translation (152-154) implies the
possibility that most of the structural genes are coordinately
expreségd. Interestingly, in severai transcripts,. subsequent
3'-polyadenylation is necessary to generate the mitochondrial
termination codons (152). 7

In most mammalian mt mRNAs, the initiation codon (AUA)
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or AUG) is very close to the 5' terminus, unlike in pro-
karyotic and eukaryotic cytoplasmic mRNAs (153). Further-
more, mammalian mt mRNAs lack the 5' "cap" structure which

is a disti;ctive feature of most of their cytoplasmic countexr-
parts (206). Details of the regulation of the mitochondrial
translation process are still poorly undexstood, but it is
likely that, as in other systeﬁs, the primary point of control
is at the level of peptide chain initiation as opposed to
elongation or termination (176, 177, 207). At present it is
difficult to ascertain whether transcriptional ox transla-
tional control is more important in requlating the synthesis
of>mitochondrial proteins, since thése processes appear to

be closely coupled in both yveast and mammais (52, 208-210).
What does seem guite clear is that the rate of synthesis of
proteins within the mitochondria is primarily governed by
proteins of cytoplésmic origin. 1In order to avoid excessive
repetition, the evidence leading to this conclusion will be
examined in Chapter IV (Discussion).

6. Assembly of lipids and proteins of cytoplasmic and

mitochondrial origin into functional enzyme complexes of the

mitochondrial inner membrane. As previously discussed,

relatively little is known about the control of lipid accum-
ulation within the inner mitochondrial membrane. On the
other hand, many studies have indicated that the assembly
of the various enzyme complexes of the inner membrane which
contain products of both cytoplasmic and mitochondrial

translation does not proceed in a synchronous manner in yeast
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and other organisms (90, 104, 105, 113, 117-121, 209).

If [unspecified] cytoplasmic translation products are not
present, mitochondrial translation is depressed (209, 210);
on the other hand, if mitochondrial translation is blocked,
some of the cytoplasmically-synthesized subunits appear to
be degraded rapidly within the mitochondrion (108, 110, 111,
128). Withal, it appears reasonable to conclude by restating
that optimal production of mitochondria requires the
coordinated interplay of all of the component processes
discussed in this section. Many of the details of these
processes remain to be elucidated, but it is clear that
protein synthesis in both cytosol and mitochéndria make

essential contributions to mitochondrial biogenesis.
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E. Diabetes Mellitus, Insulin, and Protein Synthesis

TRl

1. General Background (211-220Q)

Diabetes mellitus is one of the most prevalent of
endocrine disorders in humans. It is estimated that around
five million Americans may suffer from this disorder, which
has beeh recognized for thousands of years. The Ebers
Papyrus (ca. 1500 B.C.) mentioned one of the classic symptoms
of the disease, excessive urination (polyuria). Polyuria was
also familiar to the Roman writers of the first century A.D.,
Celsus and Aretaeus the Cappadocian; Aretaeus used the term
"diabetes" [Gr. "flowing throughpl to designéte a‘malady
characterized by polyuria, loss of weight,(and unguenchable
thirst (polydipsia, the second component'of the classic
.symptomatic triad). The presence of sugar in the urine
(identified by its sweet honey-like taste; hence "mellitus"
[L, mel, honeyl) was known to the ancient Chinese, Japanese,
Hindus (Susruta, Sixth Century A.D.), and Arabs (Avicenna,
980-1037 A.D.). In.1807 Chevreul identified tﬂe sweet
component of diabetic urine as "grape sugar" (glucose). The
dévelopmeﬁt of Fehliné's test for reducing sugérs in 1848
rermitted subsequent investigations of the metéholic effects
of diabetes.. Soon, the presence of'hyperglycemia as well as
glycosuria was recognized as a characteristic feature of the
disease, and many investigators studied the effects of

dietary changes upon these symptoms.

In the 1870s, Langerhans reported‘the'observatioh of
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~"little heaps of cells" in the pancreas; these were suhsequently
~ N .

-named "islets of Langerhans" by Laguessé. In 1889, von Mering
and Minkowski demonstrated that panbfeafeétomy leé to ‘the
development of diabetic symptoms. Several years later,.OPie
and Sobolev independéntly.discovered that the pahcreatic

islets were theAsite of the pathdlogy; ligation of the pan-
creatic duct led t§ agihar destruction, but spared the islets. -
These studies‘culminated with thé'discpvery of insulin in
'1921:by Banting and Best, who showed_tﬁat it could émeliéréte
the aisease'in dégs and.humans. In the 1930s and 19405;
Housgay et al. demonstraﬁed thaf hypoph&sectomy codld'feauce
-thehseverity of the diséise; Yoﬁng showed that_énterior-
'bituitary e#tracts could pfoducé.a diabetic-like §tate;

Cdnn demonstrated that ACTH was the factor re;ponsible.

It is now known that diabe£es meliitus is notia
single'd%sease éntity, but a family of diséases with many
different etiologies leading to siﬁilaf patholoéies and
symptomatolbgies'with wide variations in severity. Diabetes
mellitus’mdst commonly results from decreased producfién,or.

. release of ins#lin by the pancreatié'B;cells. The causes of
this défect can be .due to_péncréétic damage (chronic paﬁ—
creatitis), exposure to specific toxins (alloxan, strepto-
zotoqin) or viréi diséasés (mumps, ruﬁe%la, etc.); in many
individuals,_genetié faétdrs‘a:e also clearly:invoived;'
biabetes mellitus can aigdfresulg from immunoldgiéal factors:
antibodies against insulip-itsélf or cellular'ipsulin reéeptor;

can interfere with the“normallactions of the hormone.
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Defects in the insulin receptors themselves may also be
involved, Alternatively, many of the .features of diabetes
are seen in diseases in which}therg'is;overproduction of
hormones which antagoni;e the effects of insulin, e.g.,
cortisol,lglucagon, ACTH, or catecholamines.

2. Experimental Diabetes Mellitus

As stated previously, the most common types of
diabetes result from a decreased availability of insulin.
Experimental investigations of the mechénisms by which insulin
exerts its effects have been greatly facilitated by the ‘
discovery of agents which damage thé‘B4cells of the islets
of Langerhans in a reiatively selective manner. These include
alloxan (2,4,5,6-tetraoxohexahydropyrimidine), which was
first discovered in biological material by Liebig in 1862 (221).
Hyperglycemia as a result of alloxan injection in rabbits
was first noted by Jacobs (222). Since then, scores'of
studiesAinvestigatin; the effects of a;loxan administration
have been published; these have been reviewed by Rerup (223).
The major disadvantage of alloxan as a diabetogenic agent
is its toxic action on other organs in some species,
including the kidneys, liver, and adrenals.

More recently, streptoéotoéin [nglucbse-z-(N'—
methyl-N'-nitroso urea)] has been widely employed to induce

experimental diabetes mellitus. Streptozotocin was isolated

from Streptomyces achromogenes in 196Q; its highly specific

diabetogenic effect was first reported by Rakieten et al. in

1963 (224). Because of its very short biological half-life
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the.drug must bhe administered intravenously; in rats, doses
of 100mg/kg prodnce diabetes in 100% of the animals (223).

The effects of alloxan andlstreptozotocin ére very simi-
lar (223). An early, marked hyperglycemia lasting for one
to four hours is followed by a more or less severe hypoglycemia
lasting up to 48 hours, which can result in convulsions and
death. Surviving animéls then display chronic hyperglycemia,
the result of decreased plasma levels of insulin. In rats, the
effects Qf streptozotocin are somewhat less severe than inA
other specieé.

Histologically, frank necrosis of the B-cells was observed
seven hours after administration of the drug; before this time,
the B-cells were degranulated and somé dis:uption of the islets
was observed, although the o0-cells appeared normal (223). The
mechanism by which-streptozdtocin specifically affects the B-
cells is not fully underétood, but the glucose moiety is
essential for its diabetogenic, but not antitumor, effects;
this implies that ghis part of the molecule may be a "carrier".
The primary effects, whatever they may be, are produced within
15 minutes of streptozotocin injection (223).

Streptozotocin in high doses can also damage other
organs, including the kidneys, the liver, and the exocrine
pancreas; moreover, the drug is a carcinogen. In the doses
and time periods employed in the studies reported later,
these egféats should not have been manifést (223).

3. Metabolic Effects of Diabetes Mellitus

Diabetes mellitus is characterized in its chronic state

by hyperglycemia, glycosuria, ketonemia, ketonuria, acidosis,
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and increased net protein breakdown. ‘Over prolo#ged periods, -
degeneratiyve changes in the hlood yessels, retinas, lenses,
kidneys, and nervous system develop -(213). These latter changes
are a direct conseéuence of the prolonged hyperglycemia; since
these tissues are freely permeablé to glucose, hyperglycemia
leads to elevated intracellular_glucose'coﬁcentrations which,
in turn, lead to formation and accumulation of sorbitol within
these tissues(225). Elevated concentrations of intracellular
sorbitol lead to osmotic water influx, accompanied by sodium ions;
these changes increase the premeability of the cell membranes,
leading to losses of potassium, ATP, amino acids, and other small
molecules (225). Additionally, many proteins such as hemoglobin
A1 and serum albumin, become more extensively élycosylaﬁed (28).
The hyperglycemia, ketoacidosis, and protein breakdown
are consequences of both the relative deficiency of insulin
and the relative excess of several hyperglycemic hormones,
notably cortisol, glucagon, ACTH, and catecholamines (211-220).
Lipolysis in adipose tissue 1s accelerated by the latter |
gYoup of hormones and'retarded by insulin; in diabetes
mellitus, the fatty acids so released travel to the liver,
where they are partia;ly catabolized to yield "ketone bodies"”.
Accumulation of ketone boaies produces acidosis and disturb-
ances in fluid and electrolyte balance. The hyperglycemia is
a consequence of the decreased ability of glucose to enter
skeletal muscle and adipose tissue cells in the absence of
insulin; inasmuch as these tissues form the greatest parf of
the body mdss, this effect is far from trivial. Moreover,

the (relatively) elevated levels of cortisol and glucagon
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stimulate hepatic glycogenolysis and gluconeogenesis,
therehy further elevatipg'hloodlglucaée“levels. ‘Additionally,
cortisol induces protealysis in skeletal muscle, providing
the amino acids which are substrates of hepatic gluconeogenesis.
The effects of diabetes mellitus on protein metabolism
are multiplex and profound. 'Insulin promotes the entry of
amino acids, as well asiglucose? into skeletal muscle and
other tissues (219); However, the decreased rates of protein
synthesis in skeletal muscle cannot simply be attributed to
decreased availability of glucose and amino acids in muscle
(207, 215; 226-232); although these factors also contribute
to the overall decrease in protein synthesis; In a series
of investigétions on the effects of insulin upon protein
synthesis in skeletal muscle, Wool (207, 226) discovered
that the 60S ribosomal subunit in diabetic skeletal muscle
has an impaired ébility to participate in translation of
exogenous mRNA; its ability to associate with the 40S subunit
to form 80S ribosomes is decreased. Subsequently, a large
n&mber of investigators demonstrated that the state of
phosphorylation of a 40S subunit protein, S6, was altered hy
the actions of various hormones; however, a clear correlation
hetween the presence of phosphate groups on S6 and the rate
of translation could not he established (233); perhaps more
than one phosphorylation site is involyed. Theré is évidence
that insulin‘deficiency leads to a decreased rate of peptide
- chain initiation in skeleﬁal~an&_cardiac muscle (215, 230-232);

these effects are particularly pronounced in skeletal muscles
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with a high content of white fihexs (230, 231), which are
more dependent on glycolysis as a source of energy than are
red fibers .(234).. The mechanism of this decrease in the

rate of initiation is not well understood; formation of the
ternary complex [eIF-Z; GTP, met-tRNAf] does not appear to he
affected (230-233). A role of glucose-6-phosphate as an
allosteric stimulator of'initiatioﬁ independent of its role

in glycolysis or NADPH_generation'haé been demonstrated in
reticulocyte lysates (235): A similar role for this compound
in skeletal and cardiac muscle has been suggested, but not
definitively demonstrated (230); However;.insulin is capable
of stimulating peptide chain initiation in these tissues in
the absence of glucose-6-phosphate (230); implying additional
mechanisms of action as yet unknown; It is suspected (230-
232) that, in analogy with the well-known mechanisms of
translational control in reticulocyte lysates (168-183), changes
in the phosphorylation state of initiation factors (or other
cpmponents) of the translational system in muscle hay be
involved; however, decisive evidence in support of this hypo-
thesis has yet to be obtained.

In states where there is an insulin deficiency,
including diahetes mellitus and starvation (236),»there‘is an
increased rate df proteolysis in skeletal muscle as well as
a depressed rate of protein synthesis L230; 231,,2;7-241).
Lysosomal proteases are primarily - inyvolyved in this proce§s7
their activities a:e'governed'hf a lé;ge number of hormones

(242). Insulin decreases overall rates of proteolysis in
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skeletal muscle; .although the mechanism of this effect is
presently: unknown, it is notewarthy that when insulin binds

to its plasmﬁ memhrane‘redeptors;"same”of'thgse complexes

can be internalized by the cell%and'transferied to the lyso-
somes (243-2461; The amino acids released by proteolysis in
skeletal muséle are partially cﬁtabolized there; branched-
chain amino acids are preferentially degraded (247). The
primary amino acids released to the blood by muscle are
alanine and glutamine (248); the former amino acid is a major
~gluconeogenic precursor for the liver;vwhile'the latter is
preferentially utilized by the kidney and the intestine (229).
Proteolysis in skeletal muscle can be accelerated by cortisol,
~glucagon, and thyroxine (242); in othex tissues, response to
these hormones may be more selective.

The effects of insulin deprivation on protein synthesis
in other tissues are generally less dram;tic than in skeletal
muscle. Streptozotocin-induced diabetes in rats reduced
overall protein synthesis in iiié by 70% in skeletal muscle
énd 44% in heart, but produced no real change in liver (245).
The rate of total protein synthesis is not decreased in rat
kidney (250) or Chinese hamster liver or kidney (251) from
diabetic animals. However; the synthesis of specific enzymes
in these tissues may be increased or decrea§ed (232);

4, Mechanisms of Insulin Action

Insulin, 1ike many other hormones, produces a "pleiotypic
response" in its target tissues (215, 226). Clearly, several

mechanisms: of action must be involved; they are still rather
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poorly: understoqd. Aggregation or cross-linking of .insulin
receptors appears. te play an important role in generation of
insulin effects; (aggregation“cén,be brought about not only
by insulin, Bbut also by antibodieé against the insulin receptor
and by lectins such as concanavalin A}; these latter agents
mimic ﬁany of the effects of insulin L252-254): Althouéh'
several investigators have demonstrated the internalizétion'
of receptor-bound insulin.C24342461'and.suggestgd the exist-
ence of intracellular receptors for insulin (cf. 255) which
could be involved in mediating its actions, the insulinomimetic
effects.of antibodies and lectins appear to render this hypo—.
thesis unlikely for most insulin effects (glucose and amino
acid transport, stimulation of Nat/kK* and Mgt++ ATPases; etc.).
While it is possible that the transport of glucose and amino
acids across the plasma membrane might bé accelerated b§ some
type of direct membrane signal, the altered intracellular
functions undoubtedly regquire the participation of some second
messenger (256, 257): As might,be_expected; a great deal of
iabor‘has been invested in the search for such a-mediator.
Several candidates have been proposed as the intra-
cellular ‘second messenger of insulin. They include Nat, Mg+,
cat+, cAMP, cGMP, and fragments of the inéulin mélecule (257).
Activity of the plasma membrane Nat/Kt ATPase is increased by
insulin; This might be due to alterations in its degree of
'phosphorylation; inasmuch as at least qne adipocyte plasma
membhrane peptide displafs a decreased extent of phosphorylation

after insulin treatment (258). " Additionally, at least one
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mitochondrial protein also loses phosphate groups after

insulin treatment of adipocytesytzsél;‘this has been identified
as the a-~subunit of pyruvate dehydrogenase (259). However,

the increased acti#ity of the Nat/Kt+ ATrase probably reéresents
one of the many terminal cel%ular responses to insulin, not

a primary mediating event, since there is a negative correla-
tion between Nat pump activity and insulin-like metabolic
effects under a variety of conditions (256). Nonetheless,
alterations in intracellular [Nat] and [K+] could modulate

some of these effects.

Uneéuivocal evidence that cAMP or cGMP are involved in
mediating any of insulin's effects is lacking, but they may
be involved in a limited or secondary senge (257). Spence et
al. have provided a model for the regulation of glucokinase
in cultured hepatocytes by insulin, glucose, and cGMP (260);
in this model, changes in [cGMP] are secondary to the increased
transcriétion of glucokinése mRNA induced by insulin and the
subsequent metabolic effects. Interestingly, insulin treatment
in vivo increases, by an unknown mechanism, the translational
efficiencf of poly(A)* mRNA, when measured in vitro (261).

This may be a general phenomenon involved in other tissues as
well (261).

As discussed by Czech (256,257), there is no convincing
evidence that changes in intracellular [Mg¥+] are of primary
importance in mediating insulin action. On the other hand,
Cat* has been advanced by many investigators as a possible

mediator of insulin actién (256, 257), the manifold
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roles of Catt in cellular rggulation'&262g,263y make this a
tempting.hypothesis.vZHowéverygas Czech. points out;‘there'
is é wealth. of contradictory détawon'the'connection hetween
insulin and~Ca*+; perhaps intracellnlar Cat*+ is highly
’compartmenéalizea and these compartments are specifically
affected by hormones (256;257). Much further work in these
areas will be reguired to delineate the interrelationships
between insulin and cat+,

Recently, the generation of a second messenger‘iﬂbvitro
has been demonstrated upon addition of insulin to adipocyte
plasma membranes (253, 264); it has been shown to activate
mitochondrial pyruvate dehydrogenase phoSphatase,(264);
Larner et 31; found a similar substance in skeletal muscle
which.the& proposed to act as a Catt-ionophore .(265). The
materiai from adipocytes displays peptide-like properties and
appears to originate by proteolysis of some plasma membrane
component; it has a molecular weight of between 1000 and 4000
(266, 267). However, its actions appear to be independent.of
Catt or Mg+t (267). Recently, a component isolated from
insulin-treated hepatocytes which stimulates RNA synthesis in
isolated nuclei has been reported (268); it has not heen
characterized except to note that its molecular weight appears
to Be less than 1000. An insulin-dependent cytoplasmic
factor with characteristics similar to those of the mediator
described By Seals éé'gi. (266) and Kiechle'éi 3£.7(267) has
been shown to stimulate mitochﬁndrial Catt uptake (269)L

These f@scinating observations will undoubtedly lead to an
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improyed understanding notfonly‘of the hasis of insulin’'s

actions, but alsa of cellular functions in general.
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F. Qbjectiyes of this Thesis.

The basic current of research in this laboratory over
the years has been the examination of the role of mitochondrial
protein synthesis in mitochondrial protein synthesis in
controlied ( 57,58,90, 104, 120, 123,163, 164, 21q.»,._27.0-,;2;7-4.2”76.,
285, 302; 333): The studies reported in Chapter III beg;n as
an outgrowth of the observations by Mockel and Beattie (270)
that skeletal muscle mitochondria isolated from diabetic rats
exhibited much lower rates of protein synthesis under optimal
conditions iﬁ Qit¥; compared'to control muscle mitochondria.

On the other hand; liver mitochondria from céntrol and
diabetic rats displayed identical rates of profein synthesis
in vit¥6 (270); Thus: the control of mitochondrial protein
synthésis in mammals was subject to tissue-specific variations.

It thus seemed worthwhile to reexamine these findings
from sewveral aspects:

1) Did the. decreased rates of’i;“viﬁr; mitochondrial
protein synthesis correlate with other parameters of mito-
chondrial function? Were there important physiological
changes associated with these observations?

2) Were these effects obserVable‘in other mammalian
tissues (e,g;, kidney)? Was there a colierent explanation
for these tissue-specific differences?

3) Was it possibkle to pinpoint the reason for these
changes?: Could further insight into the control mechanisms
of‘mammaliaﬁ'mitochdndri;l pfotein sfntheSis be gained?

As has been previcusly stated and will be subsequently

discussed, there is ample evidence that mitochondrial protein
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synthesxs is. gaeverned by products aof cytoplasmic trans-

1atlon. "I repeat this now to emphasmze that my approach '

to these questions has heen rather biased in this direction.
Investigations of these phenomena in.mammals are complicated
enormously By their structural and metabolic compleXLtY;
Moreover, even in inbred strains of rats and mice, there is
considerable biolggical wvariation from individual to individual.
Such variation is even evident in the mitochdndfial.genome

itself (158-161).
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II. EXPERIMENTAL PROCEDURES

A. Materials

Male Sprague-Dawley rats, weighing 150-200g, were
obtained from Perfection Breeders. ATP, ADP, sodium phospho-
enolpyruvate, pyruvate kinase, Bicine, Tricine, strepto-
zotocin, cycloheximide, chloramphenicol, ammonium aurintri-
carboxylate, bovine insulin, trypsin, and unlabellgd amino
acids were obtained from Sigma Chemical Co. L-[4,5-3H]—leucipe
(58.5 Ci/mMol) was from New England Nuclear, while L-1%%s1-
methionine (800-1200 Ci/mMol) was from Amersham. Acrylamide
and N,N' methylene-bis-acrylamide were from Eastman.. Pactamycin
was the generous gift of Dr. Joseph Wu, New York Medical College.
Other reagents were of the purest grades commercially obtainable.
Solutions used for mitochondrial isolation and protein
synthesis in vitro were prepared with glass-distilled water
and filtered through 0.45 y Millipore filters before use.
All glassware used was stérilized by autoclaving.

B. Treatment of Animals.

. Unless otherwise indicated, rats were watered and fed
ad libitum on a standard diet of laboratory chow. Diabetes
mellitus was induced by the intravenous administration of
streptozotocin ( .10mg/100g body weight) dissolved in citrate
buffer (pH 3.8-4.2); controls received an equivalent volume
of buffer oniy (271). The rats were diabetic after 2-3 days
and were generally used 5 days after injection, when blood
glucose levels of 400mg/dl or greater were present. Where

the effects of insulin were to be investigated, soluble
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insulin (1 unit) was injected subcutaneously at the end of
the third day after streptozotocin administration, and the
dose was repeated on the morning and evening of the fourth
day. On the morning of the f£fifth day, two units of insulin
were administered(249 ) and the animals were sacrificed two
hours later. Determinations of blood glucose made prior to
the first insulin injection and also at the time of sacrifice
confirmed that the streptozotocin - induced hyperglycemia

. was reduced to cont?ol levels by insulin treatment. Faéted
rats (175-200g) were caged separately and deprived of food
for 48-72 hours before sacrifice. Where indicated, cyclo-
heximide (0.5 mg/ml in 0.85% NaCl) was administered intra-
peritoneally from two to twenty-four hours before sacrifice.

C. Preparation of Mitochondria.

Animals were killed by decapitation. Skeletal muscles
with high content of white fibers (234) (gastrocnemius,
rectus femoris, vastus laterélis, longissimus dorsi) were
cleaned of fat and connective tissue, gquickly excised, and
élaced in cold medium M (0.21 M mannitol, 0.07 M sucrose,
0.01 M Pris-HC1, pH 7.4, 0.002 M EDTA). All subsequent
operations were performed at 0-4°. The muscles were finely
minced with scissors and processéd through an Edco hand
tissue press. The resultant suspension was adjusted to a
concentration of 1dg.tissue/100ml medium M. Trypsin was
added in a ratio of 2.4mg/1l0g tissﬁe, and tbe mixture was
stirred magnetically at 100 rpm for 30 minutes at 0-4°. The

‘resultant suspension was centrifuged for 10 minutes at 650 x g
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to. remove debris, and the supernatant was filtered through
se;eral layers of cheesecloth or a single layer of fine silk
mesh. Mitochondria were collected from the resultant
filtrate by centrifuging for 10 minutes at 10,000 x g (270).
The final mitochondrial pellet was resuspended in medium M
at a concentration of 5-15mg/ml and kept at 0° until use.

Because of the possibility that mitocﬁondria from
trypsinized skeletal muscle might have sustained some degree
of damage, skeletal muscle mitochondria were also prepared
from mechanically ~ homogenized muscles (272). Excised muscles
were finely minced with scissors, homogenized in a Dounce
homogenizer with-ground-glass mortar, processed through the
Edco.- hand tissue press, and homogenized again in the Dounce
homogenizer. Mitochondria were collected from the homogenate
by the same procedure described above.

Rat kidney mitochondria were prepared under sterile
conditions by the methéd‘of Devlin and Ch'ih (273 ) in medium X
(0.20 M mannitol, 2 mM HEPES, 1 mM EDTA, pH 7.2) and were
Jashed three to four times. Rat liver mitochondria were
preparéd by the method of Beattie (274) in medium L (0.21 M
“mannitol, 0.07 M sucrose, 10 mM HEPES, 2 mM EDTA, pH 7.7)
and washed four times.

D. Amino Acid Incorporation by Isolated Mitochondria.

The standard medium for incorporation of amino acids
by isolated rat tissue mitochondria(270 ) contained 50 mM
Bicine, pH 7.6, 1 mM EDTA, 5 mM potassium phosphate, 90 mM KCl,

lmg/ml cycloheximide, 50Ug/ml of a mixture of 19 unlabelled
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amino acids (minus leucine) (51), Mgcl2 (6 mM for kidney,
10 mM for liver or skeletal muscle), iouci/ml of L-[4,5-3H]-~
leucine, and lmg/ml mitochondrial protein. Two alternative
energizing‘systems were employed. Exogenously-regenerated
ATP was produced using 2 mM ATP (pH adjusted to 7.6 with KOH)
plus 5 mM phosphoenolpyruvate and 16.8Ug/ml pyruvate kinase.
Alternatively, ATP could be syhthesized endogenously from
added ADP (2 mM) in the presence of an oxidizable substrate
(25 mM glutamate). The complete mixtures were incubated in
open 25ml polycarbonate flasks at 37° in a New. Brunswick
metabolic shaker at 60-100 rpm. The basic incorporation medium
could be modified by the addition of inhibitors of protein
synthesis (chloramphenicol, ammonium aurintricarboxylate,
pactamycin) or postpolysomal cytosolic supernates.
Incorporation of [*H]-leucine into trichloroacetic
acid-insoluble products was measured in triplicate by the
filter disc method of Mans and Novelli(275); sample discs were
immersed in 10ml of Betafluor and counted with a Beckman LS
5000 ligquid scintillation counter. Corrections were made
for zero-time incorporation. Bacterial contamination was
evaluated by plating an aliquot of incubation medium at the
end of an experimeﬁt onto blood—-agar plates. After 72 hours
of incubation at 376, the number of colonies observed never
exceeded 100/ml. DProtein synthesis in vitro was measured in
isolated yeast mitochondria incubated at 30° in a substaﬁtially

similar manner as described by.Everett et al.(276)

-48-



E. Enzyme Assays

Rates of oxygen upt&ke were measured polarographically
with an oxygen electrode (Yellow Springs) at pH 7.4 in a medium
(final volume 3.0ml) containing 15 mM KCl, 30 mM potassium
phosphate, 25 mM tris+*HCl, 45 mM sucrose, 10 mM mannitpl,
5 mM MgClz, 7 mM EDTA, 0.2% bovine serum albumin, 20 mM glucose,
0.5 mM NAD?, and 1-2mg mitochondrial protein. The oxidizable
substrate was 10 mM glutamate. Staté 3 rates were measured
after addition of 0.506umol aliquots of ADP. Uncoupler -
stimulated respiration was measured in the presence of 2.5 uM
carbonyl~cyanide-m-chlorophenyl-hydrazone (CCCP).

Succinate dehydrogenase was assayed by’the method of
King (277) in both mitochondria and tissue homogenates, while
NADH dehydrogenase was assayed in mitochondria only as
vdescribed previously (104) .The recovery of mitochondria from
homogenates, expressed as a percentage, was calculated by
dividing the total succinate dehydrogenase activity of tﬁe
mitochondria by the total activity of the homogenate. 'Cyto-
chrome content of mitochondria was determined by recording the
difference spectrum of dithionite-reduced vs. ferricyanide-
oxidized mitochondrial suspensions, using a Perkin-Elmer
model 557 dual-wavelength doublefbeaﬁ spectrophotometer.
The wavelength pairs and extinction coefficients used for
calculations of cytochrome_content were taken from Wilson (278).
Protein concentrations_were measured by the method of Lowry
et 1 (279) ,using crystalline bovine‘serum albumin as standard,

in the presence of 0.1% sodium deoxycholate.



F. Electrophoretic Procedures.

For labelling of mitocﬂondriai translation products
in vitro, the standard incorporation medium was modified
by substituting 400uCi/ml of cérrier-free L-[35s]-methionine
for [*H]-leucine. 2an equimolar mixture of 19 amino acids
(30uM each) minus methionine was$ used. After 66 minutes of
incubation at 37° mitochondria were reisolated from the medium
by centrifuging for 6-8 minutes at 4° in an Eppendorf micro-
centrifuge (15,000 x é), and washed three times with medium M
containing 1 mM unlabelled methionine. The final mitochondrialv
pellet was dissociatgd overnight at 25° in 50-200ul of a
solution containing 5% (w/v) sodium dodecyl.sulfafe (sDs),
5% (w/v) 2-mercaptoethanol, 50 mM Tris-HC1l, pH'6.8, 2 mM EDTA,
and 10% (v/v) glycerol. (280) Often, thé protease inhibitor
phénylmethylsulfonyl flﬁoride (PMSF), dissolved in dimethyl
sulfoxide (DMSO), was added to.a final concentratién of 1 mM.
Some mitochondrial pellets were treated with lOul.éf 0.1 M
NaOH for 15 minutes at 25° before the dissociation solution
w;s added(28l). Total radiocactivity and trichloroacetic
acid—ihsqluble radiocactivity wereAdetermined for each sample
before electrophoresis. Immediately prior to electrophoresis,
a small guantity of bromphenol blue in glycerol was added to‘
the samples.

Polyacrylamide slab gels 1.2 mm thick were prepared
according to Studier(282) with minor modifications (280), The
discontinuous buffer system of Léemmli(283) w;s used for

electrophoresis. The stacking gels were 5% acrylamide, while
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the resolving gels contained conceﬁtrations of acrylamide
ranging between 8% and 15%. Usually, the resolving gel
contained 12% acrylamide. After electrophoresis, tﬁe:slab

- gels were stained for 60-90 minutes‘with 1;25% {w/v) Coomassie
brilliant blue R in 45% (v/v) methanol: 9.7% acetic acid

and destained fo; 6 minutes in a Canalco electrophoretic.
destainer. The gels were mounted on Whatman 3 MM filter paper
and dried in vacuo using a BioRad gel dryer. The positions

of the molecular weight standards (Pharmacia "low molecular'
weight" kit, covering the range of 14,400-94,000 daltons)

were marked using a fountain pen containing ink with added
[1"C]-leucine. The dried, marked gels were exposed at -70°

to Kodak NS-ST X-ray film for differing periods of time,
depending on the number of counts/min in the samples loaded.
Usually 100,000 counts/min (trichloroacetic acid-insoluble)
required an exposure time of 4-5 days. Autoradiograms were
scanned with a Canalco model G microdensitometer.

G. Preparation of Cytosolic Post—polysomal Supernates ("S-140")

: All operations were performed at 0-4°C. Skeletal muscles
were excised, cleaned of fat and connective tissue, minced
finely, and homogenized with a Brinkmann Polytron homogenizer
in medium S (10 mM potassium phosphate, pH.7.4, containing 1 mM
EDTA, 10% (v/v) glycerol, ahd 1 mM each of the prétease
inhibitors phenylmethylsulfonyl fluoride (PMSF) and N-O-p-
tosyllysine chloromethyl getone (TLCK). PMSF and TLCK were

added shortly prior to use in the form of freshly prepared

stock solutions in dimethylsulfoxide (DMSO). (284)
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Immediately after sacrifice, livers were subjected
to retrograde perfusion via the vena cava with ice=-cold’
lpH 7.4 130 mM NaCl, 10 mM potassium phosphate, 1 mM EDTA,
in order to remove erythrocytes, then excised and minced
finely. The liveré were homogenized using a Potter—-Elvehjem
Teflon/glass homogenizer in the same medium used for skeletal
muscles (medium S).

The homogenates were centrifuged for 10 minutes at
650 x g to remove most éissue debris, and the resultant
supernates were centrifuged twice for ten minutes at
13,000 x g to remove mitochondria and other organelles. The
post-mitochondrial supernate was then centrifuged for
90 minutes at 140,000 Jav- The supernate was removed
carefully, avoiding the 1lipid at the top of the tube and the
pellet and supernate in the bottom of the tube. The supernate
was dialyzed overnight in Spectrapore tubing (mw cutoff 3500)
against 10 mM potaésium phosphate (pH 7.4), 10% (v/v) glycerol,
with or without 1 mM EDTA, with three to four changes of
Suffer. The diélyzed supernate was coﬁcentrated by immersing
the dialysis bags in dry Sephadex G-25 or in polyethylene
- clycol (mwav=20,000) to a final protein concentration of 25-
40mg/ml, divided into aliquots,‘frozen'quickly with liquid
nitrogen ox dry_ice/acetone, and stored at -80°. This final

fraction is designated s-140.
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III. RESULTS

A. Optimal conditions for protein synthesis in vitro by

isolated rat kidney mitochondria.

Initial studies were directed toward establishing
optimal conditions for the incorporation of amino acids into
protein by isolated:kidney mitochondria. 1In these studies,
which employed L-[4,5-3H]-leucine as the label, the barameters
examined included various concentrations of leucine, Mg*t,
amino acids, and mitochondrial protein, as well as two alter-
native energy-providing systems. The concentration of leucine
-used for further studies (Figure 1) was selected as a com-
promise between the desire to maximize the absolute quality

of protein synthesized (pmol leucine incorporated/mg mito-
chondriai proteih/hr) and the need for incorporation of
sufficient quality of label to permit accurate counting of
samples. The final reaction ﬁixturevchosen contained a total
of 15.2 UM leucine with 10 uci of'[sH] leucine and resulted

in 64% of the maximpm incorporation achieved with 100 UM total
leucine with the same amount of radioactive label.

The optimal [Mg**] concentration was determined to be 6 mM
(Figure 2), somewhat lower than the 10 mM optimal [Mg++],
reported for amino acid incorporatién by mitochondria isolated
from rat liver or skeletal muscle. The extent of protein
synthesis was essentially proportional to the quantity of
.mitochondrial protein used in the mixture up to 2 mg/ml
(Figure 3), but was relatively insensitive to changes in the

concentrations of the 19 unlabelled émino acids used in the
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range of 40 and 100 jg/ml (Fignre 4). Use of a complete
nixture of 12 unlabelled amino acids was far superior to use
of a system employing only L-proline (data not shown), which
‘has been reported to be capable of supporting liver mito-
chondrial protein synthesis in wvitro (55).

The extent of protein'synthesis in isolated rat kidney
mitochondria is markedly influenced by the nature of the
energy-providing system used. Amino acid incorporation can
be supported by either exogenously-generated ATP, consisting
of ATP, phosphoenolpyruvate and pyruvate kinase, or by endo-
genously-made ATP formed by use of excess oxidizable substrate,
such as glutamate or succinate, with added ADP. In the latter
case, glutamate (20-30 mM was clearly superior to succinate
(20 mM) as -an electron donor for supporting mitochondrial
translation in vitro (Table I). The highest levels of amino
acid incorporation were oﬁserved using the exogénous ATP-
generating system (Tables II and III; Figures 5 and 11).

. The extent of leucine incorporation into mitochondrial
protein was eséentially linear with time for 60 minutes
(Figure 5) wheg the external ATP-generating system was used.
Mitochondrial piotein sygthesis under the conditions employed

was inhibited by 94% in the presence of 250 lig/ml chloram-~

phenicol (Table III).
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Figu}e 1.

Dependence -0of kidney mitochondrial incorporation of
labelled leucine upon total leucine concentration. Isolated
rat kidney mitochondria were incubated in vitro at 37°
30 minutes in the basic medium described in "Experimental-
Procedures". Each 1 ml of incubation mixture contained 1'mg
mitochondrial protein, 1 mg of cycloheximide and 10 uCi of
L-[4,5-*H]-leucine (0.8 UM), and various concentrations of
unlabeled L-leucine as shown. The energy was provided by ATP-
phosphoenolpyruvate~pyruvate kinase. Trichlorocacetic acid-
precipitable radiocactivity in the resultant mixture was
determined as described in "Experimental Procedures"

for

" gre— ) counts,min'lmg'1 mitochondrial protein
incorporated.

(e----e) pmol leucine mg~
incorporated.

! mitochondrial protein

: Further studies employed 10 ucCi of L-[4,5-*H)~leucine
and 15 UM added unlabelled leucine, representing a reasonable
compromise between obtaining sufficient incorporation of label
for accurate counting and achieving a substantial degree of
actual protein synthesis. These values were used for mitochondria

from.kidney, liver and skeletal muscle.
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Figure 2.

Dependence of mitochondrial incorporation of labelled
leucine upon magnesium concentration. Isoclated rat kidney
mitochondria were incubated in vitro at 37° for 30 minutes
in the basic medium described previously in the legend to
Figure 1, using 10 UCi of [3H]-leucine and 15 UM unlabelled
leucine; the concentration of MgCl, was varied. The optimal
concentration of 6 mM Mgtt was used for all further studies;
it should be noted that this figure is lower than that
employed (10 mM) for similar experiments with liver or
skeletal muscle mitochondria. :
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Figure 3.

Dependence of leucine incorporation by isolated
kidney mitochondria upon mitochondrial protein concentration.
Rat kidney mitochondria were incubated at 37° for 30 minutes
in the basic incorporation medium using the optimal conditions
described in Figure 1 and 2. Trichloracetic acid-precipitable
radiocactivity was determined as described in "Experimental
Procedures".
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Figure 4,

Dependence of incorporation of labelled leucine by
isolated kidney mitochondria upon concentration of amino
acid mixture. 1Isolated rat kidney mitochondria at a protein
concentration of 1 mg/ml were incubated as described in the
legend to Figure 3 with varying amounts of the amino acid
mixture previously described. All further studies using *u1-
leucine employed 26 Ml (50 Hg) of amino acid mix per ml of
incubation mixture.
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TABLE I

Effect of Different Oxidizable Substrates upon

Incorporation of [®H]-Leucine into Protein by

Isolated Rat Kidney Mitochondria.

Counts min"1 mg"1 Mitochondrial Protein
with
Substrate (mM) ADP-Glutamate ADP-Succinate
10 12,800 11,200
20 18,800 L 12,300
30 20,400 8,950

The standard incorporation medium described in
"Experimental Procedures" was used with the indicated con-

centration of oxidizable substrate.

Determinations

of incorporated radioactivity were performed in

triplicate.
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TABLE II

Effects of Varying the Energy Source on Amino Acid

Incorporation In Vitro by Isolated Rat Kidney

Mitochondria.
Counts min~? mg'1 Mitochondrial Protein
Energy Source Control Diabetic
13,700%+1,080

ATP-Generating System! 14,700%593
7,760£832 6,834%1,230

ADP—Glufamate

The standard inéorporation mixture described in
Results in each case

"Experimental Procedures" was used.
+ standard error of the mean for six animals.

are the mean £
Determinations of incorporated radiocactivity were

performed in triplicate.

lpnTP~generating system consists of ATP, phospholenol-

pyruvate and pyruvate kinase.



TABLE III

Inhibition of Rat Kidney Mitochondrial Amino Acid

Incorporation by Chloramphenicol.

Counts min~} mg“1 % of Control
Control 23,610 100
+250 Ug/ml Chloramphenicol 1,350 " 6

The standard incorporation medium (1.0 ml) contained
either 10 Ul of ethanol (control) or 10 Ul of chloramphenicol
(25 mg/ml in ethanol; 250 ug/ml final concentration).
Radioactivity incorporated after 60 minutes at 37° was
measured as described in "Experimental Procedures".
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Figure 5.

Time course of leucine incorporation by isolated

‘rat kidney mitochondria. Xidney mitochondria from a control
rat were incubated using the optimal conditions described

in the legend to Figure 4. The measurement of TCA-insoluble
radiocactivity on aliguots (100 ul) containing 0.1 mg protein
was as previously described in' "Experimental Procedures."

A virtually identical time course was observed with diabetic
kidney mitochondria. : ' '
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B. Effects of Diabetes Mellitus on Protein Synthesis

in vitro by Isolated Rat Kidney and Skeletal Muscle
Mitochondria. ‘

The optimal conditions for measuring the rate of
protein synthesis in vitro by mitochondria isolated from
skeletal muscle (270) and liver (285) were determined several
yeérs ago in this laboratory. With the exception of the
optiﬁal concentration of magnesium ion, which is 6 mM for
kidney mitochondria (Figure 2), oxr 10 mM for liver and muscle
mitochondria (270 ,285), the optimal values for most other
parameters (concentrations of leucine, amino acid mixture, and
mitochondrial prdtein) are identical for all three typeé |
of mitochondria. However, the extent of protein synthesis
in isolated mitochondria is markedly influencedvby the
nature of the energizing system used; furthermore, the
relaﬁive superiority of a_given energizing system #aries from
tissue to tissue. Amino aciad incorporation by rat kidney
mitochondria supported by externally-generated ATP proceeded -
a% a rate about ‘twice that observed when ATP was génerated
by intramitochondrial oxidative phosphorylation (Table II).
Regardless of which energizing system was used, the rates
of amino acid incorporation by kidney mitochondria isolated
from diabetic animals were essentially identical to those
observed in control kidney mitochondria (Table II). By
contrast, amino acid incorpofation by isolatea skeletal
muscle mitochondria (Figure 6) proceéded at a higher.rate

when ATP was generated by intramitochondrial oxidative phos-
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pho:ylation than when ATP was regenerated externally. When
either energizing system was employed, the rate of protein
synthesis in vitro by skeletal muscle mitochondria isolated
from diabetic animals was markedly depressed from control
values. This effect was more pronounced when the energy was
supplied by the respiratory chain with glutamate as substrate,
which may reflect the observed decreases in cytochrome content
and oxygen consumption in diabetic muscle mitochondria which
are "¥Yeported later.

The time course of protein synthesis in vitro was
similar in skeletal muscle mitochondria from control and
diabetic animals (Figure 6). Amino acid incorporation was
linear for thirty minutes with a slightly decreased rate in
the next thirty minutes. Hence, mitochondria obtained from
the muscles of diabetic rats have a lowered capability of
protein synthesis throughout the period of incubation. These
data confirm the results of.?revious studies (270, 286);

In order to exclude the possibility that muscle mito-
cﬁondria from diabetic animals were more sensitive than control
mitochondria to trypsin?induced démage, a comparison was made
of the rates of protéin synthesis in vitro by mitochondria
isolatedvby two different procedures: the standard method of
trypsinization and mechanical homogenization. As shown in
Table IV, the diabetic muscle mitochondria prepaied by either
procedure showed a pronounced decréase in the rate of érotein
synthesis relative to identically-preparéd control.mitochondria.

Mitochondria prepared by trypsinization showed slightly higher
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Figure 6.

Time course of leucine incorporation in vitro by
isolated skeletal muscle mitochondria. The ATP generating
system consisted of 2 mM ATP, 5 mM phosphoenolpyruvate and
16.8 ug/ml of pyruvate kinase, and the ADP-glutamate system
contained 2 mM ADP and 25 mM glutamate. The incubation
medium was described in "Experimental Procedures".

(#—nsmwp) control
 (@=m—— ®) diabetic.

"Each point is the mean of values obtained from
3 animals. : ‘
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rates of protein synthesis in wvitro (Table IV), as well as
sliéhtly higher yields (data not shown) and greater ease of
handling larger number of animals.

The decreased rate of protein synthesishby skeletal
muscle mitochondria from diabetic rats was completely
reversed by administration of insulin to the animals (Figure 7).
Insulin administration also lowered the blood glucose levels
to those of the control raté (100—150'mg/d1).- By contrast,
insulin administration to control animals did not result in
any change in the rate of muscle mitochondrial protein
synthesis. Many of the physioiogical effects of diabetes
mellitus are also observed during starvation, in which
plasma insulin levels are lowered (236). A two-day fast
resulted in a significant 23-27% decrease in the raté of
amino acid incorporation in vitro by isolated skeletal muscle
mitochondria whether the energy was supplied by the res-
piratory chain or by an external ATP regenerating systme.

The products of protein synthesis by skeletal muscle
mitochondria from control and diabetic rats labelled in vitro
with [®%S]-methionine were examined by electrophoresis on 12%
polyacrylamide slab gels in the presence of 0.1% sodium dodecyl
sulfate, followed by autoradiqgraphy of the dried gel. As
shown in Figure 8a, isolated muscle mitochondria could incorp-
orate L-[ass]-methionine into several proteins whose apparent
molecular weight ranged froh under 14,000 to over 65,000'
daltons. Although the extent of protein synthesis in diabetic

muscle mitochondria is markedly depressed when compared to
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TABLE IV
Effect of Method of Mitochondrial Preparation on
Skeletal Muscle Mitochondrial Protein Synthesis

in vitro

Method of Mitochondrial Preparation

Trypsinization Homogenization

Counts m:i.n"lmg"1

Control 5,640 5,120
Diabetic 2,150 1,670
% Change -62.9 ' -67.4

Skeletal muscles from two control and two diabetic
rats were pooled by type and processed through an Edco
tissue press in medium M.  The resultant suspensions were
divided into two equal portions. One portion of each type
was subjected to. trypsinization in the normal fashion,
while the other was homogenized mechanically as described
‘in "Experimental Procedures". Incorporation of [3H]—leucine
into trichloroacetic acid-insoluble products after 60 min
of incubation at 37° was performed as previously described.
The system was energized with ADP and glutamate.

-67-



ADP-GLU : ATP— PEP ADP—-GLU ATP-PEP

A A .
a3 ’

120

100

80

60

OF CONTROL

40

%

Il
D

c+1|D+I

VQ

20

Figure 7.

Rates of protein synthesis in vitro by skeletal muscle
mitochondria from control, diabetic, insulin-treated, and
fasted rats.

Skeletal muscle mitochondria were prepared and
incubated as described under "Experimental Procedures".
Because considerable variations in the rate of protein
synthesis were observed among different groups of control

.animals, control and treated rats from the same shipment were

paired by weight and sacrificed on the same day. Each value.
represents the mean of 8-10 values * the standard error of
the mean.

C = Control.
D = Diabetic
+I = Insulin-treated
F = Fasted 48 hrs v
ADP-GLU = Energized by respiratory chain
= Energized by externally generated ATP.

ATP-PEP
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Figure 8.

Mitochondrial in vitro translation products from control
and diabetic rat skeletal muscle. Skeletal muscle mitochondria
were incubated with L-[?°S]methionine and subsequently pre-
pared for electrophoresis as described in "Experimental Pro-
cedures”. A, Samples of control and diabetic muscle mito-
chondria were resolved by electrophoresis on a 12% polyacryl-
amide slab gel with a 5% stacking gel, both containing 0.1% SDS.

~Arrows indicate the migration of molecular weight standards of

94,67,43,30,20 and 14 x 103 daltons. B. Densitometric scan-
ning of autoradiograms of control and diabetic skeletal muscle
mitochondrial translation products scanned with a Canalco micro-
densitometer. The autoradiogram of the diabetic was analyzed
at an expanded sensitivity scale because fewer counts were
applied to the gel. The zero absorbance has also been offset.
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cont?ols, the products made by both control and diabetic
mitochondria appeared to be identical in'numbg:, apparent
molecular weight, ahd relative guantity as indicated by
densitometric scanning of the autoradiograms of control and
diabetic muscle mitochondrial translation products (Figure 8B).
It thus appears that the synthesis of all translation

products in diabetic muécle mitochondria is depressed to

the same extent; this might indicate that these productsvare
expressed goordinately.

Use of a specific inhibitoxr of peptide chain initiation,
ammonium aurintricarboxylate(287 ), indicates that the defect
in protein‘synthesis in vitro in skeletal muscle mitochondria
from diabetic animals exists primarily at the level of
initiation (Figure 9). At é concentration of 1 mM, aurin-
tricarboxylate inhibited protein synthesis in vitro by almost
80% in muscle mitochondria from control animals, but only
by 40% in diabetic muscle mitochondria (Figure 10). The
convérgence of the curves in Figure 5 suggests:® that the rates
&f peptide chain elongation in skeletal muscle mitochondria
from control and diabetic animals differ by at most a factor
of two, while the overall rates of protein synthesis differ
by a factoxr of close to five. . Similarly, protein syhthesis
in vitro by kidney mitochondria is inhibited by 90% at 1 mM
aurintricarboxylate (Figure 10). The time course of_protein
synthesis in the presence of low-concentrations pf aurin-
tricarboxylate indicates that peptide chain initiation in
isolated kidnéy mitochondria obcur§ throughqut the period of

incubatibn (Figure 11).
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Figure 9.

Inhibition of skeletal muscle mitochondrial protein
synthesis by aurintricarboxylate. Skeletal muscle mito-
chondria were isolated from control and diabetic rats and
incubated in vitro as described in "Experimental Procedures
in the presence of the indicated concentrations of ammonium

aurintricarboxylate.

X) control
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FPigure 10.

Comparison of the effects of aurintricarboxylate upon
protein synthesis in vitro by isolated mitochondria from
control kidney and control and diabetic skeletal muscle._
Kidney mitochondria were isolated and incubated in vitro

as described in

"Experimental Procedures"”.

The data from

Figure 5 for skeletal muscle mitochondria were normalized
to 100% incorporation in the absence of ammonium aurin-
tricarboxylate and replotted.

(x
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x) kidney
A) control muscle
®) diabetic muscle.
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Figure 11.

Time course of kidney mitochondrial protein synthesis
in vitro in the presence and absence of low concentrations
of aurintricarboxylate. Isolated rat kidney mitochondria
were incubated in the standard incorporation medium as
described previously in the absence or presence of ammonium
aurintricarboxylate. Aliquots were removed at the times
indicated and trichloroacetic acid-insoluble radioactivity
determined as described in "Experimental Procedures".

(x X) Control (no ammonium aurintricarboxylate);
(M=) +25 UM ammonium aurintricarboxylate;
(l——W) +50 pM ammonium aurintricarboxylate.
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At 0.5 mM aurintricarboxylate, which inhibited protein
synthesis in vitro by 71% in mitochondria from control
skeletal muscle, addition of chloramphenicol (250 ug/ml) to
the mediuﬁ increased the degree of inhibition to 95% (Taﬁle Ii).
Addition of this concentration of chloramphenicol alone
inhibited protein synthesis by 88% (Table V).

Similar results were obtained when p#ctamycin, ‘
another specific inhibitor of peptide chain initiation ( 287);
was employed in the concentration range of 0.1 - 1.0 UM (288)
(Figure 12). A 61% maximum inhibition of protein synthesis
in mitochondria from control animals was observed, while a
38% maximum inhibition was observed in the diabetic, again
indicating that the rate of chain initiation is decreased in
the diabetic. Again the two inhibition curves appeared to
converge, suggesting that the rates of chain elongation do not

differ appreciably in the control and diabetic skeletal

muscle mitochondria.
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Figure 12.

Inhibition of skeletal muscle mitochondrial protein
synthesis by pactamycin. Skeletal muscle mitochondria were
isolated from control and diabetic rats and incubated
in vitro as described in "Experimental Procedures" in the
presence of the indicated concentrations of pactamycin.
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TABLE V
Inhibition of Control Muscle Mitochondriaerrotein
Synthesis In Vitro by Aurintricarboxylate and/or

Chloramphenicol.

Addition Céunts min~} mg-?! % of Control

Mitochondrial Protein

None ‘ 8,320 100.0
+0.5 mM aurintricarbozxylate 2,420 29.2
+250 Ug/ml chloramphenicol 960 11.6
+0.5 mM aurintricarboxylate 420 : 5.1

and 250 ug/ml chloramphenicol

The standard incorporation mixture described in
"Experimental Procedures" was supplemented with 0.5 mM
ammonium aurintricarboxylate and/or 250 ug/ml chloramphenicol.

The system was energized with ADP and glutamate and
incubated at 37° for 60 min. Trichloroacetic acid-insoluble
incorporation of [*H]-leucine was determined as described in
"Experimental Procedures”.
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C. Mitochondrial cytochrome content in control and diabetic

animals.

Both cytochrome oxidase apd cytochrome b have been
shown to céntain products of mitochondrial protein synthesis
in lower eukaryotes (289), while the synﬁhesis of cytochrome
oxidase by isolated rat liver (129) and HeLa cell (130)
mitochondria Has been reported. Since it has been well estab-
lished that blocking mitochondrial protein synthesis in lower
eukaryotes results in a lowered content of cytochromes 353
and b, it was of some interest to determine whether the
cytochrome content of skeletal muscle mitochondria from
diabetic rats had decreased as a consequence of the lowered
rates of muscle mitochondrial protein synthesis iﬁ these
" animals. The content of cytochromes 223, correspénding to
cytochrome oxidase, was decreased by 27% in muscle mito-
chondria frﬁm diabetic animals (Table VI). These changes
were significant at the p=0.009 levels. In addition, a

similar decrease in the levels of cytochrome E}gi was observed,

but this decrease was not as significant as that of the other
cytochromes. By contrast, the levels of all classes of
cytochromes were identical in kidney mitochondria from control

and diabetic animals. {Pable VI).
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TABLE VI
Cytochrome Content of Skeletal Muscle and Kidney

Mitochondria from Control and Diabetic Rats.

Cytochrome a-a b c+cC

- =3 - - =
Skeletal Muscle
Control (7) 0.153%.007 0.254%.019 0.247%£.028
Diabetic (7) 0.098%*.015 0.185%£.009 0.176+.048
% Change -36 -27.2 -28.8
P 0.007 0.00° 0.044
Cytochrome a-a b c+cC

- =3 = - =1
Kidney
Control (6) 0.268+.032 0.376%.014 0.626%.007
Diabetic (6) 0.264%.020 0.382%.016 0.628%.003

Cyvtochrome content, expressed as nmol per mg of
mitochondrial protein, was determined as described in
"Experimental Procedures". Values given are the mean %
standard error of the mean. Numbers in parentheses indicate
the number of animals used. The p values were calculated
by Student's t-test. : : :
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D. Respiratory rates of skeletal muscle mitochondria.

The rate of oxygen uptake by skeletal muscle mito-
chondria was measured with an oxygen electrode using glutamate
as substrate. As seen in Table VII, a 27% decrease in the
rate of oxygen uptake in the presence of ADP was observed
with a p value of 0.506 when comparing mitochondria from
diabetic and control animals. The respiratory control ratios,
however, did pot differ in the mitochondria from the two
groups of animals. These ratios. are lower than those
previously reported for skeletal muscle mitochondria prepared
by the same procedure as used in this study (270). Indeed,
in some experiments we have observed respiratory control
ratios of 5 or 6, but the overall results obtained are lower.

The rate of oxygen uptake was also measured in the
presence of the uncoupler, CCCP, to determine whether the
lowered rate of state 3 respiration in the mitochondria
obtained from the  diabetic resulted from a lowered rate of
phosphorylation rather than from the decrease in respiratory
cﬁain activity (Table VII)- The uncoupler-stimulated rate
of oxygen uptake was identical to the state 3 rate in the
mitochondria from both the control and diabetic rats. These
résults indicate thét the maximum rate of 6xygen uptake in
the skeletal muscle mitochondria from the diabetic is

significantly lower than that from the control.
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TABLE VII
Respiratory Rates of Skeletal Muscle Mitochondria

from Control and Diabetic Rats.

Oxygeq uptake RCR
(natom-g 0 min~! mc_:;"1 mitochondrial prpteih) ..
State 3 cccp-stimulated

Experiment 1
Control (8) . 119.3%8.01 n.d. 2.56%*0.33
Diabetic (10) 82.8%5.39 n.d. 2.12i0.l§
% Change -30 - -17
P 0.001 ~ N.S.
Experiment 2
Control (5) . 97.3%11.46 96.5+%9.01 n.d.
Diabetic (8) . 77.3%7.33 78.3%10.9 n.d.
% Change -21 ' -19

Rates of oxygen uptake were measured with an oxygen
electrode as described in "Experimental Procedures". State 3
is defined as the rate of oxygen uptake in the presence of
ADP and glutamate. The uncoupler-stimulated rate of oxygen
uptake is the rate obtained with CCCP and glutamate.
RCR=respiratoxry control ratio, defined as the rate of oxygen
uptake in the presence of .ADP divided by that obtained in its
absence. Numbers in parentheses indicate the number of
animals used in each experiment.
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E. Succinate dehydrogenase, NADH dehydrogenase and

mitochondrial recovery.

fhe activity of both primary dehydrogenases, which
are not products of mitochondrial protein synthesis, was also
compared in the skeletal muscle mitochondria from diabetic
and control rats. No significant changes in the enzymatic
rate of either enzyme complex were observed when the enzyme
was assayed in either mitochondria or homogenates (Table VIII).
The recovery of mitochondria, calculated by dividing the
specific activity of succinate dehydrogenase in the mito-
chondria by the specific activity of succinaté dehydrogenase
in the homogenate, wés also shown to be identical in the
control and diabetic. Similarly, with rat kidney mitochondria
there were no significant differences in the specific activity
of succinate dehydrogenase or in mitochondrial recovery. '

(Table VIII).
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- TABLE VIII
NADH and Succinate DehydrqQgenase Actiyities in

Skeletal Muscle and Kidney.

Control Diabetic Ch:nge P
Skeletal Muscle
NADH-Dehydrogenase1 .
Mitochondria (8) 952 £ 69 937%16 -1.6 N.S.
Succinate Dehydr_ogenase1
Mitochondria (11) 15.3% 2.7 14.7 %3.0 -3.9 N.S.
Homogenate (11) : 6.6 £2.1 5.0 £1.5 -24.7 N.S.
% Recovery | 15.3 *1.6 18.6 *1.5 +21.6 N.S.
. Kidney
Succinate Dehydrogenase1
Mitochgndria (10) 149+ 9 144+ 2 -3.3 N.S.
Homogenate (10) '531 4 68+ 6 +28.3 N.S.
% Recovery - 24.8+1.8 21.1+1.0 ~-14.9 N.S.

Enzyme activities were determined as described in
"Experimental Procedures". The values reported are the mean *
the standard error of the mean. The numbers in parentheses
indicate the number of animals in each group. Recovery was
calculated by dividing the total enzyme activity in the
mitochondrial fraction by the total activity in the tissue.

'nmol min“l_m.g"1
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F. Products of protein synthesis in vitro by isolated

mitochond:i; from rat kidney, liver, and skeletal

muscle.

In order to permit hetter autoradibgraphic visual-
ization of mitochondrial ig'vitro tranélafion products
separated by electrophoresis on SDS-polyacrylamide slab gels,
L-[*5s1-methionine of high specific activity was substituted
for L-[’H]-leucine as the labelling agent, with appropriate
changes in the composition of the mixture of 19 unlabelled
amino acids. Protein synthesis in vitro by kidney and liver
mitochondrié was energized by externally generated ATP,
while that by skeietal muscle mitochondria.was energized with
intramitochondrially generated ATP, with ADP and oxidizéble
substrate (glutamate) supplied.

As shown in Figure 13, isolated mitochondria from
rat liver, kidney, and skeletal muscle are capable of
incorporating labelled methionine into at least twelve
strongly~labelled polypeptides, whose apparent molecular
weights range from under 14,000 to over 94,000 daltons.

Most of these translation products appear to be identical in
mitochondria from all three tissues, but certain minor tissue-
specific differences in electrophoretic patterns were noted
consistently each time that these expériﬁents were perfbrmed.
The significance of this observation is not clear; it is
unlikely that the rat mitochondrial genome differs from one
‘"tissue to another (161). A more likely explanaﬁion is that

there are tissue-specific differences in proteolytic activity
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Figure 13.

Mitochondrial in vitro translation products. Mito-
chondria from rat kidney, liver, and skeletal muscle were
incubated with L-Iass]—methionine and subseguently prepared
for electrophoresis as described in "Experimental Procedures."
Samples were resolved on a 12% polyacrylamide slab gel with
a 5% polyacrylamide stacking gel in the presence of 0.1%
sodium dodecyl sulfate. The gel was dried using a BioRad
gél dryer and exposed to Kodak NS~5T film for 28 days at -70°.
The positions of the molecular weight standards are indicated
at the right-hand side: phosphorylase b (M,=94,000), bovine
serum albumin (67,000), ovalbumin (43,000), carbonic anhydrase
(30,000), soybean trypsin inhibitor (20,100), and t=-lactalbumin
(14,400) .

Lane X - rat kidney mitochondria

M - rat control skeletal muscle mitochondria
Md - rat diabetic skeletal muscle mitochondria
L - rat liver mitochondria.
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present, caused by differential expressions of nuclear genes

in these tissues., The suhstantial number of fainter bands
visible in some of the autoradiograms may also represent the
results of limited specific proteolysis of the actual trans-
lation products during the period of incubation..‘Omission'of
the protease inhibitor phenyimethylsulfonyl fluoride (PMSF)
from the sample dissociation buffer did not appear to alter the
observed electrophoretic patterns of mitochondrial translation
products (data nét shown), indicating that proteolysis by
chymotrypsin-like enzymes did not occur during saﬁple dissoci-
ation. Comparative interpretafion of these autoradiograms is
also hampered to some degree by the rather great differences in
the efficiency of incorporation of [35S]~methionine by mito-
chondria from different tissues (relative ratios: kidney, 1.0;
liver 0.5; control muscle 0.1l); thus, the low relative ihcoi—
poration of methionine by muscle mitochondria could make some
products difficult to visualize. Attempts to concentrate the
labelled translation products by extracting water-soluble bulk
mfﬁochondrial proteins with low concentrations of Lubrol PX
(Lubrol: mitochondrial protein = 1:5 w/w) did not produce any
apparent difference in the products observed in liver or kidney
mitochondria, but caused extensive proteolysis of the products
obtained from skeletal mﬁscle mitochondria (data not shown).
Whether this was due to endogenous proteases or residual
trypsin from the preparation of muscle mitocbondria is not .
known. |

Sevarino and Poyton observed that when yeast mito-
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chondria were labelled in vitro with [*°®S]-methionine in the
presence of aurintricarhoxylate at'a concentration (500uM)
which inhibited'protein synthesis by about 50%, a new labelled
mitochondrial translation product was formed; it was shown to
be a precursor of subunit II of cytochrome oxidase with‘a
short N-terminal extension (290). In order to asqertain whether
analogous precursors might be formeé in mammalian mitochondria,
isolated rat kidney mitochondria were incubated in vitro with
[3%°S]~methionine in the absence and presence of ATA [25 and
S0UM; the latter concentration of ATA inhibited protein syﬁ-
thesis in kidney mitochondria by about 60% (Figure 10)1. ©No
differences whatsoever were observed in theleiectrophoretic
mobilities of labelled products from kidney mitochondria
incubated with or without ATA (data not shown). This would
seem to indicate that the minor translation products observed
are not precursors of the major products.

The possibility that some of the translation products
observed were due to the presence of contaminating cyto-
ribosomes was rendered highly unlikely by several observatidns.
The standard mediﬁm for amino acid incorporation contained a
concentration of cycloheximide (1.0mg/ml) sufficiently high to
suppress cytoplasmic protéin synthesis (57). As shown in
Table IX, the addition of 250Ug/ml chloramphenicol to the'
incubati&n mixture inhibited by 96% incorporation of [35s]-
‘methionine into protein by isolated kidney mitochondria in
either the'presence ér-the absence of cyclohe#imide. When

kidney mitochondrial labelled with [®®S]-methionine 4in the
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TABLE IX
Inhibition by Chloramphenicol of Incorpération of
[3%s]-Methionine by Rat Kidney Mitochondria in vitro

in the Presence and Absence of Cycloheximide.

Additions [3ssl-methionine incorporated
net counts . % of
min~! mg~ control

Cycloheximide (1.0mg/ml) 1,221,500 100.0
Chloramphenicol (250ug/ml) 52,800 4.1

Cycloheximide (1.0mg/ml) plus
chloramphenicol (250ug/ml) 55,000 4.3

Isclated rat kidney mitochondria (1.0mg/ml) were
incubated in vitro at 37° for 60 min with 400uci of L-[*°s]-
methionine in the standard medium for protein synthesis
described in "Experimental Procedures," and subsequently
reisolated and washed three times in medium K containing 1 mM
unlabelled methionine. The washed labelled mitochondrial
pellets were dissociated overnight in 50ul of sample dis-
sociation buffer [50mM Tris.HCl, (pH6.8), 5% (w/w)SDS, 5% (w/v).,
2-mercaptoethanol, 10% (v/v) glycerol, 2mM EDTA, lmM PMSF].
Trichloroacetic acid-insoluble radioactivity was determined
on 2U1 aliquots of each sample prior to electrophoresis.

Total incorporation of [3SS]-methionine was calculated by
assuming a sample concentration of 1 mg mitochondrial protein
per 50Ul sample volume. Data presented are the mean of two
separate experiments. The resultant pattern of electrophoretic
separation of the products for one of these experiments is
shown in Figure 14.
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presence and ahsence of chloramphenicol were analyzed by
electropho:esis and autoradiography, it was seen that inclusion
of chloramphenicol almost totally abeolished the pattern of
labelled mitochondrial translation products, whether cyclo-
heximide was present or not (Figure 14). Con;equently, it
appears rather certain that the translafion products observed
in kidney mitochondria are genuine mitochondrial translation
products. The close correséondence of these products to

those seen in liver and skeletal muscle hitochondria (always
labelled in the presence of cycloheximide) provides strong
support to the mitochondrial origin of these products.
Furthermore, if contaminating cytoplasmic translational
activity were present as a significant faétor, one might
expect that its products would represent major prpteins
synthesized in the cytoplasm of the tissue involved. 1If this
were true, there should be major tissue-specific differences
apparent in the observed translation produéts. 'Yet, the only
differences obéerved in mitochondrial translation product from
kidney, liver, and skeletal muscle were guite minox. Moreover,
the electrophoretic pattern of labelled mitochondrial trans-
iétion produéts bore essentially no relationship to the
Coomassie blue-stained elecﬁrophoretic pattexrn of the mito-
chondria in which they were synthesized (data not showni.
Since around 90% of the protein content of mitochondria is of
cytoplasmic (exﬁramitochondrial) origin (90), if cyfoblaSmic

contamination were a significant factor, one might expect that
the pattern of labelled proteins would closely resemble that:

of the bulk mitochondrial proteins.
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Figure 14.

) Translation products of rat kidney mitochondria incub-
ated with L-[ass]—methionine in the presence and absence of
chloramphenicol. Rat kidney mitochondria were incubated and
prepared for electrophoresis as described in the legend to
Table IX. Samples were analyzed by electrophoresis on a
12% polyacrylamide slab gel which was autoradiographed ‘as
described in "Experimental Procedures”.

Lane a:+ 1.0mg/ml cycloheximide (44,000 CPM in 2ul of

sample)
Lane b:+ 1.0mg/ml cycloheximide and 250ug/ml chloram-
’ phenicol (17,000 CPM in 30ul)

Lane c: + 250ug/ml chloramphenicol(23,000CPM in 30ul)
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Without specific antisera to the electron-transport
coﬁplexes of the inner mitochondrial membrane of the rat, it
was not possible to identify directly any of the observed
translation products. However, a few tentative assignments
could be made by comparisons with fesults reported by other
invéstigators. For example, Rascati and Parsons(129) showéd
that the three largest subunits of rat liver cytdchrome
oxidase are of mitochondrial origin; their reported molecular
weight (66,000, 39,000, 23,000) correspond closely to labelled
pProducts observed in rat kidney, liver, and skeletal muscle
reported here (Figure 13) but are markedly different f;om
values reported by other investigators (128, 130, 131) which
report molecular weights ranging from 35,000 to 42,000 for
cytox I; 20,000 to 27,000 for cytox II, and. 18,000 to 26,000
for cytox III from mammalian mitochondria (beef heart, human
placenta, rat liver). Much of the uncertaintf-in the assignea
molecular weight values arises from the anomalous migration
properties of mitochondrial translation products in a variety
of electrophoretic systems (280,291). The recent report of
the complete sequence of human mitochohdrial DNA (131)
provides an alternative method for assigning molecular weights
to mitochondrial translation produ&ts. _Coéparison of the
DNA base sequences of human and bovine mt DNA and consideration
of known (complete or N-terminal) amino acid sequences of
mammalian and yeast mitochondrial translétion products per-
mitted the identification of the genes for (and estimation of

the molecular weights of) subunits I, II, and III of cyto-
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chrome oxidase (Mr=57,000; 25.,500; and 30,000, respectively)-
cytochrome b (My=42,700) and subunit 6 of the mitocﬁondrial
ATPase (Mry=24,800). These values correspond closely to
those calculated for labelled mitochondrial translation
products observed in this study. (Figure 15, Lane A-C)
Furthermore, Anderson et al.(131l) were able to detect the
presence of eigﬁt "unidentified reading frames" (URF's) which
showed strong evolutionary conservation when bovine and human .
mt DNA sequences We¥e compared. An unidentif;ed reading
fraﬁe begins with a mitochon&ri#l methionine codon (ATA, ATA,
ATT) and ends with a mitochondrial termination codon (Taa,
AGA, TAG, AGG), and hence contains inforﬁation which could
potentially direct the. amino acid sequence of mitochondrial
translation products. Intereétingly enough, as shown in
Figure 15, the predicted molecular weights of the hypo-
thetical URF gene translation products. (Lane E) also
correspond gquite closely to those determined in this study
for mitochondrial in vitro translation products. Prudence
dictates that one not carry such speculation too far, since,
as previously mentioned, the actual molecular weights of
mitochondrial translation products may vary considerable from
those calculated from'eléctrophoretic data (291). With this
‘caveat, the product identities were tentatively.éssigned as
outlined in Table X. .It can be seen that considerable un-
certainty in these assignﬁents is still preseﬂt,

The presence of several labelled p?oducts of Mr>70,000

was unexpected, since the largest molecular weight reported
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Figure 15.

>Graphic comparison of molecular weights of mitochondrial
translation products. This "pseudo gel" was constructed to
facilitate comparison of data compiled from many sources.

Lane Source of mitochondria reference
A rat kidney this study
B rat liver " "
C rat skeletal muscle " "
D rat liver (129)
E human placental cells (131)
F rat liver : (128)
G chinese hamster (292)
H Yeast (Saccharomyces cerevisiae (126)
I Neurospora crassa (293)
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TABLE X
Tentative Identifications of Rat Mitochondrial

in vitro Translation Products.

Product My, Possible Identities!

(approximate)
I 66,000 URF-52; cytox b
IT 59,000 cytox Id
III 51,000 URF-42
v 47,000 ‘ ?
v 43,000 cytochrome b2
VI 38,000;40,000 cytox I€; cytox 11P; yrr-22
VII 32,000 cytochrome b€
VIIZ 30,000 cytox IIIa
IX-XT 23,000-26,000 ATPase 62; cytox II®; cytox IIIb
XII 18,000 URF-6a
XIII ‘ 14,000 URF-32

Apparent molecular weights (My) of the more strongly-
labelled bands consistently observed in autoradiograms of
rat kidney, liver and muscle mitochgndrial translation
products (labelled in vitro with tsfS]-methionine and separated
by electrophoresis on polyacrylamide slab gels in the presence
of 0.1% SDS as described previously) were calculated by
comparing the relative mobilities (Rg) of the labelled pro-
ducts with those of the molecular weight standards. (280)
These values were compared with those reported by other
investigators for tentative assignment of identity.

lReferences for possible identities:
a Anderson et al.(131)
b Rascati and Parsons (129)
c Nelson et al. (128)
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for a mammalian mitochondrial translation product is 66,000
(129). Furthermore, the largest predicted molecular weight for
a putative translation éroduct (UkF) of mammalian (huﬁan,
bovine) mitochondria is aBout 67,000 (131). Since mammalian
mitochondrial structural genes appear to lack intervening
sequences (131) and are "punctuated" by flanking tRNA genes (152)
this figure would appear to represent an upper limif to the
size of mammalian mitochondrial translation products.
Mitochondrial translation products are generally gquite
hydrophobic (90) and show a marked tendency to aggregate

in aqueous systems(lél). In oxder to determine whether such
aggregation was responsible ‘for the appearance of hiéh-
molecular~weight products, mitochondria labelled with 3%s1-
methionine were reisolated from the incubation medium énd
treated with 0.1lM NaOH before the electrophoresis sample
dissociation buffer was added, following the procedure of
Tzagoloff and Meagher (28l1). As shown in Figure 16, treatment
with NaOH produced no apparent change in the electrophoretic
mobility of any kidney of liver mitochondrial translation
products. Thus, although the weakly-labelled chloramphenicol-
vsensitive, cycloheximide-resistant electrophoretic bands of
Mr>70,000 observed in this sttdy‘were not dissociated by NaOH
treatment, they probably represent specific aggregates of
;maller mitochondrial translation products which are resistant
to completé denaturétion by SDS and/or NaOH under the conditions

employed.

-94-



a b cmd e

Figure 16.

Mitochondrial in vitro translation products. Mito-
chondria from rat kidney and liver were incubated with
L—[ass]-methionine and subsequently prepared for electro-
phoresis as described in "Experimental Procedures." An
aliquot of the translation product mixture was treated with
100 mM NaOH as described by Tzagoloff and Meagher (281).
Samples of untreated NaOH-treated translation products were
separated on a 12% polyacrylamide slab gel with a 5% acryl-
amide stacking gel in the presence of 0.1% SDS, and an
autoradiogram prepared as previously described.

Lane a, untreated kidney mitochondria;

Lane b, untreated liver mitochondria;

Lane ¢, molecular weight standards;

Lane 4, NaOH~-treated kidney mitochondria;

Lane e, NaOH-treated liver mitochondria.
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G. Effects of cytoplasmic postpolysomal supernates ($S-140)

on mitochondrial protein synthesis in vitro.

As was diséussed previously in the Introduction, there
exists a considerable body of evidence which indicates that
mitochondrial protein synthesis in lower eukaryotes is
controlléd in some fashion by proteins synthes;zed on cyto-
Plasmic ribosomes. Consequently, it was of interest to test
this hypothesis directly in mammalian mitochondria by
including cytoplasmic postpolysomal supernates (S-140 extracts)
from various sources in the incubation mixtures for mito-
chondrial protein synthesis in vitro. These incubations
were éerformed in the presence and absence of GTP in order to
rule out the possibility that any observed stimulatory
capacity of such supernates was due to tightly-bound guanine
nucleotides which might be present even after exhaustive
dialysis of the supernates, as has been claimed by Schatz (294).
As shown in,fable XI, addition of 100 UM GTP to the incubation
Nixture for control or diabetic skeletal muscle mitochondrial
péotein synthesis in vitro produced an increase of about 10%
in the rate of protein synthesis, whereas in yeast mitochondria
a three-to~five-fold stimulation of protein synthesis has
been observed at this concentration of GTP (284). It can also
be seen in Table XI, that none of the S-140 extracts tested
(control muscle, diabetic muscle, yeast) caused a reproducible
effect upon protein synthesis in vitro by isolated muscle

mitochondria. In some experiments, stimulation was observed,

while in other experiments the same supefnate at the same
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TABLE XI
Effect of Cytoplasmic S-140 Extracts from Control and
Diabetic skeletal Muscle and Yeast upon Protein Synthesis

"1n vitro by Skeletal Muscle Mitochondria. . . -

Source of Mitochondria Mitochondrial Protein Synthesis
(Method of Preparation) Addltlons (% of value w1thout addltlons)

Experiment

Control Muscle 1 2 Average
(trypsinization) -
. None 100 100 100
100uM GTP 112 - 112

Control Muscle S-140

0.25mg 9% - %
0.38mg "0l - 101
0.50mg 64 63 64
0.75mg 8L 58 70

Diabetic Muscle
(mechanical homogenization)

None 100 100 100

10011 GTP 112 105 109

0.25mg Control Muscle S-140 92 109 100

' 0.25mg Diabetic Muscle S-140 96 165 130
0 25mg Yeast S 140 97 - a7

Mitochondria isolated from control skeletal muscle (prepared by
trypsinization) were incubated at 1.0mg/l.0ml in the standard medium ,
for protein synthesis supplemented with the indicated quantities of GTP
or S~-140 extract from control muscle. Diabetic muscle mitochondria (pre-
pared by mechanical homogenization) were incubated at 0.5mg/0.5ml in the
standard medium supplemented with the indicated quantities of GTP and S-
140 extracts from control muscle, diabetic mascle, or yeast. Incorpora-
tion of [3H]-leucine into trichlerocacetic acid-insoluble material was
determined as described in "Experimental Procedures," and is expressed as
a percentage of the values observed in_the absence of GTP and S5-140 ex-
tracts (gontrol 5340-5750 counts-min~ 1mg- diabetic: 1820-2740 counts-
min="mg=").
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concentration inhibitgd protein synthesis by muscle mito-=
chondria. Mitochondria prepared by mechanical homogenization
instead of by trypsinization (to avoid the possibility of
trypsin-induced damage to putative "receptors" (195) on the
mitochondrial membranes) also failed to respond significantly
to addition of cytoplasmic S$-140 extracts:

Although the lack of substan;ive results from these
studies was disappointing) an alternative method of tesﬁing
the hypothesis was available, based upon observations in this
laboratory that protein synthesis in vitro by isolated yeast
mitochondria could be stimulated markedly by cytoplasmic S$-140
extracts from yeast, E. coli, and rat liver (279 . Accordingly,
veast mitochondria were utilized to test the stimulatory
capabilities of various cytoplasmic $-140 extracts. As seen
in Table XIJ,S-140 fractions prepared from skeletal muscle
or liver-of control and diabetic animals were capable of
stimulating yeast mitochondrial protein synthésis beyond the
level produced by added GTP. However, the stimulatory
a;tivities of S-140 extracts from diabetic rat skeletal muscle
or liver appeared to be greater than those of the éorresponding
extracts from control animals.

Still another appréach to test the hypothesis was
suggested by investigations of Devlin et al. into the effects
of cyclohéximidg administered in vivo upon RNA and protein
" synthesis in vivo in rat liver (295=-300 ). These studies
indicate that after administration of a nonlethal dose

(2.0 mg/kg) of cycloheximide, RNA and protein synthesis showed
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- TABLE XII
Effects of Cytoplasmic S~140 Extracts from Control
and Diabetic Rat Liver and Skeletal Muscle upon

Protein Synthesis in vitro by Yeast Mitochondria.

(*H]-leucine incorporated

S$-140 added ‘ : net counts min'lmg‘1

Experiment

1 2
None 51,280 61,720
Control Muscle (1.0mg) 70,690 -
Diabetic Muscle (1.0mg) o . ‘97,890 -
Control Liver (1.5mg) - 97,860
Diabetic Liver (l.5mg) | - 118,430

Isolated yeast mitochondria (0.5mg/0.5ml) were
incubated at 30° as described by Everett, et al. (276)
with the indicated gquantities of cytoplasmic S-140 extracts
from control and diabetic rat liver and skeletal muscle
din the presence of 100uUM GTP. Incorporation of *m1-
leucine into trichloroacetic acid-insoluble material was
performed as described previously.
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‘a rapid decline, evident after 2 hours, followed by a
stimulatory recovery phase which lasted from 6 to over 48 hours
after cycloheximide injection (295-298). Furthermore, they
observed that synthesis of“total mitochondrial protein (90%

of which is of cytop;asmic origin) was inhibited at 2 hours
and stimulated maximally at 24 hours after cycloheximide
treatment (299). When the rates of liver mitocﬂondrial protein
synthesis in vitro were measured at several intervals after
administration of cycloheximide in vivo, a decline of about
40% was evident by two hours, and-was still_evident-after

16 hours (Figure 17). However, by 24 hours after cycloheximide
treatment, the abiiity of liver mitochondria to synthesize
proteins in vitro had increased to slightly above the control
level (Figure 17). Thus, it appeared that inhibition of
cytoplasmic translation led to an inhibition of mitochondrial
protein synthesis; restoration of cytoplasmic translation
(after he€patic metabolism and renal excretion of cycloheximide)
was followed by a recovery of mitochondrial protein synthesis
t; control levels or élightly higher. Use of higher doses of
cycloheximide killed the animals before 24 hours had passed.
However, when the dose dependence of the effect of cyclo-
heximide administratioh in vivo upon liver mitochondrial
protein synthesis in vitro was examined two hours after injec-
tion, a clear dose-response relationship was observed

(Table XIII). |

These results encouraged further pursuit.of this line

of investigation. Liver cytoplasmic S-140 extracts were
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Effect of time after cycloheximide administration in
vivo upon protein synthesis in vitro by isolated liver mito-
chondria. Sublethal doses (2.5 mg/kg) of cycloheximide in
physiological saline were injected intraperitoneally at the
indicated times prior to sacrifice. Protein synthesis by
isolated liver mitochondria .was determined as described in
"Experimental Procedures". The data shown represent the mean
values and ranges of two separate experiments.
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TABLE XIIX
Effect of Dosage Level of Cycloheximide Administered
in vivo upon Liver Mitochondrial Protein Synthesis

in vitro.

Dosage of cycloheximide Hours after Liver mitochondrial
mg/kg injection protein synthesis

%$ of control

0 2 100.0

2.0 2 . 82.3
10.0 : 2 79.6
100.0 2 58.3

1.25 18 85.8

2.50 4 18 70.1

The indicated dose of cycloheximide dissolved in
physiological saline was injected intraperitoneally
at the indicated time prior to sacrifice. Protein synthesis
in vitro by isolated liver mitochondria was measured as
described in "Experimental Procedures" after 60 min of
ihcubation at 37°.
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prepared at various times after intraperitoneal injection

of cycloheximide (2.5 mg/kg), and their ability to'stimulate
protein synthesis in vitro by isolated yeast mitochondria

was determined. As seen in Table XIV, the liver cytoﬁiasmic
S-140 extracts were all capable of stimulating protein
synthesis by yeast mitochondria well beyond the stimulation
produced by GTP alone. While the stimulatory activity of the
5-140 extracts from cycloheximide-treated animals did not
fully reach control levels,-some degree of restoration of
stimulatory activity at 24 hours after cycloheximide admin-

istration was seen.
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TABLE XIV
Effect of Liver Cytoplasmic S-140 Extracts from
Control and Cycloheximide-treated Rats upon

Protein Synthesis in 'vitro by Yeast Mitochondria.

Liver S$-140 [3H]-1eucine incorporated
(hours post~cycloheximide) - net counts min‘lmg‘

None 52,490

Control ’ 89,630

2 hours 80,700

16 hours ) - 77,1170

24 hours 80,940

Protein synthesis in vitro by isolated yeast mito-..
chondria (0.5mg/0.5ml) was determined as described in
"Experimental Procedures" after incubation at 30° for
30 min in the presence of 100UM GTP and rat liver cyto-
plasmic S-140 extracts (l.5mg) prepared from animals
sacrificed at the stated time after intraperitoneal
agministration of cycloheximide (2.5mg/kg). Each entry.
is the mean of values observed with S~-140 extracts from
two animals. In the absence of GTP and S-140, yeast

mitochondrial incorporation of [®H]-leucine was 15,300
counts-min-img-1t.
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IV. DISCUSSION

A. The Gontrol of Mitochondrial Protein Synthesis in ILower

Eukaryotes.

The siggenesis of mitochondria can be dissected into
several component processes: 1) the synthesis of the lipid
components of the outer and inner membranes; 2) the replication
of mitochondrial DNA; 3) the cytoplasmic synthesis of most
mitochondrial proteins; 4) their subsequent transfer into the
mitochondrion; 5) the intramitochondrial synthesis of a
limited number of polypeptides; and 6) their subsequent assembly
with polypeptid%s of cytoplasmic origin into functional enzyme
complexes which are primarily embedded in the inner membrane.
The major focus of research in this laboratory over the years
has been the contribution of mitochondrial protein synthesis
to the overall process of mitochondrial biogenesis, and the
mechanisms controlling mitochondrial protein synthesis.

Relatively little is known about the control of
mitochondrial biogenesis in mammals, despite the crucial
functions performed by these organelles'in all mammalian cells
except mature erythrocytes. The greatest 'portion of our
knowledge concerning the mechanisms goveinipg mitochondrial
biogenesié is based upon studies performed with lower eukaryotesj
specifically, most of these studies have employed a single

organism, the yeast Saccharomyces cerevisiae. Because many

"of the salient properties of mitochondria appear to have been
conserved guite strongly through the course of evolution,

it seems appropriate to discuss some of these findings in
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lower eukaryotes hefore progressing to an examination of
the corresponding mammalian processes.

S. cerevisiae is particularly well=-suited for studies

e

of mitochondrial biogenesis. Large quantities of genetically-
identical cells can be easily grown and harvested. The
.intfacellular.structure of the organism contains much less
extensive endoplasmic reticulum, lysosomes, and other
membranous organelles than is found in higher eukaryotes.
This yeast can be grown under a wide variety of conditions:
different temperatures, different carbon sources, aerobic,
anaerobic (regquiring fermentable substrates and supplement-
ation of the medium with ergosterol and unsaturated fatty
acids), and in the presence of inhibitors‘of protein synthesis
such as cycloheximide or chloramphenicol. Moreover, mutants
are easily generated and selected, thus greatly facilitating
genetic studies of mitochondrial biogenesis.

The results of many studies strongly indicate that
the biogenesis of mitochondria in yeast and other simple
eukarf%tes is not regulated in an autonomous manner, but is

strongly controlled by proteins of cytoplasmic origin. In

. the mold Neurosporavcrassa, growth in the presence of ethidium

bromide, a specific inhibitor of mitochondrial transcription,
led to increased cytoplasmic synthesis of the enzymes regquired
for transcription and translation of mt DNA (56). When

S. cerevisiae is grown in medium containing a high concentra-

tion of glucose, a decrease in mitochondrial cytochrome content

and respiratory activity is observed (L03). As the glucose
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in the medium becomes exhausted, the synthesis of cyto-
chromes increases and the respiratory activity also increases
(104). Addition of chloramphenicol to glucose~repressed
cells biocked the appearance of activity of enzyme complexes
containing mitochondrially-translated suhunit;, but addition
of cycloheximide during this stage of growth did not, even
though these complexes also contain cytoplasmically—
synthesized subunits, implying that ; pool of the latter had
accumulated to a sufficient extent to permit continued
production of the holoenzyme complexes (104).

Through similar techniques of growth of‘yeast in the
presence of cycloheximide before harvesting.mitochondria,
Poyton and Kavanagh demonstrated that mitochondrial protein
synthesis in vitro ceased when an endogenous pool of cyto-
plasmically-synthesized proteins is depleted; moreover,
addition of a cytosolic post=-polysomal ("S-100") supernate
to mitochondria incubated in vitro restored their ability
to synthesize proteins (30l). Everett et al.(276) showed that
this effect is no£ speclies-specific; in fact, S$-100 fractions
from E. coli or rat liver were also capable of such stimulation.
While Ohashi and Schatz (294) have claimed that this stimul-
atory adtivity.is due to.the presence of tightly-bound guanine
nucleotides contained in the S-100, Finzi et al.(302) |
shown that such supernates are capable of dramatic additional
stimulation of yeast mitochondrial protein synthesis in vitro
in the presence of maximally active concentrations of GTP.

Furthermore, the major stimulatory factor present in yeast
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S~100 extracts appears to hela.protein of My < 3500 (302).
The mechanism of action of such stimulatory proteins
is unclear: they could act at the transcriptioﬁal or
translational_level or both. While the stimulatory factor
studied by Finzi gi'gi. appears to cause a uniform increase
in the synthesis of all -mitochondrial translation products.
in vitro(302), Brown an@ Beattie demonstratea thaf the.
assembly of cytoplasmically- and mitochondrially-translated
subunits into fuﬁctional enzyme complexes does not proceed
in a synchronous fashion for the b-¢c complex and cytochrome

1

oxidase (121). Furthermore, formation of an active E—gl

complex in yeast mitochondria during respiratory adapition is
subject to a different mode of regulation than that seen when
the yeast cells are undergoing glucose derepression (121).
Interpretation of these studies islcomplicated by the fact
that the data do not permitbone'to decide whether the effects
observed are due to alterations in mitochondrial protein
synthesis or in the subsequent assembly of inner membrane
complexes. Saltzgaber-Muller and Schatz have shown that heme
a is necessary for the assembly of yeast cytochrome oxidase
(303). In the absence of heme, cytox II and III, but not
cytox I, were still detectable in the mitochondria; thesé
subunits are all products of mitochondrial protein synthesis
(102). Of the cytoplasmically-translated subunits, cytox VI
was present; bué cytox'iv, V, and VII were not detected.

These observations may reflect rapid degradation of the
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unassemhled subunits as oppesed to a decrease in this
synthesis, bhut these subunits are deﬁectahle in other yeast
mutants where assembly of cyvtochrome oxidase is affected (304).
Thus, heme may play a role in the synthesis of some mito-
chondrial translation products. A similar conclusion was
reached by Kumar and Padmanaban for N. crassa (305).
The synthesis of mitochondrial proteins was decreased in the
absence of heme, and total protein synthesis in vitro by'
heme-deficient mitochondrial iysates was increased by addition
of hemin. On the other hand, Clejan et al. found that the
apoprotein of cytochrome b was still synthesized by mito-
chondria from yeast mutants incapable of heme synthesis, and
suggested that the assembly of the E—gl complex was the
process which required heme (280).

Certain nuclear mutations affect the synthesis oﬁ
some mitochondrial translation products, but not others.
Schatz's group haS studied several yveast nuclear mutants
which specifically lack cytochrome oxidase activity and
séectrum (304, 306). In these mutants, all four cytoplasmically-
translated cytox subunits were present, but one or more
mitochondrially-translated subunits were missing; these
results were not due ﬁo faulty assembly of the holoenéyme,
nor to a defect in the synthesis of heme a (307). Cabral and
Schatz concluded that the nuclear amber mutation pet 494-1
affected the cytoplasmic synthesis of a protéin which

regulated the mitochondrial expression of cytox III, while

in the nuclear mﬁtant,pet_Ell-l, the synthesis of cytox I
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and II was affected; hoth mutants possessed spectrally-
identifiable cytochrome b (307). Hence, the missing cytoplasmic
regulatory proteins appeared to be specifically involved in
the mitochondrial synthesis of the subunits of cytochrome
oxidase; their mechanisms of action thus appear different from
that of the low~-molecular-weight activator studied by
Finzi et al. (302).

Tzagoloff observed that the synthesis of the mito-
chondrial subunits of the oligomycin-sénsitive ATPase in

S. cerevisiae was also controlled by producté of cytoplaémic

protein synthesis (308). Furthermore, Tzagoloff et al. found
nuclear mutants in which the mitochondrial synthesis of
cytochrome b and the Fo portion of the mitochondrial ATPase
were specifically blocked {93). Hence, the synthesis of
proteins by yeast mifochondria appears to be controlled by
products of cytoplésmic protein synthesis, but in a very
complex fashion. The picture is further complicated by the
speculations of two groups that mitochondrial gene products
may affect the expression of nuclear genes in N. crassa (55)

and S. cerevisiae(309); however, no such product has beeh

isolated or identified. Moreover, in "petite" mutants of

S. cerevisiae which completely lack mt DNA, the cytoplasmic

synthesis of mitochondrial proteins proceeds at near-normal
levels, and the protein composition of the (respiratory-
deficient) mitochondria is identical to that seen in wild-
type veast mitochondria, except for_the lack of the mito-

chondrially-translated peptides (121, 209). The recent
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discovery that the mitochondrial gene foxr cytochrome b
contains intervening sequences which are spliced out of the
primarxry transcript is the first demonstration of a split.geﬁe
" in mitochondria (139). Even more intéresting, if not astounding,
is the demonstration that these "introns" contain information
coding for a "maturase" which is necessary for the proper
posttranscriptional processing of the mitochondrial mRNA

for subunit I of cytochrome oxidase (140). It is evident that
the control of mitochondrial protein synthesis in yeast is
quite complex; despite the tremendous amount of research into
this area, many questions remain unanswered. Hence, it is
not surprising that our understanding of the regulation of
mitochondrial protein synthesis in mammals, which has been

studied far less extensively, is still guite murky.
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B. The Effects of Diabetes Mellitus upon Mitochondrial

" Pratein Synthesis.

.This phase of the studies réported here was prompted
by previous observations in this laboratory (270) that
isolated skeletal muscle mitochondria from diabetic rats
exhibited markedly decreased.rates of protein synthesis in
vitro compared to those seen with muscle mitochondria from
control rats. Similar findings had been reported previously
by another laboratory (286), but this report did not '
come to our attention until after most of the studies reported
here had already been completed. This decrease was observed
whether alloxan or streptozotocinkwas used as the diabeto-
genic agent (270); moreover, addition of streptozotocin to
the incubation medium had no effect on mitochondrial
protein synthesis in vitro (286), implying that the
effect observed was a consequence of the induced diabetes,
not of a direct myopathic action of the drug;

The decreased rates of protein synthesis in vitro

b} diabetic muscle mitochondria were observed whether ATP

was generated within the mitochondria by oxidative phos-
phorylation or externally from ADP and phosphoenolpyruvate

. (PEP) by pyruvéte kinase [(270) and Figure 6].° ﬁhe possibility
thaF a decreased activity of the adenine nucleotide trans-
locase (ATP/ADP antiporter) of the inner mitochondrial
membrane was responsible for these observations was ruled

out; the highest rates of mitochondrial amino acid incorp-

oration were observed when glutamate was supplied as oxidizable
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substrate and the ATP/ADP antiportex was inhibited with
atractyloside,,the;ehy preventing the exit of intramito-
chondrially-synthesized ATP (270). By contrast, isolated
liver mitochondria from control and diabetic rats exhibited
identical rates of protein synthesis in vitro (270). These
observations c¢clearly warranted further investigatidn.

In order to see whether these effects were limited to
skeletal muscle mitochondria, the effects of experimental
diabetes mellitus on protein synthesis in vitxo by rat
kidney mitochondria were examined. The relative paucity
of previous studies of rat kidney mitochondiia necessitated
the determination of the optimal conditions for measuring
protein synthesis in vitro by isolated kidney mitochondria;
the results of thesé studies were presented in Figures 1-5
and Tables I-III. The most noteworthy differences obserfed
between kidney mitochondria and liver or muscle mitochondria
were the lower optimal [Mg**] required (Figure 2) and the
higher rate of amino acid incorporation by kidney mitochondria.
As was shown previously for liver mitochondria, kidney
mitochondria isolated from control and diébetic animals
exhibited identical rates of protein synthesis in vitro,
regardless of the method of ATP generation employed (Table II).
Moreover, the content of cytochromes was the same in kidney
mitoéhondria from contrxol and diabetic animals (Table VI).
The renal content of mitochondria (mg mt protein/mg tissue
protein), as estimated by the specific activitf and- recovery

of succinate dehydrogenase, was also identical in control
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and diabetic rats (Table VIII). . These results indicate that
the rates of kidney mitochondrial protein synthesis in vitro
parallel those in wvivo. Hence, diabetes mellitus did not
seem to have a major effect on the biogenesis of rat kianey
mitochondria during the period of time used in these studies.

As was discussed in the previous section, our working
hypothesis is that the rate of mitochondrial protein |
synthesis is governed by proteins of cytoplasmic origin.

In this regard, the observations that diabetes mellitus does
not.decreasé the overall rate of cytoplasmic protein synthesis
in rat ;iver(249), rat kidney(zso), or Chinese hamster liver
and kidney(251) are particularly significant. On the other
hand, the rate of cytoplasmic protein synthesis is depressed
by 70% in skeletal muscle and by 44% in heart in diabetic
rats (249). Thus, the apparently tissue-specific effects of
diabetes mellitus on mitochondrial protein synthesis probably
reflect éhe'effects of this disorder on cytoplasmic trans-
lation in the particular tissue under study.

The lack of a major effect of diabetes mellitus on
synthesis in vitro by kidney or liver mitochondria AOes.not
imply by any means that mitochondrial protein synthesis in
these tissues is immﬁne to all environméntal changes.
Surgical rgmoval of one kidney leads to compensatory changes
in the remaining kidney, including an increase in the rateé
of cytoplasmic And mitochondrial protein synthesié in vivo

and in vitro (273). Kidney mitochondria from male mice are
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morphologically and biochemically diffexent from those in
female mice; archiectomy.evokés the. female pattérn, whereas
testosterone administration induces the male pattern,
including incréased activity of cytochrome oxidase (310}.
Hypophjsectomy leads to decreaﬁed rates of protein synthesis
by ratjliver mitochondria in vitro; administration of growth
hormone to the animals reverses this decrease both in vivo
and in vitro (311). In thyroidectomized rats, the rates of
liver mitochondrial RNA synthesis are depressed (312);

administration in vivo of physiological doses of triiodo-

thyrqnine causes a marked increase in the total and specific
activity of mitochondrial RNA polymerase(31l2), which, like
the other protein components of the mitochondrial trans-
cription and translational machinery, is a product of cyto-
plasmic translation (289). Addition of cAMP or its dibutyryl
derivative to liver mitochondria in vitro (obtained from
thyroidectomized rats) had no effect on RNA polymerase
qctiviﬁy (312). Treatment of cultured mouse adrenal tumoxr
cells with ACTH leads to an increase in the synthesis of eight
mitochondrial proteins, of which six are of cytoélasmic
origin and two of mitochondrial origin (313). Treatment of
these celis with cAMP mimics the effects of ACTH (313).
Inhibition of cytoplasmic protein syhthesis by
cycloheximide also leads to a decreése in mitochondrial
protein synthesis in zizg>in a variety of animal cells,

including rat liver (295r299). rat kidney (295, 300),

cultured Xenopus laevis oocytes(3l4), and Hela cells (315).
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We have ohserved that the administration of cycloheximide

to rats i&_zigé produces a similar decrease in mitochondrial
protein synthesis in vitro (Table XIII, Figure 17). Rat

liver mitochondrial RNA and protein synthesis in vitro

are also inhibited when anisomycin, emetine, or G-amanitin is
administered in XEXR (315). Anisoﬁjcin is an inhibitor of
cytoplasmic protein synthesis(31f); emetine inhibits cyto-
plasmic protein synthesis preferentially at low concentrations
(318); and oO~amanitin specifically inhibits nuclear mRNA
transcription by RNA polymerase II at low concentrations (319).
All of these results‘strongly suggest that mitochondrial
protein synthesis is regulated by proteins of cytoplasmic’
origin.

Skeletal muscle mitochondria are also subject to
important modifications induced by a wide variety of physio-
logical variations and pathological conditions (320-326), .
including diabetes mellitus (226,270,286). The substantial
dpcrease in muscle mitochondrial protein synthesis in vitro
observed in diabetic rats (270,286) has been confirmed here
(Figures 6=8). .The aedre;se in muscle mitochondrial protein
synthesis in vitro appears to accurately reflect a corres-
ponding decrease in vivo, since muscle mitochondria from
diabetic rats possessed significantiy decreased specific
contents of cytochromes aa, én& b (Table VI), which contain
mitochondrial translation products. The observed decreases
in mitochondrial content of cytochromes ¢ and ¢, might be

due to the decrease in cytoplasmic protein syntheéis in
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diahetic muscle(249), or to improperx assemhly into the
respiratory chain caused by the decrease in cytochrome b (280).
The decreased mitochondrial cytochrome content in diabetic
rat muscle is also reflected in decreased rates of st;te 3
and uncoupler—stimuiated respiration (Table VII), indicating
that the functional activity of these mitochondria has been
ad#ersely affected. This is also indicated by the observation
that protein synthesis in vitro by muscle mitochondria from
diabetic animals is depressed by a greater degree when ATP
is generated by action of the respiratory chain than when

it is generated externally (Figure 6). By contrast,
Sirotzky de Favelukes et al. did not observe ény significant
difference in state 3 respiration in mitoehondria from
control and diabetic rat muscle (286). No explanation for
this discrepancy is immédiately apparent. Intérestingly
enough, the specific tissue content of muscle mitochondria
(mg mitochondrial protein per mg of ‘tissue homogenate
protein) appears to be essentially the same in control and
d;abetic rats, as estimated by the specific activity and
recovery of succinate dehydrogenase (Table VIII). This
indicates that the decrease in various functional activities
in vitro may have physiological significance ig'gizg, since
if control and diabetic muscle have equivalent specific
content of mitochondria but the. diabetic mitochbndria are
less capable of oxidative phosphorylation, ATP production

in diabetic muscle would be adversely affected; this would

tend to aggravate the already serious effects of the disease
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upon skeletal muscle, which include deqréased cytoplasmic
protein synthesis and increased protein.degrédation (241).

It seems quite clear that the decrease in muscle
~mitochondrial protein synthesis in diabetic rats is a direct
consezsuence of insulin deprivation. Administration of
insulin to diabetic animals restores the_rates'of muscle
mitochondrial protein synthesis in vitro'to control levels,
while insulin treatment of control animals has no effect on
the rates of muscle mitéchondrial protein ﬁynthesis (Figu?e 7).
Addition of insulin to isolated control or diabetic muscle
mitochondria has noé effect on the rates of protein synthesis
in vitro (286). Furthermore, in fasted rats, whose plasma
levels of insulin are also decreasgd (236), there is also a
decrease in the rates of muscle mitochondrial proﬁein
synthesis in vitrxo (Figure 7).

It has been previoﬁsly demonstrated that the-décreased
rates of protein synthesis in cardiac (227) and skeletal (226)
mqscle of diabetic animals cannot be simply explained by
decreased transport of glucose ox amino acids into these
tissues. Our data indicate that changes in mitochondrial
amino acid pools are probably not involved iﬁ the decreased
rates of protein synthesis in vitro by'diabetic'muscle
mitochondria, since the decrease is observed when either [3H]—
leucine or [®°Sl-methionine is used as the labelling agent
in ﬁhe presence of adequate quantities of all other amino
acids (Figures 6 and 8).

It is also unlikely.that»the observed differences are
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due to an increased .sensitivity of diabhetic muscle mito-
chondria to trypsinvinducéd damage, since diabetic muscle
mitochondria prepared 5y alternate means show a similar
decrease in the rates of protein synthesis in vitro (Table IV).
It should be noted that the data of Table IV do not exclude
the possibility that skeietal muscle mitochondria from
diabetic rats are somehow more fragile than those from
control animals, and thus more susceptible to damage during
any isolation procedure employed. However, the recoveries
of mitochondria from trypsinized control and diabetic muscle
are not significantly different (Table VIII), nor are their
respiratory coﬂérol ratios (Table VII); the latter observation
indicates that mitochondria from both socurces are coupled
to an egquivalent eﬁtent.

The decrease in diabetic muscle mitochondrial
protein syntﬂesis in vitro appears to affect the syhthesis
of all mitochondrial ﬁranslation products to an egqual
extent without altering the nature of the products themselves
(Figure 8), implying that all of these products are expressed
coordinately. Incidentally, these results also indicate
that the net decrease in protein synthesis by diabetic
muscle mitochondria in vitro is not caused by an increase
in mitochondrial‘proteolysis of these translation products.
The decreased rate of protein synthesis in vitro appear fo
. be due primarily to a lower rate of peptide chain initiationm.
in diabetic muscle mitochondria than in controls (Figure 9,10

and 12). It should be noted that the concentrations of
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aﬁrintricarboxylate (ATA) ox pactamycin (PTM) required to
reach a plateau of inhihition ([ATA]l=0,8mM; [PTM]=0,8uUM)

are higher than ;hoée which completely inhibit t?anslational
initiation in feticulocyte lysates ([ATA]=0.08mM; [PTM]=0.5uM),
but lower than the concentrations of these agents reguired

to inhibit peptide chéiﬁ elongation in reticulocyte lysates
([ATA]=1.6mM; [PTM]=16uM) (288). This may indicate that the
inner mitochondrial membrane is not freely permeable.to

these agents, as has been previously established for
erythromycin and emetine (285,326 ), or may simply reflect

a lower degreé of'susceptibility of mitochondrial translation
to these agents. Furthermore, addition of 250ug/ml of
chloramphenicol and 0.5mM ATA inhibited muscle mitochondrial
Protein synthesis in vitro to a greater extent than did
either agent by itself (Table V). Hence, it appears that

in the concentratién ranges employed in thesé studies, ATA
and PTM are inhibiting peptide chain initiation to a
substantial extent without inhibiting peptide chain
elongation.

As the concentrations of eithex ATA or PTM are
increased, the rates of protein synthesis in vitro by control
and diabetic muscle mitochondria appear to converge (Figure 9
and 12), indicating that the rates of peptide chain elongation
in control and diabetic muscle mitochondria do not differ
by a great extent. This could be inteépreted to mean that
the rates of mRNA transcription in mﬁscle mitochondria from

control and diabetic animals do not differ by meore than a

-120-



factor or two, while the rates of peptide chain initiation
may differ by a facﬁor of about five. Since the enzymes
required for both mitochondrial transcription and trans-
lation are synthesized in the cytoplasm, a decrease in the
rate of either of these processes could be explained as a
consequence of the lowered rates of cytoplasmic protein
sy;thesis in diabetic muscle. The data of Figure 10 indicate
that the primary reason why the rate of protein synthesis
in vitro by rat kidney mitochondria is so much greater than
that of skeletal muscle mitochondria is a much higher degree
of peptide chain initiation in the former.

An intriguing additional possible mechanism of
action by which insulin could .cause a coordinate increase in
the synthesis of all mitochondrial translation products
(Figure 8) 1is sgggested by recent reports from four groups
of investigators that binding of insulin to its receptdrs
on the plasma membranes of adipocytes or skeletal muscle
cells in vitro leads to a generation of a second messenger
which is capable of causing the activation of mitochondrial
pyruvate dehydrogenase (252, 253, 258, 259). Seals and
Czech (266) and Kiechle et al.(267) have shown that this
second meésepger is a peptide of low molecular weight (1000-
4000) which is liberated f:om some plésma membrane component;
the latter group has demonstrated that the second messénger
activates a protein phosphatase which then activates pyruvate
dehydrogenasé by dephosphorylating it (267). In as much as

the phosphorylation of the cytosoiic translation initiation
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factor eIF-2 has been shown to inhibit its activity in
reticulocyte lysates, (169—183)'one might speculate that
activati&n of an appropriate mitochondrial protein
phosphatase by this low-molecular-weight peptide could
possibly lead to an increased activity of the corresponding
mitochondrial initiation'factor; Wu and Ibrahim have
found a protein-like material in rat liver mitochondria
which inhibits translation in reticulocyte lysates (328).
Their preliminary characterization indicates that this
material has properties similar to those of the hemin-
regulated translational inhibitor of reticulocytes. In
this connection, the demonstration by Finzi et al. (302)

that in S. cerevisiae a low-molecular—weight.(<3500) peptide

of cytoplasmic origin causes a uniform stimulation of the
synthesis of all mitochondrial translation products is

particularly tantalizing.
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C. Effects of Cytoplasmic Proteins on Mitochondrial Protein

" Synthesis in vitro.

Poyton and Kavanagh initially demonstrated that protein
synthesis in vitro by isolated yeast mitochondria was highly
dependent upon the availability of a pool of cytoplasmically-
synthesized proteins, énd that depletion of the endogenous
pool of such proteins within isolated mitochondria could be
ameliorated by addition of a cytoplasmic postpolysomal
sypernates (301). Everett et al. demonstrated that this

effect was not species~specific, inasmuch as cytoplasmic

postpolysomal supernates from E. .coli or rat liver worked

at least as well as those from S. cerevisiae in stimulating
protein synthesis in vitro by.yeast mitochondria (276). While
Ohashi and Schatz (294) have claimed that the observed
stimulatory activity of such supernates is due to their
content of tightly-bound guanine nucleotides, Finzi et al.
(302) have shown that a proﬁein of low molecular weight
contained incytoplasmic postpolysomal supernates is capable
of further stimulating yeast mitochondrial protein synthesis
in vitro in the presence of maximally-active concentrations
of GTP. Hence, it seemed logical to test the effects of
cytoplaémic posfpolysomal superhétés upon protein synthesis
in vitzro by isolated rat mitochondria. v '

As shown in Table XI, the results of these experiments
were'inconclusive; stimulation was observed in some cases,
while inhibition was seen in others. Thelobservétions of-
Everétt et al. suggested that perhaps yeast mitochondria
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could be utilized to test the stimulatory activity of
cytoplasmic S-140 extracts £from tissues of control and
diabetic rats. Suprisingly, the S5-140 extracts from diabetic
muscle and liver had greater stimulatory activity fhan did
the corresponding control S$-140 extracts in this system
(Table XII). The reasons for this are not at all apparent.

The observations of ﬁevlin's group that administration
of cycloheximide to rats in vivo caused a time-dependent
inhibition of cytoplasmic and mitochondrial protein syn-
thesis in vivo in rat liver (295-299) and in vivo in rat
kidney (295, 300) suggested an alternative approach to these
studies. As shown in Figure 17, administration in vivo
of sublethal doses of cécloheximide led to time-dependent
alterations in the rates of rat liver mitochondrial protein
synthesis in vitro: a period of marked inhibition which was
evident by two hours after CHX administration and which
presented for 18 or more hours, and a period of slight
stimulation which was observed 24 hours after CHX admin-
istration. When liver cytecplasmic S-140 extracts prepared
from CHX-treated rats were added to yeast mitochbnéria
in vitro, their relative stimulatory activities corresponded
roughly to the rates of protein synthesis in vitxo by rat
liver mitochondria prepared at corresponding intervals after
CHX administration (Table XIV; Figure 17).

The mechanism by which cytoplasmic p?oteiné_frém rat
liver could stimulate yeast mitochondrial protein synthesis

in vitro is not clear. It seems unlikely that the rat liver
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§-140 provides initiation or elongation factors, since
incubation of rat liver cytoplasm with mitochondrial ribosomes

from N. crassa, Euglena, or Xenopus fails to stimulate

protein synthesis (329, 330). It has been demonstrated by
two groups  in N. crassa (331,332 ) and by Schatz et al.

in S. cerevisiae (306,307 ) that nuclear gene products regulate

the intramitochondrial synthesis of individual subunits of
cytochrome oxidase. These nuclear gene products are not
subunits of cytochrome oxidase, but regulate either the
transcription or translation of specific mitochogdrial proteins
in these organisms. By contrast, there also appears to be a
mechanism by which the synthesis of all mitochondrial trans-
lation products is uniformly affected, in yeast (302) and
in rat muscle (Figure 8). In yeast, this mechanism appears
to involve low-molecular-weight proteins of cytoplasmic
origin (302),

Wu and Ibrahim have demonstrated that a cytoplasmic
S-140 fraction from rat liver is capable of stimulating
érotein synthesis in vitro by isolated rat liver mitbchondria,
but have not shown conclusively that this effect is specific-
ally due to proteins in the S~100 extract (328). It is quite

clear that there is much room for additional investigations

into these aspects of mitochondrial protein synthesis.
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D. Concluding Remarks on the Control of Mitochondrial

Protein Synthesis.

As has been discussed in the preceding sections,
there has accumulated a substantial body of evidence which
indicates that mitochondrial protein synthesis in lower and
higher eukaryotes is controlled by proteins which ére encoded
by nuclear genes and translated in the (extramitochondrial)
cytoplasm. The mechanisms by which these proteins act to
stimulate mitochondrial protein synthesis axe not well
understood, even in such extensively-studied simple eukaryotes

as S. cerevisiae. In mammals, many additional complicating

factors such as tissue-specific metabolic differences and
endocrine involvement in regulation of metabolic processes
(including protein synthesis and degradation) further hamper
efforts to understand these processes. Nonetheless, the
involvement of cytoplasmic proteins in the governance of
mitochondrial protein synthesis seems quité clear.
Additionally, nonprotein cellular factors are also
iﬁplicated in the possible regulation of mitochondrial protein
synthesis. For example, guanine nucleotides are capable of
stimulating protein synthesis in vitro by mitochondria

isolated from yeast (294) and rat skeletal muscle (Table XI).

'
Heme plays an important role in the synthesis and assembly

in vivo of mitochondrial translation products in S. cerevisiae
(280, 303}, " N. crassa (305), and rat liver (332,334 ).
When included in the incubation mixture, hemin'(lO'?M) causes

a slight increase in protein synthesis in vitro by rat liver
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mitochondria (335); interestingly, at higher concentrations
(1-100uM), hemin inhibits protein synthesis in yitro by rat
liver (Dolci, unpublished observations) and yeast (Finzi,
unpublished observations) mitoc;:hondria. Marcus et al.
observed thgt Fett yas specifically required for protein
synthesis in vitro by rat liver mitochondria; this requirement
was not satisfied by hemin or 5y other divalent transition
metal ions (335). Recently, Bandlow et al. have shown that
the rate of RNA transcription in vitro by yeast mitochondria
is markedly stimulated by addition of monobutyryl cAMP (336);
howéver, Gadaleta et al. found that cAMP or its dibutyryl
derivative had no effect on the rate of mitochondrial
transcription in vitro by rat -liver mitochondria (312).

Mitochondria from many mammalian tissues possess
saturable receptors for triiodothyronine (T3)A(337); while is
has been shown to increase the rate of mitochondrial trans-
cription in vivo, its direct effects on mitochondrial protein
synthesis in vitro have apparently not been examined.
Similarly, it has been recently demonstrated that mitochondria
from cultured 3T3 cells possess binding sites for the catt-
calmodulin complex (338). Although many mitochondrial enzymes
are activated by cat*t in vitro, the effects of this ion on
mitochondrial protein synthesis are not known. Interestingly,
Larner et al. (265) have hypothesized that the second messenger
for inéulin may act as a Ca++-ionophore, although the experi-
ments of Kiechle et al. do not'appeaf to support this theory
(267) .
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There are many importapt differences hetween lawer
and higher eukaryotes in the contrael of mitochondrial trans-
cription. . The existence of interVehipg sequences in the yeast
mitochondrial genes has been well—documentedﬂ(1401; while
such structures do not appear to exist in mammaliaﬁ mt DNA (131),
Yeast mt genes appear to he separated by A-~T rich "spééer"
segments; most of the t RNA genes are found in one portion.of
the genome (135); By contrast; the mammalian mt genome
appears to contain no spacer segments (131); instead; the
rRNA and structural genes are "punctuated" by the genes for
the tRNA's, which must be excised from the primary RNA
transcripts before their functions can be expressed’(152;154 ).
Moreover, there appears to be no unique origin of replication
(135) or single promoter region (204) in yeast mt DNA, while
in mammalian mt DNA, both the H and L strands possess a
single origin of replication (131), and the H-strand (which
appears to contain most of the structural genesi appears to
be completely transcribed starting at a point near the H-
stéand origin of replicatioh (131) which appears to be attached
to the mitochondrial inner membrane(199). These results
indicate the possibility that, in mammals, mitochondrial DNA
replication and transcription are coordinately controlled,
and that the fate of transcription and the rate of translation
may also be closely coupled. The explosive, almost exponential
increase in the number of studies of mitochondrial biogenesis
published over the pas£ few years will obviously continue

unabated for some time. The findings yet to be reported in
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this area should prove to be even more fascinating and

significant than those already published.
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" Illustration A

The electron-transport system and ATPase of the inner mitochondrial
membrane according to current concepts. Complexes I-IV are defined in
terms of their enzymatic activities (page 4); Complex V is the proton-
translocating ATPase. Mitochondrially-translated subunits (mammalian)

are shaded. The many transport systems of the inner membrane are not
shown. Drawing is not to scale.
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Illustration B

Organization of Yeast and Human Mitochondrial Genomes..

The outer circle represents the mitochondrial genome of
S. cerevisiae strain KL 14~4A; the inner circle represents the genome
of human placental cell mitochondria; drawings are not to scale.
Genes named.outside their respective circles are transcribed from the
H-strand, while those inside are transcribed from the L-strand.
Transfer RNA genes are indicated by open circles. Adapted from
Borst and Grivell (157) and Anderson et al. (131l). Note the split
genes for the 21S xRNA, cytochrome b, and Cytox I in the yeast genome,
and the tRNA "punctuation" in the mammalian genome.
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ABBREVIATIONS

ACTH .adrenocorticotropic hormone

ADP adenosine-5'-diphosphate

ATA aurintricarboxylic acid (ammonium salt)
ATP adenosine~5'-triphosphate

CBMP (cyclic) adenosine-3',5'-monophosphate
CAP chlofamphenicol

ccep . carbonyl cyanide m~chlorophenylhydrazone
CHX ' : cycloheximide

CPM counts per minute

Cytox I,II,III etc. cytochrome oxidase subunits I, II, III, etc.

DMSO dimethyl sulfoxide
EDTA ethylenediaminetetraacetic acid (disodium salt)
GLU glutamic acid
GTP guanosine~5'-triphosphate
" HEPES N- 2-hydroxyethylpepez;azine-N *~2=-ethanesulfonic
: acid
kbp kilobase pairs
My irelativé) molecular weight
mt DNA, RNA mitochondrial DNA, RNA
M5+ average molecular weight
PEP _ phosphoenolpyrgvate
PMSF ‘phenylmethyl sulfonyl fluoride
PTM pactamycin
RCR respiratory control ratio.
Rf relative electrophoretic mobility (fo bromphenol
blue)
SDS . sodium dodecyl.'sulfate
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Abbreviations contd...

S-140

TLCK

URF

cytosolic postpolysomal supernate

(dialyzed and concentrated)
triiodothyronine
No~p-tosyl-L-lysine chloromethyl ketone

unidentified reading frames
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