
AUTONOMY AND B I O G E N E S I S 
O F 

MITOCHONDRIA AND C H L O R O P L A S T S 

A Symposium sponsored by International Union of Biochemistry, 
Australian Academy of Science and United States National Academy of Sciences 

Edited by 

N.K. BOARDMAN 
Division of Plant industry, CSIRO, Canberra, Australia 

Anthony W. LINNANE 
Department of Biochemistry, Monash University, Clayton, Victoria, Australia .<^^1T[;?^>. 

/ %k . . · ; - . ..cry.. -
and / .' ' '. i>', 'v̂  '^Uvt 

Robert M. SMILLIE \-^> · ; ^ 
Plant Physiology Unit, Division of Food Preservation, CSIRO, 

and School of Biological Sciences, University of Sydney, N.S. W., Australia 

^ eocherverteichnis 1 * . ^ ^ — 

1971 

NORTH-HOLLAND PUBLISHING COMPANY - AMSTERDAM - LONDON 



CONTENTS 

Preface ν 

Chairman's opening remarks 
J.E. Falk vii 

Structure and function of the mitochondrial system 
D.E. Green, E.F. Korman, G. Vanderkooi, T. Wakabayashi, E. Valdivia 1 

Lipid-protein interactions in chloroplast lamellar membrane as bases for reconstitution and biosynthesis 
A.A. Benson, R.W. Gee, T.-H. Ji, G.W. Bowes 18 

The reconstitution of microsomal membranes 
J.K. Pollak, R. Malor, M. Morton, K.A. Ward 27 

Structure and functional organization of Micrococcus lysodeikticus membrane 
M.RJ. Salton, M.S. Nachbar 42 

Binary membranes in mitochondria and chloroplasts 
F. L. Crane, C.J. Arntzen, J.D. Hall, F.J. Ruzicka, R.A. Dilley 53 

Formation of photosynthetic membranes during chloroplast development 
N.K. Boardman, J.M. Anderson, A. Kahn, S.W. Thome, T.E. Treffry 70 

Properties of etioplast membranes and membrane development in maize 
L. Bogorad, R.H. Falk, J.M. Forger I I I , A. Lockshin 85 

Rifamycins: the inhibition of plastid RNA synthesis in vivo and in vitro and variable effects on 
chlorophyll formation in maize leaves 

L. Bogorad, C.L.F. Woodcock 92 

Developmental interactions among cellular compartments in Euglena 
JA. Schiff 98 

Studies on the assembly of the mitochondrial membranes 
G. Lenaz, A.M. Sechi, L. Masotti, G. Parenti-Castelli, A. Castelli, G.P. Littarru, E. Bertoli 119 

Structural and enzymic development of blowfly mitochondria 
L.M.Birt 130 

Formation of mitochondria of Locusta migratoria flight muscle 
W. Kleinow, W. Sebald, W. Neupert, T. Bücher 140 

Monomers of Neurospora structural protein 
K.D. Munkres, R.T. Swank, G.I. Sheir 152 

Mitochondrial precursors in anaerobically grown yeast 
K. Watson, J.M. Haslam, B. Veitch, A.W. Linnane 162 

Promitochondria of anaerobically-grown yeast: evidence for their conversion into functional 
mitochondria during respiratory adaptation 

H. Plattner, Μ. Salpeter, J. Saltzgaber, W. Rouslin, G. Schatz 175 

ix 



χ C O N T E N T S 

Mitochondrial genetics in yeast: segregation of a cytoplasmic determinant in crosses and its loss or 
retention in the petite 

G. W. Saunders, E.B. Gingold, M.K. Trembath, H.B. Lukins, A.W. Linnane 185 

Mendelian genes affecting development and function of yeast mitochondria 
J.C. Beck, J.H. Parker, W.X. Balcavage, J.R. Mattoon 194 

The genie control of chloroplast development in barley 
D. von Wettstein, K.W. Henningsen, J.E. Boynton, G.C. Kannangara, O.F. Nielsen 205 

Inhibition of chloroplast ribosome formation by gene mutation in Chlamydomonas reinhardi 
U.W. Goodenough, R.K. Togasaki, A. Paszewski, R.P. Levine 224 

Replication, transmission and recombination of cytoplasmic DNAs in Chlamydomonas reinhardi 
K.-S. Chiang 235 

Methods of genetic analysis of chloroplast DNA in Chlamydomonas 
R. Sager, Z. Ramanis 250 

Size, structure and information content of mitochondrial DNA 
P. Borst 260 

Will the real chloroplast DNA please stand up 
J.T.O. Kirk 267 

Characterization of Εuglena gracilis chloroplast single strand DNA 
Ε. Stutz 277 

Comparison of the protein synthesizing systems from mitochondria and cytoplasm of yeast 
H. Morimoto, A.H. Scragg, J. Nekhorocheff, V. Villa, H.O. Halvorson 282 

Properties of mitochondrial RNA in He La cells 
G. Attardi, Y. Aloni, B. Attardi, M. Lederman, D. Ojala, L. Pica-Mattoccia, B. Storrie 293 

Effects of thyroxine on 14C-leucine incorporation into mitochondrial proteins, respiratory control 
and tRNA 

D. Rao Sanadi, S.S. Kaplay, S.S. Yang 311 

Mitochondriogenesis in animal cells: studies with different inhibitors 
A. M. Kroon, H. De Vries 318 

Amino acid incorporation into mitochondrial ribosomes of Neurospora crassa wild type and MI-1 
mutant 

W. Neupert, P. Massinger, A. Pfaller 328 

Incorporation of amino acids into electrophoretic and chromatographic fractions of mitochondrial 
membrane proteins 
W. Sebald, G.D. Birkmayer, A.J. Schwab, H. Weiss 339 

The protein synthetic capacity of yeast mitochondria and the role of the mitochondrial genome in 
the economy of the cell 

G.M. Kellerman, D.E. Griffiths, J.E. Hansby, A.J. Lamb, W.A. Linnane 346 

Biosynthesis of mitochondrial cytochromes 
B. Kadenbach 360 

The nature of the proteins and nucleic acids synthesized by isolated chloroplasts 
D. Spencer, P.R. Whitfeld, W. Bottomley, A.M. Wheeler 372 



CONTENTS xi 

Origin and synthesis of chloroplast ribosomal RNA and photoregulation during chloroplast biogenesis 
N . Steele Scott, R. Munns, D. Graham, R.M. Smillie 383 

The origins of chloroplast ribosomal-RNA 
J. Ingle, R. Wells, J.V. Possingham, C.J. Leaver 393 

An approach towards ascertaining the function of chloroplast DNA in tobacco plants 
S.G. Wildman 402 

Synthesis of chloroplast tRNA species during plant seed embryogenesis and germination 
L.S. Dure I I I , W.C. Merrick 413 

Determination of the sites of synthesis of proteins and lipids of the chloroplast using chloramphenicol 
and cycloheximide 

R.M. Smillie, D.G. Bishop, G.C. Gibbons, D. Graham, A.M. Grieve, J.K. Raison, B.J. Reger 422 

Studies on the metabolism of nucleic acid and protein associated with the processes of de- and 
re-generation of chloroplasts in Chlorella protothecoides 

E. Hase 434 

Development and environment studies on chloroplasts of Amaranthus lividus 
J.W. Lyttleton, J.E.M. Ballantine, B.J. Forde 447 

Protein and RNA synthesis during ageing of chloroplasts in wheat leaves 
C.J. Brady, B.D. Patterson, Heng Fong Tung, R.M. Smillie 453 

The control of mitochondrial proliferation in' the facultative anaerobe, Saccharomyces cerevisiae 
A.J.S. Ball, E.R. Tustanoff 466 

Mitochondrial activities in synchronous cultures of bakers' yeast 
S.F. Cottrell,C.J. Avers 481 

Mitochondrial specification of the respiratory chain 
H.R. Mahler, P.S. Perlman, B.D. Mehrotra 492 



A U T O N O M Y A N D B I O G E N E S I S O F M I T O C H O N D R I A A N D C H L O R O P L A S T S - N O R T H - H O L L A N D (1970) 

FORMATION OF MITOCHONDRIA O F 
LOCUSTA MIGRATORIA F L I G H T MUSCLE 

Walter KLEINOW, Walter SEBALD, Walter NEUPERT 
and Theodor BÜCHER 

Institute of Physiological Chemistry and Physical Biochemistry, 
University of Munich, Germany 

As you may remember, not long ago a well-known 
pioneer in chondriology called 'the tendency to erect 
the mitochondria to the dignity of an organelle or cell 
organ ... a blunder' [ 1 ] . Indeed, until the early sixties 
the multiplication of preexisting mitochondria was 
just one of several speculations concerning the cellu
lar origin of mitochondria. Other mechanisms postu
lated by experienced investigators and carefully dis
cussed in Rouiller's and Novikoffs reviews [2,3] 
were the synthesis de novo and the transformation of 
other cellular structures, such as the plasma mem
brane, the nuclear envelope, the endoplasmic reti
culum, etc. [2,3]. With respect to multiplication, the 
splitting of mitochondria had been repeatedly ob
served [ 4 ] . The important question was whether 
mitochondria can grow [ 5 ] , i.e., whether their mass 
could increase by a continuous process of insertion of 
specific material. 

It was obvious that this problem could not be 
solved by morphological or biochemical investigations 
alone. Rather, a combination of both methods was 
required and that on a quantitative basis. In 1962 
such studies were started, using different experimen
tal approaches on quite different types of cells or 
tissues [6—8]. The current findings from our experi
ments with the wing depressors of the African migra
tory locust will be reported here. The wing depressors 
are a pair of strong muscle bundles, situated dorsal 
and longitudinal in the thorax of this orthopteran 
insect. They produce most of the work during flight 
[9]· 

In the days before and after the imaginal moult, 
the volume of chondriome in the flight muscle in
creases 25- to 30-fold during the formation of the 
muscle from a small precursor. This is mainly due to 

an increase in volume of the single mitochondrion 
(fig. 1). Simultaneously, the content of inner mem
brane per unit of mitochondrial volume increases by a 
factor of 1.4. Therefore, the mature flight muscle 
contains about 40 times more mitochondrial mem
branes than its precursor at the beginning of the 
preimaginal interval. 

In general, the enzyme activities of the cristae and 
of the matrix spaces increase by this same factor. 
During all phases of formation, the morphologically 
visible mitochondrial elements are enzymatically fully 
equipped [8,11]. This is established by the correla
tion of histiometric and biochemical results, and is 
demonstrated here for the final phase of the develop
ment of the flight muscle (table 1), the so-called 
duplication phase. In the beginning of this phase, 
around the fourth day after the imaginal moult, all 
histiometric and enzymatic parameters are present in 
proportions identical to those of the completely 
formed flight muscle. However, a doubling of all 
these parameters occurs. This is also illustrated by the 
cross-sections in fig. 2. 

These findings present clear evidence of the ability 
of pre-existing mitochondria to grow. Moreover, in 
the beginning as well as at the end of this phase all 
cellular membranes of sarcolemma, sarcoplasmic reti
culum and of nuclear and mitochondrial envelopes 
are clearly visible and separated from each other. 
Therefore, any growth by transformation of extra
mitochondrial structures is excluded. 

After injection of an insect with labeled amino 
acids (fig. 3), the label can be found in all protein 
fractions in about equal proportions. However, the 
specific activity measured in the flight muscle de
clines markedly during the final phase. When mito-
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Fig. 1. The shape of mitochondria and percent of total volume during development of the flight muscle [11] . 
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Fig. 2. Cross-sections (Χ 30,000) of the dorsal longitudinal muscle at the beginning and the end of the duplication phase, at 4th 

day (a) and at 8th day (b) after imaginal moult [ 8 ] . 

(a) Cross-sections of fibrils are rounded and clearly distinct. The number of filaments seen on a cross section of a fibril amounts 

approximately to 200. 

(b) Contrary to (a), this cross-section shows a significant increase in the diameter of mitochondria, and their inner structure is 
more closely packed. The cross sections of fibrils are nearly unchanged, but the number of filaments therein has doubled to about 
400 as compared with 200 in (a). 
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Table 1 
Histiometric and enzymic data of the wing depressors at the beginning and the end of the final (duplication) phase 

of development a 

Days after imaginal moulting 
Fresh weight Χ 10 3 (g) 

2-4 
30 45 

Mitochondria 
Volume fraction occupied by chondriome^ 

2\c Membrane profile X 10" (cm/cm ) 
Membrane area ( c m V 
oGlycerolphosphate oxidase (U) 
Cytochrome c (nmoles) 
Condensing enzyme (U)S 

Myofibrils 
Number per muscle fiber 
Myofilaments per fibril 

Glycolytic enzymes 
Glyceraldehydephosphate 
dehydrogenase (U) h 
a-Glycerolphosphate 
dehydrogenase ( U ) 1 

Aldolase ( U ) n 

25% 
450 

3,600 
1.05 
0.75 
2.40 

ca500 
210±20 

4.40 

1.68 
0.68 

30% 
560 

8,000 
2.27 
2.5 
5.0 

800-1,000 
4 3 0 ± 2 0 

10.8 

3.83 
1.44 

a Average values per muscle pair. U denotes units of enzymic activity. Data from ref. [ 8 ] . 
k From planimetry of E-M cross-sections. 
c Profile density in mitochondrial cross-sections. 
d Volume % X 10"2 X membrane profile Χ 4/π X fresh weight/1.2. 
e F A D dependent activity bound on inner membrane. 
^ Protein associated to inner membrane. 
S Extractable matrix enzyme. 
I 1 Extractable enzymes mainly located in the I-band regions of myofibrils (10). 
1 NAD dependent activity. 

Increase by 
factor of 

2.2 
2.2 
3.3 
2.1 

1.6-
2.1 

2.5 

2.3 
2.1 

cpm 

mg Protein 

6 0 0 

4 0 0 

2 0 0 

MITOCHONDRIA 

[ I POSTMITOCHONDRIAL 

FRACTION 

B Ü C-PROTEIN 

MYOFIBRILS AND 

NUCLEI 

1st 2nd 3 r d 6th 9 th 13 th 

Day after imaginal moult 

Fig. 3. Incorporation of 1 4C-isoleucine into protein fractions of the flight muscle at different stages of imaginal development. The 
specific activities are shown of total mitochondrial protein (first bar), the postmitochondrial fraction (second bar), cytosolic 
protein (third bar) and myofibrils (fourth bar) 24 hr after the injection of 0.1 ßC isoleucine per animal. 
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pattern and extramitochondrial structures, such as 
the myofibrils. To understand the mechanism of this 
phenomenon we must discriminate experimentally 
between the extrinsic and intrinsic systems of mito
chondrial membrane formation. 

When isolated from the insect's flight muscle the 
mitochondria incorporate amino acids only into the 
water-insoluble fraction of the membrane proteins 
[12] . This is in complete agreement with the findings 
of Roodyn and his followers from their experiments 
with mammalian mitochondria incubated in vitro 
[13]. Furthermore, there is a reproducible separation 
of the insoluble membrane proteins into more than 
20 bands by electrophoresis in phenol-formic acid on 
Polyacrylamide gel. The band pattern obtained from 
flight muscle mitochondria is rather similar to those 
of mitochondrial membrane proteins from other 
sources (fig. 5). Only a few of these bands are labeled 
by incorporation of amino acids in vitro. Analogous 
to mitochondria of other species, the highest activity 
appears in band 4 [14,15]. 

1 2 3 A 5 
Age of locusts (days after 5th moulting) 

Fig. 4. Rate of incorporation of 1 4C-isoleucine in vitro into 
mitochondria isolated at different stages of the developing 
flight muscle [ 12]. 

chondria are isolated in different phases of the 
muscular development and are incubated with labeled 
amino acids in vitro under identical conditions, the 
incorporation rate is observed to decrease substantial
ly during the first days after the imaginal moult. The 
incorporation rate into mitochondria isolated during 
the duplication phase is only 10% of that found on 
the first day after the imaginal moult (fig. 4). 

Extrinsic and intrinsic contribution to formation of 
mitochondria 

The observations presented in the preceeding sec
tion indicate that the growth of the mitochondrial 
membrane is coordinated with the growth of other 
cellular constituents. I t is harmonized with the forma
tion of mitochondrial matrix enzymes as well as with 
the development of the extramitochondrial enzyme 
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Fig. 5. Electrophoretic patterns after amido black staining (a) 
and in vitro labeling patterns (b) of insoluble mitochondrial 
proteins from Neurospora wild type(N), Locusta flight 
muscle ( L ) , and rat liver (R) . Mitochondria were extracted 
three times with phosphate buffer after sonification in order 
to remove soluble proteins. The resulting pellet was extracted 
with acetone, chloroform/methanol (2:1) and acetone and 
dissolved in phenol-formic acid-water (2:1 : l ,w/v/v) . Electro
phoresis was performed in 7.5% Polyacrylamide plates, equi
librated with the same phenol-formic acid medium [14] . 
Radioactivity was determined after slicing the stained electro-
pherograms (fig. 8). 
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Locusta migratoria 

20 30 50 100 

pg cycloheximide per ml 

Fig. 6. Incorporation in vivo of 1 4C-phenylalanine (0.2 JUC 
per locust) into protein of whole mitochondria (Μ, · · ) 
and 20,000g supernatant (U, ± ±) in the presence of 
different amounts of cycloheximide. The locusts were killed 
30 min after the injection of the 1 4 C - a m i n o acid [ 15]. 

It may be concluded from these findings that the 
contribution by the intrinsic system is restricted not 
only to the insoluble fraction of mitochondrial pro
teins, but even to a quantitatively minor part of this 
fraction. 

However, the question arises as to what extent the 
in vitro experiments on isolated mitochondria are 
representative of the situation in vivo. To answer this 
question, imagines of locusts were injected with 
cycloheximide in order to block the extrinsic (nucle-

Table 2 
Specific radioactivities of submitochondrial fractions a 

Mitochondrial 
fractions 

Mitochondrial labelling 
(cpm per mg protein) 

in v ivo 0 in vivo with in vitro c 

cycloheximide c 

Insoluble protein 9,200 3,640 11,000 
Soluble protein 8,300 540 960 

a Seeref. [15]. 
0 1 hr with 0.4 μ€ leucine, 0.4 μΟ isoleucine, and 0.4 μΟ 

phenylalanine per locust. 
c 1 hr in the presence of 50 Mg cycloheximide per locust (50 

Mg cycloheximide was reinjected after 30 min) with 2 ßC 
leucine, 2 μΟ isoleucine, and 2 μΟ phenylalanine per locust. 

^ 30 min with 1 μΟ leucine, 1 μΟ isoleucine, and 1 μΟ phenyl
alanine per ml. 

ar-dependent) protein synthesis in vivo [15] . In the 
presence of cycloheximide, there is a residual amino 
acid incorporation into mitochondrial protein (fig. 6). 
The incorporation pattern shows negligible incorpora
tion into the extractable proteins of the mitochon
drial matrix (table 2), as well as into the extra
mitochondrial proteins (fig. 7b). Incorporation is ob
served in only a limited number of bands, the main 
peaks of which are similar to those found in the in 
vitro incorporation experiments (fig. 8). The pattern 
obtained in vivo in the presence of cycloheximide is 
distinctly sharper than that obtained in vitro. This 

Locusta migratoria 
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Fig. 7a. Time course of incorporation in vivo of 1 4 C-ieucine 
plus 1 4C-isoleucine plus 1 4C-phenylalanine (0.2 μΟ each per 
locust) into protein of whole mitochondria (M, · · ) and 
20,000 g supernatant (U, * * ) . Without cycloheximide. 
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Fig. 7b. After the injection of 50 μg cycloheximide per 
locust. 50 μg cycloheximide was reinjected every 30 min 
[15] . 
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Π Locusta m ig ra to r ia Γ ι j n ν ι ν ο 

!ί Π In vivo plus cycloheximid 
i Π In v i t r o 
i 

=F 1 1 1 f * i ^ f - Τ™ -"i " r 1 

5 10 15 2 0 25 30 35 4 0 45 5 0 55 
Fract ion 

Fig. 8. Densitogram of amido black stained insoluble mito
chondrial protein after gel electrophoresis (smooth line), and 
distribution of incorporated radioactivity over the electro-
pherograms (edged lines). , in vivo (1 hr with 0 .4 μΟ 
leucine, 0 .4 μC isoleucine, and 0 .4 JUC phenylalanine per 
locust); , plus cycloheximide (1 hr in the presence of 
5 0 Mg cycloheximide per locust, with 2 μΟ leucine, 2 μΟ 
isoleucine, and 2 ßC phenylalanine per locust. 5 0 Mg cyclo
heximide was reinjected after 3 0 min); , in vitro ( 3 0 min 
with 1 μ 0 leucine, 1 μΟ isoleucine, and 1 μ€ phenylalanine 
per ml). Radioactivity in band 4 (fraction 1 1 ) was taken as 
equal [ 1 5 ] . 

suggests that in the in vivo experiment the number of 
incomplete peptide chains is less than in the in vitro 
experiment. In principal, however, the findings on 
incorporation in vitro and in vivo under action of 
cycloheximide are in excellent agreement. Hence, the 
conclusions drawn above are supported by two inde
pendent methods. 

With respect to the coordination of the systems, it 
is remarkable, that the incorporation of amino acids 
by the intrinsic system continues to operate for at 
least 30 min after the extrinsic system is eliminated 
by cycloheximide (fig. 7b). This indicates a certain 
elasticity in the coupling of the two systems [161. 

RNA-pattern 

A comparison of the results presented in the 
preceeding section with those obtained from Neuro-
spora communicated by Sebald and colleagues [17] 
reveals a striking similarity in amino acid incorpora
tion of isolated mitochondria, as well as in the mode 

of cooperation between the extrinsic and the intrinsic 
systems in vivo. Moreover, strictly comparable pat
terns and kinetics of labeling were found. These 
similarities in overall performance suggest correspond
ing similarities of composition and function of the 
intrinsic systems of both types of mitochondria. 
Whereas recently the characterisation of mitochon
drial ribosomes in Neurospora has improved greatly 
[18,19], the results on animal tissues are less satisfac
tory. The current state of our investigations with 
Locusta is presented briefly in the following. 

After phenolization of the flight muscle homoge-
nate or of the pellet and the supernatant from the 
homogenate after centrifugation (fig. 9), 8 nucleic 
acid bands can be differentiated by electrophoresis on 
Polyacrylamide gel after staining with toluidine blue. 

One of the bands originating from the pellet 
fraction disappears upon treatment of the homoge
nate with DNase. It seems to be a low molecular 
weight DNA and is called ΌΝΑ-s' (DNA small). The 
other seven bands are sensitive to RNase i f the 
enzyme is applied to the purified nucleic acid prepa
ration. Following centrifugation of the homogenate, a 
band corresponding to tRNAs was found in both the 
pellet and the supernatant. The tRNA band found in 
the pellet exhibits a greater average electrophoretic 
mobility than the band in the supernatant. In addi
tion, there is a band of RNA that shows a position 
characteristic of 5S ribosomal RNA, corresponding to 
a molecular weight of 40,000. Under the Mg-free 
conditions described below, this RNA band appears 
mostly in the supernatant. It is not detectable in 
RNA preparations from mitochondria from which 
most of the adhering ribosomes of the extramito
chondrial system have been removed. 

A discrimination between cytosolic and mitochon
drial contribution to the RNA patterns is difficult 
because under the conditions usually employed for 
the isolation of mitochondria from locust flight 
muscle the RNA bands are nearly entirely associated 
with the mitochondrial fraction. With the exception 
of 4S RNA, no nucleic acid can be extracted from the 
supernatant (fig. 10). Evidently under these condi
tions the extramitochondrial ribosomes are firmly 
attached to the mitochondria. Separation is made 
possible by homogenizing the tissue in a magnesium-
free medium in the presence of high concentrations 
of EDTA [22] . As shown in fig. 10, increasing 
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Fig. 9. Electropherograms of nucleic acids prepared from the precipitate and from the supernatant of a 15 min, 20,000 g 
centrifugation of a homogenate from thorax muscles of 7-day-old locusts. The homogenization was performed in 50 mM E D T A 
with addition of Subtilisin A. 

— · — small c-r ibosomal RNA 

— large c- r ibosomal RNA 
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Fig. 10. Percentage of the cytosolic ribosomal RNA species appearing in the 15 min, 20,000 g supernatant at different 
concentrations of E D T A . Thorax muscles of 2 - to 4-day-old locusts were homogenized, and the sediment and supernatant from 
centrifuging the homogenate 15 min at 20,000g were examined. The homogenization medium was pH 7.2 and contained 0.3 Μ 
sucrose, 10 mM T R A and E D T A varying between 10 and 50 mM. Homogenization was accomplished by 10 strokes of a Potter 
homogenizer with Teflon pestle. Preparation of nucleic acids was performed by repetitive shaking with about one volume of 20% 
phenol:80% water and macaloid. In some cases the phenokwater was replaced by the mixture phenol:m-cresol:8-hydroxy-
quinoline:water (500:70:0.5:55, w/w) following Kirby [20] . Lysis of mitochondria was accomplished by addition of 0.5 ml of 
20% sodium dodecylsulphate to the first aliquot of phenol. Then the phenol was extracted by ether and the nucleic acids 
precipitated in the cold by two volumes of ethanol. Electrophoresis was performed according to Dingman and Peacock [21] in 
2.7% acrylamide gel supported by 0.5% agarose, with Tris-borate buffer, pH 8.3, containing 2.5 mM E D T A . The relative amount 
of RNA corresponding to the electrophoresis band patterns was evaluated by densitographic means, from which the absolute 
amounts of the appropriate nucleic found in the 15 min, 20,000 g pellet and supernatant were calculated. 
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amounts of RNA species having molecular weights of 
1,5 Χ 10 6 and of 0,7 Χ 10 6 appear in the supernatant 
by using increasing concentrations of EDTA. With 
this treatment, the smaller RNA is more easily re
moved from the sediment fraction than the larger 
one. This is similar to the action of EDTA in 
removing cytosolic ribosomes from liver rough endo
plasmic reticulum as reported by Sabatini et al. [23] . 
The molecular weight of this RNA as determined 
from its mobility in gel electrophoresis [24,25] is in 
agreement with the molecular weight of cytosolic 
ribosomal RNA from other invertebrate animals as 
shown by Loening [26] . 

Upon treatment with 50 mM EDTA, about Ι Ο 
Ι 5% of the c-ribosomal RNA remains in the mito
chondrial fraction. This residue can be removed 
almost completely by gradient centrifugation of Sub-
tilisin A treated homogenates (fig. 11). On the con
tinuous gradient the flight muscle mitochondria sepa
rate into two fractions (fig. 11). The electrophoresis 
band patterns of the RNA isolated from these two 
fractions are almost identical, in addition to a promi
nent tRNA band with an electrophoretic mobility 
slightly different from that in the supernatant, there 
is another strong band corresponding to a molecular 
weight of about 500,000. Quantitatively — as deter-
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Fig. 11. Electropherograms of nucleic acids prepared from the mitochondrial fractions and from the pellet of a 60 min, 70,000 # 
gradient centrifugation. The gradient was 55-30% sucrose in 50 mM E D T A and 10 mM T R A , pH 7.2. The resuspended pellet 
from a 15 min, 20,000 # centrifugation of a thorax muscle homogenate from 7-day-old locusts, prepared in 50 mM E D T A with 
addition of Subtilisin A, was placed on top of the gradient. The relative amounts of RNA corresponding to the electrophoresis 
band patterns from the mitochondrial fractions shown, as determined by densitographic means, are approximately: C\ 3%, C2 
6%, Μ 35%, M' 16%, M-tRNA 37%. 
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RNase RNase 

Supernatant Mitochondria Ε. coli 
fraction 

Fig. 12. Electropherograms of nucleic acids from the 15 min 
20,000 g supernatant and from the mitochondrial fraction of 
an homogenate from thorax muscles of 2-4-day-old locusts, 
with and without treatment with beef pancreatic ribonu-
clease before phenolization. The tissue was homogenized in 
medium containing 50 mM E D T A , without addition of Subti-
lisin. The mitochondrial fraction was prepared by differential 
centrifugation. The resuspended pellet from 15 min, 20,000 g 
was centrifuged First for 10 min at 350 g and the resulting 
supernatant was further centrifuged 10 min at 10,000 g. The 
pellet from the last centrifugation was taken as the mitochon
drial fraction. 

mined by densitography of toluidine stain — this 
band amounts to up to 55% of the high molecul
ar RNA. Besides this strong band, some minor 
bands, partly larger and partly smaller in molecular 
weight, are seen in varying proportions. Most promi
nent is one minor band appearing often as a double 
band and in a position corresponding to a molecular 
weight of 250,000. 

Incubation with pancreas ribonuclease is another 
means by which the mitochondrial origin of the 
500,000 and 250,000 MW bands can be demon
strated. I t has been shown that ribonuclease added to 
suspensions of intact mitochondria, contrary to its 
action on cytosolic ribosomes, does not inhibit amino 
acid incorporation in mitochondria and leaves mito
chondrial RNA unimpaired [13, 27-29] . Upon ac
tion of ribonuclease on flight muscle homogenates all 

RNA bands disappear from the supernatant and also 
the corresponding bands in the mitochondrial frac
tion. The above described bands of MRNA remain 
with only slight diminution (fig. 12). 

General remarks and conclusions 

What conclusions may be drawn from the present 
finding? First, we must visualize, that the flight 
muscle is growing on an obligatorily aerobic basis, i.e. 
the energy required for the growth of the tissue, 
including that of its chondriome, is dependent upon 
the functional readiness of the chondriome itself. 
Interestingly enough, the same holds true for the 
growth of Neurospora crassa in the logarithmic phase 
[30] . In both tissues specific material is inserted into 
preexisting mitochondria in such a manner that 
growth in approximate constant proportions of con
stituents results. The preservation of constant propor
tions, useful in demonstrating mitochondrial growth, 
may be due to the special metabolic situation. In 
facultative aerobics and in general, the proportions of 
mitochondrial constituents will be subject to differen
tiations due to environmental circumstances and 
functional requirements. 

Second, referring to the title of this symposium, 
the autonomy of mitochondria based on the results 
of the morphogenetic processes investigated is a 
rather restricted one, in that their formation is strict
ly coordinated with the formation of the other 
cellular constituents. Moreover, by far the greatest 
part of mitochondrial proteins is formed by the 
extrinsic system. Amino acid incorporation by the 
intrinsic system appears to be restricted to a few 
minor bands of the electrophoretic pattern of the 
insoluble mitochondrial protein fraction. The pattern 
of incorporation is strikingly similar to the one found 
in Neurospora. As in Neurospora, only a small degree 
of elasticity in the coupling between the extrinsic and 
intrinsic system could be demonstrated. 

Third, the existence of RNA species in locust 
flight muscle mitochondria has been demonstrated. 
What are the functions of these RNAs? For that 
species, which has an electrophoretic mobility similar 
to cytoplasmic transfer RNA, a role as mitochondrial 
transfer RNA is probable. This conclusion is support
ed by other investigations on mammalian and Neuro-
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spora mitochondrial tRNAs [31—34]. Considering 
the presence of mitochondrial tRNAs, the existence 
of mitochondrial ribosomes might be postulated, 
though recently, biosynthetic participation of tRNAs 
not linked to ribosomal function has been demon
strated in bacterial cell wall formation [35] . 

The molecular weight corresponding to the RNA-
bands obtained upon gel electrophoresis are neither in 
that order of size observed for mammalian or insect 
cytoplasmic ribosmes nor in that observed for mito
chondrial ribosomes from fungi, nor in that of bac
terial ribosomes. In attributing the observed band 
pattern nevertheless to mitochondrial ribosomes, we 
must visualize mainly two possible explanations; 
either the observed bands represent the native ribo
somal RNA chains or they contain specific break
down products of these. 

The first possibility would imply that the structure 
of locust mitochondrial ribosomes is different from 
that of all other types of ribosomes known at present. 
This difference in ribosomal structure, however, 
would be in contrast to the rather striking similarities 
in the mitochondrial amino acid incorporating 
systems. Therefore, attention must be drawn to the 
second possibility. As a matter of fact, the present 
standing of the problem resembles somewhat the 
discussion of length and continuity of bacterial ribo
somal RNA occurring in the late fifties and early 
sixties. This matter has been reviewed by Spirin and 
Gavrilova [36]. Furthermore, the instability of 
chloroplast ribosomal RNA, as pointed out by Ingle 
et al. [37] seems to reflect a very similar situation. 

Therefore in our case, we have to consider that at 
least one of the RNAs of the hypothetical large and 
small subunits is present as split pieces on the gel. 
One interpretation would be to correlate the promi
nent band Μ to the (unbroken) small subunit RNA, 
as well as to a major split piece of an unstable large 
subunit RNA. 
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