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Summary 

Prolonged deaera t ion of Saccharomyces cerevisiae cells resul ts  in 
degenerat ive changes in mi tochondr ia  which  can be  revealed w h e n  
measur ing  the  enzymic  activities o f  the  respi ra tory  chain in isolated 
organelles and  by  electron microscope  examina t ion  of  the  cells. The same 
changes are observed after  a 3-h incuba t ion  of  the  cells wi th  cyanide  or 
carbonyl  cyanide,  m-ch lo ropheny l  hyd razone  in aerobic condi t ions .  
These  resul ts  suggest  the  impor tan t  role of  oxidat ive phosphory l a t i on  in 
the  ma in t enance  of  the  integr i ty  of  mi tochondr i a  in the  cell. 

The  sensi t ivi ty of  yeas t  m i tochondr i a  to anaerobiosis  and  cyanide  
changes as the  cul ture  grows. Mi tochondr ia  are especially labile dur ing  
the  early exponent ia l  g rowth  phase  w h e n  their respi ra tory  sys tem and 
s t ruc ture  are not  ful ly fo rmed .  Possible reasons  for and  the  m e c h a n i s m  of  
degradat ion  of  mi tochondr i a  in vivo are discussed.  

Introduction 

One of the least known aspects of mitochondrial biogenesis is the 
principle of their stabilization in the cell. The question may be 
elucidated when studying the way in which various changes in the 
metabolism of the cell af fect  the structure and functions of 
mitochondria. Facultative anaerobic organisms make an ideal object for 
such investigations. Although the data so far obtained are not plentiful, 
it may be soundly postulated that mitochondria of facultative anaerobic 
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yeast are labile structures which degrade in certain conditions. This is 
supported by the data of Jayaraman et al. [1] who studied in detail the 
degradation of mitochondria of Saccharomyces cerevisiae under glucose 
repression. Meisel et al. [2] used the permanganate method of cell 
fixation to show that a prolonged incubation of some species of yeasts in  
anaerobic conditions results in the reduction of inner mitochodrial 
membranes. In our previous papers degradation and restoration of 
mitochondria on deaeration and subsequent aeration of aerobically 
grown Saccharomyces cerevisiae were described [3-5]. Simultaneously, 
Howell et al. [6] reported evidence showing that a prolonged deaeration 
of mycelia of a facultative anaerobic Neurospora crassa mutant  causes 
reduction of the mitochondrial cristae. There are serious differences of 
opinion as to the level to which mitochondria may degrade in the yeast 
cell. Schatz et al. [7-9] believe that during anaerobiosis mitochondria 
degenerate to "promitochondria".  In fact, the latter may be revealed 
even in anaerobically grown glutaraldehyde fixed cells [10] or those 
treated with the freeze-etching technique [9]. However, Howell et al. 
[6] reported that the number of distinguishable mitochondria markedly 
decreases after a long incubation of a facultatively anaerobic mutant  of 
Neurospora crassa. 

It has been shown in the present work that the degradation of the 
mitochondria of Saccharomyces cerevisiae may proceed to a lesser or 
greater extent,  depending on the growth phase of the culture 
immediately preceding the deaeration of the medium. Mitochondria are 
especially labile at the early exponential phase, when their respiratory 
system and structure arc not fully developed. In this case a 3-h 
anaerobiosis is most likely to cause a decrease in the average number of 
mitochondria per cell. Deaeration of yeast at the end of the exponential 
phase of aerobic growth induces some degenerative changes in 
mitochondria, their number in the cells being practically unchanged. 
There is a certain resemblance between the mitochondriaJ structures of 
these cells and cells during the early exponential phase of aerobic 
growth. 

Materials and Methods 

Organism and Growth Conditions. In all the experiments use was 
made of Saccharomyces cerevisiae, a wild-type diploid, strain No. 11 of 
the USSR National Collection of Yeast Cultures. The standard 
conditions of growth of the yeast, composition of the medium and the 
method of controlling the growth phase have been described else- 
where [3].  

Thickening o f  Yeast Suspension. At certain growth phases the yeast 
were sedimented by centrifugation in cold (O- + 2 ~ ) and then the sediment 
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was diluted with the growth medium to a final concentration of 5% (wet 
weight). In all the experiments no noticeable cell division took place 
during long-term incubation. This procedure has been used by other 
authors [11].  Chloramphenicol (4 mg/ml) and cycloheximide 
(25/~g/ml), inhibitors of protein synthesis, did not affect either cell 
respiration or NADH oxidase and succinate oxidase activities of isolated 
mitochondria. 

Isolation of Mitochondria. Mitochondria were isolated by the method 
of Tzagoloff [ 12], by disintegrating the cells in a homogenizer (14,000 
rpm) after freezing them in liquid nitrogen. Mitochondria protein was 
determined as described by Lowry et al. [13]. 

Enzyme Assays. The NADH oxidase and succinate oxidase activities of 
the mitochondria were measured in the same conditions as used by 
Mackler et al. [14]. The succinate: ferricyanide reductase activity was 
measured in the conditions described by Rao et al. [15]. Cytochrome 
oxidase activity was measured according to Polakis et al. [16]. 

Electron Microscopy. The cells t reated by lyophilized snail (Helix 
pomatia) gut juice were fixed with glutaraldehyde as described by 
Watson et al. [17]. The samples were sectioned in the LKB type-3 
ultramicrotome. Microphotographs of the cell sections were made with 
an HU-11B (Hitachi) electron microscope. 

Results 

Incubation of Thickened Yeast Suspensions 

All the experiments described below were carried out when cell division 
was suppressed (see "Materials and Methods"). Figure 1A shows the data 
on the growth of Saccharomyces cerevisiae cells and the development of 
cell respiration. One can see that 6 h of aerobic growth in standard 
conditions correspond to the early exponential phase when the cells 
consume oxygen at a low rate. After the thickening of the yeast, the 
respiratory system continues developing if the medium is aerated 
(Fig. 1B). During a 7-h incubation in such conditions the respiratory 
activity of the mitochondrial fraction achieves the level resembling that 
usually observed at the thirteenth hour of growth in standard conditions. 
This means that the thickening of yeast per se does not cause noticeable 
changes in the mitochondrial respiratory system. 

Inactivation of the Mitochondrial Respiratory System Induced by 
Anaerobiosis and Cyanide 

Mitochondria isolated from Saccharomyces cerevisiae cells after 6 h of 
aerobic growth are capable of oxidizing 20-30 nmoles of NADH per min 
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Figure 1A. Aerobic growth of Saccharomyces cerevisiae and development of cell 
respiration. Curve 1, concentration of yeast; curve 2, respiratory activity of the cells. 

�9 o . Respiratory activity was measured polarographlcally at 30 .  Assay medmm 
contained 1% glucose in 50 mM potassium phosphate (pH 7.5). 

per mg protein at 30 ~ . This cyanide-insensitive activity does not  decrease 
during incubation of  the cells wi thout  oxygen (Fig. 1B). 

After 7.5 h of  aerobic growth mi tochondr ia  display a higher 
respiratory activity (70-80 nmoles of  NADH per min per mg protein) 
which may  be almost completely  suppressed by  cyanide. Incubat ion  of  
these cells for 3 h in anaerobic conditions results in complete 
inactivation of  the respiratory chain which reveals itself as a decrease in 
the NADH oxidase and succinate oxidase activities of  mi tochondr ia  
(Fig. 2A). In the same conditions the cy tochrome  oxidase and succinate: 
ferricyanide reductase activities change to a lesser degree. 

As the respiratory system develops, its sensitivity to anaerobiosis in 
vivo decreases. When the yeast was deaerated after 13 h of  aerobic 
growth (the end of the exponential  phase, see Fig. 1A), the NADH 
oxidase and the succinate oxidase activities of  the mi tochondr ia  
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Figure 1 B. Development of mitochondrial respiratory system during incubation of 
thickened yeast suspension. After 6 h of aerobic growth yeast was thickened and 5% 
cell suspension was incubated in aerobic (curve 2) or anaerobic (curve 3) conditions 
at 35 ~ . In due course, aliquots of suspension were taken and mitochondrial fraction 
was isolated from yeast cells to measure NADH oxidase activity. Curve 1, 
concentration of yeast suspension during the experiment. 

d iminished much more  s lowly than those of 7.5-h yeast .  In fact,  af ter  
a 3-h anaerobiosis  these activities decreased b y  50% only  (Fig. 2B). 

A compar i son  of  the  results  for 7.5-h and 13-h yeasts  shows tha t  the  
changes in m i tochond r i a  descr ibed above are not  associated wi th  
s tarvat ion of  the  cells during incubat ion .  Indeed,  had s tarvat ion been  the 
cause of  inact ivat ion of the resp i ra tory  system, the  resul t ing effect  wou ld  
have been  much more  p r o n o u n c e d  in the case of  the 13-h yeast .  

It is n o t e w o r t h y  that  the incuba t ion  of  yeas t  wi th  cyanide  in aerobic  
condi t ions  results in the same effects  as the  incuba t ion  w i thou t  cyanide  
in the absence of  oxygen (Fig. 3). 

As will be demons t r a t ed  be low,  the  most  p robab le  reason for the 
NADH oxidase and succinate oxidase  activit ies to go down is 
degenerat ive changes in the  s t ructure  of  mi tochondr i a l  membranes .  The  
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Figure 2. Degradation of mitochondrial respiratory system under deaeration of 
Saccharomyces cerevisiae yeast cells at the early (A) and late (B) exponential growth 
phase. Yeast was grown aerobically at 35 ~ . In due course aliquots of yeast 
suspension were taken, mitochondrial fraction was isolated and the following 
activities were measured: 1, NADH oxidase; 2, succinate oxidase; 3, cytochrome c 
oxidase and 4, succinate dehydrogenase. In this figure activities are expressed as 
nrnoles of NADH, suceinate and ferrocytochrome c oxidized per rain per mg protein 
at 30 ~ . 

character of these changes is such that the activities of the respiratory 
chain componen ts  (for example, succinate dehydrogenase and cyto- 
chrome c oxidase) decrease insignificantly,  whereas the electron transfer 
is in te r rupted  almost completely  in the system as a whole (i.e. f rom 
NADH or succinate to oxygen) (see Fig. 2A). 

The Effect of  Chloramphenicol and Cycloheximide on the Development 
of  the Mitochondrial Respiratory System of Yeast 

Figure 3 shows that  chloramphenicol  and cyclohcximide added to the 
yeast suspension after 7.5 h of aerobic growth suppress the development  
of the respiratory system of mitochondria .  However, these protein  
synthesis inhibi tors  do no t  induce degradation of the respiratory system 
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Figure 3. The effects of protein synthesis inhibitors and cyanide on development 
of mitochondrial respiratory system during incubation of thickened yeast suspension. 
Yeast was grown aerobically for 7.5 h. Then cett suspension was thickened and 
incubated aerobically in the presence of chloramphenicol, CAP, (4 mg/mI) and 
cycloheximide, CYCLO, (25/lg/ml) or in the presence of KCN (3 mM). Other 
conditions were the same as indicated above. 

during the  3-h incuba t ion  of  th ickened  yeast  suspension. These results 
al low the conclusion to be made tha t  inact ivat ion of  the resp i ra tory  
system in anaerobic  condi t ions  is not  l ikely to be  associated with the  
cessat ion of  the  synthesis  of  mi tochondr ia l  proteins .  

Our  results agree wi th  the evidence repor ted  by  some authors  [18] 
and do not  agree wi th  the results  of  o ther  authors  [19, 20 ] ,  which may,  
apparen t ly ,  be expla ined by  the differences in exper imenta l  condi t ions  
(objects  of  invest igat ion,  per iod  to be observed,  m o m e n t  of  addi t ion  of 
inhibi tors  to the  incuba t ion  med ium,  etc.) .  

Morphological Changes in Mitochondria Induced by Anaerobiosis at 
Different Growth Phases 

The da ta  of  e lec t ron  microscopy  confi rm the suggestion that  
m i tochondr i a  are especial ly sensitive to anaerobiosis  at early stages of  
deve lopmen t  and tha t  their  s tabi l i ty  marked ly  increases at  the end of  the 
exponent ia l  growth  phase when the deve lopment  of the resp i ra tory  
system nears comple t ion .  Figure 5 summarizes  the da ta  for yeas t  
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A 

A B 

Figure 4. Saccharomyces cerevisiae yeast  cells grown aerobical ly for 13 h. 
Mi tochondr ia  o f  non-deaera ted  yeas t  ceils (A), x97 ,000  and  ( A ) ,  x127 ,000 ,  and 
those  of the  cells deaera ted  for 3 0 m i n  ( B ) , x l 5 0 , 0 0 0 .  In all micrographs  
mi tochondr i a  are in o r t h o d o x  con fo rma t ion .  
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deaerated after 13 h of aerobic growth. Almost all the mitochondria in 
such cells before deaeration possess the orthodox conformation, i.e. that 
with long narrow cristae and a matrix occupying most of the 
mitochondrial volume (Fig. 4A, A'). A 30-min incubation of yeast in the 
absence of oxygen does not entail any noticeable changes in the 
structure of mitochondria (Fig. 4B). After a 3-h anaerobiosis various 
types of mitochondrial structures may be observed in the cells. Among 
them, particles in condensed (or intermediate) conformation (Fig. 5A) 
and promitochondria-like particles (Fig. 5B) occur most frequently. The 
former are characterized b'y numerous irregularly shaped intracristaI 
spaces and a condensed matrix.* As for particles of the second type, 
they have a dense matrix and a small number of electron transparent 
spaces which never form the interconnected network. Such a 
morphology suggests that the inner membranes in the particles of the 
second type have a primitive organization. Watson et al. [17] have 
previously described promitochondria of Saccharomyces  cerevisiae cells 
grown anaerobically in the presence of Tween-80 and ergosterol in a 
similar way. The appearance of the promitochondria-like particles may 
be considered as being a result of the reduction of cristae during 
prolonged deaeration of yeast cells. 

In addition to these particles, after 3-h anaerobiosis there appear 
mitochondrial structures with still more distinct signs of degeneration. 
These are irregularly shaped enlarged mitochondria which in some cases 
adhere to cytoplasmic vesicles of unknown nature (Fig. 5C). Other types 
of degenerate mitochondria are particles devoid (or almost devoid) of 
the granular matrix but containing broken cristae (Fig. 5D); or those 
having a dense matrix but absolutely indistinguishable cristae (Fig. 5E). 
According to Hackenbrock [22],  similar degenerative changes in 
mitochondria may be observed after incubation in 0.25 M sucrose at 
30 ~ 

In the cells subjected to a 3-h anaerobiosis one may also observe 
regularly shaped electron transparent regions which do not seem to have 
the limiting membrane (Fig. 5F). 

Carbonyl cyanide, m-chlorophenyt hydrazonet  added to the medium 
after 13 h of aerobic growth of yeast caused just the same morphological 
changes in their mitochondria. Incubation of yeast with carbonyl 
cyanide, m-chlorophenyl hydrazone for 3 h resulted in the appearance of 
promitochondria-like particles (Fig. 6B), mitochondria with a diluted 
matrix, particles with a dense matrix occupying most of their volume, 
enlarged mitochondria, free membranes, etc. As in the case of 

* According to King et al. (see ref. 21), mitochondria in condensed conformation 
appear in the HeLa and L cells after a long incubation with chloramphenicol or 
ethidium bromide. This morphological change typical of the last stage of degradation 
of mitochondria is believed to be a result of disturbed respiratory functions. 

"~ A two-fold increase in cell respiration was observed immediately on addition of 
carbonyl cyanide, m-chlorophenyI hydrazone (lO-6M). 
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Fig. 5A 

Fig. 5B 
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Fig. 5C 

Fig. 5C See page 141 for caption 
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Fig. 5D Fig. 5E 

Fig: 5 F 
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anaerobiosis ,  these degenera te  s tructures were not  observed af ter  a 
half -hour  incuba t ion  of  the yeas t  with the uncoup le r  (Fig. 6A) and hence 
were no t  an immedia t e  result  of  a change in the  funct ional  s tate of  the  
mi tochondr ia .  

The effect  of  anaerobiosis  on mi tochond r i a  was still more  p r o n o u n c e d  
when the yeast  were deaera ted  af ter  7.5 h of  aerobic  growth.  At  this 
stage the  resp i ra tory  system of yeast  was ye t  poo r ly  developed (the 
in tens i ty  of  cell resp i ra t ion  was only 15-20% of  that  at the  end of  the  
exponent ia l  phase) .  Figure 7 shows tha t  an ex t reme  he te rogene i ty  of  
subcellular  part icles is character is t ic  for  7.5-h cells. A m o n g  such part icles 
all types  of  degenerate  mi tochondr i a  occur  which are c o m m o n l y  
observed af ter  p ro longed  anaerobiosis  of  13-h cells or their  incuba t ion  
with an uncouple r  in aerobic  condi t ions  (see Figs 5 and 6). Special  
a t t en t ion  should be  pa id  to the  abundance  of  the  par t ic les  wi th  a dense 
matr ix  and wi th  a few e lec t ron  t ransparent  ova] or round  spaces. Watson 
et al. [17] qual if ied such par t ic les  as p r o m i t o c h o n d r i a  of  Saccharomyces 
cerevisiae yeast  grown anaerobica l ly  wi thou t  Tween-80 and ergosterol .  

Af te r  a 3-h deaera t ion  of  7.5-h ceils no new types  of  part icles  d i f ferent  
from those descr ibed above are observed.  However,  in this case the  
average number  of  mi tochondr ia l  s t ructures  per  cell sect ion is r educed  b y  
app rox ima te ly  50%. This p h e n o m e n o n  can no t  be a t t r i bu ted  to separate  
organelles being fused together ,  because the appearance  of  enlarged 
mi tochondr ia  was not  character is t ic  of  deaera ted  7.5-h yeas t  cells. The  
deaera ted  cells are pecul iar  in tha t  they  conta in  more  vacuoles,  and in 
some of  the la t te r  membranous  s tructures  can be  discerned (Figs 8A, B). 
Deaera t ion  of  13-h cells under  the  same condi t ions  results  in serious 
degenerat ive changes in the  mi tochond r i a  (Fig. 5), bu t  the  average 
number  of  mi tochondr ia l  s t ructures  per  cell sect ion remains the same 
(see Table) .  

Discussion 

The present  paper  describes d i f ferent  types  of  degenera te  mi tochondr ia l  
s t ructures  which appear  on deaera t ion  of  facul tat ive anaerobic  yeast  
Saccharomyces cerevisiae at various phases of  aerobic  growth.  The 

Figure 5. Morphological changes in mitochondria of deaerated Saccharomyces 
cerevisiae yeast cells. Culture was grown for 13 h (the end of the exponential phase) 
and then deaerated for 3 h. A, mitochondria in the condensed conformation, 
x55,000; B, mitochondrial structures resembling promitochondria of anaerobically 
grown yeast, x68,000; C, C', irregularly shaped enlarged mitochondria ("monster 
rnitochondria"), x44,000 and x150,000; D, particles with a diluted matrix containing 
broken membranes, x61,000; E, particles with a double limiting membrane, a 
granular matrix and without distinguishable cristae, x98,000; F, electron transparent 
visicles and particles with a few narrow cristae and a dense matrix occupying most of 
the particle volume, • 
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Fig. 6B Fig. 6A 
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TABLE I. Effect of 3-h deaeration of Saccharomyces cerevisiae suspension on the 
average number of mitochondria per cell section 

Average number of mitochondria (and mitochondria-like particles) 

7.5 h of aerobic growth 13 h of aerobic growth 
Number 

of 
experiment 

Before After 3 h Before After 3 h 
anaerobiosis of anaerobiosis anaerobiosis of anaerobiosis 

1 2.5 (60) 1.2 (60) 5 (50) 5 (50) 
2 2.7 (60) 1.1 (60) 6 (50) 6 (50) 

Figures in brackets indicate the number of cells examined. 

morphologica l  invest igat ions are combined  with  measurements  of the 
resp i ra tory  ac t iv i ty  of  the  mi tochondr ia l  fract ion.  The main conclus ion 
of  this work  is tha t  anaerobiosis  causes the  most  p r o f o u n d  changes in 
mi tochondr i a  at the  early stages of  their  format ion .  

Prolonged deaera t ion  of  yeas t  at the  end of  the exponen t ia l  growth  
phase which is character ized b y  ful ly deve loped  mi tochondr i a  results in 
the  reduc t ion  of  cristae and appearance  of part icles resembling 
p romi tochondr i a  of  anaerobica l ly  grown Saccharomyces cerevisiae [ 17 ]. 
This type  of  morphologica l  changes in m i toch ond r i a  is no t  the  only  one. 
In  the present  work  other  cy top lasmic  structures are descr ibed which 
may  be looked  upon  as degenerate  mi tochondr ia .  

During the early exponent ia l  phase yeast  cells have a character is t ical ly  
high number  of  p romi tochondr ia - l ike  particles.  A s t r ic t ly  def ini te  
he te rogene i ty  of  the  mi tochondr i a l  s t ructures  is ano the r  morphologica l  
pecul ia r i ty  of  such cells. Unlike the  13-h cells, in which anaerobiosis  
induces degenera t ion  of  mi tochondr i a  wi thou t  decreasing their  number ,  
young  cells lose about  half  of  their  mi tochondr ia l  s tructures for 3 h of  
anaerobiosis ,  as follows f rom the e lec t ron microscope  evidence Howell  
et al. [6] have recent ly  descr ibed a similar p h e n o m e n o n  in a facul tat ive 
anaerobic  Neurospora crassa mutan t  subjected to p ro longed  deaera t ion .  
The authors  did  no t  over look the fact that  this could be an ar t i fact  
arising in the  course of  f ixat ion.  But in accordance  with Watson et al. 

Figure 6. Morphological changes in the mitochondria of Saccharomyces cerevisiae 
yeast cells incubated with carbonyl cyanide,m-chlorophenyl hydrazone. Culture was 
grown aerobically for 13 h (the end of the exponential phase), after which the 
medium was supplemented with carbonyl cyanide,m-chlorophenyl hydrazone 
(1 x IO-rlVI). A, mitochondria (orthodox conformation) of yeast cells incubated for 
30 rain with the uncoupler, xl00,000; B, yeast cells incubated with the uncoupler 
for 3 h: promitochondria-like particles (pro), free membranes (fro) and electron 
transparent vesicles (etv), x45,000. 
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A 

Figure 7. Saccharomyces cerevisiae yeast cells grown aerobically for 7.5 h (early 
exponential phase). A, various types of mitochondria] structures, x72,000; B, "giant" 
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D 

mitochondria,  x67,000; C, promitochondria-like particles, x57,000; D, particle with 
a granular matrix and a double limiting membrane (of Fig. 5E), x80,O00. 
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B 
Figure 8. Morphological changes in the cytoplasm of the yeast cells grown 

aerobically for 7.5 h (early exponential phase) and deaerated for 3 h. A, vacuoliza- 
tion of the cytoplasm, x57,000; B, membraneous structures in vacuoles, x66,000. 
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[17] and also Damsky et al. [10],  glutaraldehyde fixation allows 
mitochondrial structures to be revealed even in the conditions most 
unfavourable for mitochondria formation (anaerobic growth in a glucose 
medium containing no unsaturated fatty acids and ergosterol). 
Therefore, it is possible to believe that the decrease in the number of 
mitochondrial structures of yeast cells revealed by electron microscopy 
really testifies to the mitochondria dissipating in certain conditions. It is 
hardly possible to say now what is the final result of dissipation. 

Dharmalingam and Jayaraman in their two short communications [23, 
24] suggest that the disintegration of mitochondrial membranes in 
conditions of glucose repression is due to the action of cytoplasmic 
phospholipases. These authors found that glucose repression induces 
activation of phospholipases and derepression is accompanied by a 
decrease in their activity. Nothing is known so far about where yeast 
phospholipases are localized and how their activity is controlled. 

One of the conclusions of this work is that a correlation may be found 
between the extent to which mitochondria degrade and vacuolization of 
the yeast cells. It has been suggested that the cell vacuole of yeast is a 
single large lysosome [25, 26].  It is appropriate to recall here the former 
electron microscope data by Ashford and Porter [27],  Novikoff and 
Essner [28] and also the electron micrographs presented in the review of 
de Duve and Wattiaux [29] which illustrate digestion of mitochondria 
by lysosomes in animal cells. The idea of the participation of lysosomes 
in digestion of mitochondria was convincingly supported in the recent 
work of Travis and Travis [30] who studied the cytological changes 
appearing in miocardic cells with age. Of course, this is a formal analogy 
but in any case the suggestion of the existence of a correlation between 
the degradation of mitochondria and the increase in the number of 
vacuoles in yeast cells deserves further study. 

In this connection the recent work of King et al. [21] should be 
mentioned. These authors found, when studying chloramphenicol- 
induced morphological changes in HeLa and L cells, that a considerable 
number of vacuoles and cisterns appear at the late stages of degradation 
of mitochondria. 

Finally, a few words about the reason for the degradation of 
mitochondria on deaeration of aerobically grown Saccharomyces 
cerevisiae. It has been shown in our previous work [31] that 
anaerobiosis, respiratory inhibitors and uncouplers induce inactivation of 
the respiratory chain of mitochondria and in all cases this process 
proceeds at one and the same rate. In this work the resemblance of the 
effects caused by anaerobiosis and an uncoupler, carbonyl cyanide, 
m-chlorophenyl hydrazone, has been confirmed by morphological 
investigations. These data suggest that oxidative phosphorylation is 
necessary for the integrity of mitochondria to be maintained in vivo and 
that any interruption of oxidative phosphorylation results in degradation 
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of  mi tochondr i a .  The  mechanism of  this p h e n o m e n o n  is unknown.  One 
of  the  work ing  hypo theses  being deve loped  in our  l a bo ra to ry  is 
that  the  oxida t ive  p h o s p h o r y l a t i o n  sys tem (and consequen t ly  the  whole  
inner  mi tochondr i a l  membrane ) ,  when  in the  func t ion ing  state~ takes on  
a specific c o n f o r m a t i o n  which  is res is tant  to heat ing and to  the  ac t ion  of  
ly t ic  enzymes  (proteinases  and phosphol ipase  A) [32-35] .  Accord ing  to 
another  hypothes i s ,  the  role of  oxidat ive  p h o s p h o r y l a t i o n  in s tabi l iz ing 
m i t o c h o n d r i a  may  be tha t  of  main ta in ing  a suff ic ient ly  high level of 
i n t r ami tochondr i a l  ATP w h i c h  is necessary for free f a t ty  acids to be 
r e inco rpora t ed  into  mi tochondr i a l  phosphol ip ids*  [36, 37 ] .  Apparen t ly ,  
arrest  of  b iosynthes i s  of  mi tochondr ia l  prote ins  is not  among the factors  
responsible  for  degrada t ion  of  mi tochondr i a  (see Fig. 3). 

De Duve and Wat t iaux  [29] ,  when discussing the possible role  of  
lysosomes  in the  "cel l  e c o n o m y " ,  suggested that  one of  the funct ions  of  
these organelles is to digest "ba l las t  mater ia l" .  The  present  and the 
previous works  carried out  in this l abo ra to ry  have p r o m p t e d  us to the 
conclus ion tha t  m i tochondr i a  which for  this or tha t  reason prove 
incapable  of effect ively carrying out  oxidat ive  p h o s p h o r y l a t i o n  may  be  
such "bal las t  mater ia l" .  This po in t  of  view may  prove beneficial  in 
s tudying  the principles of the fo rma t ion  of  mi tochondr ia .  

A cknowledgemen  ts 

We wish to thank Professor I. V. Berezin for his interest in this work and Miss T. I. 
Kheifets for translating the paper into English. 

References  

1. J. Jayaraman, C. Cotman, H. R. Mahler and C. W. Sharp, Arch. Biochem. 
Biophys., 116 (1966) 224. 

2. M. N. Meisel, N. V. Birjusova, T. M. Volkova, M. N. Malatjan and G.A. 
Medvedeva, in: Electron and Fluorescense Microscopy of the Cell, M.N. 
Kudrjavtseva, G. I. Polansky and E. M. Chesin (eds), Nauka, Moscow--Leningrad, 
1964, p. 3. 

3. V. N. Luzikov, A. S. Zubatov, E. I. Rainina and L. E. Bakeyeva, Biochim. 
Biophys. Acta, 245 (1971) 321. 

4. V. N. Luzikov, A. S. Zubatov and E. I. Rainina, Doklady AhademiiNauh USSR, 
195 (1970) 1453. 

5. A. S. Zubatov, E. I, Rainina, L. E. Bakeyeva and V. N. Luzikov, Biokhimiya, 36 
(1971) 1156. 

6. N. Howell, C. A. Zuiches and K. D. Munkres, J. CellBiol., 50 (1970) 721. 
7. R: S. Criddle and G. Schatz, Biochemistry, 8 (1969) 322. 

* Free fatty acids, as is known [3842],  accumulate in mitochondria under the 
action of mitochondrial or lysosomal phospholipase A and are likely to be 
responsible for swelling and degradation of mitochondria. 



FORMATION AND DEGRADATION OF MITOCHONDRIA IN TIlE CELL 149 

8. F. Paltauf and G. Schatz, Biochemistry, 8 (1969) 335. 
9. H. Plattner and G. Schatz, Biochemistry, 8 (1969) 339. 

10. C.H. Damsky, W. M. Nelson and A. Claude, J. CellBioI., 43 (1969) 174. 
11. M . J .  Vary, C. L. Edwards and P. R. Stewart, Arch. Biochem. Biophys., 130 

(1969) 235. 
12. A. Tzagoloff, J. Biol. Chem., 244 (1969) 5020. 
13. O. H. Lowry, N. J.  Rosebrough, A. L. Farr and R. J. Randall, J. Biol. Chem., 

193 (1951) 265. 
14. B. Mackler, P. J.  Collipp, H. M. Duncan, N. A. Rao and F. M. Huennekens, J. 

Biol. Chem., 237 (1962) 2968. 
15. N. A. Rao, S. P. Felton, F. M. Huennekens and B. Mackler, J. Biol Chem., 238 

(1963) 449. 
16. S. Polakis, W. Bartley and G. A. Meek, Biochem. ]., 90 (1964) 369. 
17. K. Watson, J .  M. Haslam and A. W. Linnane, J. Cell Biol., 46 (1970) 88. 
18. U. Smith, D. S. Smith and A. A. Yunis, J; Cell Sci., 7 (1970) 501. 
19. F.C.  Firkin and A. W. Linnane, Exptl. Cell Res., 55 (1969) 68. 
20. A. W. Linnane, D. R. Biggs, M. Huang and G. D. Clark-Walker, in: Aspects of 

yeast metabolism, R.K.  Mills (ed.), Blackwell Scientific Publication, Ltd., 
Oxford, 1968, p. 217. 

21. T. King and P. King, J. CellBiol., 45 (1972) 24. 
22. C.R.  Hackenbrock,J .  CellBiol., 30 (1966) 269. 
23. K. Dharmalingam and J .  Jayaraman, Biochem. Biophys. Res. Commun., 45 

(1971) 1115. 
24. K. Dharmalingam and J . Jayaraman,  Biochem, J., 128 (1972) 45 P. 
25. P. Matile and A. Wiemken, Arch. Mikrobiol., 56 (1967) 148. 
26. M. S. Christensen and V. P. Cirillo, J. Bacteriol., 110 (1972) 1190. 
27. T. P. Ashford and K. R. Porter, J. Cell Biol., 12 (1962) 198. 
28. A. B. Novikoff and E. Essner, J. CellBiol., 15 (1962) 140. 
29. C. De Duve and R. Wattiaux, Ann. Rev. Physiol., 28 (1966) 435. 
30. D. F. Travls and A. Travis, J. Ultrastruct. Res., 39 (1972) 124. 
31. V. N. Luzikov, A. S. Zubatov and E. I. Rainina, FEBS Letters, 11 (1970) 233. 
32. V. N. Luzikov, M. M. Rakhimov and I. V. Berezin, Biochim. Biophys. Acta, 180 

(1969) 429. 
33. V. N. Luzikov, V. A. Saks and I. V. Berezin, Biochim. Biophys. Acta, 223 

(1970) 16. 
34. V. N. Luzikov, V. A. Saks and V. V. Kupriyanov, Biochim. Biophys. Acta, 253 

(1971) 46. 
35. V.N.  Luzikov and L. V. Romashina, Biochim. Biophys. Acta, 267 (1972) 37. 
36. A. L. Lehninger and L. F. Remmert,  J. Biol. Chem., 234 (1959) 2459. 
37. L. Wojtczak and A. L. Lehninger, Biochim. Biophys. Acta, 51 (1961) 442. 
38. W. Chefurka, Biochemistry, 5 (1966) 3887. 
39. J .  Nachbaur, A. Colbeau and P. M. Vignais, FEBS Letters, 3 (1969) 121. 
40. M. Waite, L. L. M. van Deenen, T . J . C .  Ruigrok and P. F. Elbers, J. Lipid. Res., 

10 (1969) 599. 
41. I. Honjo, K. Ozawa, O. Kitamura, A. Sakai and T. Ohsawa, J. Biochem. (Tokyo), 

63 (1958) 311. 
42. I. Boime, E. E. Smith and F. E. Hunter, Jr ,  Arch. Biochem, Biophys., 139 

(1970) 425. 


