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In previous communications of this series, the isolation and properties of the sub- 
mitochondrial electron transport  particle (ETP) 1 and the phosphorylating electron 
transport  particle (PETP) 2 have been described. Both these particles were prepared 
from beef-heart mitochondrial preparations. ETP catalyzes the rapid oxidation of 
D P N H  and succinate by molecular oxygen and is relatively free of the pyridino- 
protein dehydrogenases of the citric acid cycle. P E T P  is a submitochondrial particle 
with many  ot the properties of ETP, but it still retains the citric acid cycle dehydro- 
genases and is capable of carrying out oxidative phosphorylation. 

By the procedures employed in these earlier studies only a relatively small 
proportion of the total mitochondrial protein could be recovered as E T P  or PETP.  
I t  was suggested 2, that  the mitochondrial suspensions which were the starting points 
for the preparation of ETP  and P E T P  were already mixtures of particles, and that  the 
methods used in the isolation procedures merely separated the mixture into the 
component particles. 

More recently HATEFI AND LESTER 3 have shown that  suspensions of beef-heart 
mitochondria in 0.25 M sucrose can be readily separated by differential centrifugation 
into two well defined fractions. While these fractions are distinctly different in gross 
appearance, they are qualitatively similar in their enzymic characteristics. 

In the present communication, the results of electron-microscopic examination of 
beef-heart mitochondria and various derivative particles are reported. Furthermore, 
evidence bearing on the functional and morphological interrelationships of these 
particles is presented. These studies may  throw light on how the various sub- 
mitochondrial or mitochondrial particles arise from the original unmodified 
mitochondrion. 

METHODS 

Unless otherwise stated, beef-heart  mitochondrial  suspensions were prepared by  the large scale 
method of CRANE et al. 1 and then  sub-fract ionated into the heavy  and light particle fractions by  
the procedure described in full by  HATEFI AND LESTER 3. E T P  was  prepared f rom the light mito- 
chondrial fraction according to a method proposed by  GREEN et al. 2. The details are as follows. 

* Postdoctoral  trainee of the Universi ty  of Wisconsin, Ins t i tu te  for Enzyme Research. 

Re/erences p. 538. 



VOL. 2 8  (1958) ELECTRON TRANSPORT SYSTEM XI 525 

The light mitochondrial  suspension (in 0.25 M sucrose) was diluted wi th  o.25 M sucrose to adjus t  
the  protein  concentra t ion to 5 ° mg/ml.  The diluted suspension was  mixed at  o ° wi th  an equal 
volume of a 3 ° % ethanol  solution containing per  ml 300/ ,moles  of po tass ium phospha te  (pH 7.8) 
and i /~mole of versene EDTA.  After homogenizat ion the  suspension was  centrifuged for 5 min 
at  15,ooo r .p.m, in the n u m b e r  3 ° head of the Spinco prepara t ive  ultracentrifuge. The supe rna t an t  
fluid was  decanted and then  centrifuged for 3 ° min at  30,000 r .p.m. The sediment  was  suspended 
in 2o vol. of 0.25 M sucrose wi th  thorough  homogenizat ion.  The suspension was  c.entrifuged for 
3 ° min at  30,000 r .p .m.  The washing  procedure was  then  repeated exactly. Finally the  sediment  
was suspended in 5 vol. of 0.25 M sucrose. This will be referred to hereinafter  as a suspension of 
E T P  prepared by  the  a lcohol -phospha te  procedure. 

The part icles of the heavy  and light mitochondrial  fractions obtained by  the  procedure of 
HATEFI AND LESTER 3 by  fract ionat ion of the  original mitochondrial  suspensions are reasonably  
free f rom cross con tamina t ion  and are no t  to be confused wi th  the  heavy  and light mitochondrial  
fractions prepared f rom the  original mit0chondrial  suspension by  the earlier me thod  of GREEN 
et al. 2. P E T P  was  prepared  by  the  a lcohol -phosphate  procedure 2 f rom the heavy  fraction described 
in the earlier me thod  of GREEN el~ al3. I t  cannot  however  be prepared  by  this  procedure f rom the 
heavy  fraction of the later method of HATEFI AND LESTER 3. The heavy  fraction of the earlier 
method is a mix ture  of particle types  including PETP,  whereas  the  heavy  fraction of the later 
method  consists  basically of one particle type  and contains no P E T E  

D P N H  and succinic dehydrogenase activities were measured  by  methods  previously 
described 1. 

For  electron microscope studies* the suspension of particles was t reated in either of two ways. 
The first procedure was  followed when informat ion on the shape of the intact  particles was needed. 
In  order to avoid de fo rma t ion  of the material  during air drying, the  critical-point method of 
ANDERSON 4 was  used. Drops  of the suspension were placed on a perforated brass  plate carrying 
specimen grids covered with a fo rmvar  film. They  were then  exposed for 5 min to osmium tetra-  
oxide vapor  and dried according to the schedule proposed by ANDERSON. Stereoscopic photos  were 
prepared  wi th  the special holder for the RCA EMU2 microscope. 

In  the second and al ternat ive procedure,  u l t ra th in  sections th rough  the various particles were 
prepared.  Suspensions of particles were fixed for 2o min in a I : i (v/v) mixture  of suspension and 
osmium tetraoxide solution (2 g of osmium tetraoxide per  IOO ml of the desired medium, usually 
0.25 3 I  sucrose). The mix ture  was then  centrifuged, and small pieces of the pellet were embedded 
in methacry la te  for sectioning. 

Small pieces of fresh beef hear t  were fixed in PALADE'S 5 buffered osmium tetraoxide (pH 7.8) 
containing o.25 -~/ sucrose and sectioned for a s tudy  of mitochondria  in intact  hear t  muscle. All 
sections were prepared with a Por te r -Blum microtome. The electron micrographs were taken with 
a RCA EMU2 electron microscope on Ilford N-4o process plates. An objective aper ture  of 5 ° # 
diameter  was  used. 

RESULTS 

I.  Mi tochondria  in si tu 

In  Fig.  I is shown a sect ion th rough  fresh beef-hear t  muscle. The  mi tochondr i a  
are  found in groups  be tween  the  myofibrils .  They  appea r  as e longated  bodies  wi th  a 
more or less cyl indr ica l  s t ruc ture .  They  have  a cont inuous  ou te r  m e m b r a n e  filled wi th  
a complex  sys tem of t igh t ly  packed  double  membranes  (cristae). The overal l  s t ruc ture  
of the  beef-hear t  mi tochondr i a  is s imilar  to tha t  of mi tochondr ia  from other  tissues6, 7. 

2. Mi tochondria  isolated i1~ 0.88 3 I  sucrose 

A section th rough  mi tochondr ia  isolated in o.88 .l[ sucrose is shown in Fig. 2. 
The  mi tochondr i a  appea r  essent ia l ly  normal .  Special  precaut ions  had  to be t aken  to 
ob ta in  these morphologica l ly  in tac t  mi tochondr ia .  Only  a small  f ract ion of the  to ta l  
hear t  mi tochondr i a  could be isolated in this  una l t e red  s ta te .  M!nced hear t  mucle was 
washed twice wi th  0.88 :~[ sucrose conta in ing  IO -~ 3 /  EDTA** versene. The p H  was 

* All of the work with the electron microscope was done in the Electron" 3Iicroscope Labora to ry  
of the Depa r tmen t  of Biochemistry,  Universi ty  of \Visconsin. 

** The following abbreviat ions  will be used: EDTA (ethylenediamine tetraacetic acid); D P N H  
(reduced diphosphopyridine nucleotide); E T P  (electron t r anspor t  particle); P E T P  (phosphoryl-  
at ing electron t r anspo r t  particle); ETPH (electron t r anspor t  particle derived f rom the heavy 
mitochondrial  fraction). 
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Fig. I. Electron micrograph of a section through fresh beef-heart muscle. The mitochondria appear 
as elongated structures embedded between the myofibrils. X 32,500. The length of the bar 

equals I #. 

m a i n t a i n e d  at  7.2. b y  add i t ion  of o.I  M K O H  whenever  necessary.  The  washed hear t  
muscle was homogenized in 0.88 M sucrose (IO g wet weight  t issue per  IOO ml of 
suspension) wi th  a loose-fi t t ing P o t t e r - E l v e h j e m  homogenizer .  I t  was i m p o r t a n t  not  
to  homogenize  too tho rough ly  as excessive homogeniza t ion  produced  a p reponderance  
of mi tochondr ia l  f ragments  which were difficult to sepa ra te  from the in tac t  forms. 
The suspension was cent r i fuged in an In t e rna t iona l  Ref r ige ra ted  Centrifuge for ten 
minutes  at  I,OOO x g. The  supe rna t an t  fluid was decan ted  and  cent r i fuged at  12,ooo × g 
Ior IO rain in the  Spinco Model L p r epa ra t i ve  centrifuge.  The mi tochondr ia l  pel let  was 
resuspended  in twen ty  volumes of 0.88 M sucrose and  again  sed imented  at  12,ooo )< g 
for IO min. 

At  this  s tage the sed iment  showed clear evidence of two layers.  The l ight colored, 
loosely packed  mate r i a l  on top  was s loughed off b y  layer ing  a small  vo lume of sucrose 
on the sediment  and  then  gent ly  swirl ing the  centr i fuge tube.  The  well packed  
res idue was washed and  f inal ly resuspended in o.88 M sucrose. This f rac t ion consis ted 
la rge ly  of morphologica l ly  in tac t  mi tochondr ia .  

We  have carr ied out  some exper iments  designed to es t imate  the  percentage  of 
the  to ta l  pro te in  of beef-hear t  muscle accoun ted  for b y  the  mi tochondr ia .  The 
specific succinoxidase and D P N H - o x i d a s e  ac t iv i t ies  of the  whole homogena te  (o.88 M 
sucrose) were compared  with  those of the  isolated (presumably  homogeneous) 
mi tochondr i a l  f ract ion also p repared  in o.88 M sucrose. If  there  are no compl ica t ing  
factors ,  then  ti le increase in specific ac t i v i t y  should be a direct  measure  of the  
concen t ra t ion  of mi tochondr ia  in the  original  homogenate .  The  increase is 4 to 5 fold 
(c/. Table  I). Therefore  on this basis mi tochondr ia  should account  for 2o to 25% of 
the  to ta l  protein.  In  point  of fact the  exper iment  could not  be carr ied out  in jus t  this 
fashion. The homogena te  has such a high endogenous oxygen  up t ake  tha t  it  is 
unre l iable  to de te rmine  the ra te  of succinie or D P N H  ox ida t ion  b y  sub t rac t ing  the 
control  from the exper imenta l  rate.  The par t ic les  of the  holnogenate  were washed 
three t imes with  15 vol. of the  o.88 M sucrose solut ion b y  a l t e rna te  high-speed 
cent r i fugat ion  and resuspension.  Care was taken  to ensure tha t  no par t ic les  were lost 
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Fig. 2. Electron micrograph of a section through beef-heart mitochondria isolated in o.88 2ff 
sucrose. The mitochondria show a well defined outer membrane surrounding a dense network of 
branching double membranes. Most of the mitoehondria in ttfis fraction show only slight morpho- 
logical changes when compared to those in situ (c[. Fig. i). However, in a few mitochondria the 
spaces between the cristae are enlarged and nearly spherical. × 33,5oo. The length of the bar 

equals I t~. 

dur ing tile washing procedure. The protein content  of the final washed suspension was 
then corrected for the soluble protein extracted dur ing the washing procedure. The 
es t imate  of the proport ion of mitochondrial  protein in beef-heart muscle thus rests 
on the fur ther  assumpt ion  tha t  the washed particle suspension is equivalent  to the 
original homogenate  on a specific enzymic basis. Succinoxidase ac t iv i ty  is general ly 
accepted as a reliable measure of mitochondria l  ac t iv i ty  s. 

The yield of in tact  mi toehondr ia  from beef-heart muscle prepared according to 
the method described above is about  2 % of the total  mitochondrial  protein  assuming 
the ratio of mitochondria l  protein to total  protein to be o.20. The preponderan t  
propor t ion remains occluded in the myosin fraction which is discarded. 

3. Mi toehondr ia  isolated in  0.25 M sucrose 

Mitochondria appear  to be extensively damaged from the s tandpoin t  of s t ruc ture  
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TABLE I 

COMPARISON OF THE SUCCINIC- AND D P N H - 0 X I D A S E  ACTIVITIES OF B E E F - H E A R T  

MUSCLE "HOMOGENATE" AND B E E F  HEART MUSCLE MITOCHONDRIA 

I~moles Substrate oxidized/rain/rag at 38~ 

Succinic-O~*** DPNH-O~*** 

" H o m o g e n a t e "  * o.  i i o.  2 5  

M i t o c h o n d r i a * *  o . 5 2  o . 9 7  

* Fresh beef-heart muscle was homogenized in 6 volumes of 0.88 M sucrose for 90 sec in the 
Virtis high-speed blendor at maximum speed and at o °. The total protein of the suspension was 
determined. Then the homogenate was centrifuged in the Spinco ultracentrifuge for 3 ° rain at 
40,0o0 r.p.m. The well-packed residue was washed three times with 15 vol. of 0.88 M sucrose. 
The washed residue was suspended in 6 vol. of o.88 M sucrose. The protein contents of both the 
suspension and washings were determined. The specific activity of the "homogenate" has been 
corrected for the soluble protein lost during the washing of the particles. 

** The mitochondria were prepared by the method described above in Section 2 of Results. 
* * *  Cytochrome c (0.3 mg/ml) was added to the assay mixture. 

when isolated in 0.25 M sucrose. Fig. 3 shows a whole-mount  electron micrograph of 
such a mitochondria l  suspension. 

Some of the mi tochondr ia  are swollen and  appear  similar to the "crescent" forms 
described by  HARMAN 9 and  by  CLELAND AND SEATER 10. In  these crescent forms the 
outer membrane  is pulled away from the cristae and  appears as a simple t r ansparen t  
film. 

In  m a n y  of these ballooned, crescent mi tochondr ia  the outer  membrane  is pulled 
away from the eristae and  forms individual  vesicles or strings of vesicles. This is 
clearly shown in Fig. 3 (E), where par t  of the outer membrane  in one of the crescent 
forms adheres to the formvar  film. The str ing of small  vesicles appears to be cont inuous  
with the outer membrane .  

In  Fig. 3 (H) dense spherical particles are seen which are too opaque to show 
internal" structure.  When  seen in section (Fig. 4), these particles resemble in tact  
mi tochondr ia  with respect to the branching  double membrane  structures.  The 
e lect ron- t ransparent  areas between the cristae are swollen and  often spherical. These 
mitochondrial  particles have a closely adhering outer membrane  in contrast  to the 
crescent mitochondrial  forms in which the mass of cristae is pushed to one side 

(c/. Figs. 3 and 5). 
Par t  of the morphological changes exhibited by  the mitochondr ia  isolated in 

o.2 5 M sucrose-can be a t t r ibu ted  to the low tonici ty  of the medium. I n  sections 
through heart  muscle exposed to o.2 5 21¢r sucrose before fixing, the mitochondr ia  are 
swollen and  show m a n y  of the changes seen in the isolated mitochondrial  suspensions. 

Mitochondria isolated in 0.25 M sucrose can be separated by  the method of 
HATEFI AND LESTER 3 into fast sediment ing or heavy  mitochondria,  and  slower 
sediment ing or light mitochondria.  Sections through heavy mitochondr ia  (Fig. 4) 
show that  this fraction is composed almost ent i re ly  of the large, densely s taining 
particles, described previously, which were characterized by  their closely adhering 
outer membrane  and the enlarged intercristal  spaces. The light mitochondrial  fraction, 
on the other hand  (Fig. 5), consists p redominan t ly  of crescent forms plus the numerous  
small vesicles which were present in the original mitochondrial  suspension. 
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Fig. 3. E lec t ron  m i c r o g r a p h  of beef -hear t  m i t o c h o n d r i a  isolated in o.25 M sucrose  and  p repared  
by  t he  cr i t ica l -point  m e t h o d  of Anderson .  I t  is a p p a r e n t  t h a t  ex tens ive  f r a g m e n t a t i o n  of mi to -  
chondr i a  h a s  occurred.  Th i s  p r e p a r a t i o n  can  be separa ted ,  b y  t h e  m e t h o d  referred to in t he  tex t ,  
in to  severa l  f ract ions .  T he  large e lec t ron  o p a q u e  par t ic les  (H) cor respond  to t he  h e a v y  mi to -  
chondr ia l  f rac t ion  (cf. Fig. 4). T he  swollen,  c rescent  m i t o c h o n d r i a  (L) w i th  t h e  ba l looned ou t e r  
m e m b r a n e  can  be identif ied wi th  par t ic les  p r e sen t  in t he  l ight  mi tochondr i a l  f ract ion.  The  smal l  
vesicles (E) are  ident ical  in appea rance  wi th  t he  g ranu les  charac te r i s t ic  of t h e  isolated E T P  
f rac t ion  (c[. Figs.  6 and  7). M a n y  of t he  smM1 vesicles (E) are  con t i nuous  wi th  t he  ou te r  m e m b r a n e  
of t he  c rescen t  m i t o c h o n d r i a  (L) and  appea r  to  have  or ig ina ted  by  ves icu la t ion  of t he  ou t e r  
m e m b r a n e .  The  connec t ion  of t hese  vesicles w i t h  t he  ou te r  mi tochondr i a l  m e m b r a n e  is especial ly 
clear in s tereoscopic  p h o t o g r a p h s  of such  p repara t ions .  × 16,65o. The  l eng th  of t he  ba r  equa ls  I #.  

4. Separation o! E T P  

Electron micrographs of ETP  preparations (Fig. 6b and 7b) show that it is 
composed of small vesicles which occur singly, in clumps, or which are joined together 
to form long chains. These vesicles are identical with the small particles present in the 
original mitochondrial suspension (c[. Fig. 3). The obvious suggestion that the 
ethanol-phosphate method of GREEN et al. ~ for the isolation of ETP merely separates 
preformed particles is further borne out by the data in Table II, which show that the 
ethanol-phosphate method for the separation of ETP is only applicable to the light 
mitochondrial fraction. An examination of the electron microscope photographs of 
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Fig. 4. Electron micrograph of a section through the heavy mitochondrial fraction. These particles 
resemble intact mitochondria with respect to the branching double membrane system, but the 
spaces between the cristae are greatly enlarged when compared to mitochondria in situ. × 20,250. 

The length of the bar equals i /z. 

the light and heavy  mitochondrial  fractions shows tha t  only the light fraction contains 
significant numbers  of the small vesicles characteristic of ETP.  

5. Formation and separation o / P E T P  

The form of P E T P  is shown in Fig. 6a while Fig. 7 a shows a section through a 
pellet of P E T P  particles. Many of the vesicles are similar to those present in prepara-  
tions of ETP.  The major  difference between sections taken from E T P  and P E T P  
preparat ions respectively is the presence of fragments  of cristae which are often 
surrounded by  an outer  membrane  in the P E T P  preparations.  The capaci ty  of the 
P E T P  fraction to carry out the reactions of oxidative phosphorylat ion m a y  be 
a t t r ibu tod  to  these bundles of cristae. 

A section through mitochondria  t rea ted  with e thanol -phosphate  is shown in 
Fig. 8. The ethanol appears tO disperse the cristae within the mitochondria,  and in 
several mi tochondr ia  small clumps of the cristae are shown pushed into a small sac 
formed by  the outer  membrane.  These small packets of cristae are evidently pinched 
off to form the characteristic particles of P E T P  during the vigorous homogenizat ion 
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Fig. 5- Electron micrograph of a section th rough  the light mitochondrial  fraction. I n  these mito-  
chondria  the  outer  m em brane  is pulled away  f rom the  cristae on one side and a large electron- 
t r anspa ren t  space between the outer  membrane  and the cristae is left. Vesiculation of the outer  
membrane  is apparen t  in the mi tochondr ion shown in t h e  center of this photograph.  × 43,ooo. 

The length of the  bar  equals I /~. 

applied in the isolation of PETP.  Whether  all or only part  of the P E T P  is formed 
during the isolation, can not be definitely stated at this time. Small granules similar 
to the P E T P  entities are occasionally found in the whole mitochondrial suspensions. 

I t  has been reported * that  only a small fraction of the mitochondrial suspension 
could be converted to PETP.  The hypothesis for the formation of P E T P  developed 
in the present communication explains why the conversion is necessarily low. The 
ethanol-phosphate medium does not disperse all of the cristae into small masses, 
and the chance that  these small bundles of cristae are then pinched off in an enclosed 
membrane is probably low. 

6. Formation o / E T P  and a similar particle derived ]rom the heavy mitochondrial [raction 

The standard methods of MACKLER AND GREEN 11 and GREEN et al. 2 for the 
preparation of E T P  do not yield a particle like E T P  from the heavy mitochondrial 
fraction. However, heavy mitochondria exposed to sonic irradiation liberate small 
vesicles similar in appearance but  smaller in size than those of E T P  (Fig. 9). From the 
standpoint of enzymic activities, these particles closely resemble those of E T P  though 
some differences have been recognized which will be considered in a later section. 

Examinat ion of the electron micrographs points to the origin of E T P  from the 
Outer mitochondrial envelope or membrane  as distinct from the cristae. That  is to say 
that  when the light mitochondrial fraction is exposed to the alcohol-phosphate reagent 
the vesicles of preformed E T P  or those which thereby are formed are derived from 
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(a) (b) 
Fig. 6. Electron micrograph of preparation of PETP on the left (a) and ETP on the right (b). 
The preparations were made by the critical-point method of Anderson. The small vesicles in both 
fractions appear to be similar; however, the PETP preparation (a) contains electron-opaque 
granules that are not found in the ETP (b) fraction. PETP × 23,ooo. ETP × 24,000. The length 

of the bars equals I /,. 

the  ou te r  membranous  envelope and not  from the  cristae.  Other  me thods  such as 
sonic osci l lat ion are needed to f ragment  cr is tae into vesicles of ETP .  I t  seems l ikely 
t ha t  under  the  condi t ions  of our isolat ion procedures ,  the  par t ic les  of our s t a n d a r d  
E T P  p repa ra t ions  or iginate  whol ly  or in large pa r t  f rom the ou te r  mi tochondr ia l  
membrane .  Some suppor t  for this  hypothes i s  is p rov ided  b y  the  pho tographs  in 
Fig.  3 and  5, which show clear ly  the  ves icula t ion  of the  ou te r  membrane ,  the  s epa ra t i on  
of these vesicles from the  rest  of the  ou te r  membrane ,  and  the  s imi la r i ty  in size and  
shape of these ex t ruded  vesicles wi th  the  charac te r i s t ic  par t ic les  of E T P  (Fig. 6 and 7). 
Even  though  a considerable  por t ion  of the  outer  m e m b r a n e  m a y  be s t r i pped  off in 
th is  manner ,  it  would appea r  t ha t  enough of the  outer  m e m b r a n e  m a y  be left to 
encase t h e b u l k  of the  cr is tae  in a t i gh t ly  packed  uni t  such as the  h e a v y  mi tochondr ia l  
part icle .  A d i a g r a m m a t i c  r ep resen ta t ion  of the  origin of E T P  is given in Fig. io.  

Morphological ly  in tac t  mi tochondr ia  i sola ted  in 0.88 M sucrose do not  yield E T P  
when exposed  to the  s t a n d a r d  e t h a n o l - p h o s p h a t e  procedure.  Thus  clearly,  only  the  
outer  m e m b r a n e  of mi tochondr ia l  par t ic les  d a m a g e d  or modif ied in a pa r t i cu la r  way,  
m a y  give rise to ETP .  Pe rhaps  dur ing  the  tea r ing  a w a y  ot some mi tochondr ia  from 
the  myofibr i ls  in which t hey  are  i m b e d d e d  in vivo, the  events  which lead  up  to the  
a l t e ra t ion  of the  ou te r  m e m b r a n e  and  the  fo rmat ion  of E T P  t ake  place. These special  
condi t ions  m a y  not  read i ly  be reproducib le  once the  mi tochondr ion  has been isola ted  
and the  outer  m e m b r a n e  has not  sus ta ined  a n y  damage.  
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(a) (b) 
Fig. 7- E lec t ron  mi c rog raphs  of sec t ions  t h r o u g h  P E T P  on t h e  left  (a) and  E T P  on t he  r ight  (b). 
Bo th  f rac t ions  cons i s t  p r e d o m i n a t e l y  of smal l  vesicles. I n  add i t ion  t he  P E T P  f rac t ion  (a) con ta ins  
vesicles filled wi th  c r i s tae  wh i ch  r e semble  in s t r u c t u r e  t he  par t ic les  of  the  h e a v y  mi tochondr ia l  
f ract ion.  However ,  t h e y  are  m u c h  smal le r  t h a n  t he  h e a v y  par t ic les  a n d  p r e s u m a b l y  or iginate  by  
f r a g m e n t a t i o n  of mi tochondr i a .  P E T P  × 34,ooo. E T P  × 36,5oo. The  l eng th  of the  bars  equa ls  i /i. 

7. Biochemical properties o/ E T P  and o/ the small particle derived /rom the lwavv 
mitochondrial /faction 

Sonic irradiation of suspensions of the heavy  mitochondrial  fraction in a IO K.C. 
Ray theon  oscillator for 2 min at m a x i m um  energy leads to quant i ta t ive  f ragmentat ion 
into much  smaller particles tha t  closely resemble E T P  (Fig. 9)- Since these derivative 
particles originate largely, if not  exclusively, from the cristae of the heavy 
mitochondrial  fraction, they  will be designated as ETPI-I to differentiate them from 
the particles originating from the outer  mitochondrial  membrane,  viz. ETP.  

Table I I  contains a sum m a ry  of some comparat ive  da ta  on the composition of 
E T P  and ETPI-I. The heme and flavin analyses were carried out by Drs. R. B.\SFORI) 
and J. JXRNE~'ELT according to previously published methods 12, is. The concentrat ions 
of total  flavin as well as of heme are much the same for the two particles. The principal 
point of difference appears to reside in the cy tochrome c + c 1 fraction. The chemical 
method of est imation ~a when applied to a particle containing both  cytochromes 
c and c, does not distinguish between these two hemoproteins.  These are not separated 
during the procedure and consequently are est imated together. However,  cytochronae 
c is extractable  from some particles under  relatively mild conditions, e.g. in o.9 0o KC1, 
and not from other  particles under  these same conditions. About  one th i rd  of the 
cy tochrome c + a 1 fraction of ETPI-I can be extracted by  exposing the particles to 
0. 9 % KC1 whereas none is extracted from E T P  under the same conditions. This result 
does not necessarily mean that  E T P  contains exclusively c, whereas ETPH contains 
roughly half as much c as c~. In our labora tory  WIDMER .\ND CRAN1-14 have discovered 
lipide-soluble forms of cy tochrome c which according to B=XSFORD '5 may  be classified 

Ne/erem'es p. 53 S. 
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Fig. 8. E lec t ron  mi c rog raph  of a sec t ion t h r o u g h  beef -hear t  m i tochond r i a  exposed  to 15 % e thano l  
and  o.15 M phospha t e .  T he  suspens ion  was  homogen ized  and  cen t r i fuged  before f ixat ion,  The  two 
mi tochond r i a  shown  in t he  cen te r  of th i s  pho t o  clearly d e m o n s t r a t e  t he  m a n n e r  in which  t he  
P E T P  granu les  (P) are  formed.  Po r t ions  of t h e  cr is tae  are  forced in to  a smal l  sac  f o r m e d , b y  t h e  
ou te r  m e m b r a n e  and  t h e n  p inched  off to give t he  smal l  par t ic les  (P). × 43,ooo. The  l eng th  of 

t h e  ba r  equa ls  i /2. 
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Fig, 9. Electron micrograph of the heavy 
mitochondrial fraction after sonic irradia- 
tion and prepared by Anderson's  critical- 
point method. The mitochondria (20 mg 
protein/ml) were exposed to the sonic vibra- 
tion for 2 min. Complete destruction of the 
mitochondrial s tructure has occurred, and 
long strings of very small vesicles (average 
dia. approx. 38 m/, ) are formed. × 36,ooo. 

The length of the bar equals i I*- 

Fig. 9. 

Fig. IO. Schematic representat ion of the sequence of events  which 
lead to the  formation of the various particles present in the mito- 

/ 
chondrial suspensions prepared in 0.25 3I sucrose, i. Hear t  mito- /~1~]~ x ~  ~J 
chondria as they  appear in normal heart  muscle. 2. Mitochondria 
within the  muscle after exposure to 0.25 iV/ sucrose. The outer 
membrane  is pushed away from the cristae, and there is progressive 
swelling of the intercristal areas. 3, 4 and 5. These three forms are (5 
present in heart  mitochondria isolated in 0.25 M sucrose. Number  
3 is a reproduction of a crescent mitochondrial form showing the 
vesiculation of the  outer  membrane.  The t ransi t ion from 2 to 3 
occurs when the mitochondria are stripped from between-the- 
muscle fibrils. It  is during this process tha t  portions of the outer //(///--]I II //)~ 
membrane  are pinched off to form the vesicles characteristic of [l'~k~m(//~"~'/])_\ 
the E T P  fraction (5). If all or most  of the ballooned par t  of the II )),52~-~Y1(C5i 
outer  membrane  is stripped off, the cristae encased in the re- \ t  j ~ 5 ~ / / / / ~ [  
maining portion of the outer membrane  give rise to the character- ~ , , ~ / - ' ~ / J /  

istic particle of the  heavy mitochondrial  fraction (H). ~'~-------~4. 

TABLE II 

Y I E L D  OF ETP FROM THE HEAVY AND LIGHT MITOCHONDRIAL FRACTION AFTER 

TREATMENT WITH THE E T H Y L  ALCOHOL--PHOSPHATE PROCEDURE 

Per cent o[ original protein in each [raction 

Residue* E T t '  Soluble 

Heavy  mitochondriM fraction 83 3 6 
Light mitochondriM fraction 60 29 8 

7/ 
5. 

Fig. t o 

* After the mitochondrial  suspensions had been exposed to tlle alcohol-phosphate reagent, 
they  were separated by differential centrifugation into a rapidly sedimenting fraction (residue), 
a slow sedimenting fraction (ETP) and a soluble supernatant .  The details of tile procedure are 
identical with those described under METHODS for tim isolation of ETP  fronl the light nfito- 
chondrial fraction. 

i n t o  t w o  c a t e g o r i e s - - o n e  of  w h i c h  is d e c o m p o s e d  b y  e x p o s u r e  to  0.900 KCI whi le  t h e  

o t h e r  is d e c o m p o s e d  o n l y  u n d e r  m o r e  d r a s t i c  c o n d i t i o n s  (e.g. in  p r e s e n c e  of  i o  % 

b u t y l  a lcohol ) .  E T P  a n d  ETPI-I  t h u s  m a y  di f fer  p r i m a r i l y  in t h e  n a t u r e  of t h e  l ip ide  

c y t o c h r o m e  c. T h i s  d i f fe rence ,  f u r t h e r m o r e ,  c o u l d  be  a c o n s e q u e n c e  of t h e  p r e p a r a t i v e  

p r o c e d u r e  r a t h e r  t h a n  a n  e x p r e s s i o n  of a b a s i c  c h e m i c a l  d i f f e r ence  b e t w e e n  t h e  e l e c t r o n  

t r a n s p o r t  s y s t e m s  of t h e  e n v e l o p e  a n d  c r i s t ae .  

l~e/erences p. 538. 
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I t  is of i n t e r e s t  t h a t  E T P n  s h o w s  a m a r k e d  r e q u i r e m e n t  for  a d d e d  c y t o c h r o m e  c 

in  t h e  I ) P N H  O= r e a c t i o n  w h e r e a s  E T P  does  no t  (c/.  T a b l e  IV).  T h i s  r e s u l t  cou ld  h a v e  

b e e n  a n t i c i p a t e d  on  t h e  bas i s  of  t h e  r e a d y  e x t r a c t i o n  of c y t o c h r o m e  c f r o m  E T P n  b u t  

n o t  f r o m  E T P .  

TABLE I I I  

H E M E  A N D  F L A V I N  C O M P O S I T I O N  O F  ETP A N D  ETPI~ 

/*moles X t o ~  /mg  protein 

E T P  E T P  H 

Flavin 0.64 0.55 
i) Cytochrome a* (equivalent of extracted a heme) o.8i 0.70 
2) Cytoehrome b* (equivalent of extracted b heine) o.7o o.6o 
3) Cytochrome c + c I 0.60 o.6o 
4) Cytochrome c extractable  with 0.9 ~o KC1 o o.23 
Total cytochrome (I + 2 + 3) 2.11 1.9o 

* Cytochrome a, b and c, may each represent more than one component of similar or identical 
spectral properties whose heme components are also identical. These hypothetical  components 
would have different protein moieties {e.g. el. KEILINln). 

~* The heroes of cytochrome c and c 1 are not extracted during the  analytical procedure. I t  
appears to be the hemoproteius ra ther  than  free heine which react with pyridine to form the 
pyridine hemochromogen. 

TABLE IV 

C Y T O C I - I R O M E  C R E Q I . I I R E M I Z N T  F O R  T H E  D P N H - O z  R E A C T I O N  OF  ETP A N D  E T I ' H  

D P N H - O 2  

+ cytochrome c - -  cytockrome c 

~moles  D P N H / m i n / m g  at 38 ° 

E T P 3.76 3-66 
ETPH 1.86 0.56 

ETP was prepared from the light mitochondrial  fraction by the e thanol-phosphate  method 
of GREEN el M. 2, ETl ' n  was prepared from heavy mitochondria which had been exposed to sonic 
irradiation for 2 rain. The particles were then washed once in a mixture of o.15 M phosphate and 
0.08 M sucrose. The particles were resuspended in 0.25 M sucrose. 

DISCUSSION 

T h e  " m i t o c h o n d r i a l "  s u s p e n s i o n s  w h i c h  a re  t h e  s t a r t i n g  p o i n t s  of o u r  p r e p a r a t i v e  

p r o c e d u r e s  a re  m i x t u r e s  of pa r t i c l e s ,  b o t h  m i t o c h o n d r i a l  a n d  s u b m i t o c h o n d r i a l .  B y  

d i f f e r e n t i a l  c e n t r i f u g a t i o n  t h e s e  c a n  b e  s o r t e d  o u t  i n t o  two  m a i n  f r a c t i o n s :  (I)  t h e  
r a p i d l y  s e d i m e n t i n g  or  h e a v y  f r a c t i o n  ; a n d  (2) t h e  s lowly  s e d i m e n t i n g  or  l i gh t  f r ac t ion .  

T h e  l a t t e r  c o n s i s t s  of (a) swol len  m i t o c h o n d r i a  a n d  (b) d e r i v a t i v e  p a r t i c l e s  s u c h  as  E T P .  
T h e  f o r m e r  c o n t a i n s  p r e d o m i n a n t l y  d e n s e  p a r t i c l e s  in  w h i c h  t h e  c r i s t a e  r e t a i n  t h e  

c h a r a c t e r i s t i c  d o u h h > m e m b r a n e d  s t r u c t u r e  of t h e  i n t a c t  m i t o c h o n d r i a .  T h e  a v a i l a b l e  

e v i d e n c e  f rom e l e c t r o n  m i c r o s c o p y  p o i n t s  to  a c o m m o n  o r ig in  of  all  t h e  sub -  

m i t o c h o n d r i a l  pa r t i c l e s  prese l l t  in b o t h  t h e  h e a v y  a n d  l igh t  f r ac t ions ,  viz. t h e  i n t a c t  

m i t o c h o n d r i o n .  T h a t  is to  say ,  t h e  v a r i o u s  t r a n s i t i o n a l  s t a g e s  b y  w h i c h  t h e  i n t a c t  

m i t o c h o n d r i o n  cou ld  be  c o n v e r t e d  e v e n t u a l l y  i n t o  E T P  or  P E T P  or  t h e  h e a v y  

m i t o c h o n d r i a l  p a r t i c l e s  c an  e i t h e r  b e  seen  or  in fe r red .  
T h e  o u t e r  e x t e n d e d  e n v e l o p e  of t h e  swol l en  m i t o c h o n d r i a l  p a r t i c l e s  in t h e  l i gh t  

Re[er('nces p. 5,?8. 
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fraction tends to bud off clusters of small single-walled vesicles. These vesicles have 
been isolated from the light mitochondrial fraction by the a~cohol-phosphate proce- 
dure and identified as ETP. The same particle can be obtained essentially quanti- 
tatively by the sonic irradiation of the particles in the heavy mitochondrial fraction 
which contain predominantly cristae material. Thus ETP preparations can be formed 
from either outer envelope or cristae. Since ETP is the fundamental unit of electron 
transport, it follows that no basic biochemical distinction can be made between the 
vesicles derived from the outer membrane and those from the cristae, and insofar as 
the analytical data permit a conclusion, they have also essentially the same composi- 
tion and components. Thus neither a structural nor functional difference can be 
recognized between these two parts of the mitochondrion. The remaining difference is 
exclusively one of position or geography. 

Outer envelope and cristae form a continuous double-membrane structural 
system. Under the stresses of the isolation procedure cristae may become partly 
detached from the outer envelope and concentrated in one or more pockets or 
conversely the outer envelope may lift away from the mass of cristae. The extent to 
which outer envelope and cristae are damaged or modified in a given preparation will 
determine the extent to which, or the ease with which theyg ive  rise to derivative 
particles like ETP under a given set of conditions. 

PETP is a particle far smaller than the intact mitochondrion which still retains 
the capacity for citric cycle oxidations and the accompanying oxidative phosphoryla- 
tion. Whatever mechanism is assumed for the formation of PETP, it is impossible to 
avoid the necessity for assuming fragmentation or rupture of the outer mitochondrial 
envelope during the process. Since the characteristic particles of PETP preparations 
contain intact cristae enclosed by an outer envelope (in fact a miniature mitochondrion) 
it must be inferred that the outer envelope of PETP particles is only a segment of 
the original mitochondrial envelope just as the cristae of PETP represent only a small 
fraction of the original number. If the mitochondrion can be miniaturized in this way 
then the least common denominator of mitochondrial function must be a smaller unit. 
The biochemical evidence points to an exact parallelism between the presence of 
double-membrane structures in a particle preparation and the capacity for citric-cycle 
oxidations. Single-membrane vesicles like ETP no longer are capable of citric-cycle 
oxidations. 

The concept that the electron transport system of the outer envelope may not be 
coupled to phosphorylation rests on the observation that ETP derived predominantly 
from the outer envelope catalyzes the uncoupled oxidation of DPN Hand succinate. 
Some recent work in our laboratory (unpublished studies of ZIEGLER AND LINNANE) 
suggest that even ETP derived from outer envelope is capable of coupled phosphoryla- 
tion providing certain preparative precautions are taken. Non-coupling may be a 
consequence of the preparative procedure and the state of the starting material rather 
than a preexisting attribute of the electron transport system. 

CLELAND AND SLATER 10, 17 were the first to localize the electron transport system 
specifically in the structural elements of the outer envelope or outer membrane in 
their terminology. While they assign more significance to the outer envelope than we 
think necessary, nonetheless there is common ground in considering the double- 
membrane structure of the mitochondrion as the seat of citric cycle oxidations and of 
electron transport. WATSON AND SIEKEVITZ TM more recently present a wealth of data 
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which point to much the same conclusion though 
significance to the outer envelope. 

VOL. 28 (1958) 

these authors assign special 
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S U M M A R Y  

The morpholog ica l  changes  which  m i toc hond r i a  and  the i r  d e r i v a t i v e  par t ic les  undergo dur ing  
i so la t ion  from beef -hear t  musc le  h a v e  been s tud ied  by  e lec t ron  microscopy.  Mi tochondr ia  i so la ted  
from the  t i s sue  in a 0.25 M sucrose m e d i u m  are gross ly  modified in s t ruc ture .  By  v i r t ue  of these  
modi f ica t ions  t h e y  can r ead i ly  give rise to  smal le r  submi tochondr i a l  pa r t i c les  such as E T P  and 
P E T P .  Morphologica l ly  i n t ac t  m i tochondr i a  can be isola ted from hea r t  t i s sue  which  is c o m m i n u t e d  
in 0.88 M sucrose b u t  on ly  in r e l a t ive ly  smal l  yield.  Such mi t ochond r i a  do not  g ive  rise to  E T P  and 
P E T P  by  the  me thods  successful ly  app l ied  to  the  m i t o c h o n d r i a  i so la ted  in 0.25 M sucrose. 

The l igh t  mi tochondr i a l  f rac t ion  con ta ins  swollen mi tochondr i a  whose  ou te r  m e m b r a n e  shows 
a m a r k e d  t e n d e n c y  to  undergo  ves icu la t ion  lead ing  to  the  fo rmat ion  of the  e lec t ron  t r a n s p o r t  
pa r t i c le .  Some or all  of the  cr i s tae  of these  swollen mi t ochond r i a  can  be p inched  off t oge the r  w i t h  
a p a r t  of the  ou te r  mi tochondr i a l  m e m b r a n e  to  form new par t ic les  which,  depend ing  upon size, 
conform e i the r  to  the  par t ic les  of the  h e a v y  mi tochondr i a l  f rac t ion  (large par t ic le)  or to  P E T P  
(smal l  par t ic le) .  

W h e n  the  h e a v y  mi tochondr i a l  f rac t ion  is exposed  to  sonic i r rad ia t ion ,  a smal le r  pa r t i c le  is 
l i be ra t ed  which  resembles  E T P  closely bo th  morpho log ica l ly  and  chemical ly .  I t  differs p r i m a r i l y  
in t he  respec t  t h a t  bound  cy toch rome  c is r ead i ly  e x t r a c t a b l e  whereas  the  bound  cy toch rome  c 
of E T P  is not.  
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