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ABSTRACT 

The membranes of yeast mitochondria were separated and analyzed for lipid content. The sterol- 
to-phospholipid molar ratio was found to be very similar between the inner and outer membranes 
(1:30). These observed ratios could be substantially altered by using a crude mitochondrial pellet 
contaminated with a "floating lipid layer." In this case, the sterol-to-phospholipid molar ratios were 
1: 8 to 1 : 26 for the outer and inner mitochondrial membranes, respectively. 

I N T R O D U C T I O N  

Sterols play a p rominen t  role in the fluidity,  
integri ty and structure of  eucaryot ic  mem- 
branes. Thus, in organelles such as mito-  
chondria,  where membranes  control  the func- 
tion of  the organelle,  it is essential to know 
how the sterol is distributed.  Toward this end, 
mi tochondr ia l  membranes  f rom several systems 
have been analyzed for their  lipid conten t  (1-5). 
Thus far, no sterol analysis of  the inner and 
outer  mi tochondr ia l  membranes  has been re- 
por ted  for yeast.  However ,  a s tudy with an- 
o ther  fungus, Neurospora crassa, conc luded  
that  sterols were located exclusively in the out-  
er mi tochondr ia l  membrane  (3). This was in- 
consistent  with our previous exper iments  in 
which sterol modif icat ions  ef fec ted  al terat ions 
in the Arrhenius plots of  the inner mi tochon-  
drial membrane  enzyme cy toch rome  oxidase 
(6). In order  to resolve this apparent  dis- 
crepancy and to ascertain the impor tance  of  
sterol in yeast  mi tochondr ia ,  we have separated 
the mi tochondr ia l  membranes  in Saeeharo- 
myees cerevisiae and determined the amount  of  
ergosterol  present  in each membrane  with re- 
spect to o ther  membrane  components .  

METHODS A N D  M A T E R I A L S  

Culture Conditions 

An isolate of  MCC, a wild-type diploid strain 
of  Saccharomyees eerevisiae, was grown to late 
exponent ia l  phase (20 hr) at 28 C with aeration 
in media containing t ryp tone  (1%), yeast  ex- 
tract  (0.5%) and e thanol  (2% v/v). 

Isolation of Mitochondria 

Cells were harvested by centr i fugat ion at 
5,000 G for  I min and washed with distilled 
water (10 ~ of  media typically yielded 60 g wet 
wt of  cells.) The cells were resuspended in 
0.5 M r  0.1 M Tris buffer,  pH 

IAuthor  to w h o m  correspondence should be 
addressed. 

9.3, at a ratio of  2 ml buffer /g  wet wt of  cells 
and incubated  at 28 C with gentle shaking for 5 
min. The cells were pel leted (12,000 G, 1 rain) 
and washed twice with a buffer  solut ion at pH 
5.8 containing 0.7 M sorbitol ,  0.3 M mannitol ,  
0.1 M citrate,  10 mM K2HPO 4, and 1 mM 
EDTA. To form spheroplasts, the washed pellet  
was resuspended in the same buffer  containing 
20% Glusulase, an enzyme  extract  f rom Helix 
pomatia, at 2.5 ml buffer /g wet wt cells. The 
suspension was incubated  for 1 hr  at 28 C with 
gentle shaking. The spheroplasts were pel leted 
by centr i fugat ion at 3,000 G for 10 min, 
washed 3 t imes in a buffer  containing 0.9 M 
sorbitol,  10 mM Tris, and 0.5 mM EDTA at pH 
7.4, and then resuspended in the same buffer  at 
10 ml/6  g wet wt spheroplasts. The spheroplast  
suspension was passed through a French pres- 
sure cell at 1,000-2,000 psi. Unbroken  sphero- 
plasts and cell debris were removed by 3 centri- 
fugations each at 1,100 G for 10 min. To pellet  
the mi tochondr ia ,  the supernatant  was spun at 
12,000 G for 20 min. The mi tochondr ia  were 
resuspended in the above 0.9 M sorbltol  buffer  
and centr i fuged at 1,100 G for 10 min to re- 
move the last of  the cellular debris. The super- 
natant  was centr i fuged once again at 12,000 G 
for 20 min to recover  a crude mi tochondr ia l  
pellet. This mi tochondr ia l  pellet  was resus- 
pended in the same buffer,  placed on 20-70% 
linear sucrose gradients and centr i fuged for 30 
rain at 22,700 G in a Sorvall Model  SS90 verti- 
cal rotor .  The gradients were f ract ionated and 
eaqh fract ion assayed for marker  enzymes  (see 
Results). The major  band was ident i f ied as 
mi tochondr ia l  and was repel leted by centrifuga- 
tion at 27,000 G for 20 min. 

Separation and Isolation of the Inner 
and Outer Mitochondrial Membranes 

In a procedure  modif ied  from Neuper t  and 
Ludwig (7), the mi tochondr ia  were subjected to 
osmotic  swelling and shrinking to enhance the 
membrane  separation,  fo l lowed by our pro- 
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cedure of mechanical shearing through an 
Eaton pressure cell to strip the outer mito- 
chondrial membrane away from the inner mem- 
brane envelope. The whole mitochondria were 
swollen by resuspending the mitochondrial pel- 
let in 20 mM Tris buffer at pH 8.0 ( i  ml buffer/ 
gm wet wt mitochondria) and incubating on ice 
for 1.5 min. A solution of 1.8 M sorbitol, 2 mM 
ATP, 2 mM MgCl 2 was then added (0.5 ml 
sorbitol-ATP-MgCl 2 solution/g wet wt mito- 
chondria) and the suspension was left on ice for 
I hr to allow shrinkage of the inner membrane. 
The  mitochondrial suspension was quickly 
frozen in an Eaton pressure cell and, while still 
frozen, passed through the small orifice of the 
cell at 5000 psi. The sheared mitochondria were 
diluted by adding 2 ml of 20 mM Tris buffer at 
pH 8.0/~ wet wt mitochondria, loaded on 
I0-20-30-40-50-70% (1:2:2.5:2.5:2.5:1 vol ra- 
tios) discontinuous sucrose gradients, and centri- 
fuged at 50,000 G for 1.5 hr. The gradients 
were fractionated in l-ml vol from the top and 
each faction was analyzed for total free ergo- 
s t e r o l ,  phospholipid, protein and enzyme 
activity. 

Quantitation of Sterol, Phosphollpid and Protein 

The lipids were extracted from each fraction 
and from whqle mitochondria by the Bligh and 
Dyer method (8) and separated by thin layer 
chromatography (TLC) using the Skipski et al. 
procedure (9). Ergosterol was quantitated by 
gas liquid chromatography (GLC) using choles- 
tane as an internal standard (10). Cholesterol 
was added during the extraction procedure as a 
carrier sterol. The quantitation of the recovered 
cholesterol by GLC also provided a measure- 
ment of the efficiency of the sterol extraction. 

Phospholipid samples were taken from the 
lipid extracts described prior to the TLC sepa- 
ration, and were quantitated by the Ames 
method (1 1). Protein was determined for each 
fraction by the Lowry et al. procedure (12). 
Bovine serum albumin (BSA) was used as the 
protein standard. 

Enzyme Markers 

The following enzymes have been localized 
by Bandlow and Bauer (13) in yeast and were 
used as marker enzymes to determine the com- 
position of each fraction and the degree of 
c r o s s - c o n t a m i n a t i o n .  R otenone-insensitive 
NADH-cytochrome c reductase (outer mito- 
chondrial membrane), succinate-cytochrome c 
reductase (inner mitochondrial membrane) and 
NADPH-cytochrome c reductase (microsomal) 
were assayed by the Sottocasa et al. methods 
(14). Malate dehydrogenase activity (mitochon- 
drial matrix) was measured as described by 
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Vary et al. (15), cytochrome c oxidase activity 
(inner mitochondrial membrane) as described 
by Thompson and Parks (16), and kyurenine 
h y d r o x y l a s e  activity (outer mitochondrial 
membrane) as described by Schott et al. (17). 
Chitin synthetase, identified as a plasma mem- 
brane marker in yeast (IS),  was assayed by 
Cabib's method (19). 

Mitochondrial Respiration 

Mitochondrial respiration was measured at 
28 C in an oxygraph buffer at pH 6.6 contain- 
ing 15 mM Tris, 15 mM maleate, 0.67 ml 
phosphoric acid, 1.2 mM EDTA, 6 mM MgC12 
and 0.2% BSA. Ethanol was used as the respira- 
tory substrate. 

Materials 

Glusulase was purchased from Endo Labora- 
tories. All enzyme assay reagents, L-kyurenine, 
rotenone, cytochrome c, oxaloacetate, NADPH, 
BSA, NADH, trypsin, trypsin inhibitor, N- 
acetylglucosamine and succinate were from 
Sigma Chemical Co., St. Louis, Mo. UDP- 
[ 14 C]_N.ace ty lg lucosamine  was purchased 
from New England Nuclear, Boston, MA. 

Instrumentation 

A Beckman L-65 ultracentrifuge and Sorvall 
RC-2B centrifuge were used for the centrifuga- 
tions. The Eaton pressure cell (20) was used in 
a Carver Model B laboratory press. The enzyme 
assays were conducted with a PMQ II Zeiss 
spectrophotometer and the mitochondrial respi- 
ration measured on a Gilson oxygraph equipped 
with a Clark O2 electrode. GLC separations of 
sterols were performed with a Varian Series 
2700 gas chromatograph equipped with a 
CDS-111 data processor and a Supelco SP-2250 
column. 

RESULTS 

Assessment of the Purity of Membrane Fractions 

The purity and intactness of the mitochon- 
drial preparation is established in Table I. 
NADPH-cytochrome c reductase and chitin 
synthetase specific activities (sp act) showed 
that there was little contamination of the mito- 
chondria with microsomal or plasma membrane 
protein. The mitochondria  also appeared to be 
intact, exhibiting respiratory competency (RC 
values of at least 2.5, as calculated from state 
3/state 4) and little mitochondrial enzyme re- 
lease. This fact was important in that mito- 
chondria which were prepared from mechanic- 
ally broken cells (i.e., shaking with glass beads 
or disruption in a Bronwill MSK tissue homoge- 
nizer) were damaged and thus did not swell or 
shrink when placed in the anisotonic buffers. 
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TABLE I 

Assessment of the Purity and Intactness of the Mitochondria 

989 

Fract ion Malate dehydrogenase 
(~tmol NADH oxidized) 

min-mg prote in  

NADPH-Cyt C Reductase 
(~mol cyt c reduced) 

rain-rag protein 

Chitin synthetase 
(microunits) 

mg protein 

12,000 G supernatant 9.2 24.2 56. l 
(microsomes and cytosol) 
12,000 G pellet 105.1 0.6 24.5 
(crude mitochondria) 
Major gradient band 168.2 0.0 1.5 
(purified mitochondria) 

Malate  d e h y d r o g e n a s e  ( m i t o c h o n d r i a l  matr ix  e n z y m e )  speci f ic  act iv i t ies  w e r e  ca lcu la ted  f r o m  the  e x t i n c t i o n  
c o e f f i c i e n t  o f  N A D H  (e = 6 .22  x 103  M - - l c m  - 1 )  at 3 4 0  nm.  N A D P H - e y t o c h r o m e  c reductase  ( m i c r o s o m a i  
e n z y m e )  spec i f i c  act ivi t ies  w e r e  ca lcu la ted  f r o m  the  e x t i n c t i o n  c o e f f i c i e n t  o f  c y t o c h r o m e  c (e = 19.1 x 103 
M - - l c m  - 1 )  at 5 5 0  n m .  O ne  uni t  o f  chi t in  s y n t h e t a s e  (p lasma m e m b r a n e  e n z y m e )  ac t iv i ty  is the  i n c o r p o r a t i o n  o f  
1 /zmol  o f  a e e t y l g l u c o s a m i n e / m i n  i n t o  ch i t in  (19 ) .  E n z y m e  act iv i t ies  w e r e  m e a s u r e d  as descr ibed in Methods  and  
Materials.  

Since the swelling and shr inking of  the mi to-  
chondria l  membranes  proved necessary for ade- 
quate separat ion,  the organelle had to be in tact  
pr ior  to t rea tment .  

Inner  and ou te r  mi tochondr ia l  membranes  
f rom gradient-purif ied mi tochondr i a  could be 
sat isfactori ly separated after  passage th rough  
the Ea ton  press as demons t r a t ed  by the mem-  
brane marker  enzymes  (Table II). The distri- 
but ion  of  marker  enzyme  activities reveal minor  
c ross -contamina t ion  of  these membranes  (Fig. 
1). This c ross -contamina t ion  was on the order  
of  1 0 % - a p p a r e n t l y  typical  in such separa t ion 
exper iments  (7,21,22).  Despite repea ted  at- 
t empts ,  the c ross -con tamina t ion  could n o t  be 
reduced and o the r  m e t h o d s  of  disrupt ion,  e.g., 
sonicat ion (7), homogen iza t ion  (23) and treat-  
m e n t  with i onophor s  (13), failed to isolate the 

inner  memb ran e  as cleanly. 
The gradient  f ract ions conta ining memb ran e  

were ident i f ied  on the basis of  the en zy me  
markers  (Table II). Frac t ion  1 (0-10% sucrose) 
had ne i ther  inner  nor  ou te r  mi tochondr ia l  
memb ran e  enzyme  activities. I t  did, however ,  
conta in  some protein .  Fract ions  2-3 (10-20% 
sucrose) con ta ined  the ou te r  mi tochondr ia l  
membrane .  Frac t ions  4, 5 and 6 (20-30% su- 
crose) had essentially no assayable enzyme  
activity but did conta in  protein .  Frac t ions  7-8 
(30-40% sucrose) had bo th  ou te r  and inner  
mi tochondr ia l  memb ran e  en zy me  activity and 
p robab ly  represen ted  the fo rma t ion  of  mixed  
vesicles. Compared  to the tota l  enzyme  yield,  
however ,  this f ract ion was small. The inner  
mi tochondr ia l  memb ran e  was in f ract ion 9-10 
(40-50% sucrose). The densi ty  of  the inner  

TABLE II 

Total Activities of Marker Enzymes in Gradient Fract ions  

Fraction Cytochrome Succinate-cyt C NADH-cyt C Kyurenine 
oxidase reductase reduetase hydroxylase 

(/~mol cyt ox) (#tool cyt red) (#mol cyt red) (nmol hydrox) 

min min min min 

1 1.8 0.5 5.5 0.1 
2-3 11.2 1.3 90.6 4.7 
4-6 7.3 1.2 6.3 0.2 
7-8 19.6 3.3 19.1 0.8 
9-10 53.4 7.3 11.8 0.7 

11-12 7.3 0.8 1.1 0.2 

The inner and outer membranes of gradient-purified mitochondria were separated and identified by m a r k e r  
enzymes. Cytochrome oxidase (inner membrane enzyme), succinate-cytochrome c reductase (inner membrane 
enzyme), and ro tenone- insens i t i ve  NADH-cytochrome c reductase (outer membrane enzyme) total activities 
were  ca lcu la ted  on the basis o f  the c y t o c h r o m i c  c extinction coefficient (e = 19.1 x 103 M--lcm -1 )  at 550 nm. 
Kyurenine hydroxylase (outer membrane enzyme) total activities were calculated on the basis that  20 ~zg 
hydroxylated kyurenine has an optical density 0.183 units  at 492 nm (17). Enzyme assays were  c o n d u c t e d  as 
descr ibed in Methods and Materials. 
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m i t o c h o n d r i a l  m embrane  was jus t  slightly 
higher  than whole  mi tochondr i a  run on the 
same gradients.  Frac t ions  11-12 (50-70% su- 
crose) had little enzyme  activity or protein .  

Quantitation of Sterol, Pbospholipid 
and Protein in Membrane Fractions 

The analysis of  the sterol,  phospho l ip id  and 
pro te in  in each f rac t ion is provided in Table III. 
The e rgos te ro l - to-phosphol ip id  molar  ratio of  
the gradient-purif ied whole  mi tochondr i a  was 
1:33. The inner  ( f ract ions  9-10) and outer  
( f rac t ions  2-3) mi tochondr ia l  membranes  con- 
ta ined similar e rgos te ro l - to-phosphol ip id  molar  
ratios of 1:30 and 1:29, respectively.  

The ratio of  ergosterol  to p ro te in  in whole  
mi tochondr i a  was similar to the inner  mito-  
chondria l  membrane .  The oute r  membrane ,  
though,  had a higher ratio of  ergosterol  to pro- 
tein than the inner  membrane ,  as expec ted  
since the inner  membrane  is k n o w n  to  conta in  
more  p ro te in  than  the ou te r  m e m b r a n e  (24). 

If  the crude mi tochondr ia l  pel let  (i.e., the 
mi tochondr ia l  pel let  prior  to  gradient  purifica- 
t ion) was subjec ted  to the separa t ion pro- 
cedure,  a d i f fe rent  pa t te rn  of  sterol  ratios was 
observed as out l ined  in Table IV. (Note:  The 
crude mi tochondr i a  did have the same marker  
e n z y m e  dis t r ibut ion  [Fig. 1] as the gradient-  
purif ied mi tochondr i a  separat ions) .  The ergo- 
s te ro l - to-phosphol ip id  molar  ratio of  the whole  
crude mi tochondr i a  was significantly higher 
(1 : 14) than the gradient-puri f ied mi tochondr ia .  
The inner  and outer  membranes  also had slight- 
ly higher ratios of  1:26 and 1:22. However ,  the 
major  di f ference was the  appearance  of  a 
" f loa t ing  lipid layer"  ( f rac t ion  1), which was 
u n o b s e r v e d  in the gradient-purif ied mi to-  
chondr ia  separat ions.  This " f loa t ing  lipid layer"  
had ex t remely  high molar  ratios of  ergosterol  to 
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FIG. 1. Total activities of marker enzymes vs 
grad ien t  fractions. The inner and outer membranes of 
gradient-purified mitochondria were separated on dis- 
continuous sucrose gradients and identified by marker 
enzymes. Cytochrome oxidase (--A_A_A_), the inner 
membrane marker, total activities were calculated 
from the extinction coefficient of cytochrome c (e = 
19.1 x 10 3 M-lcm -1) at 550 nm. Kyurenine hy-  
droxylase (--o--e--o--), the outer membrane marker, 
total  activities were calculated on the basis that 20 #g 
hydroxylated kyurenine has an optical density of 
0.183 units at 492 nm (17). Fraction numbers increase 
with the density of the gradient, fraction 1 being the 
top of the gradient. Each fraction represents a 1 ml 
volume. Preparation of the gradients and enzyme 
assays are described in Methods and Materials. 

phospho l ip id  (1:2)  and ergosterol  to  p ro te in  
( 0 . 0 5 5  umol /mg) ,  and thus represen ted  a 
unique fract ion.  

DISCUSSION 

Our results demons t r a t e  tha t  the ratios of  
free sterol  to the o ther  m e m b r a n e  c o m p o n e n t s  

TABLE III 

Lipid analysis of the Fractions Derived from Gradient-Purified Mitochondria 

Fract ion  Sterol/protein Phospholipid/protein Sterol/phospholipid 
(/~mol/mg) (~mol/mg) (#mot/#mol) 

1 0.0008-+0.0001 0.1574-0.001 0.0051 
2-3 (outer) 0.0142 -+ 0.0002 0.416 -+0.019 0.0341 
7-8 (mixed) 0.0094 + 0.0003 0.232 -+ 0.004 0.0405 
9-10 (inner) 0.0088 -+ 0.0001 0.266 + 0.008 0.0331 
Total 0.0098 + 0.0005 0.311 -+ 0.007 0.0315 
Whole mitochondria 0.0094 -+ 0.0001 0.313 -+ 0.007 0.0300 

The mitochondria used for these membrane separations were gradient-purified as out- 
lined in Methods and Materials. The quantitation of the sterol, phospholipid and prote in  is 
described in Methods and Materials. All values are expressed as total /~mol or mg/gradient 
graction. The fractions containing membrane were identified on the basis of marker enzyme 
activities (see text for description). Each entry is the average of 5 experiments and is 
uncorrected for cross-contamination. 
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TABLE IV 

Lipid Analysis of  the Fractions Derived from Crude Mitochondria 

991 

Fraction Sterol/protein Phospholipid/protein Sterol/phospholipid 
0zmol/mg) (/.tmol/mg) 0~mol/#mol) 

1 (lipid layer) 0.0546 4- 0.0014 0.108 + 0.016 0.5056 
2-3 (outer) 0 .0180 + 0.0026 0.399 + 0.020 0.0451 
7-8 (mixed) 0.0186 + 0.0031 0.375 + 0.019 0.0497 
9-10 (inner) 0.0101 --- 0.0012 0.263 --- 0.019 0.0384 
Total 0.0233 + 0.0031 0.275 + 0.020 0.0847 
Whole mi tochondr ia  0.0252 + 0.0030 0.344 --- 0.031 0.0738 

The mitochondria  used for these membrane  separations were the crude mitochondrial  
pellets taken prior to gradient purification as described in Methods and Materials. The sterol, 
phospholipid and protein were quant i ta ted as detailed in Methods and Materials. All values 
are expressed as total #mol  or mg/gradient  fraction. The fractions containing membrane  
were identified on the basis of  marker  enzyme activities (see t e x t  for description). Each 
entry is the average of 5 exper iments  and is uncorrected for cross-contamination.  

TABLE V 

Comparison of Mitochondrial Sterol Ratios f rom Different Systems 

Sterol/phospholipid Sterol/protein 
(/~mol/#mol) (/~mol/mg) 

Source Whole Outer Inner Whole Outer Inner Ref. 
mitos membrane  membrane  mitos membrane  membrane  

Rat liver 1:10 1:8 ~.1:100 0.0160 0.0552 ~---D.0015 (1) 
Rat liver 1:10 1:4 1:29 0.0210 0.0559 0.0087 (25) 
Pig heart  1:24 1:15 1:91 0.0120 0.0260 0.0047 (5) 
Guinea pig heart  1:39 1:16 1:33 0.0059 0.0778 0.0131 (4) 
N e u r o s p o r a  1:11 1:3 1:32 0.0378 0.4836 0.0126 (3) 
Yeast 

Crude 1:14 1:8 a 1:26 0.0252 0.0355 a 0.0101 
Purified 1:33 1:29 1:30 0.0094 0.0142 0.0088 

this paper 
this paper 

aRatios of  the "floating lipid layer"  (fraction 1) is included as part of  the outer  membrane  (fractions 2-3). 
Mitochondrial sterol ratios f rom different sys tems were compiled directly from values reported in the cor- 

responding publication or calculated from the given data. The mitochondrial  sterol ratios for yeast were calcu- 
lated from Tables II and III. Ergosterol: MW = 397; cholesterol: MW = 387; average phospholipid:  MW = 700. 

do  n o t  v a r y  s i g n i f i c a n t l y  b e t w e e n  t h e  i n n e r  a n d  
o u t e r  m i t o c h o n d r i a l  m e m b r a n e s  in  y e a s t .  T h i s  
is i n c o n g r u o u s  w i t h  p r e v i o u s  w o r k  in  r a t  l iver  
( 1 , 2 5 ) ,  g u i n e a  p ig  h e a r t  (4) ,  p ig  h e a r t  (5 )  a n d  N.  
c r a s s a  (3 )  m i t o c h o n d r i a ,  w h e r e  t h e  s t e r o l - t o -  
p h o s p h o l i p i d  m o l a r  r a t i o s  in  t h e  o u t e r  m e m -  
b r a n e s  r a n g e d  f r o m  1:3 t o  1 :16  a n d  t h e  i n n e r  
m e m b r a n e s  r a n g e d  f r o m  1 : 29  t o  1 : 100  ( T a b l e  
V).  I n  t h e s e  p u b l i c a t i o n s ,  i t  was  c o n c l u d e d  t h a t  
t h e  m i t o c h o n d r i a l  m e m b r a n e s  were  v e r y  d i f fe r -  
e n t  in  s t e ro l  c o m p o s i t i o n .  

Y e a s t ,  t h e n ,  are  d i s t i n c t  f r o m  o t h e r  s y s t e m s  
w h e r e  t h e  o u t e r  m i t o c h o n d r i a l  m e m b r a n e  h a v e  
b e e n  r e p o r t e d  to  h a v e  h i g h e r  s t e ro l  r a t i o s  t h a n  
t h e  i n n e r  m e m b r a n e .  O u r  p r ec i s e  s e p a r a t i o n  a n d  
q u a n t i t a t i o n  o f  s t e ro l s ,  a n d  e f f e c t i v e  i s o l a t i o n  
a n d  f r a c t i o n a t i o n  o f  y e a s t  m i t o c h o n d r i a  s u p -  
p o r t  t h i s  c o n c l u s i o n .  T h e  bas is  fo r  th i s  d i f f e r -  
e n c e  is t h e  s t e ro l  r a t i o s  o f  t h e  o u t e r  m e m b r a n e  

o f  y e a s t  m i t o c h o n d r i a .  B o t h  t h e  r a t i o s  o f  s t e r o l  
to  p h o s p h o l i p i d  a n d  s t e r o l  to  p r o t e i n  fo r  t h e  
y e a s t  o u t e r  m e m b r a n e  are  s u b s t a n t i a l l y  l o w e r  
t h a n  a n y  o t h e r  p u b l i s h e d  r e p o r t  ( T a b l e  V).  T h e  
i n n e r  m e m b r a n e  a n d  w h o l e  m i t o c h o n d r i a  o f  
y e a s t ,  o n  t h e  o t h e r  h a n d ,  are  c o m p a r a b l e  to  
s eve ra l  o t h e r  s y s t e m s  ( T a b l e  V).  T h e  y e a s t  
w h o l e  m i t o c h o n d r i a ,  e .g. ,  h a v e  s t e r o l  r a t i o s  
s i m i l a r  to  p ig  h e a r t  a n d  g u i n e a  p ig  h e a r t  m i t o -  
c h o n d r i a .  T h e  i n n e r  m e m b r a n e  o f  y e a s t  m i t o -  
c h o n d r i a  c o n t a i n e d  a s i g n i f i c a n t  a m o u n t  o f  
s t e r o l  l ike  m a n y  o t h e r  r e p o r t s .  I n  s o m e  ca se s  
(1 ,5 ) ,  t h o u g h ,  t h e  i n n e r  m e m b r a n e  was  re- 
p o r t e d  to  be  f ree  o f  s t e ro l .  

T h e  d i s p a r i t y  b e t w e e n  p r e v i o u s  r e p o r t s  a n d  
o u r  p r e s e n t  w o r k  m a y  be  e x p l a i n e d  o n  t h e  bas i s  
o f  d i f f e r e n c e s  in  e x p e r i m e n t a l  m e t h o d s .  Re-  
p o r t e d  s t e r o l - t o - p h o s p h o l i p i d  m o l a r  r a t i o s  c a n  
v a r y  w i d e l y ,  e v e n  in  w h o l e  m i t o c h o n d r i a  f r o m  
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t h e  s a m e  s o u r c e  (e .g . ,  r a t  l iver  m i t o c h o n d r i a  
[ 1 , 2 6 ] ) .  Q u a n t i t a t i v e  t e c h n i q u e s  fo r  t h e  l ip ids ,  
p a r t i c u l a r l y  t h e  s t e ro l s ,  m a y  be  a m a j o r  c a u s e  o f  
t h e s e  v a r i a t i o n s .  As  t he  a m o u n t  o f  s t e ro l  e s t e r s  
in t h e  p u r i f i e d  y e a s t  m i t o c h o n d r i a  was  e x t r e m e -  
ly s m a l l  ( d a t a  n o t  g iven) ,  s t e ro l  e s t e r s  a n d  pre -  
c u r s o r s  we re  n o t  i n c l u d e d  in o u r  d a t a  as t h e y  
were  in t h o s e  r e p o r t s  w h e r e  t h e  L i b e r m a n n -  
B u r c h a r d  a s s a y  fo r  s t e ro l s  o r  s a p o n i f i c a t i o n  
e x t r a c t i o n  fo r  l ip ids  was  e m p l o y e d .  O n l y  t h e  
" f l o a t i n g  l ipid l a y e r "  f r o m  t h e  c r u d e  m i t o c h o n -  
dr ia  s h o w e d  d e m o n s t r a b l e  q u a n t i t i e s  o f  s t e r o l  
es te r s .  T h i s  c o n t a m i n a t i n g  l ip id  s o u r c e  was  
e l i m i n a t e d  in o u r  p r e p a r a t i o n s .  

A n o t h e r  p o s s i b l e  e x p l a n a t i o n  as to  t he  dis- 
a g r e e m e n t  b e t w e e n  o t h e r  r e p o r t s  a n d  o u r  re- 
su i t s  m a y  lie in  t h e  p u r i t y  o f  t h e  m i t o c h o n d r i a .  
In  o u r  e x p e r i m e n t s  w i t h  y e a s t ,  g r a d i e n t - p u r i f i e d  
m i t o c h o n d r i a  d id  n o t  h a v e  t h e  " f l o a t i n g  l ip id  
l a y e r , "  w h i c h  s u g g e s t s  t h a t  it  is a l ip id - r i ch  
m e m b r a n e  c o n t a m i n a t i n g  c r u d e  m i t o c h o n d r i a l  
p r e p a r a t i o n s .  In  l igh t  o f  t h e  r e l a t ive ly  h i g h  
ac t i v i t y  o f  t h e  p l a s m a  m e m b r a n e  m a r k e r ,  c h i t i n  
s y n t h e t a s e ,  in t h e  c r u d e  m i t o c h o n d r i a l  pe l le t ,  
t h i s  c o n t a m i n a t i n g  l ipid m a y  be sma l l  p l a s m a  
m e m b r a n e  vesic les .  S ince  th i s  " f l o a t i n g  l ipid 
l a y e r "  h a s  a h i g h  s t e r o l - t o - p h o s p h o l i p i d  m o l a r  
r a t io ,  i n c l u s i o n  o f  th i s  f r a c t i o n  as p a r t  o f  t h e  
o u t e r  m i t o c h o n d r i a l  m e m b r a n e  by  e x p e r i -  
m e n t o r s  w o u l d  p r o d u c e  a large  d i f f e r e n c e  be- 
t w e e n  t he  s t e ro l  r a t i o s  o f  t he  i n n e r  a n d  o u t e r  
m e m b r a n e s .  In  p a r t i c u l a r ,  t h i s  w o u l d  e x p l a i n  
t he  d i s c r e p a n c y  b e t w e e n  o u r  r e su l t s  fo r  y e a s t  
a n d  t h o s e  r e p o r t e d  for  Neurospora. 

A l t h o u g h  s o m e  r e p o r t s  i n d i c a t e d  t h a t  e s sen-  
t ia l ly  n o  s t e ro l  is p r e s e n t  in t he  i n n e r  m i t o -  
c h o n d r i a l  m e m b r a n e  ( 1 , 3 , 5 ) ,  we f ind  s t e ro l  
a s s o c i a t e d  w i t h  th i s  m e m b r a n e .  In  v i ew  o f  var i-  
o u s  e x p e r i m e n t s ,  i n c l u d i n g  o u r  o w n ,  t h a t  
d e m o n s t r a t e d  t he  i n f l u e n c e  o f  s t e ro l s  on  i n n e r  
m i t o c h o n d r i a l  m e m b r a n e  e n z y m e s  ( 6 , 2 5 , 2 7 ) ,  it  
s h o u l d  be  n o  s u r p r i s e  t h a t  f ree  s t e ro l s  are  p a r t  
o f  t h a t  m e m b r a n e .  S ince  s t e ro l s  p r o v i d e  b o t h  
f l u i d i t y  a n d  r ig id i ty  to  m e m b r a n e s ,  t he i r  pres-  
e n c e  m a y  be n e c e s s a r y  in t h e  i n n e r  m i t o c h o n -  
drial  m e m b r a n e  to  i n s u r e  t he  e n z y m e s  a su i t -  
ab le  e n v i r o n m e n t  in w h i c h  to  f u n c t i o n  ~28).  
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