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SUMMARY 

I. Tile function of phospholipid in determining the permeability and the 
cation-binding properties of the lnitoehondrial membrane has been investigated. 

2. Mitochondria depleted of phospholipid by treatment in acetone,water and NH a 
show a loss of their osmotic characteristics. When tile phospholipid content is restored, 
the osmotic behaviour of the mitochondria reappears both in ionic and in sucrose 
media. However, the reconstituted mitochondria cannot be rendered ion permeable by 
t reatment  with valinomycin (or gramicidin) at alkaline pH. 

3. Depletion of phospholipids causes a loss of the capacity of mitochondria to 
bind cations. The binding of cations is restored together with the restoration of the 
phospholipid content. 

4. Among the phospholipids tested, phosphatidyl ethanolamine is the most 
effective in restoring the osmotic properties as well as the cation-binding capacity 
of mitochondria. 

INTRODUCTION 

Several nfitochondrial enzymes and also the electron carriers have been shown 
to have a phospholipid requirement for maximal activity (for a review, @ ref. I). 
However, the role played by the phospholipid in stimulating the enzyme activities is 
still mat ter  of conjecture. 

Following another line of thought, nmch interest has been devoted to under- 
standing the role of phospholipids in establishing the physical properties of artificial 
and natural  membranes. 

The diffusion of ions 2-~ and the binding of cations a-8 have been widely investi- 
gated in artificial membranes. 

In the present paper, attention has been focused on two aspects of the role of 
phospholipids in the mitochondrial membrane:  the diffusion of ions and the binding 
of cations. I t  will be shown that  depletion of the phospholipid causes a loss of the 
mitoefiondrial membrane properties of semipermeability and capacity to bind Ca 2+. 
Both properties reappear when the phospholipid content of the mitochondria is 
restored. Anlong the phospholipids present in mitochondria, phosphatidyl ethanol- 

Abbreviation: EGTA, ethyleneglycol-bis-(fl-aminoethyl ether)-N, N'-tetraacetic acid. 
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amine is more effective than other phospholipid in restoring the osmotic as well as the 
ion-binding property.  

A preliminary report of the present work has already been presented 9. 

METHODS 

Rat-liver mitochondria prepared in 0.25 M sucrose, 5 mM Tris-HC1 (pH 7.5), 
and o.5 mM ethyleneglycol-bis-~-aminoethyl ether)-N,N'-tetraacetic acid (EGTA) 
were used throughout.  EGTA was omitted in the final suspension of mitochondria. 

Phospholipid-depleted mitochondria were prepared according to the method of 
FI.EISCHER, FLEISCHER AND STOECKENIUS 1°, using a mixture of water-acetone 
(9o:1o, v/v), and NH a at o ~. 

The phospholipid content of the depleted mitochondria was restored by addition 
of commercial phospholipid preparations suspended in water by  sonication under N 2 
and in the presence of o.5 mM EDTA to minimize lipid peroxidation. After sonication, 
the phospholipid nlicrodispersion was centrifuged for 3omin at 150000 X g in order to 
remove large phospholipid particles, and only the supernatant was used for the 
reconstitution. Phospholipid-depleted mitochondria corresponding to 2o mg inito- 
chondrial protein, were incubated at o ° in a medium containing in 2 ml: o.25 M sucrose, 
IO mM Tris-HC1 (pH 7.4), and 5o mg phospholipid; after an incubation time of IO nfin, 
the mitochondria were sedimented at 2oooo × g and washed twice with tile sucrose- 
Tris medimn at o °, in order to remove the unbound phospholipid present in the 
supernatant .  

The total  phosporus content of mitochondria was determined, after ashing the 
samples with concentrated H ~SOa, by  the isobutanol-benzene extraction procedure as 
proposed by LINDBERG AND ERNSTER 11. 

Binding experiments were carried out in 2 ml of medium at o °, and the added 
mitochondria (about I m g  protein/ml) were preincubated for 5 min in the presence of 
antimycin and rotenone. After an incubation of 5 rain in the presence of the radioactive 
ion (specific activity 45Ca2+, 45ooo counts/min per ~mole), the mitochondria were 
sedimented at 20000 × g for lO min. The pellets were washed twice in cold sucrose, 
dried, and solubilized in I M formic acid; aliquots of the formic acid solution were 
analysed for radioactivity. The amount of radioactivity found in the pellet was cor- 
rected for the radioactivity present in the extranlitochondrial space, determined with 
r14C-dextran-carboxyl. 

The movement  of water was followed either with photometric or gravimetric 
measurements.  In the former case, the change in absorbance was followed with an 
Eppendorf photometer  at 546 nm. In the latter case, the water content of mito- 
chondria was calculated by  subtracting from the centrifuged pellet weight, the dry 
weight (obtained in vacuum over P.,Os) and the [14C]dextran space. 

Spectrophotometric measurements were carried out at room temperature with 
a split-beam spectrophotometer built in the workshop of the Johnson Foundation, 
University of Pennsylvania (Philadelphia, Pa., U.S.A.). The difference spectrum, 
reduced minus oxidized, was recorded in the region between 4oo and 65o nm. The 
reduced state of the respiratory carriers was obtained by the addition of sodium 
dithionite. 

All chemicals and solvents used were of reagent grade. DL-a-Lecithin (fl,7- 
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dipalmitoyl-DL-a-lecithin) and L-~-lecithin (/3,y-dipahnitoyl-L-~-lecithin) were pur- 
chased frOlTl Sigma Chemical (St. Louis, Me., U.S.A.) ; high-purity cholesterol S.C.W., 
lecithins {egg, bovine and soy), phosphatidyl ethanolamine (c~-amino N: <0.02;  
iodine N : 78), phosphatidyl inositol (~-alnino N : o. I ; inorganic P: < o.o5), cardiolipin, 
and cholic acid were from the Nutritional Biochemical (Cleveland, Ohio, U.S.A.). 
Synthetic phosphatidyl ethanolamines (]3,7-dipahnitoyl-L-~-eephalin and /3,7-dipalmi- 
toyl-DL-a-cephalin) were from Mann Res. Lab. (New York, N.Y., U.S.A.). 4aCae! was 
obtained from The Radiochelnical Centre (Amersham, England), and IHCIdextran - 
carboxyl (reel. wt. 15 ooo-17 ooo) from New England Nuclear (Boston, Mass., U.S.A.). 

Protein was measured by the biuret method. 

RESULTS AND DISCUSSION 

Difference spectra of phosphol@id-depleted mitochomtria 
R e c e n t l y  ] :LEISCHER, FLEISCHER AND ~'I'OECKEN1US 1° reported that treatment 

of mitochondria with acetone resulted in an almost conlplete depletion of their 
phospholipid, while the electron nlicrographs revealed no changes in the mitochondrial 
structure. Since this technique can be a useful means of analysing the effect of phospho- 
lipids on the nfitochondrial properties, a further characterization of the phospholipid- 
depleted mitochondria may be necessary. In Fig. I are reported the difference spectra 
(reduced mimts oxidized) of untreated and phospholipid-depleted mitochondria. The 
major differences reside in the absorption bands of cy,,tochromes a and a 3. The 7-band 
()f cytochrome a s in the Soret region was absent in the depleted nfitoehondria. The 
~-band of cvtochrome a at 6o5 mn was also absent and was replaced by another band 
absorbing at 584 mn, which is presumably an altered form of cytochrome a. On the 
other hand the extinction of the ~- and 7-bands of the cvtochromes b, c, and c 1 were 
higher, as compared per nag mitochondrial protein, in the depleted than in the normal 
nlitochondria. This is presumably due to loss of matrix proteins (luring depletion. 

From the experiment of lqg. I, we conclude that the phospholipid-depleted 
mitoehondria retain not only their unit membrane structme but also their content of 
electron carriers except for cytoehromes a and aa, which may be present in a modified 
form. This is in agreement with the observations of Iq+;ISCm.;R, FLU;IS(HER AXD 
STOECKEN1US 1° o n  the restoration of electron transport by rebinding of phospholil)ids. 
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Fig. i. Difference spec t ra  of un t r ea t ed  and l ip id -dep le ted  l iver  mi tochondr ia .  7 mg of mi tochondr ia l  
protein,  e i the r  u n t r e a t e d  ( -) or phospho l ip id  deple ted  ( - - ) ,  were added  to a m e d i u m  con- 
t a i n i n g  o.25 M sucrose and 5 lnM Tris-HC1 (pH 7.5). The difference spec t ra  (reduced minus 
oxidized) were ob ta ined  wi th  the  add i t ion  of Na2SsO ~ in one sample.  Kinal vo lume  3 ml. Temp.,  24 °. 
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In view of the minor alterations of the mitochondrial structure, it would seem that  
this t reatment  lends itself to the investigation of the specific effects related to the 
presence of phospholipids. 

The osmotic properties of mitochondria 
Isolated mitochondria behave as perfect osnlometers, when suspended in sucrose 

or in KC1 (refs. I2-I4) .  Therefore when the weights of the mitochondrial pellets after 
centrifugation are plotted against the reciprocal of the osmolarity, a straight line is 
obtained with the intercept giving the nonosnlotic volume. Since the absorbance of a 
mitochondrial suspension is proportional to the water content of the mitochondria, 
the weight of the pellets can be replaced by the reciprocal of the absorbance. The 
values reported in the abscissae of Figs. 2 and 3 are the reciprocals of the differences 
in absorhance induced by  the addition of increasing amounts of KC1. The A absorbance 
was calculated in respect to the value at the lowest KC1 concentration. 

In separate experiments, however, it was established that  the correspondence 
between absorbance and gravimetrie measurements did occur under our experimental 
conditions. 

When the permeability of isolated mitochondria was increased to both K-~ (by 
the addition of valinomycin) and C1- (by the alkalinization of the medium), the 
osmotic behaviour was lost (Fig. 2A). Fig. 2B shows that  phospholipid-depleted 
mitochondria did lose their osmotic properties in a way similar to that  of mitochondria 
treated with valinomycin at pH 8.8. However, when the phospholipid content of the 
mitochondria was restored, by  readding the phospholipids, as described in METHODS, 
the osmotic behaviour of the mitochondria also reappeared, Fig. 2C. Thus KC1 was 
again an impermeant solute, and the osmotic volume of the mitochondria decreased 
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Fig. 2. The  effect of v a r y i n g  KC1 concen t r a t ions  on the  abso rbance  of u n t r e a t e d  m i t o c h o n d r i a  (A), 
l ip id-deple ted  mi tochond r i a  (B), phosphol ip id - res to red  mi tochond r i a  (C), and  microdispers ion  of 
phospho l ip id  (D). E x p e r i m e n t a l  condi t ions  were as follows: m i t o c h o n d r i a  (1. 5 m g  protein),  l ipid- 
deple ted  mi tochond r i a  (i .7 m g  protein) ,  phosphol ip id - res to red  m i t o c h o n d r i a  (i.3 m g  protein)  and  
8 m g  of phosphol ip ids  microdispersed  in wa te r  were added  to a m e d i u m  con t a in ing  5 nlM Tr i s -HCl  
(pH 7.4) ( O - - O )  or 5 m M  Tris-HC1 (pH 9), I fig v a l i n o m y c i n  ( O - - O ) ,  3 /*M ro tenone ,  and  the  
KC1 concen t r a t ions  ind ica ted  in the  ordinates .  The  m i x t u r e  of phospho l ip id  used  in C and  D had  
t he  following compos i t ion  (w/w) : 3 ° % p h o s p h a t i d y l  e thano lamine ,  3 ° % cardiolipin,  35 % lecithin,  
and  5 % p h o s p h a t i d y l  inositol.  F ina l  vo lume,  2 ml. Temp. ,  24 °. 
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in proportion to the increase of the KC1 concentration in the medium. However, in 
contrast to the intact mitochondria, it was not possible to abolish the osmotic behav- 
iour of the reconstituted mitochondria by the addition of valinomycin or increase of 
pH. Similar results were obtained in the presence of gramicidin and NaC1; osmotic 
behaviour was also observed in sucrose media. 

In view of the results obtained with phospholipid micelles 15, the question may 
by raised as to whether the phospholipids need to be bound to mitochondrial ghosts in 
order to give rise to vesicles capable of osmotic behaviour. This suggestion, however is 
not supported by the experiment reported in Fig. 2D ; in the absence of mitochondrial 
ghosts, the increase of the KC1 concentration in the medium was unable to cause an 
increase in absorbance of the phospholipid microdispersed in water. Also, osmotic 
vesicles were not obtained when the phospholipids were bound to serum albumin. 

According to FI.EI.qCHt~;R el al. 16 the main phospholipid constituents of the 
mitochondrial membrane are lecithin, 4 3 . 4  %, phosphatidyl ethanolamine, 34.5 %, 
and cardiolipin, z7.2 %. Minor components, including phosphatidyl inositol, make up 
4.9 %- In the experiment reported in Fig. 3, the above-mentioned phospholipids were 
tested for their individual ability to restore the osmotic properties of the phospholipid- 
depleted mitochondria. The amount of phospholipid rebound to the mitochondria was 
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Fig. 3. Dependence  of the  osmot ic  behav iour  of the  r econs t i t u t ed  mi t ochond r i a  on the  phosphol ip id  
composi t ion .  E x p e r i m e n t a l  condi t ions  were as in lqg.  2C excep t  t h a t  ins tead  of a mix tu re ,  the  
i nd iv idua l  phospho l ip ids  ind ica t ed  in the  figure were rebound  to  the  mi tochondr i a l  membrane .  
The P bound  wi th  the  va r ious  phospho l ip ids  was abou t  the same (:f: 2o °o). The a m o u n t  of mito-  
chondr ia l  p ro te in  was:  i .7, 1 . 8 ,  2 and 2. : mg wi th  p h o s p h a t i d y l  e thano lamine ,  cardiol ip in ,  leci thins,  
and  p h o s p h a t i d y l  inosi tol ,  respect ive ly .  F ina l  volume,  2 ml. Temp.,  20". 

Fig. 4- Re la t ionsh ip  be tween  Ca 2= b ind ing  and phosphol ip id  compos i t ion  of mi tochondr ia .  Ex-  
p e r i m e n t a l  condi t ions :  ex t r ac t ion  and reb ind ing  of phospho l ip id  was carr ied ou t  as descr ibed in 
>IETHODS. The res to ra t ion  of the  phosphol ip id  con ten t  was ob ta ined  us ing the  i n d i v i d u a l  phospho-  
l ip ids  i nd i ca t ed  in the  figure. The a m o u n t  of phospho l ip id  in each p r epa ra t i on  was  s imi la r  to  t h a t  
descr ibed in Tab le  I. Ca 2+ b i n d i n g  was measured  in a o.25 M sucrose m e d i u m  con ta in ing  5 mM 
Tris-HC1 (pH 7-4), 5 ffM rotenone,  z /~g a n t i m y c i n  A, and  the  Ca 2+ concen t ra t ions  as repor ted  in 
the  abscissa. P ro t e in  concen t ra t ions  were:  u n t r e a t e d  mi tochondr ia ,  3.:  rag; l ip id -dep le ted  mito-  
chondria ,  2.8 mg;  phosphol ip id  res tored wi th  p h o s p h a t i d y l  e thano lamine ,  3 mg;  res tored  wi th  
leci thin,  3.4 rag; res tored  wi th  cardiol ip in ,  2.8 rag; and  res tored w i t h  p h o s p h a t i d y l  inosi tol ,  2. 4 rag. 
F ina l  volume,  : ml. Temp.,  4 °. 
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about the same for the various phospholipids. When cardiolipin was used for the re- 
constitution of the membrane, the permeability to ions was not restored. Similar 
results were also obtained with lecithins from various sources. On the other hand, 
addition of phosphatidyl inositol, and to an even greater extent of phosphatidyl 
ethanolamine was largely able to restore the impermeability of the membrane and thus 
the osmotic properties of the mitochondria. The experiments reported in Figs. 2 and 3 
have been carried out with phospholipids prepared from various sources (cf. the list of 
phospholipids reported in METHODS). However, their capacity to restore the osmotic 
properties of the nfitochondria when tested either as a mixture of various phospho- 
lipids or individually was not dependent on the source of the material. 

The bindi~zg of cations 
Another essential feature of artificial and natural membranes is the capacity to 

bind cations. According to recent reports, this property appears to be mainly de- 
pendent on the presence of phospholipids a-s. In regard to mitochondrial membranes, 
data have been reported concerning the binding of Ca 2+ in various mitochondrial 
spaces t7-~s, the interaction among various cations in the binding process m, the role of 
the surface binding on the process of aerobic Ca 2+ translocation 2°. Furthermore the 
anionic sites to which Ca ̀,+ becomes bound under anaerobic conditions have been 
shown to be phospholipid 19. 

Further characterization of the role of phospholipid in cation binding is reported 
below. Fig. 4 shows that depletion of phospholipid resulted in a decrease of about 8o °o 
in the mitochondrial capacity to bind Ca"% When cardiolipin or lecithin was rebound 
to the mitochondria, there was a slight increase in the amount of Ca z+ bound. Mito- 
chondria reconstituted with phosphatidyl inositol, on the other hand, were able to 
bind an amount of Ca a+ 5o % higher than normal mitochondria, whereas the amount 
of Ca .,-+ bound was 3 times higher in the case of phosphatidyl ethanolamine. 

In Table I the amount of Ca 'a+ bound per g protein is related to the amount of 
phospholipids present in the membrane, It  is seen that treatment with acetone 
decreases the P content of mitochondria from 524 to 6I/ ,gatoms/g protein, whereas the 
addition of individual phospholipids brought the P content to about 6o % of the 
original values. This was the maximum value of phospholipid P which could be bound 

TABLE I 

R E L A T I O N S H I P  B E T ~ V E E N  P H O S P I I O L I P I D  C O N T E N T  A N D  C a  2+ B I N D I N G  

Exper imenta l  conditions as in Fig. 4 except for the Ca 2+ concentrat ion which was 2oo/*M. The P 
values indicate the total  phosphorus  minus a certain amoun t  of phosphorus  (68/*gatoms/g protein) 
which is not  extractable with ch loroform-methanol  (2:1, v/v) and is probably  not  lipid phosporus .  

Sample Ca "a+ boztnd Phosphorus bound Ca2* /P ratio 
(t~gio~zs/g protein) (tggatoms/g protein) 

Untreated mitochondria  24 
Lipid-depleted mi tochondr ia  4 
Mitochondria reconst i tuted 

with phosphat idyl  e thanolamine 81 
with lecithin 15.6 
with cardiolipin 19.2 
with phosphat idyl  inositol 34 

513 0.047 
74 0.054 

352 0.230 
27r 0.058 
229 0.083 
300 o.1to 
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to lipid-depleted mitochondria under these conditions. In fact reconstitution experi- 
ments in the presence of increasing amounts of phospholipid indicated that  this value 
was an expression of saturation of nlitochondrial binding sites by phospholipid. 

The Ca 2+ bound was only 4/xgions/g protein in the depleted nfitochondria, but 
increased to 8I ~gions/g protein in the nlitochondria restored with phosphatidyl 
ethanolamine. The Ca2+/P ratio was about o.o5 in the untreated and depleted nlito- 
chondria; it remained between o.o58 and o.o83 in the rnitochondria restored with 
lecithin and cardiolipin; it rose to o . I I  and o.23 in the mitochondria restored with 
phosphatidyl inositol and phosphatidyl ethanolanfine, respectively. 

The Ca 2+ binding analyzed above was independent of metabolism and occurred 
in the presence of rotenone and antimvcin A; it therefore differs fronl the energy- 
dependent accumulation of Ca '+. However, a close relationship between nonenergy- 
dependent binding of Ca 2~ and energy-dependent translocation of Ca '+ into mito- 
chondria has been shown elsewhere 2°. 

Several arguments can be raised in support of the suggestion that  the effect of 
phospholipids on the binding of cations reported in the present study is related to the 
same mechanisnl of cation binding by untreated, fresh liver mitochondria. First, other 
anions which could also be bound to phospholipid-depleted nfitochondria, such as 
cholatc, did not cause an increase of Ca ̀ ,+ binding. Second, it has been shown that  the 
binding of Ca '2~ to untreated liver mitochondria and submitochondrial particles can 
be inhibited by local anaesthetics and univalent cations ~'~. Similar results were obtained 
with the phospholipid-reconstituted nfitochondria. Third, the Km for Ca 2+ binding was 
about IOO/zM for untreated and phospholipid-reconstituted mitochondria. 

From the data presented, it appears that  the phospholipids play an important  
role in determining some physical properties of the mitochondria, e.g., the rates of ion 
diffusion and the binding of cations. Among the effects of the various phospholipids, 
those of phosphatidyl inositol, are perhaps of minor relevance due to its low concen- 
tration in nfitochondrial membranes. 

On the other hand, phosphatidyl ethanolanfine, which is a major conlponent 
of mitochondrial phospholipids, was also the most efficient in causing the restoration 
of osmotic and ion-binding properties of the mitochondria. 
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