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S U M M A R Y  

Spin-labeled phosphatidylcholine was incorporated into the membrane of 
isolated "inner membrane+matr ix"  particles of rat liver mitochondria by incubation 
with sonicated spin-labeled phosphatidylcholine vesicles at 22 °C. When the spin 
label was on the acyl chain the incorporation of phosphatidylcholine into the mem- 
brane was stimulated by the presence of the phosphatidylcholine exchange protein 
extracted from rat or beef liver. On the other hand no stimulation was observed when 
the nitroxide was on the polar head-group. 

When spin-labeled phosphatidylcholine was incorporated into the mitochon- 
drial membrane in the absence of  phosphatidylcholine exchange protein, ascorbate 
treatment at 0 °C reduced the EPR signal of the spin-labeled membranes by approx- 
imately 50 ~ ,  indicating that fusion incorporates molecules equally on both sides of 
the membrane. On the other hand when spin-labeled phosphatidylcholine was in- 
corporated in the presence of the exchange protein most of the EPR signal could be 
destroyed by the ascorbate treatment at 0 °C, indicating that the spin-labeled phos- 
phatidylcholine had been selectively incorporated in the outer layer of the membrane. 
Finally when the label is on the polar head-group the inner content of mitochondria 
reduces the label facing the matrix, thus creating again an anisotropy of the labeling. 

The anisotropic distribution of spin-labeled phosphatidylcholine in the mito- 
chondrial membrane was found to be stable at 25 °C for more than 2 h. It is therefore 
concluded that the rate of outside-inside and inside-outside transitions are extremely 
slow (half-life greater than 24 h). 

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

The study of phospholipid transverse diffusion in biological membranes with 
spin-labeled analogs of phosphatidylcholine involves the incorporation of artificial- 

Abbreviation: TEMPO, 2,2,6,6-tetramethylpiperidine-N-oxyl. 
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lipids into the membrane. In our previous study on red blood cells [1 ] fusion of sonicat- 
ed artificial vesicles was used to incorporate the spin labels in the erythrocyte mem- 
brane. The fusion process results in the net addition of phospholipids. A more natural 
process to incorporate phospholipids involves the use of a phospholipid exchange 
protein. Exchange of phosphatidylcholine between artificial vesicles and biological 
membranes can indeed be induced by a soluble exchange protein isolated from liver 
cells [2]. This enzyme is not functional in the presence of red blood cells (Wirtz, K., 
personal communication) but stimulates the incorporation of spin-labeled phos- 
phatidylcholine in mitochondrial membranes. 

In this paper we will present results on the transverse diffusion of spin-labeled 
phospholipids in rat liver inner mitochondrial particles, using the phosphatidyl- 
choline exchange protein described by Kamp et al. [10]. Our results will also give 
some insight on the problem of incorporation of phospholipids in this membrane. 

MATERIALS AND METHODS 

Chemicals 
Fatty acid-flee bovine serum albumin was purchased from Pentex (Miles 

Laboratoires, USA). Egg lecithin and phosphatidic acid, derived from egg lecithin 
treated by phospholipase D, were gifts from Dr. Marguerite Faure (Institut Pasteur, 
Paris). 

Spin-labeled molecules used in this work are described elsewhere [1 ]. Radio- 
active [32p]phosphatidylcholine was isolated from the livers of rats which had 
received an intraperitoneal injection of [32p]phosphate 8 h prior to killing. 

Membrane preparation 
Rat liver mitochondria were purified from a 10 ~ homogenate in 0.27 M 

sucrose/2 mM Tris-HC1 (pH 7.4) by conventional differential centrifugation and 
washed three times with the same medium. Inner membranes plus matrix particles 
(low speed pellet) were prepared by treatment with 20 mM phosphate buffer (pH 7.4) 
according to Parsons and Williams [3]. These mitochondrial particles were then 
resuspended in isotonic sucrose solution. Cytochrome oxidase was determined 
according to Appelmans et al. [4] and malate dehydrogenase according to England 
and Siegel [5]. These proteins were used as marker enzymes. The protein concentra- 
tion was measured by the biuret method. 

Lipid extraction and analysis 
Membrane lipids were extracted according to Dawson et al. [6] and lipid 

phosphorus was determined after wet ashing by the method of Barlett [7]. Lipid 
peroxides were assessed by the amount of malonaldehyde formed with thiobarbituric 
acid [8]. Ascorbic acid was measured by the reduction of 2,6-dichloroindophenol [9]. 

Isolation of phosphatidyleholine exchange protein 
A crude preparation of the phosphatidylcholine exchange protein was obtained 

by submitting the cytosol proteins of rat liver to partial denaturation at pH 5.1 for 
2 h according to Kamp et al. [10]. The cytosol fraction of a 10 ~ liver homogenate in 
0.27 M sucrose/2 mM Tris • HC1 (pH 7.4) is the supernatant fluid obtained after 1 h 
centrifugation at 100 000×9. This high speed centrifugation allows the removal of 
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organelles, in particular the lysosomes which would otherwise release soluble proteolyt- 
ic and lypolytic enzymes during the acid treatment. After removing the precipitated 
proteins by centrifugation (15000×g,  15 rain), the pH of the clear solution was 
brought back to 7.4 by addition of Tris base. The protein concentration of the solution 
varied between 5 and 9 mg protein/ml. This crude extract of phosphatidylcholine 
exchange protein was used in some experiments described below. When the ratio of 
incorporated labeled phosphatidylcholine to total membrane phospholipids was 
determined, values as high as those obtained with the pure enzyme were obtained. 
The pure phosphatidylcholine exchange protein used in this work was a gift from Dr. 
K. W. A. Wirtz (Utrecht). 

hworporation of  labeled phosphatidylcholine into mitochondrial membranes 
(a) Liposome preparation. Suspensions of spin-labeled phosphatidylcholine in 

buffer (0.27 M sucrose/10 mM Tris - HCI, pH 7.8) were sonicated for approximately 
5 rain at 22 °C, using a Branson sonifier at about half of the maximum output. After 
sonication, the suspensions were centrifuged for 20 rain in an Eppendorf minicentri- 
fuge to eliminate the larger liposomes and titanium particles. The phosphatidylcholine 
concentration of the emulsion was about I /tmol lipid P/ml and contained 2-4 ~0 of 
phosphatidic acid. 2,2,6,6-Tetramethylpiperidine-N-oxyl-labeled phosphatidylcholine 
(TEMPO-phosphatidylcholine) had to be diluted with egg lecithin (molar ratio 1 to 1 ) 
to obtain a clear solution. 

(b) Incorporation of  labeled phosphatidylcholine molecules into mitochondrial 
particles by fusion. Labeled phosphatidylcholine molecules emulsified as described 
above (a) were mixed with inner mitochondrial membrane particles. After incubation 
at room temperature the membrane particles were centrifuged (15 000 ×g, 10 rain) 
and washed twice with buffered isotonic sucrose containing 2 ~'~i fatty acid-free bovine 
serum albumin. In a typical experiment, 0.2 ~mol of a phosphatidylcholine suspension 
in about 0.4 ml was mixed with inner membrane particles (6 mg of proteins, final 
volume 1 ml). After 1 h incubation at 22 °C, the amount of (10, 3) phosphatidyl- 
choline incorporated represented about 2 °5 I of the total phospholipids. It was about 
ten times lower with TEMPO-phosphatidylcholine. 

(c) Incorporation of  labeled phosphatidylcholine molecules in mitochondrial 
particles in the presence of  phosphatidylcholine exchange protein. Typical incubation 
conditions were as follow. 0.35/tmol of sonicated labeled phosphatidylcholine 
(0.4 ml) were added to 4 ml of crude phosphatidylcholine exchange protein (7 mg 
protein/ml) or to 4 ml of buffer (0.24 M sucrose 2 0 m M Tris-HC1, pH 7.8) with 
20 Id of purified exchange protein containing 10 units in 40 ~,, glycerol; one unit of 
activity is expressed as the transfer of 1 nmol P/min. The mixture was incubated for 
30 min at 25 °C to charge the exchange protein with labeled phosphatidylcholine. 
Inner membrane+matr ix  particles (6 mg protein) were then added together with 
fatty acid-free bovine serum albumin (2 % final concentration) and EDTA (1 mM 
final concentration). The incubation was allowed to proceed for 30-90 min at 20 "C 
then ended by cooling the tubes in an ice bucket and centrifuging at 4 °C in a Sorvall 
centrifuge at 15 000 × g for 10 rain. The pellet was washed twice with 2 ml of 0.27 M 
sucrose/10 mM Tris • HCI (pH 7.8)/1 o/~ bovine serum albumin, using an Eppendorf 
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minicentrifuge. The pellet was suspended in 50 ~tl of the surcrose/Tris solution. 
A control tube, where the exchange protein was replaced by sucrose solution, 

allows us to estimate the amount of labeled phospholipid incorporated by fusion of 
the phosphatidylcholine vesicles with the mitochondrial membrane. 

Measurements of  the spin-labeled phosphatidylcholine incorporation 
The molar ratio of spin-labeled phosphatidylcholine incorporated into the 

mitochondrial membrane was determined by first extracting the lipids. The intensity 
of the EPR signal of a known amount of extracted phospholipids dissolved in chloro- 
form was compared to a reference solution of spin-labeled phospholipids in chloro- 
form. 

Measurement of  the reduction of nitroxide radicals by ascorbate 
To measure the reduction of the nitroxide radicals incorporated into inner 

mitochondrial membranes, 100/zl of a 10 or 20 mM sodium ascorbate solution (in 
0.27 M sucrose/10 mM Tris. HC1, pH 7.4, 0 °C, freshly prepared) was added to 
100/~1 of a membrane suspension. After rapid mixing, an aliquot was used to record 
the EPR spectra at 0 °C in a 50/~1 glass capillary with a Thompson TSN-254-2 EPR 
spectrometer provided with a temperature control accessory. Different aliquots were 
used to obtain the evolution of the signal intensity of a given sample when incubated 
with ascorbate at 0 °C. The reduction by ascorbate was followed and monitored as 
previously described [1]. 

RESULTS 

(1) Incorporation of spin-labeled analogs of phosphatidylcholine into inner mitochon- 
drial membrane particles can be stimulated by the presence of phosphatidylcholine 
exchange protein 

The activity of the exchange protein was tested using spin-labeled and radio- 
actively labeled phosphatidylcholine. Figs. 1 and 2 show that (10, 3)phosphatidyl- 
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Fig. ]. Comparison of the incorporation of [32p]phosphatidy]choline ( 0 ,  (3) and (10,3)phos- 
phatidy]cholinc (A ,  ~ )  into inner mitochondfial partic|es, at 22 °C: ( - - )  in the presence of phos- 
phatidy|cho|inc exchange protein (5.4 mg/ml) (- - -); without phosphatidylcho|inc e×changc protein. 
Incubation medium is described in Materia| and Methods. Crude protein preparation was used for 
this experiment. 
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Fig. 2. EPR spectra of (l,14)phosphatidylcholine incorporated into inner mitochondrial particles: 
a, without phosphatidylcholine exchange protein; b, in the presence of phosphatidylcholine exchange 
protein. Incubation medium containing crude preparation of phosphatidylcholine exchange protein 
was used in b and replaced by buffer in a. Incubation time: 90 rain at 22 °C. Since the same gain was 
used for the recording of both spectra the stimulation appears only in the very marked broadening of 
the lines. Approximate amounts of labeled phospholipids incorporated: a, 2 o/(molar  ratio ): b, 10 o~, 
(molar ratio). 

choline and (1, 14)phosphatidylcholine can be taken up by the exchange protein and 
catalytically incorporated into isolated inner mitochondrial membranes. However, 
the efficiency of catalysis when a spin-labeled molecule is used as substrate is lower 
than with [32p]phosphatidylcholine. The incorporation levels off much more rapidly 
with (10, 3)phosphatidylcholine than with [3Zp]phosphatidylcholine. A preferential 
incorporation of [32P]phosphatidylcholine is clearly illustrated when mixed liposomes 
are used. If a 1 : 1 mixture of [3Zp]phosphatidylcholine and (10, 3)phosphatidyl- 
choline vesicles are incubated with inner mitochondrial particles, after 75 rain a 2-fold 
excess of [32p]phosphatidylcholine over (10, 3)phosphatidylcholine is found in the 
mitochondrial membranes. However, in the control experiment performed without 
phosphatidylcholine exchange protein an equal incorporation of both labeled phos- 
phatidylcholine molecules was obtained. 

Experiments performed at different temperatures show that the rate of ex- 
change increases with temperature as does the amount of labeled phosphatidyl- 
choline incorporated by fusion. For example, the ratio of phosphatidylcholine 
incorporated by exchange to phosphatidylcholine incorporated by fusion is roughly 
the same at 22 and at 0 °C. A temperature of incubation higher than 22 ~C was not 
used, to preserve as much as possible the integrity of the membrane structure. For the 
same reason membranes were never incubated or studied over periods exceeding 
3M h at room temperature. Indeed inner mitochondrial membranes contain endoge- 
nous phospholipase A [11 ] capable of altering the membrane integrity after too long 
periods at or above room temperature. Incubation periods in the range of 1 h at 22 °C 
were nevertheless necessary to obtain enough incorporation of spin-labeled phos- 
phatidylcholine in mitochondrial particles for further studies. (Under such conditions 
2-4 % of the phospholipids were labeled in the membrane.) 

TEMPO-phosphatidylcholine, a phosphatidylcholine labeled on the polar 
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head-group can also be incorporated in inner mitochondrial particles when mixed 
sonicated vesicles of TEMPO-phosphatidylcholine and egg lecithin are incubated 
with the mitochondrial membranes. However, no stimulation of the incorporation of 
TEMPO-phosphatidylcholine was detected in the presence of phosphatidylcholine 
exchange protein. This could be due to the nitroxide on the polar head-group, or 
alternatively to the presence of saturated acyl chains. 

(2) Incorporation of spin-labeled phosphatidylcholine by fusion creates a symmetrical 
distribution of labeled phospholipids between both sides of the membrane 

Sodium ascorbate was used to determine the sideness of the distribution of 
spin-labeled phospholipids incorporated by fusion in inner mitochondrial membranes. 
We found that high concentrations of ascorbate (10-20 mM) as well as long periods 
of incubation (0.5-3 h) at 0 °C had to be used to reduce totally the label theoretically 
accessible to ascorbate. 

Such conditions could eventually result in a progressive penetration of ascor- 
bate into the matrix of mitochondria or, alternatively, in a deterioration of the parti- 
cles. The measure of the reduction of 2,6-dichloroindophenol did not allow us to 
detect any amounts of reduced ascorbate inside the particles. We were also unable to 
detect any change in the membrane integrity by measuring the cytochrome oxidase 
activity or the amount of membrane peroxides, the same values being obtained in the 
control samples and in ascorbate-treated particles. However, it has been possible to 
show (Table I) that ascorbate treatment made the membrane more leaky. When 
malate dehydrogenase, a marker enzyme of the matrix space, was measured in the 
supernatant fluid obtained by resedimenting the particles after ascorbate treatment at 
0 °C, it was found that more matrix proteins were released from the samples that 
had been in contact with ascorbate (Table I). 

T A B L E  I 

P R O L O N G E D  I N C U B A T I O N  A T  R O O M  T E M P E R A T U R E  A N D  W I T H  H I G H  C O N -  
C E N T R A T I O N  O F  A S C O R B A T E  A T  0 °C I N C R E A S E  T H E  R E L E A S E  OF  M A T R I X  PRO-  
TEINS  F R O M  T H E  M I T O C H O N D R I A L  P A R T I C L E S  

33 nag o f  inner m e m b r a n e + m a t r i x  particles in isotonic sucrose (1.4 ml  final vo lume)  were incubated 
for 2 h at 0 °C with or wi thout  20 m M  ascorbate at p H  7.4. At  the end o f  the incubat ion  period 3 ml 
o f  isotonic sucrose were added and  the particles removed by centrifugation.  The  a m o u n t  o f  proteins 
and  the mala te  dehydrogenase  activity were measured  in the superna tan t  fluid. Cy tochrome o×idase 
activity and  the lipid peroxides were determined in the pellet. No  significant differences were found  
for the latter between the var ious  samples.  

Ascorba te  Proteins 
(20 m M  0 °C) released 

mg Vo 

Malate  dehydrogenase  
released (total activity) 

N o  pre incubat ion - 
at 22 °C 2 h 

Pre incubat ion  in 
isotonic sucrose 2 h 
for 2 h at 22 °C 
prior  ascorbate  
t r ea tment  

1,5 4.5 1.9 
4,7 13.5 3.2 

3,6 11 6.1 
7,6 23 11.1 
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Fig. 3. Rate of reduction of (a) (I,14)phosphatidylcholine and (b) (10,3)phosphatidylcholine in- 
corporated by fusion in inner mitochondrial particles. Incorporation is described in the text (Materials 
and Methods). The incubation time was 1 h and temperature 22 ~C. Final sodium ascorbate con- 
centration used for these reductions are (O) 10 mM and (A) 20 mM. In the insets are shown typical 
EPR spectra of the labeled samples when ascorbate is added. The sharp doublet appearing in the 
middle has already been reported by several authors to accompany ascorbate oxidation, h is the peak 
height of the mid field line, ho the corresponding height at time t 0. 

A different control of the nonpenetration of ascorbate is provided by the 
comparison of the reduction rates of (10, 3)phosphatidylcholine and (1, 14)phos- 
phatidylcholine incorporated by fusion in inner mitochondrial particles. In (10, 3) 
phosphatidylcholine, the nitroxide is placed near the polar head-group, whereas in 
(1, 14)phosphatidylcholine it is near the methyl terminal of the fi chain, hence in the 
middle of the bilayer when (1, 14)phosphatidylcholine is intercalated in a membrane. 
One should expect, therefore, (1, 14)phosphatidylcholine to be completely protected 
fi'om ascorbate reduction whereas the fraction of the (10, 3)phosphatidylcholine 
molecules, outwardly exposed, should be available to ascorbate reduction. The 
difference in accessibility of the two spin labels should at least affect the rate of 
their reduction by ascorbate. This has already been shown in the erythrocyte with 
(10, 3)phosphatidylcholine and (7, 6)phosphatidylcholine [1 ]. 

Fig. 3 shows the very striking difference in the kinetics of reduction of the 
signal coming from the two labels. With (10, 3)phosphatidylcholine, the amplitude of 
the EPR signal in the presence of 20 mM ascorbate at 0 °C decreases in about 60 rain 
to a plateau slightly below 50 ~(, of the initial amplitude. On the other hand, with 
(1, 14)phosphatidylcholine the signal stays constant for about II1 then gradually 
decreases. 

In summary, at 10-20 mM concentrations and at 0 ~C, ascorbate afforded a 
selective reduction of the outwardly exposed spin labels. The fact that, with (10, 3) 
phosphatidylcholine, the intensity of the ESR spectra reaches approximately 50 '~'~,; of 
its original value after ascorbate treatment, indicates that only half of the incorporated 
(10, 3)phosphatidylcholine molecules are accessible to ascorbate. This means that the 
spin labels are equally distributed on both sides of the membrane. As indicated in 
Fig. 3 the time constants for the reduction of the two spin labels used depend very 
much on the ascorbate concentration. With ascorbate concentrations below 5 mM 
the reduction was too slow to be conveniently measured. 
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Experiments with different levels of incorporation of the spin-labeled lipids 
gave the same characteristic figures, however the molar ratio of spin-labeled to 
unlabeled phospholipids was kept below approx. 5 ~ with (10, 3)phosphatidylcholine 
and approx. 2 ~ with (1, 14)phosphatidylcholine. These concentrations correspond 
to those where spirt-spin interactions appear. At higher levels, the amplitude of the 
EPR signal is no longer proportional to the spin concentration (see Fig. 2). 

(3) In the presence of phosphatidyleholine exchange protein a selective labeling of the 
outer layer is created 

In the experiments described in Fig. 4 the mitochondrial particles incubated 
with (10, 3)phosphatidylcholine in the presence of exchange protein were centrifuged, 
resuspended in buffered isotonic sucrose and then immediately exposed to ascorbate 
(10 mM) at 0 °C. The EPR signal decreased very significantly below 50 ~ of the 
original value. The level at which a plateau, or at least a "quasi-plateau", is reached in 
this type of experiment depends upon the efficiency of the stimulation of the spin- 
labeled phospholipid incorporation by the exchange protein. The larger the amount of 
spirt label incorporated by exchange, the lower the plateau. Different ascorbate 
concentrations led essentially to a change in the time scale of the reduction process 
but to no significant differences in the maximum degree of reduction. From these 
experiments it is concluded that the exchange protein creates a preferential labeling of 
the outer layer. It may be of interest to mention that practically the same degree of 
incorporation of labeled phosphatidylcholine was obtained whether a crude prepara- 
tion or a highly purified exchange protein was used. The same slopes in the reduction 
curves were also observed, indicating that contaminants in the crude preparation did 
not interfere with the phospholipid exchange in the membrane or its distribution in 
the membrane. 

0.5 

60 1;ZO 11~0 2~10 - -  
minutes 

Fig. 4. Kinetics of the reduction of (10,3)phosphatidylcholine incorporated with (O) or without 
(A)  phosphatidylcholine exchange protein. Highly purified phosphatidylcholine exchange protein 
was used, incubation time was 1 h and temperature 22 °C. Incubation conditions as described in 
Materials and Methods. The lower dashed line indicates the expected ratio between inside and out- 
side labeling as determined by the control experiment and assuming that fusion creates equal labeling 
on both sides and exchange only on the outside. 
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(4) Study of the randomisation of an anisotropic labeling in mitochondrial partich,s 
(a) After incorporation by fusion. The anisotropy of labeling of particles 

which have been fused with spin-labeled phosphatidylcholine vesicles is obtained 
by incuba t ion  of the particles with 10 mM ascorbate for approximately 2 h (or 
20 m M  for 1 h) at 0 °C. The mi tochondr ia l  particles are then centrifuged and washed 
to remove ascorbate from the suspending medium. They are resuspended in 0.27 M 
sucrose and incubated at room temperature for 0, 1, 2 or 3 h before being submitted 
to a second ascorbate treatment.  Typical results showing the observed reduction 
rates are given in Fig. 5. It appears that  the initial slopes of the second reduction 
experiments depend on the incubat ion  period. The reduction curves do not seem to 
level off very clearly dur ing the second ascorbate treatment.  However, from the 
modification of the slope it can be inferred that a very significant change in the spin 
label d is t r ibut ion takes place dur ing incubat ion.  

(b) Use of phosphatidylcholine exchange protein. As shown in the previous 
sections, the loading of the membranes  with (10, 3) phosphat idylchol ine in the pres- 
ence of the exchange protein creates a preferential labeling of the outer layer of the 
membrane .  Even if the s t imulat ion is small, the outside/inside ratio of labeled phos- 
phatidylcholine will be large. In other words, a small s t imulat ion creates a large 
anisotropy,  

To measure the evolut ion of this anisotropic dis t r ibut ion of phospholipids,  
different samples of the same mitochondrial  membrane  preparat ion which had been 
labeled by incuba t ion  in the presence of the exchange protein  were mainta ined at 
22 °C for different periods of time, then chilled to 0 °C and  treated with ascorbate. 
Typical results are shown in Fig. 6a. After 3 h at 22 C ,  only very little modification 

1 I 1 

I .  
60 minutes 120 

Fig. 5. Study of the flip-flop of phospholipids in the inner mitochondrial membrane of rat liver by 
the kinetics of reduction of (10,3)phosphatidylcholine incorporated by fusion. After spin-labeled 
phospholipids had been incorporated by fusion into mitochondrial particles, 20 m M sodium ascorbate 
was added at 0 °C for 1 h to remove the labeling of the outer layer. Then ascorbate was removed by 
centrifugation and the membranes are resuspended in Tris buffered sucrose 0.27 M and at 22 ~'C for 
various periods of time. A second ascorbate treatment was then undertaken (20 mM at 0 ~C) and the 
results of these treatments are shown in the figure. The time of incubation at room temperature was 
(0 )  30 min; (O) 2 h and (A) 3 h. Modifications of reduction curves (indicated schematically by the 
arrows) show that after a long incubation more and more spin labels are immediately available to the 
ascorbate. The amplitude of the initial signal was normalised for each sample. However the actual 
differences in amplitude were very small at the beginning of each ascorbate treatment, indicating that 
no spontaneous reduction had taken place during incubation at 22 °C. 



381 

"~o 

0.5 

o 

1 

~ --f--- 0.5 

60 120 
rninu|es 

b 

60 minutes 120 

Fig. 6. Study of the flip-flop of phospholipids in inner mitochondrial membranes of rat liver by the 
kinetics of reduction of (10,3)phosphatidylcholine incorporated in the presence of phosphatidyl- 
choline exchange protein. (a) Membranes are loaded with (10,3)phosphatidylcholine in the presence 
of crude extract of phosphatidylcholine exchange protein (1 h at 22 °C, incubation medium described 
in Materials and Methods). After incubation, the membranes are centrifuged and resuspended in 
Tris • HCI buffer (pH 7.4) sucrose 0.27 M and allowed to stand at room temperature. Sodium as- 
corbate was added and the spectrum amplitude monitored at 0 °C after various intervals of time. 
( 0 )  zero; (©) 2 h; (A) 3 h. Very little, if any, modification is seen in the reduction rates. (b) The 
same procedure is applied except that prior to any operations with spirt labels the membranes were 
incubated for 1 h at 0 °C with sodium ascorbate, then centrifuged to remove ascorbate and resus- 
pended. This time, a clear evolution of the kinetics of reduction appears (as indicated by the arrow). 
This evolution is consistent with a randomisation of the lipid distribution, taking place in 3-4 h at 
22 °C. 

is seen. There is a lmos t  no increase of  the p la teau  level nor  any  systematic  change 
in the initial  s lope o f  the reduct ion  curves. Similar  exper iments  were done  at  35 °C 
wi thout  s t r ik ing differences in the reduct ion curves. I f  the t empera tu re  is ra ised above  
35 °C spon taneous  reduct ion  o f  the label  occurs.  

In  conclusion,  when (10, 3) phospha t idy lcho l ine  is i nco rpora t ed  in the pres-  
ence o f  phospha t idy lcho l ine  exchange prote in ,  the an i so t rop ic  d i s t r ibu t ion  ob ta ined  
is very stable.  On  the o ther  hand,  when the an i so t ropy  o f  the label ing is created by  
ascorbate ,  subs tant ia l  red is t r ibu t ion  cor responding  to a flip-flop o f  the spin- labeled 
phospho l ip ids  takes place in 2-3 h. 

(e) Membranes pretreated with aseorbate. In  an a t t empt  to under s t and  the 
appa ren t  d iscrepancy shown in the two preceding exper iments ,  in a new series o f  
exper iments  the membranes  were pre t rea ted  with 20 m M  sod ium ascorba te  at  0 *C 
for  1 h before inco rpora t ing  the spin labels with the exchange prote in .  The experi-  
ments  were then  carr ied  out  in the same way as descr ibed in p a r a g r a p h  (b). Fig. 6b 
shows tha t  a t  least  the ini t ial  s lope o f  the reduct ion curve depends  on the length of  
incuba t ion  at  r o o m  tempera ture ,  indica t ing  that  less and  less spin- labeled phos-  
pho l ip ids  become avai lable  to  ascorbate  reduct ion.  This result  indicates clearly tha t  
in such condi t ions  a flip-flop is detectable.  

(5) Further study of the transverse diffusion of  phospholipids in the inner mitoehondrial 
membrane usin9 an analo9 of  phosphatidyleholine labeled on the polar head-oroup 

A sa tu ra ted  phospha t idy lcho l ine  molecule  conta in ing  a 6-membered  r ing 
n i t roxide  on the choline g roup  can  be incorpora ted  into inner  mi tochondr ia l  part icles 
by  fusion. When  mi tochondr ia l  part icles conta in ing  this phospho l ip id  were t rea ted  
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Fig. 7. Reduction at 0 C by 10 mM ascorbate of TEMPO-phosphatidylcholine incorporated by 
fusion in inner mitochondrial particles. Note the logarithmic scale of the ordinate. The reduction 
over a long period does not follow a simple exponential decay. More than 80 % of the signal is 
destroyed in the first 2 min, indicating that most of the spin-labeled lipids are facing the outer surface. 
The inset shows the EPR spectrum (in absence of ascorbate) of TEMPO-phosphatidylcholine in- 
corporated in the membrane. Actual percentage of labeled phospholipids was not measured but 
from the signal amplitude could be estimated as being lower than 1 ~o. 

with ascorbate at 0 °C, the total E P R  signal decreased rapidly to zero, indicating that 
the signal was coming f rom the outer layer only (Fig. 7). However,  molecules incor- 
porated by fusion are found in both  the outer and the inner monolayer.  Thus the 
asymmetrical  distribution must  be the consequence of  a selective reduction o f  the 
inwardly exposed TEMPO-phosphat idylchol ine  molecules. Probably  glutathione 
still present in the matrix compar tment  is responsible for this reduction. The same 
proper ty  was found with red b lood cells [1 ]. 

We next studied the evolution of  the signal arising f rom the outer layer only. 
In all our  experiments no significant evolution o f  the signal amplitude could be 
detected within 2-3 h. Usually after 3 h at r o o m  temperature (and earlier at higher 
temperature)  the signal suddenly decreases to zero, probably  indicating the lysis of  
the particles. 

DISCUSSION 

Our  results are concerned with two aspects o f  membrane format ion or turn- 
over, the incorporat ion of  phospholipids and their transverse diffusion in the mem- 
brane. 

We have verified that  a fusion process, as it does in other membranes,  incor- 
porates new phospholipids equally well on both  sides o f  inner mitochondrial  mem- 
branes. Our  experiments with inner mitochondrial  particles could, however, suggest a 
slightly asymmetrical  incorporat ion,  since we repeatedly obtained the reduct ion o f  
55-60 ~ of  the incorporated labels, instead of  50 ~ as obtained with erythrocytes [1 ]. 
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But it is probably due to the presence of a small fraction of membrane fragments 
which are accessible to ascorbate from both sides of the membranes after the various 
treatments (Table I). Alternatively it is conceivable that fusion creates a small 
anisotropy in the phospholipid distribution, reflecting the known asymmetry of 
sonicated vesicles [12]. 

Our results on the incorporation of spin-labeled phospholipids with the 
phosphatidylcholine exchange protein provide direct evidence for a selective incor- 
poration in the external monolayer. Indeed when (10, 3) phosphatidylcholine incor- 
poration was activated by the phosphatidylcholine exchange protein (Fig. 4), most of 
the EPR signal could be removed by ascorbate treatment. Even in the presence of 
the exchange protein, some fusion of the spin-labeled liposomes with the mitochon- 
drial particles does occur and thus introduces spin labels in the inner monolayer (cf. 
Fig. 1). It is possible to calculate the theoretical ratio of the inside/outside labeling, 
and to deduce what the theoretical plateau should be after reduction of the outwardly 
exposed labels. Such theoretical levels are indicated in Fig. 4 and Fig. 6 and are 
compared with the actual levels obtained experimentally iby ascorbate reduction. 
Agreement is satisfactory. The finding that phosphatidylcholine exchange protein 
incorporated on only one side of the membrane can be considered as complementary 
to the results of Johnson et al. [12]. These authors have shown that the phosphatidyl- 
choline exchange protein only removes phospholipids from the outer layer of artificial 
vesicles. So in conclusion this soluble protein will interact with membrane surfaces 
without perturbing any existing asymmetrical distribution of phospholipids. 

Finally, by studying the randomisation of an asymmetrical distribution of 
spin-labeled phosphatidylcholine we have shown that the transverse diffusion must be 
very slow. Using the exchange protein to achieve an asymmetrical distribution of 
(10, 3)phosphatidylcholine, no significant modifications in the labeling appeared in 
3 h at 22 or 35 °C. 

As a change of 10 ~ in signal amplitude can be considered within our experimen- 
tal error, we conclude that the maximal number of spin-labeled lipids diffusing from 
one monolayer to the other in 2-3 h at 22 °C is about 10 ~ of the total spin labels. 
Consequently it can be extrapolated that, at 22 °C, a minimum half-time for flip-flop 
is 20-30 h. 

We have shown that when membranes are incubated in the presence of 10-20 
mM ascorbate at 0 °C before any diffusion can take place, the flip-flop rate is substan- 
tially accelerated. Characteristic times of the inside-outside as well as the outside- 
inside flipping of (10, 3)phosphatidylcholine can be estimated from our experiments 
to 3-5 h at 22 °C. This estimate is based essentially on the fact that a large redistribu- 
tion of spin-labeled lipids takes place in 3 h, as shown at least by the change in the 
initial slope of the reduction curves (see Figs. 5 and 6B). Obviously the technique 
which involves a severe pretreatment of the membrane before measurement of 
transverse diffusion (described in Section 4) is less reliable than the technique whereby 
an asymmetric labeling is created without perturbing the membrane. Therefore, the 
main conclusion that may be drawn from this study is that the flip-flop of phospho- 
lipid molecules in mitochondrial membranes is a very slow process. This result is in 
good agreement with the measurement of the phospholipid flip-flop we have done 
with human red blood cells [1] and the results of other authors in various model 
systems [12-14]. 
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Hence flip-flop is not only a negligible event in plasma membranes  conta in ing  
cholesterol, but  also in more fluid biological membranes  such as the inner mito- 
chondrial  membrane  of rat liver. 
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ADDENDUM 

Recent  experiments  by J. E. R o t h m a n  and E. A. Dawidowicz [l 5] confirm that 
the flip-flop of phosphat idylchol ine  in artificial l iposomes is very slow. 
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