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S U M M A R Y  

The role of  phospholipid in the structure of  the membranes of  beef heart 
mitochondria and of the sarcoplasmic reticulum membranes from rabbit skeletal 
muscle has been investigated by freeze-fracture electron microscopy. 

Progressive removal of  membrane phospholipids, by phospholipase A treat- 
ment or detergent treatment, or by organic solvent extraction, results in loss of  the 
smooth background seen in membrane fracture faces and decreased ability of  mem- 
brane to undergo freeze fracture to yield fracture faces. Instead cross-sections of  
vesicles or particle clusters are observed. 

Sarcoplasmic reticulum vesicles have a 9 to 1 asymmetry in the distribution of 
particles between the convex and concave fracture faces. There is also a wide range 
of particle size distribution in both of these fracture faces with 85-A particles in great- 
est number. The removal of  membrane associated proteins by detergent extraction 
does not appreciably change the distribution in particle size. Sarcoplasmic reticulum 
vesicles were dissolved with detergent and reassembled to form membrane vesicles 
containing mainly one protein (approx. 90 ~o),i.e. the Ca 2+ pump protein, and with 
a ratio of  lipid to protein similar to the original membrane. The reconstituted vesicles 
readily underwent freeze fracture but the asymmetric particle distribution between 
the fracture faces was no longer observed. The size distribution of particles in the 
rec3nstituted membrane, consisting mainly of C a  2 + pump protein, and phospholipid, 
was similar in heterogeneity to the original sarcoplasmic reticulum membrane. Thus 
the heterogeneity in particle size could reflect variation in the orientation of the 
Ca z+ pump protein within the membrane.  

* Present address: Department of  Agricultural Chemistry, University of  Missouri, 105 Schweit- 
zer Hall, Columbia, Mo. 65201, U.S.A. 

Abbreviation: HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanolsulfonic acid. 
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INTRODUCTION 

A major function of biological membranes is the partitioning of cellular com- 
ponents, such that they provide vectorial directionality to metabolic processes. This 
implies an asymmetric organization of protein and/or of  the lipid components in the 
membrane. Examples are the inwardly directed ATP-dependent Ca 2+ transport 
systems of the inner mitochondrial and sarcoplasmic reticulum membranes. 

The lipids which are present in the membranes can enter into both lipid-lipid 
and lipid-protein interactions and can influence protein-protein interactions. 
Biochemical approaches for the removal oflipids from membranes and their subsequent 
reinsertion have been successful in demonstrating the importav.ce of lipids in enzyme 
and membrane functions [I-3]. 

One approach to studying membrane structure and formation is to perturb 
the membrane by selectively removing specific components, in the case of the mito- 
chondrial inner membrane it is possible to deplete the membrane of practically all 
the lipid of  the membrane (:> 95 ~;), yet the trilaminar membrane structure remains, 
as viewed by conventional electron microscopy [4]. This observation seriously 
questioned a lipid bilayer as the supporting structure of  all membranes as postulated 
by Danielli and Davson [5]. In order to explain the remarkable stability of  this 
membrane,  protein-cross bridges which buttress the membrane structure were 
postulated [4]. Indeed there is now good indication that a protein can span across 
the width of the membrane, and few particles observable in the fracture faces of 
membranes could be such protein [6, 7]. 

Protein in the membrane appears to be arranged in at least two levels of or- 
ganization. The intrinsic membrane proteins are intimately associated with lipid and 
protein. The trilaminar structure of the membrane is disrupted when these proteins 
are extracted with the use of detergents. Some of the membrane proteins are more 
readily extractable and have been called "membrane associated proteins" [8-10] or 
peripheral proteins [11]. The extraction of these proteins results in loss of "surface 
fuzz" but not of the trilaminar structure of the membrane as seen by conventional 
electron microscopy [10]. The use of  freeze-fracture electron microscopy, does not 
involve chemical fixation and provides another means of observing ultrastructural 
details of  membranes in which the lipid and protein composition has been altered 
[12-15]. 

This investigation reports on the use of freeze-fracture electron microscopy 
to study normal and perturbed membrane vesicles derived from membranes of 
beef heart mitochondria and of rabbit skeletal muscle sarcoplasmic reticulum. 

MATERIALS AND METHODS 

Reaqents 
Sucrose (special enzyme grade) and ultrapure urea were purchased from 

Mann Research Lab. (New York), bovine serum albumin from Armour  Phar- 
maceutical Co. (Chicago), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 
(HEPES) and dithiothreitol from Calbiochem (Los Angeles), and Tris from Sigma 
(St. Louis,). Phospholipase A (Naja naja) was obtained from the Miami Serpentarium 
Lab. (Miami) and was further purified as previously described [2]. Glutaraldehyde 
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(vacuum distilled in glass at low temperature and the distillate treated with a special 
grade of high surface active carbon and antacid to remove traces of  glutaric acid) was 
obtained from Polysciences, Inc., (Paul Valley Industrial Park, Warrington, Penn.). 

Preparation and perturbation of submitochondrial vesicles from bee[heart mitochondria 
Beef heart mitochondria were prepared [16] and then disrupted using N 2 

decompression and shear in a Parr Bomb [17, 9]. Vesicles prepared by this method 
retain optimal respiratory activity from substrate to 02.  

Controlled removal of  phospholipid from mitochondria or submitochondrial 
vesicles was achieved using a purified preparation of phospholipase A from snake 
venom as previously described [2]. The amount of  phospholipase A and the time of 
incubation were varied to give different degrees of  phospholipid degradation. All 
samples were washed 4 times with I ~, bovine serum albumin in 0.25 M sucrose to 
remove the lysophosphatides and fatty acid by-products and once with 0.25 M sucrose 
to remove bovine serum albumin. A control sample of  mitochondrial vesicles was 
carried through the same procedure by substituting bovine serum albumin for phos- 
pholipase A in the incubation mixture. 

The absorption of bovine serum albumin to the washed vesicles was checked 
using polyacrylamide-gel electrophoresis. Densitometry tracings of  the gels showed 
no significant amount of  bovine serum albumin ( <  3 ~o of the protein) [9]. 

Mitochondrial vesicles were also depleted of lipid using extraction with aque- 
ous acetone (10 ~,, water in acetone) [2]. 

Preparation and perturbation of sarcoplasmic reticulum vesicles 
Sarcoplasmic reticulum vesicles were prepared from rabbit skeletal muscle 

using sucrose gradient centrifugation in zonal rotors [18, 19]. Following the second 
zonal centrifugation, the preparation was treated on ice overnight in the presence 
of 15 °/ o sucrose with 0.6 M KCI to remove small amounts of extraneous muscle 
proteins. The purified sarcoplasmicreticulum vesicles have been characterized in 
detail and found to have a relatively simple lipid and protein composition [18, 20]. 

Sarcoplasmic reticulum vesicles were perturbed in three different ways: (1) 
Phospholipase A digestion or bile acids at relatively low concentrations were used to 
remove membrane associated protein and part of the phospholipid [18, 21 ]. The re- 
maining membranous fraction was enriched with respect to the CaZ+-pump protein 
(referred to also as Ca 2 +-stimulated ATPase protein). Sarcoplasmic reticulum vesicles 
were treated with phospholipase A for various times to degrade different amounts of 
phospholipid [21]. All samples were then washed 4 times with 1 ~ bovine serum 
albumin to remove the degradation products (lysophosphatides and fatty acid) of 
the phospholipase A treatment. The membrane preparations were finally washed 
with 0.3 M sucrose -1 mM HEPES (pH. 7.4) to remove bovine serum albumin. Bile 
acids in the presence of salt were used to prepare partially purified CaZ+-pump 
protein [18]. At detergent concentrations of  approx. 2-4 mg/ml cholate or 0.5 mg/ml 
deoxycholate sarcoplasmic reticulum vesicles (2.5 mg protein/ml) are partially 
disaggregated. Membrane associated protein and part of  the phospholipid are solu- 
bilized, while the particulate fraction contains the CaZ+-pump protein with a purity 
of  about 85 ~/o. The amount  of  phospholipid associated with the C a  2 +-pump protein 
depends on the exact detergent concentrations used. 
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(2) Sarcoplasmic reticulum vesicles (3 mg/ml) were solubilized with deoxy- 
cholate (2 mg/ml) so that they were no longer membranous. They were then reas- 
sembled into membranous vesicles by removing the detergent using dialysis for 24 h 
flS]. 

(3) Sarcoplasmic reticulum vesicles were fixed for 2 h at 0 °C with 0.5')~i 
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The fixed vesicles were washed 
in 0.25 M sucrose, 0. I M cacodylate buffer (pH 7.4), frozen in liquid N 2 and kept at 

70 ~'C until freeze fractured. 

Freeze-[racture electron microscopy 
Samples were thawed, supplemented with glycerol to a final concentration of 

10 ~Jo and then processed for freeze fracture as previously described [22]. In brief, the 
biological specimen is placed on a paper disc, frozen first in liquid freon, then in 
liquid N z and fractured under high vacuum in a Balzer's freeze-fracture apparatus. The 
fractured surface is replicated with a thin layer of platinum which is supported by a 
thicker layer of  carbon. The replica is freed from the biological specimen by dissolving 
away the organic matter in chlorox and is then washed in water. The samples were 
examined in a Siemen's 1A electron microscope. 

The direction of platinum shadowing is indicated by a bar located in the lower 
left-hand corner of  each electron micrograph. The length of the bar also is a calibra- 
tion for 0.2/~m. In cases where the specimen was treated with phospholipase A, de- 
tergents or organic solvent, the amount (in l~g) of  phospholipid phosphorus/rag of 
membrane protein is given to indicate the extent of lipid depletion. 

Our replicas were prepared in the presence of 10 '~i glycerol to prevent distor- 
tion due to ice crystal formation. During the cooling process, a eutectic forms. Under 
these conditions the non-membranous protein material becomes squeezed in between 
these eutectics which probably has the effect of  augmenting the aggregation or 
clustering of particles observed in many of our replicas of lipid-depleted membranes. 

A nal l,ses 
Protein was estimatcd by the method of Lowry et al. [23] using crystalline 

bovine serum albumin as standard. Total phosphorus was measured using a modi- 
fication [24] of the method of Chen et al .[25] as an estimate of lipid phosphorus. 

RESULTS 

Mitochondrial membrane-lipid depletion studies 
The appearance of beef heart mitochondria in freeze-fracture replicas is 

shown in Fig. 1A. About 50 ~o of removal of  membrane phospholipids by the phos- 
pholipase A procedure results in significant difference in appearance (Fig. I B). There 
is a decreased tendency of the membrane to fracture and fracture faces of smaller 
vesicles are also observed. Many regions consisting of amorphous or aggregated par- 
ticles were seen along with curved or circular trails representing crossmembrane 
fractures. More extensive removal of  lipid (not shown) results in the complete ab- 
sence of observable fracture faces. 

O /  In beef heart mitochondria most of  the membrane (approx 95/o)  is referable 
to inner membrane. Submitochondrial vesicles are simple structures consisting only of 
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Fig. I. Freeze-fracture electron micrographs of  normal (18.6/tg P/rag protein) (A) and phospho- 
l ipaseA-treated (7 .481 tgP /mgpro t e in ) (B)  beef heart mitochondria ( 1 0 8 0 0 0 ) . T h e p h o s p h o l i p a s e  
A treated mitochondria retained only 45 ~/, o f  their original phospholipid. This value is calculated 
using 13.7/¢g P/rag protein as 100 ~o phospholipid since 3.5t,g P/mg protein of  mitochondria is acid 
soluble and 1.4/¢g P/rag protein is not lipid extractable [I]. 
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single membrane and the compartment it encloses. The soluble matrix proteins of the 
mitochondria are largely removed during the preparation. 

Examination of such mitochondrial vesicles after fracturing shows the presence 
of vesicles both in fracture faces and in cross-sections. Analysis of the frequency of 
occurrence of membrane faces shows slightly more convex than concave fracture 
faces. We find an asymmetry in the number of particles distributed between the A 
face (side facing matrix) and the B face (side facing the intermembrane space) of 
3125 and 1400 particles//tm 2, respectively. 

Treatment of vesicles under the conditions used in the phospholipase A 
procedure, but without adding phospholipase A, resulted in no detectable change in 
the structure of the membranes as judged by the distribution of membrane protein 
particles (Fig. 2A). However, removal of approx. 20 ~,, of  the phospholipid by the 

Fig. 2A. For legend see p. 167. 
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Fig. 2. Normal and lipid-depleted beef heart mitochondrial vesicles. The lipid was extracted using 
the phospholipase A procedure. (A) Control vesicles (phospholipase A omitted, four bovine serum 
albumin washes) (phosphorus to protein ratio of 19.4/~g P/rag protein). (B,C) Vesicles treated with 
phospholipase A: B, 12.9 itg P/mg protein (64 ~ phospholipid remaining) C, and 8.8/~g P/mg protein 
(41 ~ phospholipid remaining). The amount of phospholipase A used and the time of incubation 
were varied to give the controlled phospholipid depletion as indicated by the hound phosphorus and 
percentage phospholipid remaining, (108 000 ~ ) [2]. The vesicles contain about 1.5 pg P/mg protein 
which is not lipid extractable. The acid-extractable phosphorus is largely lost during the preparation 
of the submitochondrial vesicles [I. 17]. 
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phospholipase A procedure caused an increase in the relative occurrence of cross- 
section as compared to fracture faces (not shown). 

Fig. 2C shows that after removal of progressively more phospholipid (36 o~, 
removed) the smooth areas between membrane particles frequently become rough, 
suggesting loss of lipid. After removal of 60 ~ of the phospholipid, fracture faces 
are no longer seen, and the protein components appear as clusters of particles 
(Fig. 2C). 

The occurrence of freeze-fracture profiles of normal and lipid-depleted vesicles 
were compared in a separate study (Table I). The number of fracture faces compared 
with cross sections and particle clusters decreases strongly with increased removal of 
lipid. Removal of greater than 85 ~ of  the phospholipid with aqueous acetone re- 
presents an extreme case where only particle clusters are observable. The trilaminar 
appearance of the membrane remains after the removal of practically all of  the lipid 
from mitochondrial vesicles [4]. Thus, the ability of the membrane to be fractured to 
yield fracture faces is decreased and eliminated as the lipid is removed. 

Perturbation studies of sarcoplasmic reticulum vesicles 
Freeze-fracture studies of original sarcoplasmic reticulum vesicles show a 

clearly asymmetric organization of particles in the membrane. Concave half-membrane 
fracture faces contain approx. 9 times more particles than the convex faces (Fig. 3, 
Table ll). 

The role of phospholipid in membrane structure has been investigated by 
removing increasing amounts of phospholipid. Two methods were used to partially 
deplete sarcoplasmic reticulum membranes of phospholipid, i.e. sarcoplasmic reti- 
culum vesicles were treated with low amounts of bile acids or with phospholipase A 
followed by washing with bovine serum albumin. In both methods, two major protein 
components of sarcoplasmic reticulum, the Ca/ +-binding protein and M55 protein 
[18, 21], are released resulting in membrane preparations which are mainly composed 
of the Ca2+-pump protein (about 85 o//o pure) and various amounts of phospholipid. 
The Ca 2 +-pump protein preparations are enzymatically active in that they are capable 
of forming a phosphoenzyme intermediate. Their Ca 2 +-stimulated ATPase activities 
decrease with increasing amounts of phospholipid removed during the detergent or 
phospholipase A treatment. The preparations are not capable of accumulating ap- 
preciable amounts of Ca 2+. Sarcoplasmic reticulum vesicles treated with phospholi- 
pase & or partially disaggregated with bile acid remain membraneous and have the 
typical trilaminar appearance seen in conventional electron micrographs [18, 21]. 
Some of the membranes, however, no longer form closed vesicles. In contrast the 
freeze-fracture studies show that the arrangement of the membrane components 
undergoes drastic changes when treated with bile acids or phospholipase A. As in the 
case of the mitochondrial vesicles, there appears to occur a loss of the ability of the 
vesicles to fracture along the plane of the membrane (Figs 4 and 5). These changes 
become more pronounced when increasing amounts of phospholipid are removed. 
Extensive removal of phospholipids leads to clusters of particles and complete loss of 
concave and convex fracture faces. (Tables 11 and 1ll). 

To study the possible importance of protein-protein interactions in the dis- 
tribution of membrane particles seen in fracture faces, cross-linking studies were 
undertaken with the bifunctional reagent glutaraldehyde. Cross-linking with glut- 
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Fig. 3. Normal sarcoplasmic reticulum vesicles showing particle-covered concave and convex frac- 
ture faces (22.4ltg P/mg protein). (108 000 ~ ), 

a ra ldehyde  would be expected to lead to the fo rmat ion  of  polymers  by stabi l izing 
p r o t e i n - p r o t e i n  and some lipid,  mainly  phospha t i dy l e thano l amine -p ro t e in ,  inter- 
act ions.  It is therefore  not  surpr is ing that  changes in the character is t ic  pa t te rn  of  
f rac tur ing are observed (Fig.  6). Occasional ly ,  concave and convex fracture faces or  
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Fig. 4. Lipid-depleted sarcoplasmic reticulum vesicles prepared by treatment with phospholipase A. 
10.9t~g bound P/rag protein remained with the membranous fraction after phospholipase A treatment 
and four bovine serum albumin washes (120 000, ). 

c ross -sec t ions  o f  vesicles are  seen, but  there  is a d i s to r t ion  in the m a n n e r  in which 

s o m e  o f  the ma te r i a l  f rac tures  a f te r  c ross - l ink ing .  
In a th i rd  type  o f  p e r t u r b a t i o n  e x p e r i m e n t  s a r cop la smic  r e t i cu lum vesicles were  

first so lubi l ized  with d e o x y c h o l a t e  so that  they were  no longer  m e m b r a n o u s .  Subsc-  
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Fig. 5. Freeze-fracture electron micrographs of sarcoplasmic reticulum vesicles treated with deter- 
gent, 15.9 l~g P/rag protein were bound to the membranous fraction after treatment of the vesicles 
with bile acid. (120 000 7: ). 

quent removal of the detergent by dialysis resulted in reconstitution of membrane 
vesicles as judged by conventional electron microscopy [18]. The reformed vesicles 
are composed mainly of the Ca 2 +-pump protein (about 90 '~ pure) and amounts of 
phospholipid normally present in sarcoplasmic reticulum vesicles. Such reconstituted 
membranes readily undergo freeze fracture and electron micrographs of the fracturc 
faces show membrane particles (Fig. 7). The asymmetric distribution of membrane 
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Fig. 6. Sarcoplasmic reticulum vesicles treated with glutaraldehyde. Sarcoplasmic reticulum vesicles 
were fixed with 0.5 ~ glutaraldehyde as described in Materials and Methods. (120 000 ). 

part icles between the two fracture facss character is t ic  o f  control  vesicles is complete ly  
lost in the reconst i tu ted sa rcoplasmic  ret iculum vesicles, i.e. the d is t r ibut ion  o f  mem- 
brane  part icles  seen in the ha l f -membranes  as indicated f rom examina t ion  o f  concave 
and convex fracture faces is approx ,  1:1 (Table  l l I ) .  

There is a b road  d is t r ibut ion  o f  part icle  sizes in the fracture faces o f  normal  
sa rcoplasmic  re t iculum membranes  varying f rom 20 to 120 ~, with part icles o f  85-~  



176 

Fig. 7. Sarcoplasmic ret iculum vesicles solubilized with deoxycholate  and reassembled by dialysis. 
The  reassembled vesicles contained 27/ ig  bound  P /mg protein. (120 000 • ). 
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AFTER DETERGENT DIALYSIS 
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Area analyzed: .05p.m 2 CONVEX 

FRACTURE 4360 par ticles//~m 2 
T o t a l ~  part ic les:  208 
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MEASURED PARTICLE DIAMETER 

(~,) 

Fig. 8. Analysis o f  the size and distr ibut ion o f  the membrane particles seen in Fracture races o f  normal  
sarcoplasmic ret iculum (SR) vesicles and vesicles which are so]ubilized with deoxycholate and then 

reassembled by dialysis to remove the detergent. 

size present in greatest number (Fig. 8). The size distribution of particles in the re- 
constituted membranes, which are composed mainly of the CaZ+-pump protein, also 
shows a size distribution typical of the original sarcoplasmic reticulum membrane. 

D I S C U S S I O N  

Lipid depletion studies 
This study has demonstrated that two biomembranes, with different function, 

complexity, and composition are similarly affected by the removal of phospholipid. 
Beef heart inner mitochondrial membrane vesicles and rabbit skeletal muscle sarco- 
plasmic reticulum vesicle membranes are particularly useful for such studies for 
several reasons. First, criteria for their purity, chemical composition, and appearance 



178 

by conventional electron microscopy have been established [1, 2, 4, 8, 9, 18, 21 ]. In 

a d d i t i o n ,  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 s  p r o v i d e  an e x a m p l e  o f  an e x t r e m e l y  

c o m p l e x  f u n c t i o n a l  m e m b r a n e  w h e r e  s t r uc tu re  w o u l d  be expec ted  to  have  a c o m m e n -  

su ra te  c o m p l e x i t y  [26] .  S a r c o p l a s m i e  r e t i c u l u m  is an e x a m p l e  o f  a s imp le  m e m b r a n e  

w i t h  o n l y  t h ree  m a j o r  p r o t e i n  c o m p o n e n t s ,  t w o  o f  w h i c h  are m e m b r a n e - a s s o c i a t e d  

proteins [18]. 
The lipid-depletion studies provide convincing proof that the particles seen 

in the fracture faces of the mitochondria[ and sarcoplasmic reticulum membranes are 
indeed protein or lipoprotien components. Three different modes of lipid depletion 
were studied: phospholipase A treatment, detergent treatment, and extraction with 
acetone. Although these three means of lipid removal differ in the way in which they 
alter membrane structure, extensive lipid depletion by all three methods, as depicted 
in Fig. 9, resulted in the formation of particle clusters composed mostly of protein with 
loss of the smooth interparticle region of the fracture faces presumed to be the 
ordered lipid domains (possibly bilayers). 

Since the structure of the membrane as observed by conventional electron 
microscopy is preserved in the main after removal of lipid [4, 21], it would appear 
that the primary effect of lipid removal is to decrease the ability of the membrane to 

M I T O C H O N D R I A L  INNER M E M B R A N E  V E S I C L E S  

1400 2 ..... ~" ~ 
part icles/j~m ~i~" 

f 

3125 
part icles/.um 2 

280O 

Fig. 9. Diagrammatic representation of" the effect of" increased removal o f  phospholipid from milo- 
chondrial inner membrane vesicles on structure seen in freeze-fracture replicas. Original vesicles 
19.4/~g P/rag. The partial depletion of  l ipid protein to 12.4/tg P/mg protein results in shallow convex 
and concave fracture faces. As l ipid is further removed from the membrane there is a loss ot smooth 
interparticle areas, and the fracture face disappears resulting in cross-fractures exposing a circular 
double row o f  particles indicating particles present in both half-membranes. With continued l ipid 
depletion a single row of  particles is observed in the preparations and eventually only particles are 
seen. In this sketch we do not mean to imply absence of  protein-protein association. 
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be fractured. The reason for this may be that phospholipid contributes to the plasticity 
of the membrane and at least in part to the hydrophobic character of  the membrane, 
which is believed to bz required for freeze fracture. Speth et al. [27] have also found 
that treatment of erythrocyte membranes with phospholipase and detergents changes 
the normal fracture pattern. A further study of  depletion and rebinding of various 
lipids may help to elucidate the means by which lipids are involved in the organization 
of membrane proteins. Indeed, earlier studies by Packer and Williams (cf. [28]) and 
by James and Branton [12] and James et al. [13] have shown that modifications of the 
unsaturated fatty acid composition of membranes change the organization of mem- 
brane particles and that such changes are associated with changes in functional prop- 
erties such as membrane permeability. 

Membrane asymmetry and particle arrangement 
The present studies suggest that under the conditions of freeze fracture one has 

to distinguish between two levels of constraint within a membrane. The first is with 
respect to the asymmetric distribution of the particles between the two fracture faces. 
The second one concerns the particle size distribution within a fracture face. The 
arrangement of the particles within a membrane is not random in that an unequal 
number of particles in the convex and concave fracture faces is observed, as shown 
diagrammatically in Figs 9 and 10 for the mitochondrial inner and sarcoplasmic ret- 
iculum membranes, resp. In previous studies an asymmetric arrangement of particles 
has been also observed in these and other membranes [30, 31]. Using intact mito- 

RABBIT  S K E L E T A L  M U S C L E  

S A R C O P L A S M I C  RET ICULUM V E S I C L E S  

5625 
par t icles/~ m 2 

froct ~ i  ~ 

2tch 
face ,, 

Fig. 10. Diagram of rabbit skeletal muscle sarcoplasmic reticulum vesicles showing the asymmetric 
arrangement of the Ca 2+ pump protein in the two half-membranes. The concave (A Face) fracture 
face is the half-membrane with the greater density of particles; the convex (B Face) has fewer particles. 
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chondria [29] we have previously shown that particles of inner membranes have a 2:1 
asymmetry, with approximately 4000 particles//tm 2 on the side facing the matrix (A Face) 
and 2000 particles//~m 2 on the side facing the intermembrane space (B Face). Heart sub- 
mitochondrial vesicles examined here also show a 2:1 asymmetry in the A and B faces, 
respectively. Sarcoplasmic reticulum membranes have a very asymmetric distribution 
of particles between the two fracture faces. In the present study a 9:1 asymmetry of 
particles is observed in the A/B faces. We find a complete loss of  particle asymmetry 
has taken place in reassembled sarcoplasmic reticulum vesicles similar to the studies of 
MacLennan et al. [30]. Several reasons may exist for this. For instance, the absence 
of membrane-associated protein might have led to a loss of  constraint of particle 
orientation with respect to the fracture face, or the membrane particles might have 
arranged in random fashion during the actual process of  membrane reassembly. Thus, 
the freeze-fracture technique is a very sensitive tool which reveals loss of  particle 
asymmetry in reconstituted membranes which is not readily seen by convcntional 
electron microscopy. 

Analysis of  the size distribution of membrane particles in the inner mito- 
chondrial and sarcoplasmic reticulum membranes shows a spectrum of particle sizes, 
the predominant size in both membranes is about 85 A, similar to the one observed 
by others [29-33]. In complex membranes, such as the inner mitochondrial membrane 
where many intrinsic proteins are present, the identity of these particles is unknown. 
The presence of particles in freeze-fracture faces of  sarcoplasmic reticulum membranes 
and their possible relationship to the Ca2+-pump protein was first pointed out by 
Deamer and Baskin [32]. The particles observed in freeze fracture seem to be re- 
ferable to the CaZ+-pump protein or a complex of the CaZ+-pump protein with 
phospholipid. Our studies further show that there is a wide distribution in the size of 
these particles even though there is essentially only one intrinsic membrane protein 
prescnt. This clearly means that there is no direct correlation between molecular 
weight and particle size as seen in the freeze-fracture faces. Heterogeneity in particle 
size might result from the shadowing technique [34] or may reflect orientation of the 
Ca2+-pump protein within the fracture face. This distribution of sizes is similar for 
both the original and reassembled sarcoplasmic reticulum membranes (Fig. 8) with 
regard to the Ca z +-pump protein. 
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