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Abstract--The distribution of phosphatidylcholine between inner and outer monolayers of rat brain 
synaptic plasma membrane was investigated by means of a phosphatidylcholine specific exchange protein. 
About 70% of the total membranal phosphatidylcholine was in the outer leaflet, 33% of which was exposed 
and readily exchanged in intact synaptosomes while the remainder was exchangeable following osmotic 
shock. Permeabilization of the synaptic plasma membranes by overnight incubation in buffer or by saponin 
(<0.08%) exposed an additional 30% of phosphatidylcholine to exchange, presumably from the inner 
cytoplasmic leaflet. Phosphatidylcholine is therefore asymmetrically distributed in the synaptosomal plasma 
membrane, as it is in other plasma membranes. 

The two sides of biological membranes are struc- 
turally and functionally asymmetric. While the asym- 
metry of protein and carbohydrate is absolute, the 
same lipid components are present on both halves of 
the membrane bilayer, albeit in different proportions, 
thus presenting an asymmetry of distribution. For 
most plasma membranes, the aminophospholipids, 
phosphatidylethanolamine (PE) and phospha- 
tidylserine (PS) are predominantly located at the cyto- 
plasmic side while choline-containing phos- 
pholipids, phosphatidylcholine (PC) and sphingo- 
myelin (SM) are mostly in the external half of the 
membrane (for reviews, see Bishop and Bell, 1988; 
Rothman and Lenard, 1977 ; Zachowski and Devaux, 
1990; Zwaal, 1978; Bretcher, 1972; Gordesky and 
Marineti, 1973 ; Op den Kamp, 1979). 

Lipid asymmetry may result from the sidedness of 
the respective biosynthetic and catabolic enzymes, as 
has been found in bacteria, or may result after 
synthesis, during transport of the lipid to the eell 
surface (Zachowski and Devaux, 1990). Lipid asym- 
metry is maintained throughout the cell life in spite of 
transmembrane movements which tend to randomize 
the lipid distribution. One such movement is the simple 
diffusion of lipid molecules from one to the other 
side of the bilayer, or "flip-flop". As measured in red 
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cells, the translocation half time for PC (~  13 h), is 
greater than for PE and PS (Frank et al., 1985 ; Lubin 
et  al., 1989). Another randomizing movement is facili- 
tated diffusion (Bishop and Bell, 1988), by means of 
transport protein(s) called "flippase(s)". The pref- 
erential location of aminophospholipids at the cyto- 
plasmic face of the membrane is maintained by two 
processes : an active, ATP-dependent transfer of PE 
and PS, mediated by a specific aminophospholipid 
translocase (Zachowski and Devaux, 1990) and the 
interaction of the aminophospholipids with the mem- 
brane skeletal proteins (Frank et al., 1985). 

Though information on phospholipid asymmetry 
in a large number of membranes has been obtained, 
the brain synaptosomes have been little investigated. 
Two previous studies on synaptic plasma membranes 
dealt with the distribution of aminophospholipids 
only, and the reported results were contradictory 
(Smith and Loh, 1976; Fontaine et  al., 1980). This is 
the first report on the asymmetric distribution of PC 
in brain synaptic plasma membranes, which we have 
investigated using a PC specific exchange protein. 

EXPERIMENTAL PROCEDURES 

Synaptosomes and synaptic plasma membranes 
Male Sprague-Dawley rats were decapitated and the cer- 

ebral cortex rapidly dissected over ice. Synaptosomes were 
189 



190 RONIT SHINA et al. 

prepared essentially according to the method of Booth and 
Clark (1978) with all procedures carried out at 4°C. Cortex 
(2 2.5 g) was homogenized in 10 ml of isolation medium 
(0.32 M sucrose, 10 mM EDTA, 10 mM Tris HCI pH 7.4) 
by hand in a Dounce homogenizer and then diluted to 20 ml 
with the same medium and centrifuged at 1100 g for 5 rain. 
The supernatants were centrifuged at 15,000 g for 10 min 
and the resulting pellet was resuspended by gentle homo- 
genization in 1.2 ml of  isolation medium. After dilution to 
7.2 ml (with 15% w/w Ficoll in 0.32 M sucrose, 50 ~M 
EDTA, 10 mM Tris-HCl pH 7.4), the suspension was placed 
at the bottom of  a centrifuge tube. Three ml of  7.5% (w/w) 
Ficoll in the same sucrose-EDTA-Tris  medium was layered 
on top, followed by 3 ml of  isolation medium. The gradient 
was centrifuged in a swinging bucket rotor at 99,000 g for 
30 min. Synaptosomes were collected from the interface of  
7.5 and 15% Ficoll, diluted with isolation medium and sedi- 
mented at 78.000 g for 30 rain. The synaptosomal prep- 
aration was fixed in 1.5% paraformaldehyde and 1.5% 
glutaraldehyde and post-fixed in 2% osmium tetroxide for 
electron micrographic examination. It appeared as a popu- 
lation of  closed, rounded membranes which enclosed mito- 
chondria and synaptic vesicles. 

Synaptic plasma membranes (SPM) were isolated from 
the above synaptosomal preparations following osmotic 
shock and fractionation in a sucrose gradient (Cotman and 
Matthews, 1971). Synaptosomes suspended in 1 ml of  iso- 
lation medium were osmotically lysed by dilution with a 20- 
fold vol of  cold 6 mM Tris HC1 (pH 8.2), and left overnight 
at 4 C  with continuous shaking. The lysed synaptosomes 
were centrifuged at 54,000 g for 15 min and the pellet sus- 
pended in 0.32 M sucrose (pH 7.4), applied on top of a 
gradient formed by layering 38, 35, 32.5 and 25% (w/w) 
sucrose (pH 7.4). Following centrifugation at 99,000 g for 
30 min SPM were collected from the 25% 32.5% sucrose 
interface, diluted with isolation medium and sedimented at 
78,000 g for 30 min. The PC content of the synaptic plasma 
membranes was calculated from the total phespholipid in 
the SPM and the phospholipid distribution in SPM, deter- 
mined in repeated thin layer chromatographic separations 
(Shina et al., 1990) i.e. PC, 41 .9+0.5%;  PE, 35.8_+4; PS, 
12.8 _+ 0.6 ; SM, 5.6 _+ 0.2 and phosphatidylinositok 3.7 _+ 0.4 
(mean_+_ SE, n = 11). 

Synaptosomes prepared from 2-2.5 g cortex were sus- 
pended in 5 ml of  a buffer containing 0.25 M sucrose and 
1 mM EDTA in 50 mM Tris-HC1 pH 7.4 (SET buffer). The 
suspensions were adjusted to a constant phospholipid con- 
centration by means of  absorbance readings. In order to do 
this we prepared a range of  dilutions from a synaptosomal 
suspension. One aliquot of each dilution was used to deter- 
mine absorbance at O.D.~50om, and another aliquot to extract 
the total lipids and estimate lipid phosphate as described 
under "I 'C exchange experiments". By relating the O.D.45o,,, 
values to the phospholipid contents we constructed a stan- 
dard curve. Each synaptosomal preparation was thus 
adjusted to contain 1.5 2.55 /lmol PL/ml. Similarly, by 
adjusting the O.D.4~0om of the SPM suspensions, we made 
them up to 0.3 0.5 ttmol PL/ml. 

Small  unilamellar vesicles ( S U V ) 

For the PC-exchange reaction, synaptosomes or SPM were 
incubated with SUV containing ['4C]PC (u-~-l-palmitoyl-2- 
[1-'4C]oleoyl-sn-glycero-3-phosphocholine; New England 
Nuclear, 52.6 mCi/mmol) and triolein ([2-3H]glycerol tri- 

oleate, Amersham 26.8 Ci/mmol), which served as a non- 
exchangeable marker for the extent of  vesicles sticking to the 
membranes. The SUV had the following mol % com- 
position: 70 PC (non-labeled plus labeled) 25 PE, 5 car- 
diolipin and 0.1 butylated hydroxytoluene, all from Sigma. 
The lipid mixture was dried under a N2 stream, suspended 
in SET-BSA (5 mg BSA/ml) buffer and sonicated in a 
W-385 sonicator (Heat-Systems-Ultrasonics) using 3 cycles 
of  5 min each, over ice. The SUV used for PC exchange 
with intact synaptosomes contained 5 #mol PL/ml and for 
exchange with SPM, 1 #mol PL/ml, both supplemented 
with 0.5/iCi of ['4C]PC. The 5-fold difference in SUV PL 
content corresponds to the 5-fold difference in the PL con- 
tent of the synaptosome suspensions, vs SPM suspensions. 

PC exchange protein ( P C E P )  

PCEP, isolated from beef liver, catalyzes the transfer of 
PC (Wirtz et al., 1976) and was purified as described by 
Kamp et al. (1977) as modified by Westerman et al. (1983). 
Greater than 700-fold purification (approx. 20% pure) was 
achieved by carrying the procedure through the CM-cellulose 
step. At this stage of purification no other phospholipid 
exchange proteins and no phospholipase activities are pre- 
sent in the preparation. The exchange protein was stored in 
50% glycerol at - 2 0 C .  Before use, the PCEP solution was 
dialyzed for 24 h against SET buffer, with four changes at 
4'~C. One unit of PCEP transfers 1 nmol of PC/h at 3T'C 
(Zilversmit, 1984; Crain, 1990). 

P C  exchange experiments 

One ml aliquots of  either synaptosomal or SPM sus- 
pensions were incubated at 37'C with 1 ml of  SUV contain- 
ing 4000 U of PCEP and adjusted to a final vo],ume of 5 ml 
with SET BSA. The exchange was terminated by adding 
10 ml of SET buffer at 4~'C and the synaptosomes or SPM 
were then immediately sedimented at 15,000 g for 15 min or 
I00,000 g for 30 min, respectively, followed by two washings 
with SET buffer. The amount of  radio-labeled PC was always 
determined in SPM which were either directly subjected to 
PC exchange or derived from intact synaptosomes which 
were subjected to PC exchange prior to isolation of SPM. 

Total lipids were extracted from SPM by methanol:  
chloroform mixtures (Marinetti et al., 1959) and the 
extract washed with CaC12 (Folch et al., 1957). An aliquot 
of the extract was taken for determination of total lipid 
phosphorus (Bartlett, 1959) and another, dissolved in 10 ml 
of Quicksafe A (Zuisser Analytic, Frankfurt) was counted 
in a liquid scintillation counter (Beckmann LS 1801). The 
~4C counts, corrected for 3H (non-specific sticking of  SUV), 
indicated the amount of PC in the membrane which was 
exchanged for PC from the vesicles. The percent of  total 
SPM PC in the exchangeable pool, assumed for intact 
synaptosomes to be PC in the outer monolayer, was cal- 
culated as described previously (Steck et al., 1976). This 
calculation was based upon the total PC in the SPM (see 
synaptosomes and synaptic plasma membranes section) and 
the total mass (60% of PC in SUV) and specific activity of 
the exchangeable PC in the SUV, determined by complete 
exchange with multilammelar vesicles (Crain, 1982; Zil- 
versmit and Hughes, 1976), given that PCEP catalyzes a 1 
for 1 exchange (Zilversmit and Hughes, 1976) of SUV PC 
for SPM-PC.  Exchange in the absence of the PCEP was 
negligible, the values being between 0 0.5%. 
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Saponin treatment and assays 
SPM preparations were supplemented with saponin 

(Merck, Darmstadt) and incubated for 3 h with SUV and 
PCEP to achieve PC exchange as described above. Samples 
were incubated in parallel with saponin but without SUV 
and PCEP. The pellets obtained from saponin-treated SPM 
were washed twice with SET buffer and homogeneously dis- 
persed in a sonicating bath before dividing into aliquots for 
determinations of protein (Markwell et al., 1978), total lipid 
phosphorus (Bartlett, 1959) and Na+-K ÷ ATPase (EC 
3.6.l.4) (Bonting et al., 1961). 

lodinated human growth hormone (I re5 hGH) was a gift 
from Mrs Aviva Zilberberg (Dept. of Pediatric Endo- 
crinology, Beilinson Hospital, Petah Tikva). Pituitary hGH 
purchased from KABI VITRUM, Stockholm, Sweden, was 
iodinated by the lactoperoxidase-catalyzed reaction essen- 
tially according to Thorell and Johansson (1971). The mono- 
meric form of Mr 22,000 was obtained by gel filtration and 
used immediately. 

R E S U L T S  

PC exchange #1 intact synaptosomes 

Studies of  sidedness employ the general strategy 
of using a non-pene t r an t  probe,  first on  the intact  
m e m b r a n e  in which only the externally exposed com- 
ponents  are available to the probe,  and  then on  the 
permeabi l ized m e m b r a n e  in which the probe  may 
reach componen t s  f rom b o t h  sides. Using  the PC spe- 
cific exchange protein we first established the amounts  
of  PC which are available for exchange on  the surface 
of  intact  synaptosornes.  

The t ime-course presented in Fig. 1 shows tha t  the 
PC exchange levels off between 2 and  3 h, reaching a 
maximal  mean  value 33 + 2% (n = 12) of  total  PC in 
the SPM. The leakage of  L D H  (EC 1.1.1.27) into the 
med ium (see legend to Fig. 1) was cons tant ly  small, 
reflecting synaptosomal  intactness  for the entire 3 h 
incuba t ion  period. The  effect of  varying the a m o u n t  
of  P C E P  was tested at  the 2 h incuba t ion  poin t  (Fig. 
1). Using  2000 U of  P C E P  resulted in 2 7 . 7 + 1 %  
(n = 6) of  PC exchanged while 4000 U of  PCEP  gave 
3 2 . 8 + 0 . 8 %  (n = 4). This  relatively small difference 
indicated a near - sa tura t ion  condi t ion  even at 2000 U 
of  PCEP.  Fo r  the curve in Fig. 1 and  all o ther  ex- 
change experiments ,  4000 U P C E P  were used. 

PC exchanye in synaptic plasma membranes 

The PC exchange in SPM (Fig. 2) levels off between 
2 3 h of  incubat ion ,  at  a higher  value than  that  
ob ta ined  with intact  synaptosomes.  The mean  ex- 
change value after  3 h of  incuba t ion  was 7 1 + 2 %  
(n = 10) of  the total  PC in the SPM. In the time- 
course exper iment  i l lustrated in Fig. 2, the maximal  
exchange reached was slightly lower than  this mean,  
but  still significantly higher  than  tha t  in synaptosomes  
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Fig. 1. Time course of PC exchange in intact synaptosomes. 
A synap[osomal suspension in SET BSA buffer containing 
1.5 2.5 #mol PL/ml was mixed with an equal vol of SUV 
containing 5 /~mol of PL/ml and 0.5 /~Ci of ~4C PC. The 
mixture was supplemented with PCEP and incubations car- 
ried out at 37"C for the times indicated. Leakage of lactate 
dehydrogenase into the medium, tested as an indicator of 
synaptosomal integrity, was as follows: 4.9+0.4, n = 4 at 0 
time, 6.5+0.8, n = 20 at 15 min, 10.5_+ 1, n = 4 at 30 min 
and 8.5% at 180 min. Following PC exchange the synap- 
tosomes were sedimented, washed, osmotically lysed and 
SPM separated on a sucrose gradient. 0 ,  exchange with 4000 
U PCEP/mt ; O, exchange with 2000 U PCEP/mh All points 
are single values except for : means ± SE at : 2000 U, 120 min, 
n = 4; 4000 U, 120 rain, n = 6 and 4000 U, 180 min, n = 12. 
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Fig. 2. Time course of PC exchange in synaptic plasma mem- 
branes. A synaptic plasma membrane suspension in SET 
BSA buffer containing 0.3-0.5 ktmol PL/ml was mixed with 
an equal volume of SUV containing 1 #mol of PL/ml and 
0.5/tCi of ~4C-PC. The mixture was supplemented with 4000 
U of PCEP/ml and incubated at 37°C for the times indicated. 
0 ,  SPM used for exchange immediately after preparation. 
Values shown are means (SE values are smaller than the 
symbols), n = 4. A, SPM stored overnight at 4°C in 
SET buffer before exchange. Each point represents a single 

experiment. 
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(Fig. 1). In addition to reaching a higher maximal 
value, the time-course of PC exchange in SPM differs 
from that obtained with intact synaptosomes by show- 
ing more rapid exchange (Figs l and 2). For  example 
30% PC exchange is achieved after 2 h incubation of 
the synaptosomes, but in only 15 min incubation of 
the SPM, suggesting a much greater availability of PC 
in the latter preparation. 

In view of the tendency of biological membrane 
preparations to reseal following osmotic lysis (Bode- 
mann  and Passow, 1972; Low e t  a l . ,  1973; Bloj 
and Zilversmit, 1976) it was expected that the SPM 
preparation would not allow free access of PCEP to 
the cytoplasmic side of  the membrane. Both the abun- 
dance of closed structures in the SPM preparations 
(Fig. 3) and the incomplete PC exchange obtained 
seem to support the conclusion that the inner mem- 
brane leaflet was not exposed to the exchange protein. 

In order to further prove that SPM were not  per- 
meable to PCEP, we performed an experiment using a 
protein of similar size (Mr 22,000) viz. hGH. An SPM 
preparation was divided into two equal samples, pel- 
leted and a volume of SET buffer equal to that of  the 
pellet, containing [I~25]hGH, was added. One of the 

Table 1. Exclusion of [I~25]hGH from SPM 

cpm/0.04 ml 

A B 

Before centrifugation 16,900 15,500 
Supernatant 25.000 I 4,000 

SPM suspended in SET buffer were supplemented with [I~5]hGH. 
Sample B contained, in addition, 10% saponin. After 3 h at 37"C, 
aliquots of 0.04 ml were removed before centrifugation and 
from the supernatants after centrifugation and the radioactivity 
determined. 

samples was, in addition, supplemented with saponin 
to a final concentration of 10%. Both samples were 
incubated for 3 h at 37°C with shaking. At the end of 
the incubation aliquots were removed, the remainder 
was pelleted and aliquots were again removed from 
the clear supernatants. The radioactivity in the ali- 
quots taken before sedimentation and from the super- 
natants are given in Table 1. 

As expected, for the sample in which the SPM were 
permeabilized by saponin, the distribution of 
[I~25]hGH was even, resulting in similar cpm values in 
the aliquot containing SPM (before centrifugation) 
and in that removed from the supernatant. In 

Fig. 3. Electron micrograph of SPM. SPM pellets were fixed in 1.5% paraformaldehyde and 1.5% 
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2 and postfixed in 2% osmium tetroxide. 1 cm 

bar = 4/~m. 
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contrast, the supernatant of the sample without sap- 
onin was twice as concentrated in [I~25]hGH than that 
of the sample with saponin, indicating that the protein 
was excluded from the SPM. The radioactivity in this 
supernatant being less than double that of the total 
aliquot suggests that some dilution by the liquid 
trapped within the initial SPM pellet occurred. 

An attempt to permeabilize the SPM by three cycles 
of freeze-thaw failed to promote full exchange of 
PC (85%, two experiments). In contrast, an almost 
complete exchange of PC, viz. 94%, was achieved 
when SPM preparations were left overnight at +4~C 
in SET buffer (Fig. 2). 

Eff~,cts o f  saponin 

Saponin has been extensively used for per- 
meabilization of biological membranes (Wassler et al., 
1987 ; Tohmatsu et al., 1989 ; Burgess et al., 1983). We 
attempted therefore to facilitate the access of PCEP to 
the membrane interior by treatment of the SPM with 
increasing concentrations of saponin. It was necess- 
ary, however, to avoid saponin concentrations which 
induce solubilization of membrane components, indi- 
cating membrane disorganization. In the experiments 
illustrated in Fig. 4, we estimated protein and phos- 
pholipid contents of SPM after exposure to saponin. 
We also assayed the activity of Na + K+-ATPase, 
an integral membrane protein functioning across the 
hydrophobic core of the membrane (Karlish et al., 
1977). The results presented in Fig. 4 show that, when 
treated with up to about 0.08% saponin, the SPM 
do not lose any lipid, protein or Na ÷ K ÷ ATPase 
activity. At higher saponin concentrations there was 
some membrane solubilization and loss of Na+-K +- 
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Fig. 4. Solubilization of protein, phospholipid and Na + 
K + ATPase from SPM by saponin. SPM were sup- 
plemented with saponin and incubated for 3 h as in Fig. 2. 
Following sedimentation and two washes with SET buffer, 
the pellet was homogeneously dispersed by sonication and 
aliquots used for protein, lipid phosphate and Na+-K + 
ATPase determinations. ×, phospholipid; ©, protein; 

O, Na + K + ATPase. 

ATPase activity. At 1% saponin, the membrane lost 
only 10% of the protein but about 40% of the phos- 
pholipid and most of its N a + - K  + ATPase activity 
(Fig. 4). 

In view of these results we chose to treat SPM with 
concentrations of saponin not higher than 0.08%. As 
seen in Fig. 5, increasing concentrations of saponin 
promoted the exchange of PC until at 0.08% all of 
the PC became exchangeable. 

DISCUSSION 

The specific PC exchange protein from beef liver 
catalyzes a mol/mol exchange of exposed PC in mem- 
branes for PC in an external source, such as SUV 
(Wirtz et al., 1976; Kamp et al., 1977; Zilversmit, 
1984; Crain, 1990). Using PCEP and intact synap- 
tosomes we obtained data indicating that a pool of 
PC, comprising 33% of the total membrane PC, is 
exposed on the membrane surface and is readily avail- 
able for exchange. A higher proportion of membranal 
PC, viz. about 70% of the total, is exchanged when 
synaptic plasma membranes, instead of intact synap- 
tosomes, are used for exchange. We consider this 70% 
to represent the total of externally located PC, viz. 
both the pool which is readily exposed (33%) and 
an additional pool which, although at the membrane 
surface, becomes available to exchange only after the 
synaptosomes are osmolically shocked. The question 
may be asked whether the additional PC exchanged 
in SPM represents PC located at the cytoplasmic side 
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Fig. 5. Exchange of PC in saponin-treated SPM. SPM sus- 
pensions were supplemented with increasing concentrations 
of saponin and then subjected to PC exchange as described 
in Fig. 2. Incubations were for 3 h. Each point represents 
a single experiment except for mean_+SE, n - 10 for zero 

saponin. 
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of the membrane. A number of findings, however, 
argue against this possibility. There is a known tend- 
ency of membranes to form vesicles following lysis, 
thus regaining impermeability to proteins if not 
necessarily to small solutes (Bodemann and Passow, 
1972; Low et al., 1973; Bloj and Zilversmit, 1976). 
Indeed, electron micrographs of SPM preparations 
show mainly closed structures (Fig. 3). Further proof 
for the impermeability of SPM to a protein of the 
same size as the PCEP was provided by showing 
that [I'25]hGH (MR 22,000) is excluded from SPM 
preparations. 

Bloj and Zilversmit (1976) found that PC in the 
outer layer of resealed red cell ghosts reacts readily 
with exchange protein, though in intact red cells it 
does not. PC exchange in the latter condition required 
larger amounts of PCEP (Van Meer et al., 1980). This 
resembles our data which indicate a better exposure 
of PC in SPM than in intact synaptosomes. For the 
preparation of SPM, the synaptosomes have to be 
osmotically shocked in conditions which favor the 
detachment of loosely bound proteins, i.e. low ionic 
strengths, mildly alkaline pH and presence of EDTA 
(Steck. 1974). This may result in a more loosely 
packed bilayer structure (Van Mcer et al., 1980) pro- 
moting additional exposure of PC in the outer half of 
the membrane, thus increasing the total to about 70%. 
The finding of 70% PC in the external leaflet of the 
SPM is close to the proportion of PC in the outer 
leaflet of other biological membranes (Bretcher, 1972 ; 
Gordesky and Marinetti, 1973 ; Op den Kamp, 1979). 
Freysz et al, (1982) found, e.g., that about 75-80% 
of the PC is in the outer leaflet of brain microsomal 
vesicles. 

The cytoplasmic side of the SPM could be made 
accessible to exchange by overnight incubation or by 
permeabilization of the membrane with saponin. Sap- 
onins are naturally occurring glycosides with lytic 
activity, due to their property of forming complexes 
with cholesterol, thus leading to membrane per- 
meabilization (Wassler et al., 1987). It has been shown 
that the size of the molecules crossing the per- 
meabilized membrane are a function of saponin con- 
centration. In order to permeabilize platelets or hepa- 
tocytes to Ca '+, amounts of saponin well under 0,01% 
are sufficient (Tohmatsu et al., 1989; Burgess et al., 

1983). At 0.01% saponin, the LDH contents of hepa- 
tocytes is completely released indicating that proteins 
may cross the membrane (Wassler et al., 1987). Per- 
meabilization of membrane to proteins is not associ- 
ated with membrane disorganization at saponin con- 
centrations as high as 0.05%. Thus, 0.05% saponin 
did not release an integral protein marker enzyme 

from hepatocytes (Wassler et al., 1987). At 0,05% 
saponin, an integral membrane protein could be 
digested with proteases from both sides of the mem- 
brane, while its buried part remained intact, showing 
that the hydrophobic core of the membrane was not 
disorganized (Rotier et al., 1984). 

In agreement with the above studies, our data show 
that saponin, at concentrations below 0.8%, does per- 
meabilize the membrane without perturbation of the 
membrane structure. This is indicated by the full 
retention of the membranal protein, lipid and Na +- 
K+-ATPase activity. Since this enzyme is an integral 
protein spanning the membrane (Karlish et al., 1977) 
its unimpaired activity reflects a normal membranal 
environment. At the time, however, the membrane 
becomes permeable to PCEP, with resulting exchange 
of PC from both sides of the membrane, thus reaching 
100%. Permeabilization and full PC exchange 
occurred also following overnight storage of the SPM 
preparations. 

In summary, our data indicate that in the SPM, as 
in most other membranes investigated, PC is asym- 
metrically distributed. On the outer surface about 
70% of the PC is exposed, out of which 33% is more 
readily available for exchange than the remainder. 
About 30% of the PC is on the cytoplasmic side of the 
membrane and not exchanged unless the membrane is 
permeabilized. 

Acknowledgements--We thank Drs Alan Wachtel and Lamia 
Khairallah (Electron Microscopy Services, University of 
Connecticut) for the preparation and evaluation of the elec- 
tron micrograph. This work was supported by a U.S. Public 
Health Service Grant (ROINS 14521) awarded to P.R. 

REFERENCES 

Bartlett G. R. (1959) Phosphorus assay in column chro- 
matography. J. biol. Chem. 234, 466-468. 

Bishop W. R. and Bell R. M. (1988) Assembly of phos- 
pholipids into cellular membranes: biosynthesis, trans- 
membrane movement and intracellular translocation. A. 
Ret'. Cell Biol. 4, 579 584. 

Bloj N. and Zilversmit D. B. (1976) Asymmetry and trans- 
position rates of phosphatidylcholine in rat erythrocyte 
ghosts. Biochemistry 15, 1277 1283. 

Bodemann H. and Passow H. (1972) Factors controlling the 
resealing of the membrane of human erythrocyte ghosts 
after hypotonic hemolysis. J. Membrane Biol. 8, [ 26. 

Bonting S. L., Simon K. A. and Hawkins N. M. (1961) 
Studies on sodium-potassium-activated adenosine tri- 
phosphatase. Arch. Biochem. Biophys. 95, 416 423. 

Booth R. F. G. and Clark J. B. (1978) A rapid method for 
preparation of relatively pure metabolically active synap- 
tosomes from rat brain. Biochem. J. 176, 365 370. 

Bretscher M. S. (1972) Asymmetrical lipid bilayer structure 
for biological membranes. Nature New Biol. 236, 11-16. 

Burgess G. M., McKinney J. S., Fabiato A., Leslie B. A. and 



Asymmetry of phosphatidylcholine in synaptic membranes 195 

Putney J. W. (1983) Calcium pools in saponin- 
permeabilized guinea pig hepatocytes. J. biol. Chem. 
258, 15336 15345. 

Cotman C. W. and Matthews D. A. (1971) Synaptic plasma 
membranes from rat brain synaptosomes. Isolation and 
partial characlerization. Bioehim. Biophys. Acta 249, 380 
394. 

Crain R. C. (1982) Non-specific lipid transfer proteins as 
probes of membrane structure and function. Lipids 17, 
935-943. 

Crain R. C. (1990) Phospholipid transfer proteins as probes 
of membrane structure and function. In : Subcellular Bio- 
chemistry : Intracellular transfer o f  lipid molecules. (Hild- 
erson, H. J. ed.), Vol. 16, pp. 45 67. Plenum Press, N.Y. 

Folch J., Lees J. and Sloane Stanley G. H. (1957) A simple 
method for the isolation and purification of total lipids 
from animal tissues. J. biol. Chem. 226, 497 513. 

Fontaine R. N., Harris R. A. and Schroeder F. (1980) Amino- 
phospholipid asymmetry in murine synaptosomal plasma 
membrane, d. Neurochem. 34, 269 277. 

Franck P. F. H., Bevers E. M., Lubin B. H., Comfurius P., 
Chiu D. T.-Y., Op den Kamp J. A. F. and Zwall R. F. A. 
(1985) Uncoupling of the membrane skeleton from the 
lipid bilayer. J. clin. Invest. 75, 183 190. 

Freysz L., Dreyfus J., Vincendon G., Binaglia L., Robert R. 
and Porcellati G. (1982) Asymmetry of brain microsomal 
membranes: correlation between the asymmetric dis- 
tribulion of phospholipids and the enzymes involved in 
their synthesis. In : Phospholipids in the Nervous System : 
Metaholism (ltorrocks L. A., Ansell G. B. and Porcellati 
G., eds), Vol. 1, pp. 37 47. Raven Press, N.Y. 

Gordesky S. E. and Marinetti G. V. (1973) The asymmetric 
arrangement of phospholipids in the human erythrocyte 
membrane. Biochem. biophys. Res. Commun. 50, 1027 
1031. 

Kamp H., Wirtz K., Baer P., Slotboom A., Rosenthal J., 
Paltauf F. and Van Deenen L. (1977) Specificity of the 
phosphatidylcholine exchange protein from beef liver. Bio- 
chemistr~ 16, 1310 1316. 

Karlish S. J. D., Jorgensen P. L. and Gitler C. (1977) ldenti- 
[ication of a membrane-embedded segment of the large 
polypeptide chain of (Na +, K +) ATPase. Nature 269, 715 
717. 

Low M. G., Limbrick A. R. and Finean J. B. (1973) Phos- 
pholipase C (Bacillus cereus) acts only at the inner surface 
of the erythrocyte membrane. FEBS Lett. 34, 1 --4. 

Lubin B., Kuypers F. and Chiu D. (1989) Red cell membrane 
lipid dynamics. Pro q. Clin. Biol. Res. 319, 507 524. 

Marinetti G., Albrecht M., Ford T. and Stotz E. (1959) 
Analysis of human plasma phosphatides by paper chro- 
matography. Biochim. Biophys. Acta 36, 4 13. 

Markwell M. A K., Haas S. M., Bieber L. L. and Tolbert 
N. E. (1978) A modification of the Lowry procedure to 
simplify protein determinations in membrane and lipo- 
protein samples. Analyt. Biochem. 8"7, 206 210. 

Op den Kamp J. A. F. (1979) Lipid asymmetry in 
membranes. A. Rev. Biochem. 48, 47 71. 

Rothman J. E. and Lenard J. (1977) Membrane asymmetry. 
Science 195, 743 753. 

Rottier P., Brandenburg D., Armstrong J., Van der Zeijst B. 
and Warren G. (1984) Assembly in vitro of a spanning 
membrane protein of the endoplasmic reticulum: the E1 
glycoprotein of coronavirus mouse hepatitis virus A59. 
Proc. natn. Acad. Sci. U.S.A. 81, 1421 1425. 

Shina R., Yates S. L., Ghassemi A., Rosenberg P. and 
Condrea E. (1990) Inhibitory effect of EDTA'Ca 2+ on 
the hydrolysis of synaptosomal phospholipids by phos- 
pholipase A~ toxins and enzymes. Biochem. Pharmac. 40, 
2233 2239. 

Smith A. P. and Loh H. H. (1976) The topographical 
distribution of phosphatidylethanolamine and phos- 
phatidylserine in synaptosomal plasma membrane. Proc. 
West. Pharmac. Soc. 19, 147 151. 

Steck T. L. (1974) The organization of proteins in the human 
red blood cell membrane. J. cell. Biol. 62, 1 19. 

Steck T. L., Wackman N. and Tarlov A. R. (1976) The 
exchange oferythrocyte membrane phospholipids with rat 
liver extracts in vitro. J. Supramol. Sta. 4, 169- 180. 

Thorell J. J. and Johansson B. G. (1971) Enzymatic 
iodination of polypeptides with I ~25 to high specific ac- 
tivity. Biochim. Biophys. Acta 251,363-369. 

Tohmatsu T., Nishida A., Nagao S., Nakashima S. and 
Nozawa Y. (1989) Inhibitory action of cyclic AMP on ino- 
sitol 1,4,5-triphosphate-induced Ca z ~ release in saponin- 
permeabilized platelets. Biochim. Biophys. A cla 1013, 190 
193. 

Van Meer G., Poorthuis B. J. H. M., Wirtz K. W. A., Op 
Den Kamp J. A. F. and Van Deenen L. L. M. (1980) 
Transbilayer distribution and mobility of phospha- 
tidylcholine in intact erythrocyte membranes. Eur. J. Bio- 
chem. 103, 283 288. 

Wassler M., Jonasson I., Persson R. and Fries E. (1987) 
Differential permeabilization of membranes by saponin 
treatment of isolated rat hepatocytes. Biochem. J. 247, 
407 415. 

Westerman J., Kamp H. H. and Wirtz K. W. A. (1983) 
Phosphatidylcholine transfer protein from bovine liver. 
Methods Enzymol. 98, 581 586. 

Wirtz K., Van Kessel G. V., Kamp H. H. and Demel K. A. 
(1976) The protein mediated transfer of phospha- 
tidylcholine between membranes. Eur. J. Biochem. 61, 
515 523. 

Zachowski A. and Devaux P. F. (1990) Transmembrane 
movements of lipids. Experientia 46, 644--656. 

Zilversmit D. B. (1984) Lipid transfer proteins. J. Lipid Res. 
25, 1563 1569. 

Zilversmit D. B. and Hughes M. E. (1976) Phospholipid 
exchange between membranes. Methods membr. Biol. 7, 
211 259. 

Zwaal R. A. (1978) Membrane and lipid involvement in 
blood coagulation. Biochim. Biophys. Acta 515, 163 169. 


