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Transmembrane movements of  lipids 

A. Z a c h o w s k i  a n d  P. F. D e v a u x  

Ins t i tu t  de Biologie  Phys ico -Chimique ,  13 rue Pierre  et  M a r i e  Curie, F-75005  Paris  (France)  

S u m m a r y .  M e m b r a n e s  a l low the  r a p i d  p a s s a g e  o f  u n c h a r g e d  lipids. P h o s p h o l i p i d s  o n  the  o t h e r  h a n d  di f fuse  ve ry  

s lowly f r o m  one  m o n o l a y e r  to  a n o t h e r  w i t h  a h a l f - t i m e  o f  severa l  hou r s .  Th i s  s low s p o n t a n e o u s  m o v e m e n t  in  a p u r e  

l ip id  b i l aye r  c a n  be  select ively m o d u l a t e d  in  b io log ica l  m e m b r a n e s  by  in t r in s i c  p ro t e in s .  In  m i c r o s o m e s ,  a n d  p r o b a b l y  

in bac t e r i a l  m e m b r a n e s ,  non - spec i f i c  p h o s p h o l i p i d  f l ippases  a l low the  r a p i d  r e d i s t r i b u t i o n  o f  newly  syn thes i zed  

p h o s p h o l i p i d s .  I n  e u k a r y o t i c  p l a s m a  m e m b r a n e s ,  a m i n o p h o s p h o l i p i d  t r a n s l o e a s e  select ively p u m p s  p h o s p h a t i d y l s e r -  

ine  (PS)  a n d  p h o s p h a t i d y l e t h a n o l a m i n e  (PE)  f r o m  the  o u t e r  to  the  i n n e r  leaf let  a n d  es t ab l i shes  a p e r m a n e n t  l ip id  

a s y m m e t r y .  T h e  d i s cove ry  o f  a n  a m i n o p h o s p h o l i p i d  t r a n s l o c a s e  in c h r o m a f f i n  g ranu le s  p r o v e s  t h a t  e u k a r y o t i c  

o rgane l l e s  m a y  a lso  c o n t a i n  l ip id  t r a n s l o c a t o r s .  
K e y  words. F l i p p a s e ;  a m i n o p h o s p h o l i p i d  t r a n s l o c a s e ;  f l ip - f lop;  l ip id  a s y m m e t r y .  
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Introductory remarks on methodologies 

In 1971, Kornberg and Mc Connell showed that the 
transmembrane movement of spin-labeled phospholipids 
in sonicated vesicles is a slow process, with a half-time of 
several hours  67. This was the first measurement of 
phospholipid flip-flop in a lipid bilayer. Shortly after, 
Bretscher, by chemical labeling of amino groups, discov- 
ered the asymmetric distribution of phospholipids in red 
blood cell membranes 17. The two discoveries are linked: 
the labeling experiment undertaken by Bretscher was on- 
ly possible because of the slow transmembrane diffusion 
of lipids. Conversely the absence of lipid exchange be- 
tween the two monolayers implied de facto an asymmet- 
rical distribution of lipids. This is because the enzymes 
responsible for lipid synthesis, lipid metabolism and lipid 
exchange are asymmetrically distributed in a living cell. 
Later investigations revealed a more complex situation. 
It appeared that the actual flip-flop rates and the percent- 
age of inner versus outer lipid were difficult to estimate 
with full confidence and could vary considerably from 
one lipid to another or from one system to another. 
Premature generalization could lead to erroneous con- 
cepts. However, several independent techniques for mea- 
suring transmembrane lipid diffusion and lipid topology 
were developed between 1970 and 1980. These have been 
described in detail and critically reviewed in the often, cit- 
ed articles by Op den Kamp in 1979 93 and Etemadi in 
1980 38. Here, we shall give a brief summary and point 
out the limitations. 
Transmembrane lipid diffusion is measured by successive 
determinations of a transmembrane lipid asymmetry. 
This implies creating a lipid asymmetry with labeled 
lipids and having a way of monitoring a transmembrane 
(re)distribution. An asymmetrical distribution of spin-la- 
beled lipids with a nitroxide probe on the polar head 
group can be obtained by selective chemical reduction of 
the nitroxide by a non-penetrating agent such as ascor- 
bate; the subsequent transmembrane redistribution can 
easily be monitored by ESR spectroscopy 67. Are the 
lipids which bear a paramagnetic (or fluorescent) group 
representative of endogenous lipids ? There is actually no 
general answer to this question. As will be shown later in 
the review, spin-labeled (or fluorescent) lipids have pro- 
vided invaluable data on erythrocytes and on other bio- 
logical systems. Yet some of the specific lipid movements 
in biological membranes are inhibited when the probe is 
on, or near, the phospholipid head-group. In the case of 
real biological membranes the incorporation of labeled 
lipids is an obstacle which can be overcome by the use of 
slightly water-soluble lipids, i.e. lipids with at least one 
relatively short chain. Such amphiphilic lipids possess 
two interesting properties: 1) they can be incorporated 
within a minute in the outer monolayer of a cell mem- 
brane; 2) their transmembrane distribution can be mon- 
itored easily by back exchangeusing either sonicated 
liposomes or bovine serum albumin to extract the labels 

remaining on the outer monolayer 21's6. However, the 
spontaneous diffusion of lipids depends on the exact na- 
ture of the acyl chains, as shown in erythrocytes by van 
Deenen's group, thus the short chain lipids may in some 
instances be irrelevant. Long chain phospholipids can be 
introduced selectively into the outer monolayer of cell 
membranes, if one uses a phospholipid exchange protein 
to catalyze the exchange between vesicles containing the 
probe and the biological membranes t52. However the 
incorporation is slow ( ~  �89 h) and requires centrifuga- 
tion to separate vesicles from biological membranes, and 
the transmembrane redistribution is not easy to monitor. 
The phospholipid exchange proteins can be used for this 
purpose as well, since the determination of the pool of 
labeled exchangeable lipids provides a mean of evaluat- 
ing a redistribution of synthetic lipids between outer and 
inner monolayers. That is, providing the flip-flop rate is 
much slower than the exchange rate. Alternatively enzy- 
matic degradation of membrane lipids, followed by lipid 
analysis on TLC, can be employed. Van Deenen's group, 
in Utrecht, has shown that lipid degradation by exo- 
genous phospholipase A2, which selectively hydrolyzes 
the phospholipids from the outer monolayer, is an effi- 
cient way to determine a redistribution of labeled 
lipids 84,129,141. A cocktail of enzymes has to be used 
because of the lipid selectivity of each phospholipase. 
The latter technique, however, suffers from several draw- 
backs; it is generally slow ( ~  �89 h incubation), and accu- 
mulation of degradated lipids might modify the physical 
properties of the membrane under investigation. Thus 
small variations observed, for example, in pathological 
cells, may be insignificant. 
Cholesterol transmembrane distribution has been as- 
sessed by its reaction with cholesterol oxidase, a soluble 
enzyme which reacts selectively with cholesterol exposed 
on the outer monolayer 9v. The amount of cholesterol 
oxidized gives, in principle, the fraction of cholesterol 
exposed on the outer surface. But as for the conversion 
of phospholipids into lyso derivatives and free fatty 
acids, accumulation of oxidized cholesterol modifies 
the physical properties of the membrane and may lead 
to incorrect values of cholesterol transmembrane dis- 
tribution and flip-flop (see the discussion in van 
Meer a 3 9). 

Yet another technique for assessing phospholipid asym- 
metry is chemical labeling of naturally occurring amino 
groups, for example with TNBS or fluorescamine (see 
review by Etemadi and references cited therein 38). Non- 
permeant sulfhydryl reagents can be used to localize 
lipids if SH groups are added as probes on suitable posi- 
tions of the lipids 45. Again, the reactions are not instan- 
taneous and modulation of the reactivity by charged 
groups can interfere with any quantitative measurement 
of an asymmetrical phospholipid distribution. Binding of 
antibodies specific to particular lipids such as CL or PS 
could be employed in principle but, to our knowledge, no 
attempts to measure the diffusion of such specific lipids 
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have been undertaken by this technique, and it may be 
difficult to make it quantitative. 
A new technique for measuring phospholipid flip-flop in 
erythrocytes was developed by Daleke and Huestis 29, 3o. 
The method relies on the shape changes induced in red 
blood cells by an increase in surface area of the inner or 
the outer monolayer. Phospholipids with relatively short 
chains can be incorporated by spontaneous exchange 
into the outer monolayer of erythrocytes. If  this incorpo- 
ration is rapid, cells become echinocytic but subsequent- 
ly, if the exogenous lipids flip to the inner monolayer, 
they revert to the discocyte shape and eventually become 
stomatocytic. The time course of the shape change is a 
measure of the phospholipid outside-inside transloca- 
tion. 
From the above list of techniques it is apparent that the 
transmembrane distribution is generally measured by as- 
suming a priori a slow diffusion. Since the diffusion is 
measured by successive determinations of lipid asymme- 
try only slow diffusion, i.e. with "q/2 >> 30 rain, can be 
correctly determined with most techniques. Further- 
more, reliable results on asymmetry of endogenous lipids 
can be obtained only if the transmembrane diffusion is 
indeed negligible. Unfortunately, as will be shown in the 
following paragraphs of this review, values of half-times 
for lipid flip-flop cover a range extending from a few 
seconds for diacylglycerol or detergents to minutes for 
PE in bacteria or in microsomes, 10 rain for PS in ery- 
throcytes, several hours for PC in erythrocytes, days in 
liposomes, and months in viruses. 
These introductory remarks which emphasize the diffi- 
Culties in measuring lipid asymmetries and lipid flip-flop 
rates are meant to explain some of the contradictory or 
controversial data which appear in the literature. 

Diffusion of uncharged lipids 

This category of lipids which never bear an electric 
charge, is represented in cell membranes principally by 
cholesterol. Other neutral lipids are present only in 
minute amounts. They correspond often to unstable in- 
termediates such as diacylglycerol or free fatty esters. 
Some of these rare lipids have very specific functions, for 
example sterol hormones or vitamins. Finally, many hy- 
drophobic drugs and detergents which intercalate into 
membranes are neutral. The possibility that these mole- 
cules have to flip through the membranes may be an 
important characteristic for their physiological function. 
Indeed a priori these molecules, once incorporated into a 
membrane, will equilibrate very rapidly between both 
monolayers, as will molecules of organic solvents. 
In plasma membranes, cholesterol corresponds to ap- 
proximately 50 % of the lipids. The hydroxyl residue at 
position 3 of the sterol ring is probably responsible for 
the orientation of cholesterol within the membrane. 
However, this polar part does not seem to prevent fast 
flip-flop of cholesterol, either in artificial or in biological 

membranes. It must be pointed out that the characteristic 
times for cholesterol flip-flop reported in the literature 
depend on the methodology used to determine the trans- 
membrane kinetics and vary from a few seconds to one 
hour 3, 5, 15,16, 66, 71, 72. However, half-times of the order 
of an hour are somewhat difficult to believe since sterol 
hormones or bile salts in the neutral form traverse mem- 
branes in milliseconds 20. 
Diacylglycerol, which never exceeds a very low percent- 
age of the total membrane lipids, does not exist perma- 
nently in membranes. It appears after hydrolysis of phos- 
phatidylinoskols by specific phospholipases C upon 
various stimuli 9 and, in turn, is quickly hydrolyzed into 
monoacylglycerol and fatty acid. Fast flip-flop of diacyl- 
glycerol was inferred in erythrocytes 1 and in fibro- 
blasts 95. More precisely the diffusion rate of sulfhydryl- 
labeled diacylglycerol in liposomes was characterized by 
a half-time of 15 s by Gannong and Bell 4s. This can be 
explained on the basis of the absence of charge on the 
molecule which creates a favorable structure for crossing 
the hydrophobic barrier of the interior of the membrane 
bilayer. Moreover, the presence of such diacylglycerols 
embedded in a lipid bilayer favors the occurrence of non- 
bilayer, hexagonal H n structures 122, which destabilize 
the membrane and allow fast diffusion of other lipids. 
Thus, diacylglycerols might be considered as catalysts of 
transmembrane movement of  lipids. 

Diffusion of weakly acidic or basic lipids 

These are molecules bearing a single dissociable group; 
at any pH, a fraction of the molecules will be charged 
(negatively or positively), while another fraction will be 
neutral. The latter fraction will behave like uncharged 
lipids (see above) and diffuse easily through a lipid bilay- 
er. 
Fatty acids belong to this category as their charge is 
derived from a carboxyl residue. Fatty acids diffuse ex- 
tremely rapidly between monolayers of biological a8'53 
and artificial 34 membranes, rl/2 below 1 s have been 
reported. In fact, the measured za/2 of diffusion is the 
combination of the diffusion time of the uncharged mol- 
ecule and of the characteristic time for equilibrium be- 
tween the uncharged and charged species. Not  surpris- 
ingly, one finds very different diffusion characteristics for 
fatty acids according to the incubation conditions (pH, 
ionic strength)i This property can be used to create an 
asymmetrical distribution of fatty acids in an artificial 
bilayer of phospholipids where a pH gradient has been 
established 5 s. The fractional difference in the protonated 
molecules on each side of the bilayer suffices to produce 
an asymmetrical diffusion, and hence to allow the accu- 
mulation of the molecules on one side of the membrane. 
The asymmetry is immediately abolished as soon as the 
transmembrane pH gradient is abolished. 
Weak bases such as stearylamine or sphingosine behave 
similarly sS, as they also exist in two states: uncharged 
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and protonated (here positively charged). Another cate- 
gory of weakly basic lipophilic molecules which have 
been studied in membranes are local anesthetics or tran- 
quilizers (e.g. tetracaine or chlorpromazine). There is 
evidence for rapid diffusion of the free base across the 
membranes, whereas the protonated molecule ex- 
periences a slow penetration 37'94. Interestingly, when 
chlorpromazine reaches the erythrocyte cytoplasmic sur- 
face, which is slightly acidic, it becomes charged and, 
subsequently, is trapped in the erythrocyte interior. The 
quaternary amine analogue of such anesthetics (e.g., 
methochlorpromazine) migrates slowly through a bilayer 
due to its permanent charge. Finally, the reduction of 
cytochrome b 5 on the inner side of the thylakoide mem- 
brane by reduced hydroquinone formed on the outer side 
by flash illumination takes place 10 ms after the flash 6z. 
By contrast semi-quinone, the corresponding charged 
molecule, does not diffuse through the membrane. 
Among phospholipids, 4 molecules may be considered as 
weak acids as the only charge(s) they bear belong(s) to 
the phosphate group: phosphatidic acid, phosphatidyl- 
glycerol, diphosphatidylglycerol or cardiolipin, and pho- 
sphatidylinositol. In spite of  the very low pK of the phos- 
phate ( ~  2-3),  even at physiological pH, a fraction of 
the molecules are uncharged and, thus, candidates for a 
very fast transmembrane diffusion. In liposomes, this 
prediction was verified for phosphatidic acid and phos- 
phatidylglycerol; indeed, it is possible to create an asym- 
metric distribution of these lipids if a pH gradient is 
formed across the membrane bilayer 59,1~ It was 
demonstrated that the species which crosses the mem- 
brane is the neutral dehydrated phospholipid, and that 
the rate-limiting step is the dehydration of the protonated 
phosphate group. Cardiolipin and phosphatidylinositol 
exhibit a slow transmembrane motion, and no asymme- 
try can be generated by a transmembrane pH gradient. 
An explanation for this difference between PI and PG 
can be found in the hydration of the polar head group 
which bears hydroxyl groups either on the glycerol or on 
the inositol moieties. This shell of hydration prevents the 
polar group from crossing the hydrophobic core of the 
bilayer. 
In biological membranes, such as the erythrocyte mem- 
brane, the problem may be complicated by the existence 
of a specific phospholipase C on the outer surface which 
hydrolyzes phosphatidic acid to diacylglycerol and P and 
thus gives rise to an artefactual, very fast translocation 
under physiological conditions 86, 96. If this hydrolysis is 
inhibited (low temperature) or prevented by using non- 
hydrolyzable analogs, the transmembrane diffusion of 
PA in plasma membrane is s low 95' 119,149 

Diffusion of permanently charged lipids in artificial 
bilayers 

This category of lipids includes zwitterionic phospho- 
lipids (SM, PC and PE) and phospholipids which bear a 

net negative charge on their head group, such as PS and 
glycolipids, as well as other lipids such as acylcarnitine, 
charged amphipathic drugs and charged detergents. At 
all pHs, these molecules contain charged residues. The 
passage of the polar head-group through the hydroph0- 
bic barrier limits the lipid diffusion, which very probably 
can only take place through defects in the bilayer. Ac- 
cordingly, gangliosides, which are molecules with a very 
bulky head group, do not cross a synthetic bilayer even 
after several hours at 25 ~ 11s. In general, the transfer 
of phospholipids between the two membrane halves 
is slow, with a characteristic time ranging between 
days and weeks depending on the bilayer composi- 
tion 63, 6'7, lO6.119. This time-scale varies with the physical 
state of the lipids, which can be modulated by varying the 
temperature or the pressure 57. The occurrence of non-bi- 
layer structures, such as HII hexagonal phases, acceler- 
ates the diffusion 89. 
In some instances, integral proteins or peptides such as 
gramicidin may be responsible for the lipid destabiliza- 
tion, and hence accelerate flip-flop rates in a non-specific 
fashion 24. However, results obtained in protein-contain- 
ing model systems are somewhat unpredictable. For in- 
stance glycophorin, an integral protein of erythrocytes, 
accelerates the flip-flop rate in dioleoyl PC vesicles but is 
ineffective in vesicles made of lipid extracted from ery- 
throcytes 31,136. Two examples are favorable to the ex- 
istence of short-lived 'flip' sites while proteins enter the 
bilayer: cytochrome b 5 causes an elevated phospholipid 
transverse diffusion only during its incorporation into 
the bilayer 48. Once inserted into the membrane, it does 
not stimulate the flip-flop any more 90. The same effect 
was reported for complement proteins TM. These 
proteins do not seem to be 'designed' for lipid transmem- 
brane translocation. On the other hand, it will be seen 
below that phospholipid flippases and translocases do 
exist in plasma membranes or in specific organelles. It is 
clear that, once inserted into artificial membranes, the 
latter proteins will have a permanent effect on phospho- 
lipid migration 5. 

Transmembrane movement of permanently charged lipids 
in biological membranes 

We shall consider successively three types of transmem- 
brane movements: 
a) simple diffusion; b) facilitated diffusion and c) active 
transport. The latter process creates an asymmetric ar- 
rangement of phospholipid between inner and outer 
membrane halves, while the former movements produce 
a random phospholipid distribution unless a driving 
force such as an electric field or a pH gradient segregates 
a fraction of the lipid population 59, 60,102 
a) Simple diffusion. The diffusion of various species of PC 
has been extensively studied in biological membranes, in 
particular in erythrocytes. ESR 86,110, fluorescence 26, 
selective hydrolysis by exogenous phospholipas- 
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es 129.14t, use of phospholipid exchange proteins 14, 28, 
back exchange technique 44, and analysis of cell 
shape 29, 3o are techniques which have been used success- 
fully to measure PC transmembrane diffusion in human 
erythrocytes. All laboratories have reported half-times of 
several hours (2-10 h). The exact reorientation velocity 
depends on the nature of the acyl chains (length, degree 
of unsaturation 3~ 84,110) and possibly on the pres- 
ence of perturbing probes. 
Slow motion of PC molecules was also found in plasma 
membranes of other types of cells: platelets 125, 
lymphocytes 126,151, cultured fibroblasts 1 1 2 , 1 2 3 ,  and re- 
nal brush border membranes 142. Two exceptions would 
be membranes from electric organ 8o and rabbit intestine 
brush border 6, where PC half-times of a few minutes 
were reported. However one should keep in mind the 
possibility of experimental pitfalls such as membranes 
being leaky to ascorbate or degraded by phospholipases; 
it is noteworthy that in rabbit kidney brush border, 
Venien and Le Grimellec 143 showed that the apparent 
flip-flop of PC depends on the type of phospholipase 
used. Thus, the results of Barsukov et al. for intestine 
brush border 6 should be taken with caution. Transmem- 
brane movement of phospholipids is slow in viruses as 
well. A half-time in excess of 30 days was estimated in 
1976 by Rothman and collaborators for influenza vi- 
rus lo8. More recently, Allan and Quinn reported a sig- 
nificant flip-flop in 20 h in the case of Semliki Forest 
virus 2. In isolated organelles from eukaryotes, slow flip- 
flop has also been reported X~176 liver microsomat 
membranes constitute a well-documented exception 
where the fast diffusion 61'1s3'157 is attributed to the 
existence of a phospholipid 'flippase' (see below). Fast 
transverse diffusion of PE has been reported also in bac- 
teria 74. In fact intrinsic proteins might be involved un- 
specifically in this process by perturbing the bilayer and 
creating local defects, which facilitate phospholipid flip- 
flop. We have indicated half-times for flip-flop of a few 
hours in erythrocytes; this is notably shorter than most 
values obtained for pure liposomes, where values of days 
have been reported. Experiments carried out in our labo- 
ratory with a series of spin-labeled phospholipids con- 
taining different head groups led systematically to the 
demonstration of a faster diffusion in erythrocyte ghosts 
than in liposomes from the lipid extract 149. This residual 
diffusion shows little selectivity; for example, the charged 
PS molecule flips in the absence of ATP at the same rate 
as the zwitterionic PC molecule; SM movement on the 
other hand is slower. Thus, the residual transverse diffu- 
sion of phospholipids in biological membranes may be 
caused by bilayer destabilization at protein boundaries. 
b) Facilitated diffusion. When specific transport proteins 
are involved in transmembrane movements of lipids, the 
rate of translocation must be saturable. Using a short 
chain phospholipid (dibutyryl PC), Bishop and Bell dis- 
covered a lipid transtocation which was saturable and 
sensitive to proteases and chemical protein modifications 
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Figure 1. Comparison of the initial velocities of outside-inside transloca- 
tion of spin-labeled phospholipids, at 37~ Above: human red blood 
cells; below: rat liver microsomes. The dashed bars correspond to exper- 
iments carried out after incubation with 1 mM N-ethyl-maleimide. PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidyl- 
serine; PME, monomethyl-phosphatidylethanolamine; LPS, lyso-phos- 
phatidylserine; SpS, sphingosyl-phosphorylserine; SpC, sphingomyelin. 
(Adapted from Herrmann et al. 53 and Morrot et a1.86). 

in endoplasmic reticulum vesicles from rat liver 11. Simi- 
larly, a fast, saturable equilibration of lyso PC 65 and of 
several other water-soluble phospholipids 53 was de- 
scribed in these membranes. When more hydrophobic 
phospholipids were incorporated into microsomes, a ran- 
dom distribution of the molecules between the two 
monolayers was observed 53. The process was slowed 
down by the action of N-ethylmaleimide (see fig. 1). 
Bishop and Bell postulated the existence of a specific 
protein which they called flippase. The existence of the 
flippase was confirmed by reconstitution experiments us- 
ing microsomal proteins: the rapid flip-flop was found 
only if lipids were mixed with microsomal proteins and 
not if erythrocyte proteins or microsomal lipids alone 
were used for the reconstitution s, 53,1 s s. The mechanism 
of action of this non-selective flippase is not known. 
Some arguments exist in favor of protein-induced forma- 
tion of non-bilayer structures in microsomes. Such non- 
lamellar structures were revealed by 3tp-NMR in liver 
microsomal membranes and were not found in aqueous 
dispersions of the extracted lipids 138. The role of this fast 
migration which equilibrates lipids between the two 
monolayers is understandable in a membrane specialized 
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for lipid synthesis with asymmetrically distributed en- 
zymes 25, 55, 61,132; the fast transverse diffusion avoids 
accumulation of products in one monolayer and allows 
an intermediate synthesized on one leaflet to reach the 
next site of synthesis on the other leaflet. In bacteria, 
lipids are synthesized in the cytoplasmic membrane in an 
asymmetrical fashion. Thus, there is a need for a flippase 
to allow lipid equilibration. Langley and Kennedy have 
reported a fast transverse diffusion of PE in Bacillus 
megaterium 74. This mechanism is somewhat enhanced in 
energy-poisoned cells indicating that lipid flip-flop in 
bacteria is not coupled to lipid synthesis. In erythrocytes 
the methylation of PE to PC by the methyltransferase is 
accompanied by a translocation of the lipid 56. In the 
mitochondrial inner membrane the carnitine-acyltrans- 
ferase imports acylcarnitine into the matrix space where 
it is deacylated. This exchange is not affected by the 
energy state of the mitochondria 88. 
c) Active transport. Active lipid translocation means that 
a lipid molecule is moved from a layer where it is less 
concentrated to a layer where it predominates. Energy, 
namely ATP, is consumed to overcome the chemical gra- 
dient and, in some instances, the electrical gradient. Ac- 
tive transport of phospholipids was first described in 
1984 in human erythrocytes by Seigneuret and De- 
vaux 115. In this system, the outside-inside migration of 
spin-labeled analogs is slow for PC, but fast for PE and 
even faster for PS with a half-time of 5 min at 37 ~ (see 
fig. 2). The rapid translocation of aminophospholipids 
does not take place in ATP-depleted cells or in ghosts 
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Figure 2. Kinetics of transmembrane reorientation of spin-labeled phos- 
phatidylserine initially incorporated in the outer leaflet of: 0 ,  erythro- 
cytes; C), erythrocytes depleted of ATP; A, chromaffin granules in 
EGTA containing buffer; at the time indicated by the arrow, Mg-ATP is 
added externally at a concentration exceeding that of EGTA and PS 
translocation is followed; i ,  granules in Mg-ATP containing buffer. 
(Adapted from Morrot et al. 86 and Zachowski et al. ~5o). 

resealed in the absence of ATP. The process is inhibited 
by vanadate, a known ATPase inhibitor; the non-hy- 
drolyzable ATP, 5'-adenylylimidodiphosphate, cannot 
substitute for ATP. The rapid, ATP-dependent transloca- 
tion of aminophospholipids, which was demonstrated 
originally by ESR, was confirmed by other techniques 
using long-chain radioactive phospholipids 105,129 and 
fluorescent phospholipids 26, and by monitoring shape 
changes induced by exogenous lipids 29' 30. To explain 
these results, we have postulated the existence of a 
specific enzyme, the aminophospholipid translocase, the 
properties of which will be summarized in the following 
paragraphs 13, 33, s6,11s, 14s 

The energy substrate is the Mg-ATP complex and its 
apparent K~ is in the millimolar range. The binding of 
Mg-ATP to its site facing the cytoplasm, and the binding 
of the aminolipid in the outer monolayer, are indepen- 
dent of each other. PS and PE are recognized and trans- 
ported by the same protein, but PS is the better substrate 
as indicated by a ten-times lower apparent Km. Phospho- 
lipid recognition by the translocase depends on different 
parts of the ligand molecule. The binding requires a dis- 
sociable amino group on the polar head; this group must 
be at a distance of two methylenes from the phosphate 
group, as phosphatidylpropanolamine has no affinity 
to the aminophospholipid translocase. The carboxyl 
residue increases the affinity of the protein for the amino- 
lipid as indicated by the following observations: a) phos- 
phatidylserine carboxymethyl ester is transported like 
PE; b) if the amino group of serine is replaced by a 
methyl group (serine ~//-lactate), the lipid is no longer 
transported even though the carboxyl group is present 
(P. Fellmann, personal communication). If a ceramide 
backbone is substituted for the glycerol backbone of PS, 
transport efficiency decreases by almost three orders of 
magnitude. Finally c), the nature of the chain in sn-2 
plays a role; a lyso-PS is not efficiently relocalized on the 
cytoplasmic face 8, 86, but the presence of an acetyl group 
esterified on the glycerol is sufficient to restore the affin- 
ity. Daleke and Huestis have shown that saturated and 
unsaturated PS are transported at the same rate 86, lz9. It 
might appear that the nature of the chain at sn-2 is unim- 
portant, as the spin probes we used, which bear a 4- 
(doxyl)-pentanoyl fatty acid, exhibit similar kinetics to 
long-chain lipids 129. However, this assumption has to be 
carefully considered, as fluorescent phospholipid ana- 
logs, whose acyl residues in sn-2 are (6-NBD) caproyl 
groups, are less efficiently transported, which suggests a 
lower affinity (M. Colleau, personal communication). 
The translocase in red blood cells is not only responsible 
for outside-inside passage of aminophospholipids, but 
also controls the inside-0utside movement 13. Indeed, we 
have shown that: a) the outward motion of aminophos- 
pholipids is faster than that of PC, b) Mg 2+ depletion 
and/or NEM treatment reduces this outward motion. 
Thus, the steady-state equilibrium distribution of 
aminophospholipids is determined by the balance be- 
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tween inward and outward movement through the 
translocase. I f  the translocase is blocked, the redistribu- 
tion follows different kinetics, associated with the spon- 
taneous flip-flop, and is characterized by a very long 
half-time. 
To date, the aminophospholipid translocase has not been 
purified. Radioactive photoactivable PS has been used 
by two laboratories in an attempt to determine the mole- 
cular weight of the protein. Connor and Schroit conclud- 
ed from their experiments that the translocase is a 
32kDa  protein which is also labeled by sulfydryl 
reagents z7,114. On the other hand, we have proposed 
that the aminophospholipid translocase is a vanadate- 
sensitive Mg 2 § of  molecular weight 115- 
130 kDa, which is present in red blood cells 36 and in 
most plasma membranes, and whose function is as yet 
unknown 41. Positive identification of the aminophos- 
pholipid translocase awaits successful reconstitution ex- 
periments. 
The same active translocation of aminophospholipids, 
sensitive to chemical protein reagents, has been found in 
plasma membranes from lymphocytes 126'151, plate- 
lets 1o, lz5, cultured hamster fibroblasts 79,  and synapto- 
somes from the Torpedo electric organ (A. Zachowski 
and Y. Morot-Gaudry, unpublished observations). Re- 
cently, we have shown that this activity is not confined to 
the cell surface and can be found associated with the 
membrane of a cell organelle, namely adrenal medulla 
chromaffin granule 150. Figure 2 shows that the activity 
of the ATP-dependent pump in the granules tends to 
accumulate PS on the external monolayer which is the 
cytosolic face of this organelle. Interestingly, chromaffin 
granules possess a membrane-bound Mg-ATPase with a 
molecular weight of 115 kDa, i.e. of the same molecular 
weight as the erythrocyte Mg-ATPase which we think is 
the aminophospholipid translocase. 

Phospholipid asymmetry in biological membranes 

Phospholipid asymmetry is well established in several 
plasma membranes. In human erythrocytes, the inner 
monolayer contains 96 _+ 4 %  of the PS molecules, 
80_+ 5% of the PE, 30 + 7% of the PC and ~ 10% of 
the SM 8,17, 47, 64,14o, 144,146 . Similar distributions with 
a majority of aminophospholipids exposed on the inner 
monolayer were found in erythrocytes from ani- 
mals 28, 46.49,100, 103,135 and in the plasma membranes 
of platelets 22.7a, 111,113, fibroblasts40. 112,117 and asci- 
tes cells1~ in brush borders from intestine and kid- 
ney 6, 9s, t43, and synaptosomes from brain 39. From ex- 
periments on lipid asymmetry in viruses, the asymmetry 
of the plasma membrane of the infected cells can be 
deduced. Such observations allow one to infer that BHK- 
21 and MDBK cells have a plasma membrane asymme- 
try comparable to that of red blood cells 2' los, 142. The 
only reported exception is chick myoblast cells, where PS 

is randomly distributed and PE is predominantly on the 
outer monolayer 117. 
The asymmetric distribution of phospholipids is accom- 
panied by an asymmetrical distribution of fatty acid 
chains. In human erythrocytes, the double bond index is 
1.54 for the inner face and 0.78 for the outer face 82, 
principally because 66 % of SM has d 18 : 1 acyl chain in 
position 1, and 16 : 1, 24 : 0 or 24 : 1 acyl chains in posi- 
tion 2 and 80% of PS has 18 : 0 in position 1 and 20 : 3, 
20:4 ,  22 : 4, 22 : 5 or 22 : 6 in position 2. One of the 
consequences of this asymmetrical composition is the 
asymmetrical physical properties of the erythrocyte 
membrane. Indeed, the outer monolayer is more packed 
and rigid than the inner one 137,146 ; the rotational mobil- 
ity of spin-probes is higher in the inner monolay- 
er86, 116, lz7, and the lateral diffusibility of the phospho- 
lipids is higher in the cytoplasmic leaflet 87'1~ 
Scrambling the phospholipid asymmetry abolishes this 
asymmetrical 'fluidity' and modifies properties such as 
lipid packing 145. Similar asymmetric fluidity was found 
in fibroblasts, and probably also occurs in platelet plas- 
ma membranes, as the outer leaflet is poor in lipid unsat- 
uration 99 and is tightly packed 2z. 76. 
The transb!layer distribution of phospholipids in or- 
ganelles is less well documented than in plasma mem- 
branes, probably because the isolation of such mem- 
branes requires cell lysis, purification and resealing, each 
step being the source of possible errors. Also, the exis- 
tence of a fast transverse diffusion may impair the results 
of asymmetry determination. In many cases, such as en- 
doplasmic reticulum, nuclear membranes and inner mi- 
tochondrial membranes, contradictory data are present- 
ed in the literature. There is agreement, however, in the 
case of muscle sarcoplasmic reticulum, where PC is sym- 
metrical, PE is preferentially (60 70 %) outside and PS 
is preferentially (80 %) inside s l, 54, 131. There are also 
indications that in the outer mitochondrial membrane 
PC and PI are randomly distributed while the greater 
part of the PE is inside 124. Finally, in chromaffin gran- 
ules and in gastric and synaptic vesicles, PE appears to be 
exposed on the outer leaflet which is the cytoplasmic 
leaflet 19.81, 92.  This preferential exposure of PE may be 
necessary for the vesicles to become fusion competent. 
Indeed, there is a large amount of evidence suggesting 
that close contact between membranes is facilitated when 
the lipids vis-~-vis to one another are PS-PE mixtures and 
not PC-SM mixtures 32 
The aminophospholipid translocase, by accumulating 
aminophospholipids on the cytoplasmic side of  eukary- 
otic membranes, is undoubtedly responsible for the sta- 
ble asymmetric distribution of aminophospholipids in 
the plasma membrane. Asymmetric distribution of PC 
and SM may be explained as simply being the conse- 
quence of the aminophospholipids occupying the 'lipid 
sites' of the inner monolayer. The establishment of lipid 
asymmetry implies therefore some diffusion of the 
choline-containing phospholipids. Yet, in the case of SM, 
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the outside-inside movement is extremely slow, almost 
null s6, perhaps because of SM-SM interactions on the 
outer monolayer. It would be important to measure the 
inside-outside motion of SM which may turn out to be 
faster than the inward motion. In summary, we think 
that the lipid asymmetry of the four main erythrocyte 
phospholipids can be accounted for by asymmetrical 
lipid flows. In other words, the asymmetry corresponds 
to a steady state and not a static lipid distribution. 
At this point it should be mentioned that some laborato- 
ries believe that cytoskeleton proteins are crucial for the 
maintenance of lipid asymmetry. This theory is based on 
the following experiments: 1) Experiments with model 
systems showed an interaction between spectrin and 
PS 85; 2) reduced lipid asymmetry has been observed in 
cells wherein the cytoskeleton had been modified chemi- 
cally or partially disconnected from the membrane, as is 
believed to happen in deoxy-sickle cells 23, 75, 83; 3) lipid 
asymmetry is only scrambled slowly when cells are de- 
prived of ATP 83,129 
Our comments are as follows: a) biophysical experiments 
prove that the interaction between PS and spectrin is in 
fact very weak (of the order of the thermal energy 77); 
b) red blood cell vesicles depleted of spectrin by thermal 
denaturation can still maintain and create asymmetry 
providing the cytosol contains ATP 21, 35; c) experiments 
that modify not only the cytoskeleton but also several 
other characteristics of the cell such as ATP level, oxida- 
tion state of SH groups etc. cannot be conclusive. Thus 
it is our feeling that the role of the cytoskeleton, at least 
in red blood cells, has not been proven. It certainly is not 
implicated in organelles such as granules which have no 
cytoskeleton. 
Hubbell has proposed to explain lipid asymmetry in disc 
membranes by the asymmetrical charge distribution on 
rhodopsin which constitutes approximately 80 % of the 
disc proteins. Hubbell's model includes no kinetic con- 
siderations 60. Although the charge distribution may in- 
fluence the stability of PS asymmetric distribution, Hope 
and Cullis have shown that an electrical gradient is not 
sufficient to generate an asymmetric distribution of 
charged phospholipids ss. A 'flippase' would be neces- 
sary to allow lipid equilibration between both layers. 
Alternatively the lipid asymmetry may be created in the 
plasma membrane, where the discs originate, by an 
aminophospholipid translocase, and subsequently pre- 
served in the discs because of the electrical gradient. In 
conclusion, Hubbell's model needs further experimenta- 
tion. 
Finally there are indications of lipid asymmetries in bac- 
terial membranes 12, 68,107. A priori one would think that 
the asymmetry of lipids in prokaryotes is correlated with 
the asymmetrical synthesis of phospholipids which takes 
place in the bacterial membranes. However, fast phos- 
pholipid translocation was measured in the membrane of 
Bacillus megaterium (see above). Thus, the inner and 
outer halves of the membrane should rapidly equalize. 
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According to Langley and Kennedy 74, this does not oc- 
cur. Cells in which the generation of metabolic energy 
had been completely blocked by suitable inhibitors had, 
in fact, a somewhat increased asymmetry 74. Perhaps an 
asymmetric charge distribution on the proteins could be 
invoked as an explanation as suggested by Hubbell for 
the discs. In this case PG, which is a charged lipid, might 
be sequestered in the inner monolayer, and PE would 
diffuse to the outer monolayer via a flippase comparable 
to that existing in microsomes. 

Physiological and pathological modifications of lipid 
diffusion in eukaryotes 

Under particular conditions corresponding for example 
to stimulation by activators or by drugs, cell oxidation or 
aging, the flip-flop rates are modified either temporarily 
or permanently. Also pathological cells, in particular red 
blood cells, often exhibit abnormal flip-flop rates. These 
modifications are often, but not always accompanied by 
a change in lipid asymmetry. The cell response to a new 
lipid distribution can give a clue as to the physiological 
role of lipid asymmetry and the importance of con- 
trolling lipid exchange between monolayers. In principle 
a strategy to study the translocase or the flippase would 
be to search for mutants deprived of the capacity to flip 
phospholipids. However, to date there is no demonstra- 
tion of the existence of such mutants in bacteria or in 
yeast which could perhaps constitute systems for genetic 
investigations. 
Perhaps the most spectacular physiological modification 
of lipid asymmetry is that of the plasma membrane of 
activated platelets. Zwaal and collaborators have shown 
that platelet activation is accompanied by a very rapid 
loss of membrane asymmetry indicating a temporary in- 
crease in transbilayer movement of phospholipids. This 
lipid scrambling may be due to the concomitant fusion of 
granules with the plasma membrane 154. This process, 
which leads to increased exposure of negatively charged 
phospholipids at the outer surface, could play an impor- 
tant role in local blood-clotting reactions. Prothrombin 
is hydrolyzed to give thrombin, and this leads to the 
formation of fibrin strands and of the clot. Remarkably, 
if activated platelets are treated with reducing agents, PS 
progressively disappears from the outer leaflet, suggest- 
ing that the aminophospholipid translocase eventually 
corrects the sudden loss of lipid asymmetry 10. 
More subtle changes in phospholipid translocation are 
observed in aged red blood cells and in sickle cells. Aged 
red blood cells can be isolated by centrifugation on a 
Percoll gradient. Using spin-labels, we have observed 
that the aminophospholipid translocation rate in the 
more dense (older) cells is reduced by approximately 
20 % as compared to the lighter (younger) fraction 5z. 
This partial inhibition appears to be sufficient to reduce 
the final asymmetric distribution of exogenous PE, but 
not that of PS. Alteration of the asymmetry of endoge- 



652 Experientia 46 (1990), Birkhg.user Veflag, CH-4010 Basel/Switzerland Reviews 

nous phospholipids in 'old' red blood cells, in accordance 
with the spin-label data, has been reported by Shukla and 
Hanahan 121. The spin-label data show that this alter- 
ation is due to the impairment of the aminophospholipid 
translocase. Further experiments with malonyldialde- 
hyde (MDA) or H2Oz-treated cells suggest that oxida- 
tion of the protein is responsible for this impairment. The 
fact that PS transmembrane orientation is not signifi- 
cantly altered in the more dense cells may in fact mean 
that such a perturbation would be lethal for the cells. 
Indeed, Tanaka and Schroit have shown that red blood 
cells with PS on the outer monolayer are taken up rapidly 
by macrophages tz8. Thus, probably only a very small 
fraction of the older cells have PS on the exofacial 
side. 
Sickle cells have similar characteristics. It has been re- 
ported that sickle cell disease is accompanied by a re- 
duced phospholipid asymmetry 23'75'83, and also by a 
reduced aminophospholipid translocase activity 83'147. 
A reduced asymmetry was also found in Rhnu n human 
erythrocytes 69. It can be noted that in these pathological 
cells the passive transmembrane diffusion of PC is accel- 
erated 42, 69, but this change cannot explain the modifica- 
tion of asymmetry, as other cells express a high rate of 
translocation of  PC while keeping a normal transmem- 
brahe distribution of phospholipids r176 Finally, in 
malaria-infected erythrocytes an increased flip rate of the 
four main phospholipids present in the cell was reported 
by Beaumelte and collaborators 7, which is, however, not 
accompanied by a change of lipid asymmetry. The con- 
siderable increase of PC flip-flop led Haldar et al. to 
postulate the existence of a PC flippase in the membranes 
of parasitized red cells so. 

Conclusions and speculations 

Figure 3 summarizes the various processes which control 
the distribution of phospholipids between the inner and 
outer halves of biomembranes. An implicit assumption, 
which we have not discussed yet, is the fast lateral diffu- 
sion of lipids in each monolayer. In fact, from the values 
of lateral diffusion measured, this should not be a rate- 

limiting step. However, the concept of lateral domains in 
biomembranes has recently been emphasized by Tocanne 
et al. 13o. Taking this concept into account, it is conceiv- 
able that not all lipids have free access to the transloca- 
tion sites of the specialized proteins, which could raise 
additional complications. 
Because of the asymmetry of some of the translocation 
mechanisms, most biological membranes have an asym- 
metrical distribution of phospholipids, the physiological 
roles of which may be multiple. We have discussed in the 
preceding section the implications of PS appearance on 
the exofacial surface of circulating cells; loss of PS asym- 
metry triggers cell-cell interactions which in some in- 
stances could lead to the elimination of the cells from the 
blood stream. We also pointed out that the cytosolic 
exposure of aminophospholipids on plasma membranes 
and simultaneously on organelles, such as presynaptic 
vesicles and granules in chromaffin cells or in platelets, 
favor their close contact and hence may be necessary for 
fusion of these organelles to the plasma membrane. Pos- 
sibly phospholipid redistribution might modulate the ac- 
tivity of PS-dependent enzymes such as kinases and an- 
nexins. Yet another function for the control of phospho- 
lipid transmembrane distribution is connected with cell 
morphology. The accumulation of lipids on one leaflet of 
the membrane by a lipid pump tends to modify the ratio 
of inner and outer surfaces, and thus to modify the bend- 
ing of the membrane. In red blood cells spectacular shape 
changes result from exogenous or endogenous lipid redis- 
tribution 31, 32, t32. This  can be explained in the frame- 
work of the bilayer couple hypothesis of Sheetz and Sing- 
er ~2~ Local shape changes may take place also in 
nucleated cells, for example in fibroblasts, under the in- 
fluence of the plasma membrane aminophospholipid 
translocase. Unbalanced inward transport of phospho- 
lipids should lead to invaginations of the type observed 
during the process of endocytosis. Thus the aminophos- 
pholipid translocase may be a key enzyme in lipid traffic 
within nucleated cells. 
Finally, Norris has put forward an interesting theory to 
explain cell division in E. coli 91. He postulates that a 
class of lipids escfipes from the rapid flip-flop mecha- 
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Figure 3. Schematic representation of the various mechanisms allowing 
phospholipid reorientation in a biological membrane. A spontaneous 
flip-flop; B facilitated diffusion by a phospholipid flippase; C active 

D E 
transport by the aminophospholipid translocase; D asymmetric lipid syn- 
thesis; E asymmetric charge distribution on proteins which may stabilize 
lipid asymmetry. 
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nism. These phospholipids would accumulate in the inner 
monolayer of the cytoplasmic membrane and thus cause 
an increase of its packing density; at a critical density, 
phospholipids would 'flip out' and initiate cycle events. 

Abbreviations. PC, phosphatidylcholine; PE, phosphatidylethanolami- 
ne; PS, phosphatidytserine; SM, sphingomyelin; CL, cardiolipin; NEM, 
N-ethyl-maleimide; TLC, thin layer chromatography. 

Acknowledgements. The authors thank Dr S. Schrier for carefully read- 
ing the manuscript. This work was supported by grants from the Centre 
National de la Recherche Scientifique (URA 526), the Minist&e de la 
Recherche et de la Technologic (no 87. C. 0395) and the Universit6 Paris 
VII. 

1 Allan, D., Thomas, P., and Michell, R. H., Rapid transbilayer diffu- 
sion of I, 2-diacylglycerol and its relevance to control of membrane 
curvature. Nature 276 (1978) 2888-2890. 

2 Allan, D., and Quinn, P., Membrane phospholipid asymmetry in 
Semliki Forest virus grown in BHK cells. Biochim. biophys. Acta 
987 (1989) 199 204. 

3 Backer, J. M., and Dawidowicz, E.A., The rapid transmembrane 
movement of cholesterol in small unilamellar vesicles. Biochim. bio- 
phys. Acta 551 (1979) 260-270. 

4 Backer, J. M., and Dawidowicz, E. A., Transmembrane movement 
of cholesterol in small unilamellar vesicles detected by cholesterol 
oxidase. J. biol. Chem. 256 (1981) 586-588. 

5 Backer, J. M., and Dawidowicz, E. A., Reconstitution ofa  phospho- 
lipid flippase from rat liver microsomes. Nature 327 (1987) 341 -343. 

6 Barsukov, L. I., Bergelson, L. D., Spiers, M., Hauser, J., and Semen- 
za, G., Phospholipid topology and flip-flop of intestinal brush-bor- 
der membrane. Biochim. biophys. Acta 882 (1986) 87-99. 

7 Beaumelle, B. D., Vial, H. J., and Bienvenfie, A., Enhanced transbi- 
layer mobility of phosphotipids in malaria-infected monkey erythro- 
cytes. A spin-label study. J. Cell Physiol. 135 (1988) 94 100. 

8 Bergmann, W. L., Dressier, V., Haest, C. W. M., and Deuticke, B., 
Reorientation rates and asymmetry of distribution of lysophospho- 
lipids between the inner and outer leaflet of the erythrocyte mem- 
brane. Biochim. biophys. Acta 772 (1984) 328-336. 

9 Berridge, M. J., Inositol triphosphate and diacylglycerol: two inter- 
acting second messengers. A. Rev. Biochem. 56 (1987) 159-193. 

10 Bevers, E. M., Tilly, R. H., J., Senden, J. M. G., Comfurius, P., and 
Zwaal, R. F. A., Exposure of endogenous phosphatidylserine at the 
outer surface of stimulated platelets is reversed by restoration of 
aminophospholipid translocase activity. Biochemistry 28 (1989) 
2382-2387. 

11 Bishop, W. R., and Bell, R. M., Assembly of the endoplasmic reticu- 
tum phospholipid bilayer: the phosphatidylcholine transporter. Cell 
42 (1985) 51-60. 

12 Bishop, D. G., Op den Kamp, J. A. E, and van Deenen, L. L. M., 
The distribution of lipids in the protoplast membranes of Bacillus 
subtilis. A study with phospholipase C and trinitrobenzene sulphonic 
acid. Eur. J. Biochem. 80 (1977) 381-391. 

13 Bitbol, M., and Devaux, P. F., Measurement of outward transloca- 
tion of phospholipids across human erythrocyte membrane. Proc. 
natl Acad. Sci. USA 85 (1988) 6783-6787. 

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

15 B10j, B., and Zilversmit, D. B., Complete exchangeability of choles- 
terol in phosphatidylcholine/cholesterol vesicles of different degrees 
of unsaturation. Biochemistry 16 (1977) 3943-3948. 

16 Brasaemble, D. L., Robertson, A. D., and Ahle, A. D., Transbilayer 
movement of cholesterol in the humari erythrocyte membrane. J. 
Lipid Res. 29 (1988) 481-489. 

17 Bretscher, M. S., Asymmetrical lipid bilayer structure for biological 
membranes. Nature New Biol. 236 (1972) 11-12. 

18 Br6ring, K., Haest, C. V~ M., and Deuticke, B., Translocation of 
oleic acid across the erythrocyte membrane. Evidence for a fast 
process. Biochim. biophys. Acta 986 (1989) 321-331. 

19 Buckland, R. M., Radda, G. K., and Shennan, C. D., Accessibility 
of phospholipids in the chromaffin granule membrane. Biochim. 
biophys. Acta 513 (1978) 321 337. 

20 Cabral, D. J., Small, D. M., Lilly, H. S., and Hamilton, J. A., Trans- 
bilayer movement of bile acid in model membranes. Biochemistry 26 
(1987) 1801-1804. 

21 Calvez, J. Y., Zachowski, A., Herrmann, A., Morrot, G., and De- 
vaux, P. E, Asymmetric distribution of phospholipids in spectrin- 
poor erythrocyte vesicles. Biochemistry 27 (1988) 5666-5670. 

22 Chap, H. J., Zwaal, R. E A., and van Deenen, L. L. M., Action of 
highly purified phospholipases on blood platelets. Evidence for an 
asymmetrie distribution of phospholipids in the surface membrane. 
Biochim. biophys. Acta 467 (1977) 146 164. 

23 Chiu, D., Lubin, B., and Shohet, S. B., Erythrocyte membrane lipid 
reorganization during the sickling process. Br. J. Haemat. 41 (1979) 
223 234. 

24 Classen, J., Haest, C. M. W., Tournois, H., and Deuticke, B., Gram- 
icidin-induced enhancement of transbilayer reorientation of lipids in 
the erythrocyte membrane. Biochemistry 26 (1987) 6604-6612. 

25 Coleman, R., and Bell, R. M., Evidence that biosynthesis of phos- 
phatidylethanolamine, phosphatidylcholine and triacylglycerol oc- 
curs on the cytoplasmic side of microsomal vesicles. J. Cell Biol. 76 
(1978) 245-253. 

26 Connor, J., and Schroit, A. J., Determination of lipid asymmetry in 
human red cells by resonance energy transfer. Biochemistry 26 
(1987) 5099-5105. 

27 Connor, J., and Schroit, A.J., Transbilayer movement of phos- 
phatidylserine in non human erythrocyte: evidence that the 
aminophospholipid transporter is a ubiquitous membrane protein. 
Biochemistry 28 (1989) 9680-9685. 

28 Crain, R. C., and Zilversmit, D. B., Two non-specific phospholipid 
exchange proteins from beef liver. 2. Use in studying the asymmetry 
and transbilayer movement of phosphatidylcholine, phosphatidyl- 
ethanolamine, and sphingomyelin in intact rat erythrocytes. Bio- 
chemistry 19 (1980) 1440-1447. 

29 Daleke, D. L., and Huestis, W. H., Incorporation and translocation 
of aminophospholipids in human erythrocytes. Biochemistry 24 
(1985) 5406-5416. 

30 Daleke, D. L., and Huestis, W. H., Erythrocyte morphology reflects 
the transbilayer distribution of incorporated phospholipids. J. Cell 
Biol. 108 (1989) 1375-1385. 

31 De Kruijff, B., van Zoelen, E. J. J., and van Deenen, L. L. M., Gly- 
cophorin facilitates the transbilayer movement of phosphatidyl- 
choline in vesicles. Biochim. biophys. Acta 509 (1978) 537-542. 

32 Deutsch, J.W., and Kelly, R. B., Lipids of synaptic vesicles: rele- 
vance to the mechanism of membrane fusion. Biochemistry 20 (1981) 
378 385. 

33 Devaux, P. E, Morrot, G., Herrmann, A., and Zachowski, A., 
Protein involvement in plasma membrane lipid asymmetry. Stud. 
Biophys. 127 (1988) 183-191. 

34 Doody, M. C., Pownall, H. J., Kao, Y. J., and Smith, L. C., Mecha- 
nism and kinetics of transfer of a fluorescent fatty acid between 
single-walled phosphatidylcholine vesicles. Biochemistry 19 (1980) 
108-116. 

35 Dressier, V., Haest, C. M. W., Plasa, G., Deuticke, B., and Erusalim- 
sky, J.D., Stabilizing factors of phospholipid asymmetry in the 
erythrocyte membrane. Biochim. biophys. Acta 775 (1984) 189-196. 

36 Drickamer, L. K., The red cell membrane contains three different 
adenosine triphosphatases. J. biol. Chem. 250 (1975) 1952 1954. 

37 Elferink, J. G. R., The asymmetric distribution of chlorpromazine 
and its quaternary analogue over the erythrocyte membrane. Bio- 
chem. Pharmac. 26 (1977) 2411-2416. 

38 Etemadi, A.-H., Membrane asymmetry. A survey and critical ap- 
praisal of the methodology. II. Methods for assessing the unequal 
distribution of lipids. Biochim. biophys. Acta 604 (1980) 423-475. 

39 Fontaine, R. N., Harris, R. A., and Schroeder, E,  Aminophospho- 
lipid asymmetry in routine synaptosomal plasma membrane. J. Neu- 
rochem. 34 (1980) 269-277. 

40 Fontaine, R. N., and Schroeder, E, Plasma membrane aminophos- 
pholipid distribution in transformed murine fibroblasts. Biochim. 
biophys. Acta 558 (1979) 1-12. 

41 Forgac, L., and Cantley, L., The plasma membrane (Mg 2 +)-depen- 
dent adenosine triphosphatase from the human erythrocyte is not an 
ion pump. J. Membr. Biol. 80 (1984) 185 190. 

42 Franck, P. E, H., Chiu, D. T.-S(, Op den Kamp, J. A. E, Lubin, B., 
van Deenen, L. L. M., and Roelofsen, B., Accelerated transbilayer 
movement of phosphatidylcholine in sickled erythrocytes. A re- 
versible process. J. biol. Chem. 258 (1983) 8435-8442. 

43 Franck, P. F. H., Op den Kamp, J. A. F., Lubin, B., Berendsen, W., 
Joosten, P., Bri&, E., van Deenen, L. L. M., and Rod&sen, B., 
Abnormal transbilayer mobility of phosphatidylcholine in heredi- 
tary pyropoikilocytosis reflects the increased heat sensitivity of the 
membrane skeleton. Biochim. biophys. Acta 815 (1985) 259-267. 

44 Fujii, T., Tamura, A., and Yamane, T., Trans-bilayer movement of 
added phosphatidylcholine and lysophosphatidylcholine species 



654 Experientia 46 (1990), Birkhg.user Verlag, CH-4010 Basel/Switzerland Refiews 

with various acylchain lengths in plasma membrane of intact human 
erythrocytes. J. Biochem. 98 (1986) 1221-1227. 

45 Ganong, B. R., and Belt, R. M., Transmembrane movement ofphos- 
phatidylglycerol and diacylglyceroi sulfhydryl analogues. Biochem- 
istry 23 (1984) 4977-4983. 

46 Gazzit, Y., Ohad, I., and Loyter, A., Changes in phospholipid sus- 
ceptibility toward phospholipases induced by ATP depletion in avian 
and amphibian erythrocyte membranes. Biochim. biophys. Acta 382 
(1975) 65-72. 

47 Gordesky, S. E., Marinetti, G.V., and Love, R., The reaction of 
chemical probes with the erythrocyte membrane. J. Memb. Biol. 20 
(1975) 111-132. 

48 Greenhut, S. F., and Roseman, M. A., Cytochrome b s induced flip- 
flop of phospholipids in sonicated vesicles. Biochemistry 24 (1985) 
1252-1260. 

49 Gupta, C. M., Alam, A., Mathur, P. N., and Dutta, G. P., A new 
look at nonparasitized red cells of malaria-infected monkeys. Nature 
299 (1982) 259-261. 

50 Haldar, K., de Amorim, A. F., and Cross, G. A. M., Transport of 
fluorescent phospholipid analogues from the erythrocyte membrane 
to the parasite in Plasmodiumfalciparum-infected cells. J. Cell Biol. 
108 (1989) 2183-2192. 

51 Herbette, L., Blaisie, J. K., Defoor, P., Fleischer, S., Bick, R. J., van 
Winkle, W B., Tate, C. A., and Entman, M. L., Phospholipid asym- 
metry in the isolated sarcoplasmic reticulum membrane. Archs 
Biochem. Biophys. 234 (1984) 235-242. 

52 Herrmann, A., and Devaux, P. K, Alteration of the aminophospho- 
lipid translocase activity during in vivo and artifical aging of human 
erythrocytes. Binchim. biophys. Acta (1990) in press. 

53 Herrmann, A., Zachowski, A., and Devaux, P. E, The protein medi- 
ated phospholipid translocation of the endoplasmic retieulum has a 
low lipid specificity. Biochemistry 29 (1990) 2023-2027. 

54 Hidalgo, C., and Ikemoto, N., Disposition of proteins and amino- 
phospholipids in the sarcoplasmic reticulum membrane. J. biol. 
Chem. 252 (1977) 8446-8454. 

55 Higgins, J.A., Biogenesis of endoplasmic l~eticulum phosphatidyl- 
choline. Translocation of intermediate across the membrane bilayer 
during methylation of phosphatidylethanolamine. Biochim. bio- 
phys. Acta 640 (1981) 1-15. 

56 Hirata, E, and Axelrod, J., Enzymatic synthesis and rapid transloca- 
tion of phosphatidylcholine by two methyl transferases in erythro- 
cyte membranes. Proc. natl Acad. Sci. USA 75 (1978) 2348-2352. 

57 Homan, R., and Pownall, H. J., Effect of pressure on phospholipid 
translocation in lipid bilayers. J. Am. chem. Soc. 109 (1987) 4759- 
4760. 

58 Hope, M.J., and Cullis, P.R., Lipid asymmetry induced by 
transmembrane pH gradients in large unilamellar vesicles. J. biol. 
Chem. 262 (1987) 4360-4366. 

59 Hope, M. J., Redelmeier, T. E., Wong, K. E, Rodrigueza, W, and 
Cullis, P. R., Phospholipid asymmetry in large unilamellar vesicles 
induced by transmembrane pH gradients. Biochemistry 28 (1989) 
4181-4187. 

60 Hubbell, W. L., Transbilayer coupling mechanism for the formation 
of lipid asymmetry in biological membranes. Application to the 
photoreceptor disc membrane. Biophys. J. 57 (1990) 99 108.' 

61 Hutson, J. L., and Higgins, J. A., Asymmetric synthesis followed by 
transmembrane movements of phosphatidylethanolamine in rat liver 
endoplasmic reticulum. Biochim. biophys. Acta 687 (1982) 247- 
256. 

62 Joliot, P., and Joliot, A., Electron transfer between the two photo- 
systems. II. Equilibrium constants. Biochim. biophys. Acta 765 
(1984) 219-226. 

63 Johnson, L. W., Hughes, M. E., and Zitversmit, D. B., Use of phos- 
pholipid exchange protein to measure inside-outside transposition in 
phosphatidylcholine liposomes. Biochim. biophys. Acta 375 (1974) 
176 185. 

64 Kahlenberg, A., Walker, C., and Rohrlick, R., Evidence for an asym- 
metric distribution of phospholipids in the human erythrocyte mem- 
brane. Can. J. Biochem. 52 (1974) 803-806. 

65 Kawashima, Y., and Bell, R.M.,  Assembly of the endoplasmic 
reticulum phospholipid bilayer: the phosphatidylcholine and 
metabolites. J. biol. Chem. 262 (1987) 16495-16 502. 

66 Kirby, C.J., and Green, C., Transbilayer migration (flip-flop) of 
cholesterol in erythrocyte membranes. Biochem. J. 168 (1977) 575- 
577. 

67 Kornberg, R. D., and Mc Connell, H. M., Inside-outside transitions 
of phnspholipids in vesicle membranes. Biochemistry iO (1971) 
1111-1120. 

68 Kumar, G., Kaira, V. K., and Brodie, A. E, Asymmetric distribution 
of phospholipids in membranes from Mycobacterium phlei. Archs 
Bioehem. Biophys. 198 (1979) 22-30. 

69 Kuypers, E, van Linde-Sibenius-Trip, M., Roelofsen, B., Tanner, 
M. J. A., Anstee, D. J., and Op den Kamp, J. A. E, Rhnu n human 
erythrocytes have an abnormal membrane phospholipid organiza- 
tion. Bioehem. J. 2218 (1984) 931-934. 

70 Kuypers, E, van Linde-Sibenius-Trip, M., Roelofsen, B., Op den 
Kamp, J. A. K, Tanner, M. J. A., and Anstee, D. J., The phospho- 
lipid organization in the membranes of Me Leod and Leach pheno- 
type erythroeytes. FEBS Lett_ I84 (1985) 20 24. 

71 Lange, Y, Cohen, C.M., and Poznansky, M. J., Transmembrane 
movement of cholesterol in human erythrocytes. Proc. natl Acad. 
Sei. USA 74 (1977) 1538-1542. 

72 Lange', Y, Dolde, J., and Steck, T. L., The rate of transmembrane 
movement of cholesterol in human erythroeytes. J. biol. Chem. 256 
(1981) 5321-5323. 

73 Lange, Y, and Slayton, J.M., Interaction of cholesterol and 
lysophosphatidyleholine in determining red cell shape. J. Lipid Res. 
23 (1982) 1121-1127. 

74 Langley, K. E., and Kennedy, E. P., Energetics of rapid transmem- 
brane movement and of compositional asymmetry of phos- 
phatidylethanolamine in membranes of Bacillus megaterium. Proc. 
natl Acad. Sci. USA 76 (1979) 6245-6249. 

75 Lubin, B, Chiu, D., Bastaeky, J., Roelofsen, B., and van Deenen, 
L. L. M., Abnormalities in membrane phospholipid organization in 
sickled erythrocytes. J. clin. Invest. 67 (1981) t643-1649. 

76 Lupu, F., Caib, M., Scurei, C., and Simionescu, N., Changes in the 
organization of membrane lipids during human platelet activation. 
Study by fluorescent and freeze-fracture cytochemistry. Lab. Invest. 
54 (1986) 136 145. 

77 Maksymiw, R., Sui, S., Gaub, H., and Sackmann, E., Electrostatic 
coupling of spectrin dimers to phosphatidylserine containing lipid 
lamellae. Biochemistry 26 (1987) 2983-2990. 

78 Maneta-Peyret, L., Freyburger, G., Bessoule, J.-J., and Cassagne, C., 
Specific immunocytochemical visualization of phosphatidylserine. J. 
immun. Meth. 12 (1989) 155-159. 

79 Martin, O. C., and Pagano, R. E., Transbilayer movement of fluo- 
rescent analogs of phosphatidylserine and phosphatidylethanolami- 
ne at the plasma membrane of cultured cells. J. biol. Chem. 262 
(1987) 5890-5898. 

80 Mc Namee, M. G., and Mc Connell, H. M., Transmembrane poten- 
tials and phospholipid flip-flop in excitable membrane vesicles. Bio- 
chemistry 12 (1973) 2951 2958. 

81 Michaelson, D. M., Barkai, G., and Barenholz, u  Asymmetry of 
lipid organization in eholinergic synaptic vesicle membranes. 
Biochem. J. 211 (1983) t55-162. 

82 Middelkoop, E., Transmembrane phospholipid asymmetry in ery- 
throid cells: mechanisms of maintenance. Ph.D. thesis. University of 
Utrecht (The Netherlands), 1989. 

83 Middelkoop, E., Lubin, B. H., Bevers, E. M., Op den Kamp, J. A. E,  
Comfurius, P., Chiu, D.T.-Y., Zwaal, R. E A., van Deenen, 
L. L. M., and Roelofsen, B., Studies on sickled erythrocytes provide 
evidence that the asymmetric distribution of phosphatidylserine in 
the red cell membrane is maintained by both ATP-dependent 
translocation and interaction with membrane skeletal proteins. 
Biochim. biophys. Acta 937 (1988) 281-288. 

84 Middelkoop, E., Lubin, B. H., Op den Kamp, J. A. E, and Roelof- 
sen, B., Flip-flop rates of individual molecular species of phos- 
phatidylcholine in the human red cell membrane. Biochim. biophys. 
Acta 855 (1986) 421-424. 

85 Mombers0 C., Verkleij, A. J., de Gier, J., and van Deeneu, L. L. M., 
Interaction of spectrin-acfin and synthetic phospholipids. II. The 
interaction with phosphatidylserine. Biochim. biophys. Acta 551 
(1979) 271-281. 

86 Morrot, G., Herv6, P., Zachowski, A., Fellmann, P., and Devaux, 
P. E, Aminophospholipid translocase of human erythrocytes: phos- 
pholipid substrate specificity and effect of cholesterol. Biochemistry 
28 (1989) 3456-3462. 

87 Morrot, G., Cribier, S., Devaux, P. E, Geldwerth, D., Davoust, J., 
Bureau, J. F., Fellmann, P., Hervb, P., and Frilley, B., Asymmetric 
lateral mobility of phospholipids in the human erythrocyte mem- 
brane. Proc. natl Acad. Sci. USA 83 (1986) 6863-6867. 

88 Murthy, M. S. R., and Pande, S. V., Mechanism of carnitine acylcar- 
nitine translocase-catalyzed import of acylcarnitines in mitochon- 
dria. J. biol. Chem. 259 (1984) 9082-9089. 

89 Noorman, P. C., van Echteld, C. J. A., de Kruijff, B., and de Giers, 
J., Rapid transbilayer movement of phosphatidylcholine in unsatu- 



R e v i e w s  Experientia 

rated phosphatidylethanolamine containing model membrane. 
Biochim. biophys. Acta 646 (1981) 483-487. 

90 Nordlund, J. R., Schmidt, C. E, Holloway, P. Vvl, and Thompson, 
T. E., Effect of cytochrome b 5 on the transbilayer distribution of 
phospholipids on model membranes. Biochemistry 21 (1982) 2820 
2825. 

91 Norris, V., Phospholipid flip-out controls the cell cycle of Esche- 
riehia coli. J. Theor. Biol. i39 (1989) 117-128. 

92 Olaisson, H., Mardh, S., and Arvisson, G., Phospholipid organiza- 
tion in H +K § membranes from pig gastric mu- 
eosa. J. biol. Chem. 260 (1985) 11 262-11 267. 

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

94 Packham, N. K., and Jackson, J. B., Transport of local anaesthetics 
across chromatophore membranes. Biochim. biophys. Acta 546 
(1979) 142-146. 

95 Pagano, R. E., and Longmuir, K. J., Phosphorylation, transbilayer 
movement, and facilitated intracellular transport of diacylglycerol 
are involved in the uptake of a fluorescent analog of phosphatidic 
acid by cultured fibroblasts. J. biol. Chem. 260 (1985) 1909-1916. 

96 Pagano, R. E., and Sleight, R. G., Defining lipid transport pathways 
in animal cells. Science 229 (1985) 1051-1057. 

97 Patzer, E. J., Wagner, R. R., and Barenholz, Y., Cholesterol oxidase 
as a probe for studying membrane organisation. Nature 274 (1978) 
394-395. 

98 Pelletier, X., Mersel, M., Freysz, L., and Leray, C., Topological 
distribution of aminophospholipid fatty acids in trout intestinal 
brush-border membrane. Biochim. biophys. Acta 902 (1987) 223- 
228. 

99 Perret, B., Chap, H. J., and Douste-Blazy, L., Asymmetric distribu- 
tion of arachidonic acid in the plasma membrane of human platelets. 
A determination using purified phospholipases and a rapid method 
for membrane isolation. Biochim. biophys. Acta 556 (1979) 434 
446. 

100 Rawyler, A., van der Schaft, P.H.,  Roelofsen, B., and Op den 
Kamp, J. A. E, Phospholipid localization in the plasma membrane 
of Friend erythroleukemic cells and mouse erythrocytes. Biochem- 
istry 24 (1985) 1777-1783. 

101 Record, M., El Tamer, A., Chap, H., and Douste-Blazy, L., Evidence 
for a highly asymmetric arrangement of ether- and diacyl-phospho- 
lipid subclasses in the plasma membrane of Krebs II ascites cells. 
Biochirn. biophys. Acta 778 (1984) 449-456. 

102 Redelmeier, T. E., Hope, M. J., and Cullis, P. R., On the mechanism 
of transbilayer transport of phosphatidylglycerol in response to 
transmembrane pH gradients. Biochemistry 29 (1990) 3046-3053. 

103 Renooij, W., van Gotde, L. M. G., Zwaal, R. E A., and van Deenen, 
L. L. M., Topological asymmetry of phospholipid metabolism in rat 
erythrocyte membranes. Evidence for flip-flop of lecithin. Eur. J. 
Biochem. 61 (1976) 53-58. 

104 Rimon, G., Meyerstein, N., and Hennis, Y I., Lateral mobility of 
phospholipids in the external and internal leaflets of normal and 
hereditary spherocytic human erythrocytes. Biochim. biophys. Acta 
775 (1984) 283-290. 

105 Roelofsen, B., Op den Kamp, J. A. E, and van Dennen, L. L. M., 
Structural and dynamic aspects of red cell phospholipids; featuring 
phosphatidylcholine. Biomed. biochim. Acta 46 (1987) 510-515. 

106 Rothman, J. E., and Dawidowicz, E. A., Asymmetric exchange of 
vesicle phospholipids catalyzed by the phosphatidylcholine exchange 
protein. Measurement of inside-outside transitions. Biochemistry I4 
(1975) 2809-2816. 

107 Rothman, J. E., and Kennedy, E. P., Asymmetricai distribution of 
phospholipids in the membrane of Bacillus megaterium. J. molec. 
Biol. 110 (1977) 603-618. 

108 Rothman, J. E., Tsai, D.K.,  Dawidowicz, E.A., and Lenard, J., 
Transbilayer phospholipid asymmetry and its maintenance in the 
membrane of influenza virus. Biochemistry 15 (1976) 2361-2370. 

109 Rousselet, A., Colbeau, A., Vignais, P. M., and Devaux, P. E,  Study 
of the transverse diffusion of spin-labeled phosphotipids in biologi- 
cal membranes�9 II. Inner mitochondrial membrane of rat liver: use 
of phosphatidylcholine exchange protein. Biochim. biophys. Acta 
426 (1976) 372-384. 

110 Rousselet, A., Guthman, C., Matricon, J., Bienven/ie, A., and De- 
vaux, P. E, Study on the transverse diffusion of spin labeled phos- 
pholipids in biological membranes. I. Human red blood cells. 
Biochim. biophys. Acta 426 (1976) 357-371. 

111 Sanchez-Yagfie, J., and Llanillo, M., Lipid composition of subcellu- 
lar particles from sheep platelets. Location of phosphatidylethanol- 
amine and phosphatidylserine in plasma membrane and platelet 
liposomes. Biochim. biophys. Acta 856 (1986) 193-201. 

46 (1990), Birkh~iuser Verlag, CH-4010 Basel/Switzerland 655 

112 Sandra, A., and Pagano, R. E., Phospholipid asymmetry in LM ceil 
plasma membrane derivatives: polar head group and acyl chains 
distribution. Biochemistry 17 (1978) 332-338. 

113 Schick, P. K., Kurica, K. B., and Chacko, G. K., Location ofphos- 
phatidylethanolamine and phosphatidylserine in the human platelet 
membrane. J. clin. Invest. 57 (1976) 1221 1226. 

114 Schroit, A. J., Madsen, J., and Ruoho, A. E., Radioiodinated pho- 
toactivable phosphatidylcholine and phosphatidylserine: transfer 
properties and differential photoreactive interaction with human 
erythrocyte membrane proteins. Biochemistry 26 (1987) 1812- 
1819. 

115 Seigneuret, M., and Devaux, P. E, ATP-dependent asymmetric dis- 
tribution of spin-labeled phospholipids in the erythrocyte mem- 
branes: relation to shape changes. Proc. natl Acad. Sci_ USA 81 
(1984) 3751-3755. 

116 Seigneuret, M., Zachowski, A., Herrmann, A., and Devaux, P. E, 
Asymmetric lipid fluidity in human erythrocyte membrane: new 
spin-label evidence. Biochemistry 23 (1984) 4271-4275. 

117 Sessions, A., and Horwitz, A. F., Differentiation-related differences 
in the plasma membrane phospholipid asymmetry of myogenic and 
fibrogenic cells. Biochim. biophys. Acta 728 (1983) 103-111. 

118 Sharom, E J., and Grant, C. W. M_, A model for ganglioside be- 
haviour in cell membranes. Biochim. biophys. Acta 507 (1978) 280- 
293. 

119 Shaw, J.M., Hntton, "VV C., Lentz, B.R., and Thompson, T.E., 
Proton nuclear magnetic resonance study of the decay of transbilay- 
er compositional asymmetry generated by a phosphatidylcholine 
exchange protein. Biochemistry 16 (1977) 4156-4163. 

120 Sheetz, M.P., and Singer, S.J., Biological membranes as bilayer 
couples. A molecular mechanism of drng-erythrocyte interactions. 
Proc. natl Acad. Sci. USA 71 (1974) 4457-4461. 

121 Shukla, S. D., and Hanahan, D. J., Membrane alteration in cellular 
aging: susceptibility of phospholipids in density (age)-separated hu- 
man erythroeytes to phospholipase A z. Archs Biochem. Biophys. 
214 (1982) 335-341. 

122 Siegel, D. P., Banschbach, J., and Yeagle, P. L., Stabilization of H n 
phases by low levels of diglycerides and alkanes: a NMR, calorimet- 
ric and X-ray diffraction study. Biochemistry 28 (1989) 5010-5019. 

123 Sleight, R. G., and Pagano, R. E., Transport of a fluorescent phos- 
phatidylcholine analog from the plasma membrane to the Golgi 
apparatus. J. Cell Biol. 99 (1984) 742-751. 

124 Sperka-Gottlieb, C. D. M., Hermetter, A., Paltauf, F., and Daum, 
G., Lipid topology and physical properties of the outer mitoehondri- 
al membrane of the yeast, Saccharomyces cerevisiae. Biochim. bio- 
phys. Acta 946 (1988) 227 234. 

125 Sune, A., and Bienven/ie, A ,  Relationship between the transverse 
distribution ofphospholipids in plasma membrane and shape change 
of human platelets. Biochemistry 27 (1988) 6794-6800. 

126 Sune, A., Vidai, M., Morin, P., Sainte-Marie, J., and Bienveniie, A., 
Evidence for bidirectionnal transverse diffusion of spin-labeled 
phospholipids in the plasma membrane of guinea pig blood cells. 
Biochim. biophys. Acta 946 (1988) 315-327. 

127 Tanaka, K. I., and Ohnishi, S.-I., Heterogeneity in the fluidity of 
intact erythrocyte membrane and its homogenization upon hemoly- 
sis. Bioehim. biophys. Acta 426 (1976) 218-231. 

128 Tanaka, Y, and Schroit, A. J., Insertion of fluorescent phosphatidyl- 
serine into the plasma membrane of red blood ceils. Recognition by 
autologous macrophages. J. biol. Chem. 258 (1983) 11 335-11 343. 

129 Tilley, L., Cribier, S., Roelofsen, B., Op den Kamp, J. A. E, and van 
Deenen, L. L. M., ATP-dependent translocation of aminophospho- 
lipids across the human erythrocyte membrane. FEBS Lett. 194 
(1986) 21-27. 

130 Tocanne, J.-E, Dupou-C~zanne, L., Lopez, A., and Touruier, J.-K, 
Lipid lateral diffusion and membrane organization. FEBS Lett. 257 
(1989) 10-16. 

131 Vale, M. G. P., Localization of the aminophospholipids in sar- 
coplasmic reticulum membranes revealed by trinitrobenzene-sul- 
fonate and fluorodinitrobenzene. Biochim. biophys. Acta 471 (1977) 
39 -48. 

132 Vance, D. E., Choy, P. C., Farren, S. B., Lim, P. H., and Schneider, 
W. J., Asymmetry of phospholipid biosynthesis. Nature 270 (1977) 
268-269. 

133 Van den Besselaar, A. M. H. P., de Kruijff, B., van den Bosch, H., 
and van Deenen, L. L. M., Phosphatidylcholine mobility in liver 
microsomal membranes. Biochim. biophys. Acta 510 (1978) 242- 
255. 

134 Van den Meer, B. W, Fugate, R. D., and Sims, P. J., Complement 
proteins C5b-9 induce transbilayer migration of membrane phos- 
phofipids. Biophys. J. 56 (I989) 935-946. 



656 Experientia 46 (1990), Birkh~iuser Verlag, CH-4010 Basel/Switzerland Reviews 

135 Van der Schaft, P. H., Beaumelle, B., Vial, H., Roelofsen, B., Op den 
Kamp, J. A. E, and van Deenen, L. L. M., Phospholipid organiza- 
tion in monkey erythrocytes upon Plasmodium knowlesi infection. 
Biochim. biophys. Acta 901 (1987) 1-14. 

136 Van der Steen, A. T. M., de Kruijff, B., and de Gier, J., Glycophorin 
incorporation increases the bilayer permeability of large unilameUar 
vesicles in a lipid-dependent manner. Biochim. biophys. Acta 691 
(1982) 13-23. 

137 Van Dijck, P. W M., van Zoelen, E. J. J., Se!denrijk, R., van Deenen, 
L. L. M., and de Gier, J., Calorimetric behavior of individual phos- 
pholipid classes from human and bovine erythrocyte membranes. 
Chem, Phys. Lipids 17 (1986) 336-343. 

138 Van Duijn, G., Luiken, J., Verkleij, A. J., and de Kruijff, B., Relation 
between lipid polymorphism and transbilayer movement of lipids in 
rat liver microsomes. Biochim. biophys. Acta 863 (1986) 193-204. 

139 Van Meet, G., Plasma membrane cholesterol pools. TIBS 12 (1987) 
375-376. 

140 Van Meer, G., Gahmberg, C. G., Op den Kamp, J. A. E, and van 
Deenen, L. L. M., Phospholipid distribution in human En(a-) red 
cell membranes which lack the major sialoglycoprotein, glycophorin 
A. FEBS Lett. 135 (1981) 53-55. 

141 Van Meer, G., and Op den Kamp, J. A. E, Transbilayer movement 
of various phosphatidylcholine species in intact human erythrocytes. 
J. Cell Biochem. 19 (1982) 193 204. 

142 Van Meet, G., Simons, K., Op den Kamp, J. A. E, and van Deenen, 
L. L. M., Phospholipid asymmetry in Semliki Forest virus grown in 
baby hamster kidney (BHK-21) cells. Biochemistry 20 (1981) 1974- 
1981. 

143 Venien, C., and Le Grimetlec, C., Phospholipid asymmetry in renal 
brush-border membranes. Biochim. biophys. Acta 942 (1988) 159- 
168. 

144 Verkleij, A.J., Zwaal, R. E A., Roelofsen, B., Comfurius, P., 
Kastelijn, D., and van Deenen, L. L. M., The asymmetric distribu- 
tion of phospholipids in the human red cell membrane. A combined 
study using phospholipases and freeze-etching electron microscopy. 
Biochim. biophys. Acta 323 (1973) 178-193. 

145 Williamson, P., Algarin, L., Bateman, J., Choe, H. R., and Schlegel, 
R., Phospholipid asymmetry in human erythrocyte ghosts. I Cell 
Physiol. I23 (1985) 209 214. 

146 Williamson, P., Bateman, J., Kozarsky, K., Mattocks, K., Her- 
manowicz, N., Choe, H. R., and Schlegel, R., Involvement of spec- 
trin in the maintenance of phase-state asymmetry in the erythrocyte 
membrane. Cell 30 (1982) 725-735. 

147 Zachowski, A., Craescu, C. T., Galacteros, F., and Devaux, P. E, 
Abnormality of phospholipid transverse diffusion in sickle erythro- 
cytes. J. clin. Invest. 75 (1985) 1713-1719. 

148 Zachowski, A., Favre, E., Cribier, S., Herv6, P., and Devaux, P. E, 
Outside-inside translocation of aminophospholipids in the human 
erythrocyte membrane is mediated by a specific enzyme. Biochem- 
istry 25 (1986) 2585 2590. 

149 Zachowski, A., Fellmann, P., and Devaux, P. E, Absence of transbi- 
layer diffusion of spin-labeled sphingomyelin in human erythrocytes. 
Comparison with the diffusion of several spin-labeled glycerophos- 
pholipids. Biochim. biophys. Acta 815 (1985) 510 514. 

150 Zachowski, A., Henry, J. P., and Devaux, P. E, Control of trans- 
membrane lipid asymmetry in chromaffi~l granules by an ATP-de- 
pendent protein. Nature 340 (1989) 75-76. 

151 Zachowski, A., Herrmann, A., Paraf, A., and Devaux, P. E, 
Aminophospholipid outside-inside translocation in lymphocyte 
plasma membranes is a protein-mediated phenomenon. Biochim. 
biophys. Acta 897 (1987) 197 200. 

152 Zilversmit, D.B., Phospholipid exchange proteins as membrane 
probes. Ann. N.Y. Acad. Sci. 308 (1978) 149-163. 

153 Zilversmit, D. B., and Hughes, M. E., Extensive exchange of rat liver 
microsomal phospholipids. Biochim. biophys. Acta 469 (1977) 99- 
110. 

154 Zwaat, R. F. A., and Berets, E. M., in: Lipids and Membranes: Past 
Present and Future, pp. 231-257. Eds J. A. E Op den Kamp, 
B. Roelofsen and K. W. A. Wirtz. Elsevier Science Publishers, Am- 
sterdam 1986. 

0014-4754/90/060644-1351.50 + 0.20/0 
�9 Birkh/iuser Verlag Basel, 1990 

Concluding remarks and perspectives 

G. Daum 

Institut fiir Biochemie und Lebensmittelchemie, Technische Universitiit Graz, Schl6gelgasse 9/III, 
A-8010 Graz (Austria) 

The existence of subcellular compartments provides a 
spatial separation of metabolic events and cellular pro- 
cesses, which allows the coexistence and coordination of 
different pathways within the cell. Biological membranes 
form the barrier between organelles and their environ- 
ment. As well as proteins, lipids are integral parts of all 
cellular membranes. They act as structural elements, but 
by providing the proper environment they also affect the 
activity of enzymes present in membranes by modula- 
tion. The elucidation of processes involved in the assem- 
bly of lipids into cellular membranes is therefore an im- 
portant subject of modern cell biology. 
The present Multi-author Review summarizes our 
knowledge of the supply of lipids to membranes, of 
mechanisms involved in intracellular lipid translocation, 
and of regulatory effects on the migration of lipids within 
the cell. Morton and Vance and Vance describe the inter- 
action between extracellular (lipoproteins) and cellular 
lipids. A plasma lipid transfer protein catalyzes the mi- 

gration of cholesterol esters and triacylglycerols between 
lipoproteins and cells, which leads to the modulation of 
cellular lipid levels and directly influences cellular mem- 
brane lipid composition. Vice versa, cellular lipid 
metabolism affects the assembly and the secretion of 
lipoproteins into the plasma. Vance and Vance argue that 
preferential assembly of newly synthesized lipids into 
lipoproteins acts as the driving force for the secretion of 
lipoproteins from the endoplasmic reticulum via the Gol- 
gi apparatus to the cell surface. 
Lipids either taken up or synthesized by cells must be 
distributed correctly among cellular membranes. The 
unique lipid composition of each cellular membrane ne- 
cessitates efficient and well-balanced processes for the 
supply of membrane lipids to organelles. Routes and 
mechanisms of lipid transport have been studied in mam- 
malian cells (Voelker), plant cells (Arondel and Kader) 
and microorganisms (Daum and Paltauf). Biochemical, 
cytological and molecular biological techniques were era- 


