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Oxidation of erythrocyte membrane SH-groups and concomitant cross-linking of spectrin, which induce a 
partial loss of phospholipid asymmetry (Haest, C.W.M., Plasa, G., Kamp, D. and Deuticke, B. (1978) 
Biochim. Biophys. Acta 509, 21-32) are now shown to result in a remarkable increase of the rates of 
transbilayer reorientation of exogenously incorporated lysophospholipids. Reorientation of both, neutral 
lysophosphatidylcholine and of negatively charged lysophosphatidylserine is enhanced. A decrease of the 
activation energy of the reorientation process as well as quantitative changes of the dependence of 
reorientation on the lysophosphatidylcholine and cholesterol content of the membrane indicate formation of 
new reorientation sites or modification of existing sites. A common mechanism may underly the formation of 
reorientation sites and the occurrence of leaks for small solutes (Deuticke, B., Poser, B., Liitkemeier, P. and 
Haest, C.W.M. (1983) Biochim. Biophys. Acta 731, 196-210) subsequent to oxidation of membrane 
SH-groups. Whereas exogenous iysophospholipids completely equilibrate between the two lipid layers 
regardless of the extent of oxidation of SH-groups, endogenous inner layer phospholipids become available 
for reorientation in a graded way. Native phospholipid asymmetry is therefore not the result of a low 
transbilayer mobility of phospholipids, but probably due to a lack of access of inner layer phospholipids to the 
reorientation sites. 

Introduction 

The preferential orientation of phosphatidyl- 
ethanolamine and phosphatidylserine to the cyto- 
plasmic membrane interface [1] is stable [2] in 
circulating erythrocytes. Mild oxidation by di- 
amide of membrane SH-groups to disulfide bonds, 
which is paralleled by selective cross-linking of the 
skeletal protein, spectrin, to oligomers, however, 
results in a complete loss of asymmetry of phos- 
phatidylethanolamine and a partial loss of asym- 
metry of phosphatidylserine [3]. Data obtained 
recently in our [4,5] and other [6] laboratories have 

provided evidence that this loss of asymmetry is 
related to an enhancement of the transbilayer mo- 
bility of certain phospholipids. Endogenous phos- 
phatidylcholine [6] as well as lysophosphatidyl- 
choline [7] incorporated experimentally into the 
outer membrane layer were shown to reorient much 
faster to the inner layer in diamide-treated than in 
native cells. 

On the other hand the distribution of 
sphingomyelin is not changed by diamide and the 
loss of asymmetry of phosphatidylserine is only 
partial [3]. These observations demonstrate that 
the treatment of erythrocytes with SH-oxidizing 
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agents does not result in a general transbilayer 
equilibration of phospholipids. Besides its effect 
on transverse lipid mobility diamide produces 
structural defects in the erythrocyte membrane [8], 
having the properties of aqueous pores, but also 
sensitive to perturbations of the membrane lipid 
domain. 

In the present paper the reorientation process 
induced by SH-oxidizing agents and its site are 
characterized in more detail. Correlations between 
loss of asymmetry of phosphatidylethanolamine, 
increase of transbilayer reorientation of 
lysophosphatidylcholine, and pore formation in- 
duced in the membrane by diamide are discussed. 

Materials 

Fresh human blood, anticoagulated by heparin, 
was obtained from the local blood bank. Freshly 
collected blood samples from different animals 
were anticoagulated with heparin (Rabbit, rat) or 
citrate (ox). Erythrocytes were isolated by centrifu- 
gation and washed three times in 154 mmol-1-1 
NaC1. L-l-J1-14 C]Palmitoyllysophosphatidylcho - 
line (spec. act. 47.5 mCi/mmol) was purchased 
from Amersham-Buchler, non-radioactive palmit- 
oyllysophosphatidylcholine from Sigma. a4C- 
labelled lysophosphatidylserine was prepared from 
dioleoylphosphatidyl[U- 14 C]serine (Amersham- 
Buchler) by cleavage of the fatty acid at position 2 
with phospholipase A 2 from bee venom. The 
lysophospholipid was then purified by thin layer 
chromatography. Purity was checked with a radio- 
chromatographic scanner. 

Methods 

Diamide treatment of erythrocytes 
Erythrocytes washed with isotonic saline were 

resuspended in 10 vol. of a medium containing 
(concentrations in retool.l-a): KC1 (90), NaC1 
(45), Na2HPO4/NaH2PO4 (12.5) and sucrose (44) 
(Medium A). The pH of the suspension was ad- 
justed to pH 8.0, except in studies on the pH 
dependence, by the addition of 0.1 M NaOH. 
Subsequently, diamide was added to a final con- 
centration of 5 mmol. 1-1, unless otherwise indi- 
cated, and the cells incubated at 37°C. After vari- 
ous times of incubation cells were isolated by 
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centrifugation and washed three times with 
medium A of pH 7.4. 

Measurement of the transbilayer reorientation of 
lysophosphatidylcholine 

100/~1 of a suspension of 1 vol. of pretreated 
erythrocytes in 1 vol. of Medium A were added to 
30 nmol of dry 14C-labelled lysophospholipid to 
incorporate the lysophospholipid into the outer 
membrane layer. Reorientation to the inner layer 
was quantified by the decrease of extractability of 
lysophosphatidylcholine by albumin as described 
elsewhere [9]. Briefly, after different times of in- 
cubation at 37°C, 50/~1 aliquots were transfered to 
small vials. The cells were spun down, washed 
once with 1 ml of Medium A and taken up with 
400 /~1 of Medium A. One 200 /~1 sample was 
centrifuged and the total amount of radioactivity 
in the membrane quantified. Another 200/~1 sam- 
ple was used to determine the radioactivity in the 
inner membrane lipid layer. To this end the cells 
were incubated twice (1-3 rain, 4°C) with 1 ml of 
a solution of 1.5% albumin in Medium A to ex- 
tract outer layer lysophosphatidylcholine. The rate 
constant (kin) and the half time (q/2) of reorien- 
tation of lysophosphatidylcholine from the outer 
to the inner layer were then calculated (see Ap- 
pendix) using an equilibrium ratio for the distribu- 
tion of lysophosphatidylcholine between the inner 
and the outer lipid layer of 0.5 for diamide-treated 
cells (see Results) and a value of 0.3 for control 
cells (unpublished data). 

Results 

The SH-oxidizing agent diamide is known to 
oxidize membrane SH-groups to disulfide bonds. 
Both, intramolecular as well as intermolecular di- 
sulfide bonds, mainly between spectrin monomers, 
are formed [3]. This disulfide bond formation has 
previously been shown to result in a time-depen- 
dent loss of the asymmetric arrangement of phos- 
phatidylethanolamine and phosphatidylserine [3]. 

Besides the loss of asymmetry of endogenous 
phospholipids [3], an enhancement of the transbi- 
layer reorientation of exogenously incorporated 
lysophospholipids occurs in cells treated with di- 
amide (Fig. 1). Rates of reorientation to the inner 
layer of both, neutral lysophosphatidylcholine as 
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Fig. 1. Time-dependent increase of the rate (kin) of transbi- 
layer reorientation of lysophospholipids in erythrocytes pre- 
treated with diamide. Cells were treated with diamide (5 mmol. 
1-1) for different times and washed. [14C]Lysophosphati- 
dylchofine (e) or [14 C]lysophosphatidylserine (A) were incorpo- 
rated into the outer lipid leaflet and rates of re, orientation of 
the lysophospholipid to the inner layer measured (see Methods). 

well as negatively charged lysophosphatidylserine, 
increase with the durat ion of  the exposure of  cells 
to diamide. The enhancement  of  the flip is related 
in a strongly nonlinear  way to the diamide-in- 
duced modificat ion of  membrane  SH-groups (Fig. 
2). Oxidation of  the first 50% of the SH-groups 

only results in a small increase of the reorientation 
rate, while oxidation of  further SH-groups goes 
along with a steep rise of  the reorientation rate. 
N o  saturation of the reorientation rate occurred 
upon oxidation of  essentially all of the diamide- 
sensitive SH-groups,  i.e. of about  80% of the total 
membrane  SH-groups [10]. The residual 20% react 
at best only very slowly with SH-reagents. 

The effect of diamide on transbilayer reorien- 
tation exhibits saturation kinetics (half maximal 
effective concentrat ion of  1.6 m m o l .  1-1, data not 
shown), which were also observed for diamide's  
effect on membrane  permeabili ty [8]. Such satura- 
tion kinetics indicate that the rate of  the reaction 
of  diamide with SH-groups is probably  not limited 
by the concentrat ion of  the oxidant, but  de-- 
termined by the collision frequency of pairs of  
SH-groups.  

The reactivity of  SH-groups [11] is known to be 
highly enhanced in their ionized state (pK of cy- 
steine = 8.39, Ref. 12). In line with this general 
rule only minor  effects of diamide were observed 
up to pH values of  7.7, whereas a steep increase of 
flip rates occurred above pH 8.0 (fig. 3). Oxidative 
cross-linking of  SH-groups is probably  directly 
involved in the effect of  diamide. This is indicated 
by the easy reversibility of most  of  the enhance- 
ment  of  the flip upon reduction of the induced 
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Fig. 2. Relationship between the increase of transbilayer re- 
orientation of lysolecithin and the decrease of membrane SH- 
groups in diamide-treated cells, ki,-values (Fig. 1) are plotted 
against the percentage of membrane SH-groups oxidized by 
diamide under the same conditions. SH-groups were quantified 
by reaction with 4,4'-dithiodipyridine as described before [10]. 
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Fig. 3. pH-dependence of the effect of diamide on the trans- 
bilayer re, orientation of lysophosphatidylchohne. Erythrocyte 
suspensions were titrated to pH-values between 7.1 and 8.6, 
treated with diamide (5 mmol. 1- i  37oC, 30 min) and washed. 
Transbilayer reorientation of lysophosphatidylcholine was 
quantified at pH 7.4. 



TABLE I 

REVERSIBILITY OF THE DIAMIDE-INDUCED EN- 
HANCEMENT OF TRANSBILAYER REORIENTATION 
OF LYSOPHOSPHATIDYLCHOLINE 

Erythrocytes were treated with diamide for 0-60 rain at 37°C 
and pH 8.0. After washing the cells were treated with 10 vol. of 
Medium A containing 5 retool. I-~ dithioerythritol (DTE) for 
30 rain at 37°C and pH 8.0. An inner layer fraction of 
lysophosphatidylcholine at equilibrium of 0.5 was used to 
calculate ki, (see Results). 

Time with ki. (h- 1 ) % revers- 
diamide before DTE after DTE -ibility 
(rain) 

0 0.022 0.016 
15 0.090 0.040 74 
30 0.260 0.070 79 
60 0.615 0.215 67 

disulfide bonds (Table I). Such reversibility makes 
it rather unlikely that irreversible denaturation or 
aggregation of membrane proteins are the underly- 
ing reasons for the effect. Minor contributions of 
such non-specific secondary effects might be sus- 
pected in view of the incomplete reversibility 
(70-80%) of the diamide effect. Since, however, 
phospholipid asymmetry is partly abolished by the 
diamide treatment [3], a contribution of the altered 
arrangement of phospholipids between the two 
leaflets could also be responsible for the enhance- 

TABLE II 

INHIBITION OF THE EFFECTS OF DIAMIDE ON 
TRANSBILAYER REORIENTATION BY A SHORT PRE- 
TREATMENT WITH N-ETHYLMALEIMIDE 

Erythrocytes were pretreated with iodoacetate to block in- 
tracellular GSH, washed and incubated with 10 vol. of Medium 
A containing 0.4 mmol.1-1 N-ethylmaleimide (37°C, pH 8.0). 
After 10 and 20 s the reaction was terminated by the addition 
of GSH and centrifugation. Washed cells were then treated 
with diamide (5 mmoi.l-l, 45 rain, 37°C) and re, orientation of 
lysophosphatidylcholine measured (see Methods for details). 

Sequence of t r e a t m e n t s  kin (h-1) 

Controls 0.022 
Diamide 0.409 
Diamide after 

N-ethylmaleimide, 10 s 0.078 
N-ethylmaleimide, 20 s 0.051 
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ment of transbilayer reorientation persisting after 
cleavage of the induced disulfide bonds. 

A very small fraction of highly reactive mem- 
brane SH-groups is probably of crucial importance 
for the effect of diamide. This is demonstrated by 
an almost complete suppression of the effect of 
diamide by a very brief pretreatment of the cells 
with a low concentration of N-ethylmaleimide (Ta- 
ble II). Such a pretreatment also prevents the loss 
of asymmetric distribution of phospholipids after 
diamide [3] and suppresses the formation of aque- 
ous pores [8]. While this highly reactive small 
fraction may have a trigger function, the time-de- 
pendence of the diamide effect indicates, on the 
other hand, that disulfide bond formation in a 
slowly reacting fraction of membrane SH-groups 
contributes very considerably to the effect of di- 
amide (Figs. 1 and 2), Previously, we could dem- 
onstrate [3] that N-ethylmaleimide under the con- 
ditions of its suppressive effects reacts preferen- 
tially with SH-groups of the membrane skeletal 
protein spectrin and thereby blocks SH-groups 
that are involved in the cross-linking of this pro- 
tein. Thus, disulfide bond formation of both, slowly 
and rapidly reacting SH-groups is necessary to 
obtain the effects. 

Equilibrium distribution of lysophosphatidylcholine 
in diamide-treated erythrocytes. Symmetry of the 
reorientation process 

Since the rate of its transbilayer reorientation 
becomes highly enhanced by a diamide treatment 
( 3 0 - 9 0  min) ,  the d i s t r i bu t ion  ra t io  of  
lysophosphatidylcholine between the two lipid 
leaflets of the erythrocyte membrane could easily 
be followed over several half times of reorienta- 
tion. The change of the distribution ratio with 
time, before equilibrium is reached, can be 
evaluated using an iterative procedure given in the 
Appendix. This procedure provides an equilibrium 
dis t r ibut ion rat io  ( inner : outer  layer) for 
lysophosphatidylcholine of (54 + 6)% : (46 + 6)%, 
or, after correction for acylation of lysophosphati- 
dylcholine in the inner layer of 49 : 51. 

The rapid movement of lysophosphatidylcho- 
line into the inner membrane leaflet, which occurs 
in diamide-treated cells without considerable ac- 
ylation ( <  10%, data not shown), also offers the 
possibility to measure the backward reorientation 
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Fig. 4. Comparison of reorientation of lysophosphatidylcholine 
from the outer to the inner layer (flip) to that in the reverse 
direction (flop). Erythrocytes were treated with diamide (5 
mmol . l  - ] ,  pH 8, 37°C, 45 min), and washed. [14C]Lyso- 
phosphatidylcholine was then incorporated into the outer leaf- 
let and its reorientation to the inner layer quantified by follow- 
ing the increase of the non-extractable fraction of 
lysophosphatidyicholine (A). After accumulation of about 40% 
of the lysophosphatidylcholine in the inner layer, outer layer 
lysophosphatidylcholine was extracted by 1.5% albumin and 
cells incubated at 37°c. Reorientation of lysophosphatidylcho- 
line from the inner to the outer layer was quantified by the 
decrease of the non-extractable fraction of lysophosphati- 
dylcholine (B). Half times of flip and flop are approx. 0.8 h. 
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Fig. 5. Cholesterol dependence of the effect of diamide on 
transbilayer reorientation. Erythrocytes were depleted of or 
enriched with cholesterol by incubation (37°C, 24 h) with a 
dispersion of dipalmitoylphosphatidylcholine, containing vari- 
ous amounts of cholesterol [13]. After three washings, cells 
were treated with diamide (5 mmol. I-1,30 min, 37°C, pH 8.0). 
Diamide-treated cells (O) are compared with untreated cells 
(o) .  

of lysophosphatidylcholine from the inner to the 
outer layer (i.e. a 'flop'), after prior extraction of 
outer layer lysophosphatidylcholine. From Fig. 4 it 
becomes evident that both, the flip and the flop 
process occur at very similar rates (kin--kout). 
This demonstrates the symmetry of the induced 
flop process. 

Properties of the diamide-induced flip process 
Further studies served to characterize the di- 

amide-induced flip process. To this end the activa- 
tion energy of the flip in diamide-treated cells was 
compared with that in control cells. The activation 
energy of the reorientat ion of palmitoyl- 
lysophosphatidylcholine was much lower (79 
kJ /mol )  than that in control cells (134 kJ /mol ;  
Ref. 9). Moreover, the effects of variations of the 
lysophosphatidylcholine as well as of the 
cholesterol content of the membrane on the 
reorientation process were studied. While the 
reorientation rate in control cells is essentially 

independent of the lysophosphatidylcholine con- 
tent of the membrane [7], reorientation was about 
twice higher in diamide-treated cells containing 
300 nmol lysophosphatidylcholine per ml of cells 
(6 mol% of the membrane phospholipids) as com- 
pared to cells containing only 20 nmol /ml  cells 
(data not shown). Reorientation of lysophosphati- 
dylcholine in diamide-treated ceils was highly 
enhanced by cholesterol depletion, whereas 
cholesterol enrichment had only minor effects (Fig. 
5). In control cells, on the other hand, cholesterol 
dependence is linear. All these results suggest the 
formation, by diamide, of a new type of flip sites 
instead of an increase of the number of native flip 
sites. 

In view of the marked cholesterol dependency 
of the lysophosphatidylcholine reorientation in 
cholesterol-depleted cells it might be argued that 
diamide treatment, like cholesterol depletion, 
increases membrane fluidity. To test this hypothe- 
sis fluorescence depolarization of diphenyl- 



TABLE III 

DIAMIDE EFFECT ON ERYTHROCYTES OF VARIOUS 
MAMMALIAN SPECIES 

Erythrocytes were washed and treated with diamide (5 mmol- 
l- 1, 30 min, pH 8 and 37°C). After three washings the reorien- 
tation of palmitoyUysophosphatidylcholine was measured. 

Treatment ki, (h- z ) in erythrocytes of 

Rabbit Human Rat Ox 

Control 0.018 0.019 0.029 < 0.002 
Diamide 0.062 0.173 0.106 < 0.002 

hexatriene was measured in membranes prepared 
from normal cells treated with the SH-oxidizing 
agents, diamide and tetrathionate [3]. No signifi- 
cant difference in the polarization could be dem- 
onstrated, the polarization being 0.30 for control 
cells and 0.29-0.30 for modified cells. This may be 
taken as evidence that the changes responsible for 
the enhanced reorientation of lysophosphati- 
dylcholine in diamide-treated cells in fact occur at 
discrete sites, but do not alter properties of the 
membrane lipid phase in general. 

To investigate whether the enhancement of 
phospholipid reorientation by diamide is unique 
for the human erythrocyte, its effects were tested 
in erythrocytes of various species (Table III). Al- 
though less pronounced than in human erythro- 
cytes, enhancement of reorientation was also 
observed in rabbit and rat erythrocytes. The higher 
content of unsaturated fatty acids and the lower 
content of sphingomyelin of rat erythrocytes as 
compared to human erythrocytes does obviously 
not greatly influence the effect of diamide on the 
lipid domain. In ox erythrocytes, on the other 
hand, no increase of reorientation of lysophospha- 
tidylcholine was observed after diamide treatment 
of the cells. This lack of effect may be due to the 
impossibility to detect such an increase against the 
at least 10-fold lower native transbilayer reorienta- 
tion rate in ox erythrocytes compared to those of 
human, rat and rabbit. Alternatively, the high 
sphingomyelin content could suppress formation 
of flip sites in membranes of ox erythrocytes. 
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Discussion 

In recent years a number of laboratories has 
adduced evidence that the natural asymmetry of 
phospholipids in the erythrocyte membrane may 
partly get lost in a number of experimental situa- 
tions [3] as well as under pathological conditions 
[14]. The loss of asymmetry is most prominent for 
the aminophospholipids residing in the inner layer, 
less pronounced for phosphatidylcholine, and un- 
detectable for sphingomyelin [3] located in the 
outer layer. We have advocated the hypothesis that 
in some of these cases at least, the establishment of 
a more symmetrical distribution of the phospholi- 
pids is due to the loss of a stabilizing influence 
normally exerted on the inner layer phospholipids 
by the spectrin network or the membrane skeleton 
[3]. The data presented here and recent findings of 
other [5,7] provide further evidence for this con- 
cept (see Discussion below). 

Diamide treatment enhances the rate of transbi- 
layer reorientation of lysophosphatidylcholine and 
of negatively charged lysophosphatidylserine up to 
150-fold. The oxidation of membrane SH-groups 
is a necessary prerequisite for the enhancement of 
the flip, since removal of the oxidant immediately 
stops the development of the effect [8]. Moreover, 
the suppression of the effect by N-ethylmaleimide 
(Table III), which preferably binds to spectrin 
under these conditions, suggests that SH-group 
oxidation in this skeletal protein plays a key role 
for the flip enhancement. On the other hand, 
however, this enhancement is not a simple func- 
tion of the number of SH-groups oxidized, as no 
saturation of the effect occurs upon oxidation of 
essentially all of the reactive membrane SH-groups 
(Fig. 2). This feature clearly points to interposed 
reactions with more complicated kinetics. The in- 
crease of transbilayer mobility is certainly not a 
consequence of, but the reason for the partial loss 
of asymmetry of endogenous phospholipids, since 
reductive cleavage of the induced disulfide bonds 
does not re-establish phospholipid asymmetry, 
while rapidly normalizing the transbilayer mobility 
of exogenous lysophosphatidylcholine. Moreover, 
our fluorescence polarization studies indicate that 
the increased flip occurs at discrete reorientation 
sites. 
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Mechanism of the diamide-induced transbilayer re- 
orientation of phospholipids 

Differences in the activation energies and in the 
cholesterol dependence of the reorientation pro- 
cess in native and diamide-treated cells indicate 
the formation of a new type of flip sites by di- 
amide. Conceptually, flip sites for phospholipid in 
a lipid-protein mosaic membrane may be situated 
in the lipid domain or at the interface between 
lipids and intrinsic proteins. Aggregation of extrin- 
sic skeletal [7], and intrinsic membrane-inter- 
calated proteins in diamide-treated cells was dem- 
onstrated to produce lipid domains free of pro- 
teins [15]. It was proposed that constraints against 
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Fig. 6. Correlation between enhancement of transbilayer re- 
orientation of lysophosphatidylcholine and leak formation by 
diamide. Data for time-dependent increase of leak permeability 
(Ap), of S-acetamidothioglycol (0) or C1- (zx), adapted from 
Ref. 8, are plotted against the increase of the reorientation rate 
of lysophosphatidylcholine ( A k i n ) ,  calculated data in Fig. 1. 
The diamide-induced leak and reorientation rate after 20 rain 
treatment were taken as references (1.0). 

formation of flip sites normally imposed on the 
lipid bilayer by the skeleton might be removed by 
this aggregation [7]. Alternatively, lipid areas per- 
turbed at their cytoplasmic surface by the aggre- 
gates of extrinsic proteins could be the sites of 
enhanced reorientation. In either case a lateral 
reorganization of phospholipids might be en- 
visaged to result in a local phase separation, a 
concomitant increase of lateral compressibility of 
phospholipids at the phase boundary and a thin- 
ning of the bilayer in this region. These changes 
might ultimately end in the temporary formation 
of structural defects such as hydrophobic pores 
bound by the alkyl chains of the phospholipids, or 
hydrophilic pores bound by their headgroups 
[16,17], or non-bilayer, e.g. hexagonal, phases [18]. 

In model membranes an enhancement of the 
transbilayer mobility of lipids by phase separa- 
tions in the lipid bilayer or by introduction of 
protein into the lipid phase, which produces a 
'mismatch'  between lipid and protein [19], is often 
paralleled by an increased leakiness [20-22]. In 
line with this observation the enhancement of the 
transbilayer mobility of phospholipids by diamide 
is accompanied by formation of leaks for hydro- 
philic solutes in the erythrocyte membrane [8]. Fig. 
6 shows the relationship between the increase of 
flip rates and the increase of the leak permeability 
for anions (C1-) and a model non-electrolyte, S- 
acetamidothioglycol. For small increases of re- 
orientation rate and leak permeability the ratio of 
both is approximately unity. This 1 : 1 relationship 
suggests that the increase of the flip is due to an 
increase in the number of flip sites also acting as 
pores. For higher increases of leak permeability, 
i.e. after a more extensive modification by di- 
amide, flip rates increase overproportional, a find- 
ing not yet interpretable. 

Relationship between the enhancement of transbi- 
layer mobility of exogenous phospholipids and the 
loss of asymmetry of endogenous phospholipids 

The transbilayer mobili ty of exogenous 
lysophospholipids rises linearly with the time of 
exposure to diamide (Fig. 1). If an increase of 
transbilayer mobility is the only crucial step in the 
loss of phospholipid asymmetry in diamide-treated 
cells a prolongation of the exposure of the cells to 
diamide should increase the rate at which asymme- 
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Fig. 7. Graded loss of phospholipid asymmetry induced by 
diamide. Erythrocytes were treated with diamide (5 retool. 1-1, 
37°C, pH 8.0) for 20 (B) or 30 rain (C), washed and treated 
with phospholipase A 2 from bee venom [3] for 1, 2 and 3 h to 
quantify phospholipids in the outer lipid layer. Values for 
control cells are given for comparison (A). O, phosphatidyl- 
ethanolamine;/,, phosphatidylserine. 

try is lost, but not its extent. As shown in Fig. 7, 
however, this is not the case. Loss of asymmetry is 
graded in its extent. After a treatment with di- 
amide for 20 rain not more than 25% of the 
endogenous phosphatidylethanolamine and none 
of the phosphatidylserine become accessible to 
cleavage by phospholipase A2, irrespective of the 
time length of the exposure to the enzyme. A 30 
min treatment with diamide increases the fraction 
accessible to phospholipase A 2 to 45~ in case of 
phosphatidylethanolamine, indicating equilibra- 
tion of this phospholipid, while still only 20% of 
phosphatidylserine are cleaved by the enzyme. In 
contrast to exogenous lysophospholipids, for which 
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the final distribution ratio in diamide-treated cells 
is essentially independent of the time length of 
exposure to diamide, endogenous phospholipids 
appear to become available for a transbilayer 
movement in a graded process depending on the 
time length of exposure to diamide. The asymmet- 
ric arrangement of phosphatidylethanolamine and 
phosphatidylserine in the erythrocyte membrane 
may therefore not only be due to a low transbi- 
layer mobility but to a limited access of these 
phospholipids to flip sites which are clearly pre- 
sent even in the native membrane, as indicated by 
the measurable flip rates of exogenous lysophos- 
pholipids. Suppression of access to the flip site 
may be the results of direct or indirect interactions 
of inner layer phospholipids with skeletal proteins. 
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Appendix 

Mathematical model for the net reorientation of 
lysophospholipids to the inner membrane lipid layer 
after its insertion into the outer layer 

The net movement of lysophospholipid between 
the two lipid layers of the membrane depends on 
the number of molecules in the outer layer (Co) , 
that in the inner layer (Ci) and on rate constants 
of unidirectional reorientation from the outer to 
the inner layer (kin) and vice versa  (kout). A net 
reorientation to the inner layer can be described 
by: 

dC~ 
dt = kin(?° - k°utCi = kiaCtot - (  kin + k°ut)Ci (l) 

where Cto t = C i + Co, the total number of mole- 
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cules in the membrane, is assumed to be constant 
with time. 

At equilibrium (t = ~ )  the fraction of 
lysophospholipid in the inner layer will be 

c i ( t ~ )  (2) 
q Go, 

and 

dCi 
dt 

Considering that at zero time all of the radioac- 
tivity is in the outer lipid layer (Co~,=0) = Ctot), 
integration of Eqn. 1 results in 

Ci,,,=q.Ctot(1-exp-~.t ) (3) 

As a result of the marked enhancement of transbi- 
layer reorientation by diamide, the reorientation 
process can be measured without interference of 
acylation and hydrolysis nearly up to the equi- 
librium distribution of the lysophospholipid. Un- 
der these conditions both, q and kin, can be calcu- 
lated using an iteration procedure involving de- 
termination of the minimum of the function (S): 

S= Ci(t,)-q. Cto t 1 - e x p -  q , ] j  
n m l  L 

For short periods of reorientation of lysophos- 
phatidylcholine kin can only be calculated assum- 
ing a certain q-value, namely 0.5 for diamide- 
treated cells (see Results) and 0.3 for controls 
(unpublished data). 
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