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The normal asymmetric distribution of phospholipids across the plasma membrane of erythrocytes can be abolished 
by lysing and resealing ceils in the presence of Ca z+. In the present study, using flow cytometric analysis of the 
binding of merocyanine 540 to monitor transbiluyer phospholipid distribution, CaZ+.induced loss of asymmetry is 
shown to I~: independent from the aminophospholipid translorase which cataI,jzes movement of normally internal 
phospholipids from the outer to the inner leaflet of the membrane. Loss of asymmetry is rapid, temperature.sensi- 
tive, and occurs in an uninterrupted, intact bilayer, rather than by diffusion of lipids through the hemolytic pore. 
Addition of ATP during lysis reverses loss of asymmetry, and this restoration can he blocked by ~nhibitors of the 
aminophospbulipid tronslorase. These results suggest that the ATP.dependent tronslocase is essential for recovery 
of asymmet~.~,, in turn suggesting that separate mechanisms mediate the loss and the recovery of lipid asymmetry in 
erythrocytes. 

Introduction 

Phospholipid distribution across the erythrocyte 
plasma membrane is asymmetric, with the aminophos- 
phulipids phosphatidylethanolamine (PE) and phos- 
phatidylserine (PS) concentrated in the inner mono- 
layer, and the two choline phospholipids sphingomyclin 
and phosphatidylcholine located predominantly in the 
outer monolayer [1]. Vesicles reconstituted from puri- 
fied erythrocytc lipids do not spontaneously adopt this 
asymmetric arrangement [2], indicating that establish- 
ing and maintaining transbilayer asymmetry requires a 
mechanism supplied by the cell. 

Early analyses of lipid asymmetry depended on the 
use of reagents which assessed the distribution of en- 
dogenous lipids across the bilayer. The results of  these 
investigations suggested that lipid asymmetry is a eea- 
sequence of a selective interaction between amino- 
phospholipids and cytoskeletal proteins [2. ,5]. More 
recently, however, reagents which measure the inward 
movement of trace amounts of phospholipid analogs 
introduced into the outer leaflet of the plasma mere- 
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brahe have revealed that PS and PE arc translocated 
by an ATP-dependent process [7-10]. The transloca- 
tion mechanism is specific for aminophospholipids 
[7,9,11,12] and sensitive to sulfhydryl reagents [ 1 i-13], 
vanadate [14], temperature [12] mid intraccllular Ca 2+ 
concentrations [14], implicating a specific cnzytae activ- 
ity, the aminophospholipid translocase, in the mainte- 
nance of iipicl asymmetry. Following its Jiscovery in 
erythrocytes, a similar activity has been f.Jund in the 
plasma membranes of platclets [15], lymphocytes [16], 
fibroblasts [17] and in chromaffin granule membranes 
[18]. While the existence of this activity is r.ot disputed, 
direct evidence that it can generate an asymmetric 
distribution of phospholipids staiting from a symmetric 
distribution remains unavailable [19,20]. 

Interwoven with the question of how lipid asymme- 
try is established and maintained is the issue of how it 
is lost when Ca -'+ is introduced into the cytoplasm of 
the cell. in erythrocytes, phospholipase digestion of the 
lipids in the external leaflet [21-23], the prothrombi- 
nase complex assay [24,25] and "back-exchange' of 
NBD-lipids into acccptor membranes [26] have all been 
used to document Ca 2 *-induced loss of asymmetry, in 
platelets as well, lipid asymmetry is lost during activa- 
tion by collagen plus thrombin or by treatment with 
A23187 and Ca 2+ [27,28]. Thc specific mechanism re- 
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sponsible for this disruption of lipid asymmetry re- 
mains to be articulated. Introduction of Ca z+ into 
erythrocytc ghosts by lysis and rescaling is a potentially 
useful system for analyzing this mechanism, particu- 
larly because it permits manipulation of the cytoplas- 
mic milieu for investigation of the cytoplasmic factors 
involved in regulation of lipid asymmetry. 

Binding of the fluorescent probe merocyanine 540 
(MC540) to the outer leaflet of normal and pathologic 
intact erythrocytes [29-32], ghosts [21], and membrane 
vesicles derived from normal, aged and sickle erythro- 
cytes [29,33,34] has been shown to reflect their endoge- 
nous lipid d!stribution, determined by the more direct 
phospholipase methods. Increased binding of the dye 
upon loss of asymmetry is likely a consequence of the 
probe's property of binding more strongly to loosely 
packed lipid bilayers than to those more tightly packed 
[35]. The inner leaflet of the plasma membrane is 
normally more fluid than the outer leaflet [36], so that 
equilibration of inner leaflet lipids between the two 
leaflets upon loss of lipid asymmetry results in the 
external lipid leaflet becoming less ordered [37], en- 
hancing its affinity for MC540. Although indirect, this 
method has the advantage over other methods of as- 
sessing endogenous phospholipid distribution that it is 
rapid and nondisruptive. 

In this report we use flow cytometric analysis of 
MC540 binding to erythrocyte ghosts to characterize 
Cae+-induced loss of lipid asymmetry. We also show 
that loss of asymmetry can be reversed, providing the 
first e~Mence that an asymmetric bilayer can be gener- 
ated from a symmetric one by a mechanism with prop- 
erties identical to those of the aminophospholipid 
trap.s!~case. 

Materials and Methods 

Chemtcais 
Phosphate-buffcled saline contained 137 mM NaCI, 

2.7 mM KCI, 10.6 mM NazHPO4, 8.5 mM KHePO4, 
and ! mM Mg z+ (PBS/Mg). Lysis buffer contained 
1/50 x PBS, I mM Mg 2+, and Ca 2+ at various concen- 
trations as described in the text. ATP, adenylyl imido- 
diphosphate, BSA, lucifer yellow, MC540, N-ethyl- 
maleimide (NEM), sodium fluoride, sodium vanadate 
and the ATP estimation kit were purchased from Sigma 
Chemical Co. (St. Louis, MG). The MC540 quencher 
carbocyaninc D-1389 was obtained from Molecular 
Probes, Inc. (Eugene, OR). MC540 and lucitk:r yellow 
were used from a 1 mg/ml  stock solution in water. 

Preparation of ghosts 
Blood was collected in heparinized tubes and washed 

three times in PBS/Mg, carefully removing the buffy 
coat. Washed erythrocytes were kept on ice and used 
within 6 h. 

Lysis was performed by addition of ice-cold lysis 
buffer to an aliquot of approximately 10 x washed cry- 
throcytcs at a ratio of buffer volume to aliquot volume 
as indicated in the text. In experiments using ATP, 
fluoride or NEM, these compounds were dissolved 
directly in lysis buffer immediately before cell lysis. 
After 5 min at 0°C, lysed cells were resealed by restor- 
ing isotonicity with the appropriate amount o~" 10 x PBS 
followed by incubation at 37°C for 30 min unless other- 
wise mentioned in the text. Resealed ghosts were col- 
lected by centrifugation at 5000 rvm for 4 rain in a 
Sorval HB-4 rotor at 4°C and washed twice with 1 ml 
ice-cold PBS/Mg. 

MC540 staining 
Two slightly different MC540 staining methods were 

used, described as staining method I or II in the 
figures. 

Method L Approximately l0 s washed ghosts were 
resuspended in 1 mi of ice cold PBS/Mg containing 
0.1% BSA ancl MC540 at 1 /~g/ml, and then trans- 
ferred to a dry bath at 37°(2. After 4 rain at 37°C, 
stained ghosts were collected by centrifugation at 4°C 
and washed twice in 1 ml of ice-cold PBS/Mg contain- 
ing 0.1% BSA. 

Method !1. Approximately l0 s washed ghosts were 
resuspended in l ml of PBS/Mg containing 0.1% BSA 
and MC540 at ! /~g/ml, which had been preheated to 
37°C. Immediately after resuspension in this staining 
solution, the samples were collected by c~:ntrifugation 
at 4°(2 and washed once in 1 ml of ice-cold PBS/Mg 
containing 0.1% BSA. 

Flow cytometry 
Stained ghosts were held on ice in 0.5 ml PBS/Mg 

containing 0.1% BSA and analyzed within 30 rain on a 
Beckton-Dickinson FACScan flow cytometer. The exci- 
tation source was a 15 milliwatt, 488 pro, argon-ion 
laser. FiuoresccJ~cc emission ,.,,as d_etected using a 585 
nm band pass filter. 

Leakiness testbTg 
Ghosts were prepared as described above using lysis 

buffer containing 5/.Lg/ml lucifer yellow. The experi- 
mental sample was prepared in the presence of 0.4 mM 
Ca -'+ and was incubated at 37°C for 15 rain after 
restoring isotonicity as usual. The leaky control was 
prepared by lysing in the absence of Ca z+. and never 
raising the temperature after restoration of isotonicity. 
Both samples were washed two times with ice cold 
PBS/Mg. Suspensions were examined by brightfield 
and fluorescence microscopy. 

A TP measurements 
ATP concentration in ghosts was determined using 

the Sigma enzymatic diagnostic test kit No. 366-UV, 



with ghosts being used m the assay instead of whole 
blood. 

Results 

Ghosts prepared by lysis and resealing in the pres- 
ence of Mg '+ as the sole divalent cation bind quanti- 
ties of MC540 much the same as untreated whole cells, 
indicating retention of the normal plasma membrane 
lipid arrangement. Inclusion of Ca 2+ along with Mg 2+ 
in the lysis buffer, however, results in ghosts which 
bind increased amounts of MC540, indicative of a 
perturbed lipid arrangement [38]. Analysis of phospho- 
lipid distribution by phospholipase digestion indicates 
that the ghosts prepared in the absence of Ca e+ retain 
an asymmetric distribution of phospholipids, whereas 
those prepared in its presence have a symmetric distri- 
bution [21]. To determine the level of Ca 2+ required to 
abolish the normal arrangement of phospholipids, ery- 
throcytes were hypotonically lysed and resealed in the 
presence of various concentrations of Ca 2., stained 
with MC540, and analyzed by flow cytometry. As shown 
in Fig 1, ghosts prepared with only Mg 2+ (curve b) 
exhibited essentially the same offinity for MC540 as 
untreated whole cells (curve a), while addition of Ca 2+ 
to the lysis buffer resulted in ghosts which were about 
10-fold more fluorescent (curves c-h). This effect was 
half-maximal at about 0.3 mM Ca 2+ (curve O under the 
conditions of iysis used (1 : 10 ratio of cell pellet to lysis 
buffer volume), with an abrupt disappearance of nor- 
mally staining ghosts between 0.25 mM and 0.3 mM 
Ca 2+ (curves e vs. O. 

The increased fluorescence of ghosts prepared with 
Ca 2 + might be a consequence of leakiness, which would 
increase staining by allowing MC540 access to the 
inner leaflet. To test this possibiliq:, lucifer yellow was 
loaded into ghosts by including it in the lysis buffer. 

Fig. 1. MCS40 slaining of whole ¢¢11s and I : 10 dilution ghosts rnad¢ 
at various concentralions of Ca e÷. Staining method II. (a) Whole 
cells; (b) 0.0 mM Ca 2 *; (c) 0.1 mM Ca:~÷; (d) 0.2 mM Cae+; (a) 0.25 

mM Ca:+; (0 0.3 mM Ca2+; (g) 0.35 mM Ca~+; (~) 0.4 mM Ca '÷. 

This water-so!uble fluorescent probe is about the same 
size as MC540, and like MC540, depends on sulfonate 
residues for its membrane impermeability. Leaky ghosts 
can therefore be detected by their inability to retain 
loaded lucifer ~ellov, during washing, as shown in Figs. 
2a and 2b. As shown in Figs. 2c and 2d, ghosts lysed 
and resealed in the presence of 0.5 mM Ca :~ uni- 
formly retained lucifer yellow during washing, indicat- 
ing their non-leakiness. Additionally. the MC540 fluo- 
r,~.seence of ghosts is abolished by external application 
of the aqueous quencher carbocyanine D-1389 (data 
not shown and [21]), indicating by its accessibility to the 
dye that MC540 resides in the outer leaflet and has n~. 
translocated or otherwise gained access to .the inner 
leaflet of the plasma membrane. 

The existence of an endogenous phospholipase A 2- 
like activity in erythrocytes represents a possible alter- 
native explanation for these data: Ca 2+ ac~.lvation of 
the enzyme might generate sufficient lysopbospholipids 
to increa,+e MC540 staining in the aheenc+ of m,y 
change in lipid asymmetry. In order to test this possi- 
bility, cells were pre-t:eated with and ghosts prepared 
in the pr+senee of diisopropylfluorophosphate, an in- 
hibitor of ++hospholipid hydrolysis activity [39]: the ki- 
netics, magnitude and Ca 2 ÷-sensitivity of MC540 stain- 
ing was not affected (data not shown). Additionally, in 
previous studies where exogenoas phospholipase A 2 
was used as a probe for lipid location [21], controls 
without added phospholipas¢ Woduced a similar ~e ld  
of lysophospholipids whether ghosts were prepared 
with or without Ca -~+. These results do not support the 
view that endogenous phospbolipase A 2 has a role in 
the increase of MC540 staining i~duced by Ca 2 ". 

Ghosts can be protected fron~ Ca2+-inducecl loss of 
lipid asymmetry by decreasing the voblme of buffer 
used to lyse the cell pellet [21]. When ghosts were 
prepared at a ! :5 dilution, rather than at the 1:10 
dilution used in Fig 1, 0,4 mM Ca 2+ could not induce 
staining (data not shown). Conversely, when ghosts 
were prepared at a 1:20 diluti3n, a Ca ~'÷ concentra- 
tion 2-fold lower than that effective at a I : 10 dilution 
was sufficient to induce maximal staining in half the 
ghosts, as shown in Fig. 3. These results suggest that 
some limiting cytoplasmic component which compen- 
sates for the effect of increased Ca 2+ is lost upon 
dilution. 

The existence in erythrocytes of an ATP-dependent 
inward transport of exogenously added PS raises the 
possibility that ATP is the cytoplasmic component 
whose dilution is critical in modulating the Ca2+-pro - 
rooted loss of lipid asymmetry. This possibility was 
tested by asking whether addition of ATP to the lysis 
buffer could prevent loss of asymmetry at a Ca 2+ 
concentration and dilution otherwise sufficient to abol- 
ish it. As shown in Fig. 4, inclusion of ATP during lysis 
at a 1 : 20 ddution in the presence of 0.4 mM Ca 2+ did 



Fig. 2. Leaky and resealed ghosts loaded with lucifer yellow at lysis. (a and b) Ghosts lysed in the a ~ n ¢ o  of C~2+ ~ad returned to isotoniciy but 
not ineubaled at 37~C (leaky). (c and d) Ghosts lysed in lhe presence of Ca 2 ÷, returned to istonicity and incubated 15 rain. at 37~C (rosealed). (a 

and c) Brighl-field micrographs. (b and d) Fluorescence microsraphs of the same field. 

p revent  loss o f  asymmetry ,  with a hal f  maximal  effect  A T P  added  plus r ema in ing  endogenous  A T P )  by an  
at about  0.15 raM A T P .  It  should be noted that  chela-  amoun t  sufficient  to induce comple te  loss o f  a symme-  
tion of  Ca 2+ by A T P  is unlikely to account  for this try in ghos ts  p r epa red  at this dilution (see Fig. 3). 
effect ,  since the  Ca  2+ concentra t ion (0.4 raM)  exceeds  
the final calculated A T P  concentra t ion (0.225 raM; 

Fig. 4. ATP-dependent prevention of Ca2+-indueed loss of lipid 
Fig. 3. Ca: ÷ concentration-dependent loss of lipid asymmelry in as~,mmewy. 1:20 dilution ghosts were prepared in the presence of 0.4 
1:20 dilution ghosts. Stain;ng method I. (a) 0.0 mM Ca"-+; (b) 0.05 mM Ca 2+. Staining methu~i L la) control, no Ca 2+ present; (b) 0.0 
mM C a "  ; (e) 0.1 mM Ca;!+; (d) 0.15 mM Ca2*; (e) 0.175 mM Ca2 +; pTM ATP; (c) 0.05 mM ATP; (d) 0.1 mM ATP; (e) 0.2 mM ATP; (f) 

(D 0.2 mM Ca 2 ~ ; (8) 0.3 mM Ca" +; (h) 0.5 mM Ca"*. 0.3 mM ATP; (8) 0.4 mM ATP. 



tncul~tlon time (rain) 
Fig. 5. ATP levels in ghosts during incubation at 3"PC. 1 : 10 dilution 
ghosts were prepared in the presence of 0.4 mM Ca: +: with 0.1 mM 
added ATP (A) and without added ATP (rD. Data of a single 

experiment, representative of three so-performed. 

Fig. h. Minimun Ca z" concentration requirements of Ca:'-induced 
loss of lipid asymmetry. Cells were pretreated 15 min at 37°C with 
2.0 mM vanadate then made into 1:2(; dilution ghosts in the pres- 
ence of 2.0 mM vanadate and various concentrations of Ca :÷. 
Staiplng method L (n) 0.0 mM Ca -~ +; (b) 0.05 mM Ca: ": (c) 0.1 mM 

Ca' +; (d) 0.15 mM Ca 'z"': (e) 0.2 mM Ca-" +. 

To determine the effect of the added ATP on avail- 
able levels of  ATP, the actual concentrat ion of  ATP 
present was measured.  As shown in Fig. 5, the intra- 
cellular ATP concentrat ion in ghosts prepared with 
Ca 2+ made at a 1 : 10 dilution ratio without added ATP 
increased slightly from 0.140 mM to 0.170 mM at I min 
(probably due to the activities of  endogenous adenylate 
kinase [40]) and  then declined to below 0.050 mM 
within 4 min into the 37 ~ resealing step. Ghosts  pre- 
pared with 0.10 mM added ATP (the minimal amount  
required for restoration of  lipid asymmetry in l : 1 0  
ghosts) demonstra ted a similar initial rise in total ATP 
from 0.250 mM to 0.290 mM in the first rain, followed 
by a decline to 0.190 mM after  8 rain. Calculations 
using reported binding constants for the formation of 
complexes of ATP with Mg e+ and  Ca .'+ [41] indicated 
that  at the start  of  the incubation, 0.194 mM of the 
0.250 mM total ATP present is available in the physio- 
logically useful M g A T P -  complex. Furthermore,  this 
value is expected to rise significantl~ by 1 min into the 
resealing step due to the measured inc l~a~ of  total 
ATP present and the extrusion of Ca 2+ via the Ca 2÷- 
ATPase.  These data,  combined with the inability of the 
nonhydrolyzable ATP analog, adenylyl imidodiphos- 
phate,  to prevent loss of  asymmetry (data not shown), 
strongly suggest that  ATP is acting as an energy source. 

Identification of ATP as the cytoplasmic component  
responsible for modulating Cae+-induced loss of lipid 
asymmetry permits quantification of the minimum 
intracellular Ca .'+ concentrat ion needed to activate 
inside-outside phuspholipid translocation. Cells were 
pretreated with and  ghosts maded in the presence of  
vanadate as an ATP antagonist.  As demonstrated in 
Fig. 6, half maximal loss of lipid asymmetry was seen at  
0.10 mM Ca .'+, which represents the minimum intra- 
cellular Ca.' + concentrat ion required, in the absence of 
ATP, to activate Ca.'+-induced loss of  asymmetry and  

which is in agreement with observations made using 
'back-exchange" of  I~IBD-lipids [26]. 

Since preparat ion of ghosts involves both a b/sis 
step, carried out  at O~C at  low ionic strength, and a 
resealing step at  37°C at physiological ionic strength, a 
simple model might explain the effect of ATP: lysis in 
the presence of  Ca 2+ permits rapid equilibration of  
lipids across the bilayer, perhaps at the peripbery of  
the hole(s) in the membrane;  after  reseating, inward 
transport  of  the externalized aminophospholipids re- 
stores asymmetry if ATP is available. However, con- 
trary to this model, when cells were lysod in the pres- 
ence of  Ca 2+, and  then resealed and analysed without 
incubation at 37°C (save about 30 s during staining to 
allow efficient MC540 binding), no increase in MC540 
fluorescence was seen (Fig. 7, c u ~ e  e), indicating that  
loss of asymmetry h~d not occurred during lysis. To 
determine when asymmetry was subsequently lost, lysed 

Fig. 7. Time-dependent l,Y~s of lipid asymmetw in |:10 dilution 
ghosts. Samples c-h were lyscd with 0.4 mM Ca ~÷ present. All 
samples were returned to isotonicity at O~C followed by a 3"?'~C 
incubation for the length of tirnc indicated. Staining method 11. (n) 
No Ca :+, 0.5 rain; (b) no Ca 2÷, I0 rain; (e) 0.5 rain; (d) I rain: (c) 1.5 

rain; (13 2 rain: (g) 3.5 rain; (h) 10.5 rain. 
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Fig. 8. ATP-dependent reversal of Ca2+-induced Inss of lipid asym- 
metry in t : 10 dilution ghosls. Samples b-h were lysed with 0.4 mM 
Ca 2* and 0.1 mM ATP present, returned to isotonicity at 0"C. and 
incubated at 3"FC for length of time indicated. Staining method II. 
(a) No Ca 2., t0 rain: (b) 0.5 rain; {c) 1 rain; (d) 1.5 rain; (el 2,5 rain; 

(f) 4.5 rain; (g) 8.5 rain: (h) 16 min. 

and resealed ghosts were shifted to 37°C for inc, easing 
lengths of time, then chilled back to 0°C, washed and 
analyzed. As shown by curve d of Fig. 7, after a total of 
I rain at 37°C (including the 0.5 rain staining period), 
the P.uorescence of ghosts prepared in the presence of 
Ca 2+ was not increased. Membrane integrity was ap- 
parently efficiently reestablished at the lower tempera- 
ture, since a leaky membrane would have resulted in 
bright staining of the cell interior. Indeed, resealing 
may be more effective in the presence of Ca 2+ (ef 
curves a and ~:), a result consistent with previous stud- 
ies of the effects of divalent cations upon erythrocyte 
resealing [42,43]. Continued incubation of the ghosts at 
37°C resulted in the appearance of the staining pheno- 
type at 1.5 min, with most of the cells show'.ng this 
phenotype after 3.5 min (curves e-h).  These results 
imply that lipid asymmetry is lost after the membrane 
has regained its integrity as a diffusion barrier, and 
that loss is rapid, temperature dependent and requires 
Ca 2+. 

ATP could be acting by either preventing loss of 
asymmetry induced by Ca 2+ or by restoring it once it 
was lost. To distinguish these possibilities, the previous 
experiment was repeated with ATP present in the lysis 
buffer. As shown in Fig. 8, ATP did not block the 
initial increase in MC540 staining (curves c and d). 
However, in the presence of ATP, the progressive 
increase in MC540 binding was halted, then reversed, 
resulting in the reappearance of the normal staining 
pattern by about 3 min after the onset of lipid reorien- 
ration (curves e-h).  These results demonstrate that the 
rapid loss of lipid asymmetry can be equally rapidly 
reversed. They also raise the possibility that the ATP- 
dependent aminophospholipid translocase acts to re- 
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ENcE 
Fig. 9. Inhibition of ATP-dependent reversal of Ca 2 +-induced loss of 
asymmetry in I : 10 dilution ghosts. Staining method II. (a) Control: 
no Ca 2+ or ATP; (b) control: 0.4 mM Ca2+, no ATP; Samples c-g 
had 0.12 mM ATP included at lysis. (c) 0.4 mM Ca2*; (d) 0.4 mM 
Ca z+, 5 mM NEM; (e) no Ca 2.. 5 mM NEM; (f) 0.4 mM Ca 2+, 25 

mM fluoride; (g) no Ca 2+, 25raM fluoride. 

store lipid asymmetry following Ca2+-indoced outward 
lranslocation of internal phospholipids. 

If the aminophospholipid translocase activity is in- 
volved in reestablishing lipid asymmetry, NEM, an 
inhibitor of the translocase, should prevent restoration 
of asymmetry, even in the presence of ATP. As shown 
in Fig. 9, cu~es  c-e ,  such was the case. While inclu- 
sion of NEM in the lysis buffer had no effect on the 
retention of asymmetry in the absence of added Ca 2+, 
or on its loss in the presence of Ca 2+, it completely 
prevented the return of asymmetry in the presence of 
Ca 2+ and added ATP. As shown in Fig. 9, curves f and 
g, similar results were observed with fluoride, an in- 
hibitor of the ATPase l l  activity from adrenal chromaf- 
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FLUo~r'IVE 

Fig. Ifl. Vanadate inhibition of ATP-dependent reversal of Ca -~ +-in- 
duced loss of lipid asymmetry in t : 10 dilution ghosts made in the 
presence of 0.4 mM Ca 2÷ and 0.12 mM ATP. Samples were incu- 
bated at 37 ° for the length of time indicated. Staining method II. {a) 
Control: no C= 2÷, 8 rain; (b) 0,5 rain; (c) I rain; (d) 1.5 min; (e) 2,5 
min; (f) 4.5 min; (g) 3 mM vanadate added | min into the 37°C 
incubation, followed by an additional 4 rain at 3"PC; (h) 3 mM 
vanadate added 4 min into the 3"/°C incubation, foUowed by an 

additional 4 min at 37°C, 



fin granules [44] that has been suggested to correspond 
to the translocase [18]. 

Vanadate is a potent, membrane permeable [45] 
inhibitor of the translocase, and was thus useful in 
inhibiting the activity at various points along the reac- 
tion pathway. As shown in Fig. 10, curve g, addition of 
vanadate at 1 rain of incubation at 3TC completely 
prevented the restoration of asymmetry by ghosts pre- 
pared with Ca 2+ and ATP (curves b-f). If, however, 
vanadate addition was postponed until 4 min of incu- 
bation, lipid asymmetry was uniformly regained (curve 
h). These results indicate that by 4 min, the Ca'+-in- 
duced mechanism responsible for loss of lipid asymme- 
try is no longer operating. They also demonstrate that 
once asymmetry has been reestablished in Ca'+-Ioaded 
ghosts, it is stable and cannot be abolished simply by 
inhibiting the translocase. 

Discussion 

In this report, we have exploited MC540 in a rapid 
and quantitative flow cytometric assay for transbilayer 
lipid asymmetry to investigate in greater detail the 
mechanisms controlling lipid asymmetry in erythro- 
cytes. We find that loss of lipid asymmetry induced in 
ghosts prepared with Ca 2+ is complete within 4 min of 
incubation at 37°C and is half-maximal at 0.10 mM 
Ca 2+ in the absence of ATP. Moreover, loss can be 
reversed by a process which requires hydrollrzable ATP, 
and is sensitive to vanadate, NEM, and fluoride. These 
characteristics are all consistent with participation of 
the translocase in the process and are, in fact, all the 
characteristics currently available for identifying 
translocase-dependent lipid movement. Given that the 
transloease is ATP saturable with a reported K m in 
the range of 220-260 / tM [46], our data indicate that 
suffient ATP is present, in 1 : 10 ghosts with 100 uM 
added ATP, to drive the translocase at half Vma x dur- 
ing the time that Ca2+-indueed loss of asymmetry is 
being reversed. If maximal MC540 staining is equated 
with complete loss of lipid asymmetry, restoration of 
PS asymmet~ in the time observed here would require 
roughly 60-80 molecules of enzyme per cell calculated 
from the turnover rate of the enzyme [44,47], assuming 
one lipid molecule is transloeated per ATP hydrolyzed. 

Upon inactivation of the aminophospholipid transio- 
case, phospholipid asymmetry might be expected to 
decay spontaneously by unopposed passive diffusion of 
phospholipids between the two leaflets of the bilayer. 
Remarkably, however, at 0~C, such diffusion does not 
take place, even in the presence of an obvious path for 
diffusion, the lyric pore. Yet at 37°C, lipid randomiza- 
tion in resealed ghosts prepared in the presence of 
Ca 2+ is complete in minutes, despite the fact that 
passive phospholipid flip-flop in erythrocyte mem- 
branes occurs with a tl/2 of hours at 37°C [48]. This 
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rapid inside to outside movement of aminophospho- 
lipids stJggests that erythrocytes contain a Ca 2÷ depen- 
dent, facilitated transport mechanism for membrane 
phospholipids. Although loss is inhibited at if'C, it 
proceeds normally in the presence of vanadate, flao- 
ride, or NEM, suggesting that it is nGt mediated by the 
ATP-dependert  aminophospholipid translocase oper- 
ating in revers,~ [19,49]. 

Ca 2+ concentratk,ns above 50 ~tM are sufficient to 
activate calpain under the conditions used here to 
prepare erythrocyte ghosts (data not shown). In 
platelets, calpain ~ctivation has been linked to the 
rapid movement of PS to the outer leaflet which occurs 
upon activation [27,28]. However, calpain is strongly 
inhibited by NEM [50], while the data presented here 
show that Cae÷-induced loss of asymmetry is not sensi- 
tive to this reagent. Several other potential mediators 
of a Ca 2+ signal are present in erythrocytes, including 
calmodulin [51], phospholil3ase C [52], protein kinase C 
[53], and a member of the anncxin family of Ca2+-de- 
pendent membrane binding proteins [54]. Further ex- 
periments will he required, however, to implicate or 
rule out these proteins as a part of the mechanism 
responsible for loss of asymmetry. 

It has been reported that the ATP-dependent 
translocase is inhibited by Ca 2+ concentrations over 1 
/,tM [12], suggesting that the translocase should be shut 
off upon exposure to the Ca 2+ concentrations used 
here in preparing ghosts. This fact alone, however, is 
insufficient to account for the loss of lipid asymmetry 
which Ca 2+ induces, since inhibition of the translocase 
by vanadate, fluoride, or NEM in ghosts without added 
Ca 2+ does not result in loss of lipid asymmetry. How- 
ever, if the translocase is Ca2+-sensitive, then Ca 2+ 
must be extruded from the ghosts before the Ca2+-de - 
pendent loss of asymmetry can be reversed. Reduction 
in ir.tracenular Ca 2+ concentration can be accom- 
plished by the plasma membrane Ca2+-pump (Ca e+- 
ATPase), thus permitting reactivation of the transle- 
case: erythroojtes containing ATP in the physiological 
range have been reported to be able to lower cytoplas- 
mie Ca 2+ concentrations from 500/zM to 0 p.M in less 
ti:an two minutes [55]. That cytoplasmic Ca 2+ concen- 
trations may be changing during the course of incuba- 
tion at 3"PC is supported by the observation that arrest 
of the translocase (and presumably the Ca 2+ pump) by 
vanadate at 4 rain of incubation after resealing does 
not result in reexpression of the Ca2+-induced loss of 
symmetry (Fig. 10). Direct Ca 2+ measurements will be 
required, however, to determine what fluctuations in 
Ca 2+ concentration actually occur. 

The overall working scenario which emerges from 
these experiments is that upon elevation of cytoplasmic 
Ca 2+, the transioease is inactivated and Ca2+-prunm - 
ted transverse equilibration of phnspholipids begins. In 
the absence of sufficient ATP, this equilibration goes 
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to completion;  in its p r e s e n c e  reduct ion in Ca -'+ con- 
centrat ion by the Ca z+ p u m p  ensues,  react ivat ing the  
phospholipid translocase and inactivat ing the Ca2+-in - 
duced equilibration process, allowing asymmetry  to be 
restored.  

it should be noted that the plasma m e m b r a n e  
Ca  2"-pttmp has the  same sensitivity to N E M ,  vanada te  
and fluoride as  the translocase,  rais ing the  possibility 
that inhibition of  the reversal  o f  MC540 staining by 
these agents  is due to the inability of  the  cell to remove  
Ca -'+. This  possibility raises the quest ion of  whe ther  
Ca '-+ acts directly to induce MC540 staining,  so that its 
removal  by the  Ca- '+-pump is all that is needed  to 
reverse staining. However ,  this model  is not suppor ted  
by the da ta  in Fig. 7, curve c, where  an internal  
concentrat ion of  0.4 mM Ca z+ is not  sufficient,  by 
itself, to induce staining.  In any event,  direct  distinc- 
tion be tween the contr ibut ion of  the  translocasc and 
the Ca  2+ p u m p  will require inhibitors specific to each 
of  these enzymes.  Regardless ,  the ma jo r  conclusion 
that the translocase is not involved in loss of asymme-  
try is unaffected.  

The  da ta  presen ted  here  do not directly contr ibute  
to the  deba te  over  the  relative impor tance  of  l ip id-  
eytoskeleton interact ions and the  t ranslocase in main-  
taining phospholipid asymmetry.. Cytoskeletal  interac- 
t ions may explain how lipid asymmet ry  is main ta ined  
dur ing  lysis of  erythrocytes when  the t ranslocase is 
inhibited, and  the  t ranslocasc may  reverse Ca-~+-in - 
duced loss of  lipid asymmetry  by facil i tat ing a rear-  
r angemen t  who~e final st,'lte is dictated by cytoskeletal 
interaction-~. The  rcccnt  ioentification in chromaff in  
grant~!~:s o f  a molecule which may correspond to the 
translocase,  an identification suppor ted  by evidence 
presen ted  here, may provide an avenue for rcsolvin~ 
this long-standing issue. 
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