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Transmembrane redistribution of phospholipids of the human 
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The transmembranc distribution of spin-labeled phospholipids was measured in human crytl'~rocytes before and after hypotoni6 
hemolysis by electron paramagnetic resonance. With a first series of partially water soluble 0robes a complete randommation of 
phosphatidylcholinc, phosphatidylethanolamine, phosphatidylserine and sphingomyelln analogues was achieved when cells were 
resealed in the absence of Mg-ATP or when the aminophospholipid translocase was inhibited by vanadate or calcium. If the 
ghosts were resealed with Mg-ATP inside, the transmembrane asymmetry of the aminopl'ospholipids was ceestablishcd. With 
long chain insoluble spin-labeled lipids complete randomization was obtained with the pho:phatidylcholine analogue bt|t even in 
the presence of wmadatc only a small percentage tat prox. 15%) of the spin-labeled phcsphatidylserine flopped to the outer 
monolayer and comparable percentage of the spin-labeled sphingomyclin flipped to the inner monolayer, indicating a hierarchy 
in the phospholipid redistribution for these water insoluble lipids during hemolysis. The mechanism by which a selective 
randomization takes place is not known, it may involve phosphatidylscri.-.c-prott:[i~ hltcractlt,as in the Jotter leaflet and 
sphingomyelin-eholesterol or sphingomyclin-sphingomyelin iateraetion in the outer leaflet. 

ln*r~.~n¢tion 

In the intact red blood cell (RBC) it is known that 
the phospholipids are asymmetrically arranged,  with 
sphingomyelin (SM) and phosphatidylcholine (PC) be- 
ing predominantly located in the outer leaflet of the 
bilaycr while phosphatidylethanolamine (PE) and par- 
ticularly phosphatidylserine (PS) are generally confined 
to the inner leaflet [1,2]. Passive diffusion across the 
membrane is very slow and the asymmetry is main- 
tained primarily b~ the action of the aminophospho- 
lipid transloease, a Mg-'+-ATPase that functions to 
rapidly restore to the inner leaflet (flip) any PS and PE 
that may have diffused away (flop) to the outer layer 
[2-6]. Several laboratories have proposed that the cyto- 
skeleton proteins (speetrin and band 4.1) could also 
participate in the maintenance of lipid asymmetry [7,8]. 
The hypotonieally lysed RBC membrane preparat ion - 

Abbreviations: RBC. red bk~)d ':elh SM. sphingomyelin; PC, phos- 
phatidyleholin~.; PS, phosphatidyberinc: PE, phosphaiidylethanol- 
amine: BSA. b,,*i,,~ ~t:rL.~ albumin; PLTP. phosphohpid transfer 
protein; EPR, i:~eetren par;~mapnetic resonance. 
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the ghost - has been analyzed to provide consitierable 
information about the content and organization of 
membrane proteins. The phospholipids of the ghost 
have also been quantitatively analyzed but for technical 
reasons, less is known about the orientation of phos- 
pholipids in the Ulayer of the ghost, in particular the 
extent of phospholipid reorientation during bypotonic 
lysis is still debt.ted. Note that if the cytoskeleton 
proteins were indeed important in the maintenance of 
lipid asymmetry, one would not exlaect a priori a lipid 
scrambling during hemolysis since lhe ¢ytoskeleton 
meshwork is preserved in this operation, even if prop- 
erties of skeletal proteins might be affected by the drop 
in ionic strength [9]. 

The early work by Shukla et al. [10] casts some 
doubt on the use of ghosts for the investigation of lipid 
asymmetry by the phospholipase technique. Later 
Dressier and collaborator',; [ l l ]  inferred that ghosts 
retained the normal asymmetry since lyso-phospha- 
tidylserinc slowly accumulated in ~hc, sts unlc:;g they 
were treated with SH oxidizing rea,~ents In 1985, 
Williamson et al. [12] claimed from experiments with 
phospholipase A 2 that ghosts prepared in the presence 
of Mg as the only divalent cation retained the r.ormal 
phospholipid asymmet~'y characteristics of intact cry.. 
throcytes. However, in this article the authors rep¢,rted 



a percentage of PS on the outer monolayer equal to 
18% of the PS pool, which is much larger than the 
values given in the literature for RBCs [1,2]. 

In a more recent paper, using short chain fluores- 
cent phospholipids NBD-PC and NBD-PS as markers, 
as well as the prothrombinasc assay, Connor et al. [13] 
claimed to have found a profound reorganization of 
membrane lipids under similar circumstances. How- 
ever, the incorporation into the lipid bilayer of these 
probes depends on the fact that they are slightly solu- 
ble in aqueous media. During hypotonic bemolysiz 
such minimally soluble probes could enter the aqueous 
lysing solution and then be redistributeo randomly 
across the bilayer thereby providing art;factual data 
about phospholipid reorientation since naturally occur- 
ring lipids are totally insoluble. Furthermore, we have 
recently demonstrated that phospholipids with a short 

chain bearing an NBD moiety do not always behave 
like long chain unlabeled lipids, for example NBD-PE 
is not transported by the aminophospholipid translo- 
case in red blood cells [14]. 

In designing new experiments to evaluate the o-ien- 
ration of the lipid bilayer during and after hylmtonic 
hemolysis, we synthesized PS, PC and SM with the 
spin-labeled nitroxide group on the 5th carbon of the 
palmitoyl chain located at sn-2 and referred below as 
(10,3)PC, (10,3)PS and (10,3)SM. Such '~ong chain fatty 
acid derivatives of phospholipids are insoluble in aque- 
ous media and, thus, cannot enter the lysing medium 
during hypotonic lysis. These probes can only be intro- 
duced into RBC bilayer by the intervention of a non 
specific phospholipid transfer protein (PLTP). The ori- 
entation of the spin-labeled pbosphoiipids in the bi- 
layer is measured by EPR spectroscopy while adding 
ascorbic acid, a slowly permeable reducing agent, which 
reduces first the nitroxides exposed on the outer mono- 
layer and thus quenches the EPR signal of those lipids. 
Using this approach we proposed to determine if long 
chain phospholipids were scrambled during hemolysis. 
For comparison we have carried out also a series of 
experiments with the partially water soluble spin- 
labeled lipids: (0,2)PC, (0,2)PS, (0,2)PE and (0,2)SM, 
where the nitroxide group is on the 4th carbon of the 
pentanoyl chain located at sn-2. 

Materials and Methods 

The general formula of the spin-labeled glycero- 
phospholipids is the following: 

CH 3 -- {CH2)~4--COO--'~H 2 

I 
C H 3 -- (CH2) m -- e -  (CH 2 )~-- CO0 -- CH 

°" ~-°  I 
~---~'x CH2--O--P--O--R 

o'- 
(m,n)Pk 
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where R is either choline, serine or ethanolamine, 
(m, n) was respectively (10,3) for the insoluble probes 
and (0,2) for the soluble probes. The corresponding 
sphingomyelin molecules were also synthesized. 

(10,3)PC was synthesized as previously described 
[15,16]. (10,3)PS was obtained from (10,3)PC by phos- 
pholipase D catalyzed base exchange reaction [17]. The 
long chain spin-labeled sphingomyelin, (10,3)SM, was 
synthesized as described by Zachowski et al. [18] except 
that a palmitoyl chain was used. The (0,2) phospbo- 
lipids were synthesized as described by Morrot et al. 
[191. 

Non specific transfer protein was purified from 
maize seedlings [20]. Sodium creatine phosphate, crea- 
tine phosphokinase, diisopropyl fluorophosphate, 
delipidated bovine serum albumin (BSA) and sodium 
vanadate were obtained from Sigma Chemical Com- 
pany, St Louis, MO, USA. 

Blood was obtained from the 'Fondation Nationale 
de Transfusion Sanguine'. Experiments were carried 
out on fresh or one day old stored blood which was 
washed five times before use with 5-fold volumes of 
cold buffered saline potassium glucose (BSKG) (145 
mM NaCI, 5 mM KCI, and 6 mM glucose, 10 mM 
phosphate buffer pH 7.4). The spi,-labeled (10,3) 
phospholipid was brought to dryness in a stream of 
argon and then dispersed into multilamellar vesicles by 
first vortexing for 20 s in 0.5 ml of BSKG and then 
sonicating for 5 min at a temperature of 4°C. 

Use of spin-labeled pho~pholipids with one short chain. 
Prior to labeling, erythrocvtes were incubated with 5 
mM diisopropyi fluorophosphate to minimize phospho- 
lipase-like activity of the deacylase-reacylase complex 
which hydrolyzes the short chain-phospholipid ana- 
logues [14,19,21]. To label the membranes, suitable 
amounts of (0,2) spin-labels in chloroform/methanol 
(1 : 1, v /v )  corresponding to approx. 1% of total phos- 
pholipids, were dried under vacuum and resuspendod 
uy vigorous vortexing in BSKG buffer. Two volumes of 
the aqueous dispersions of labels were then added to 
one volume of red cells. The incorporation in red cell 
membranes was completed within 1 min, as inferred 
from the EPR lineshape [3]. The transmembrane distri- 
bution of the (0,2) phospholipids in the erythrocytes or 
in the ghosts was assayed by the back exchange tech- 
nique (incubation in presence of 1% BSA for 1 min) 
described in Morrot et aL [19]. Cells were either lysed 
one minute after addition of spin labels at which time 
all probes were located in the outer leaflet, or after, 
either one or six hour incubation at 37"C for PS and 
PE, respectively, allowing the aminolipids to reach 
their transmembr~ne equilibrium [19]. 

Introduction of long chain spin-labeled phosnholipidv 
into RBC. Washed RBC were suspended in BSKG to 
an hematocrit of 50 along with 0.25-0.5 mg/ml  of the 
phospholipid transfer protein and the vortexed soni- 
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cated multilamellar vesicles of the labeled phospho- 
lipid. Typically the spin-label was mixed with the RBC 
suspension at a concentration representing 25-50% of 
tae  total phospholipid content. Direct measurements 
showed that after a 30 rain incubation, (10,3)PS incor- 
porated accounted for 0.5 to 4.1% of total phospho- 
lipid, 2.7 to 4.2% for (10,3)SM and 4% for (10,3)PC 
[22]. Thc incubation was carried out at 370C and, at 
15-min intervals, aliquots were tested in the EPR spec- 
trometer to monitor the extent of incorporation. Incor- 
poration was stopped b~' washing RBC five times with 
large volumes of BSKG to remove PLTP and sonicated 
vesicles. 

E P R  measurements. EPR spectra were recorded on 
a Varian E9 spectrometer on line with a Tektronix 
computer  for storage and analysis and equipped with a 
temperature control device. Accessibility of the (10,3} 
spin-label to reduction was assessed by adding to the 
packed RBC an equal volume of 0.1 M ascorbic acid in 
0.1 M i:~I-tCO 3 (pH 7.4). An identical aliquot was 
studied after an equal volume of BSKG was added. 
Reduction kinetics was followed b.~ recording the spec- 
t rum middle-field line at l-rain intervals and plotting 
its height vs. time. A break in the decay curve indicated 
when the externally exposed spin-label was totally re- 
duced. 

Lysis. Packed RBC were lysed by adding a 20-fo~d 
volume of 5 mM phosphate buffer (pH 7.4) at 4°C 
followed by swirling the suspension on ice for 5 rain. A 
sample containing an identical number of ghosts as 
RBC used above was then centrifuged and taken for 
EPR spectrometry with and without ascorbate addi- 
tion. This measurement provided an assessment of the 
openess of the lysed RBC during bypotonicity. Then to 
one aliquot of  the lysate 0.25-0.5 mM vanadate was 
ad6ed to totally inhibit aminophospholipid trat~slocase 
activ~b', while to another  aliquot 3 mM Mg-ATP and 
an ATP regenerating system consisting of 10 mM crea- 
tine phosphate and creatine kinase was added. In the 
case of experimeuts using (0,2)PL, two other  aliquots 

were prepared,  containing either 0.1 mM or 1 mM 
CaCI 2. After an additional swirling for 5 min at 4°C, 
isotonicity was restored by adding 1 /10  volume of 1.5 
M NaCI in 5 mM phosphate buffer (pH 7.4). The 
suspension was then incubated at 37°C for 60 rain. 
These resealed ghosts were afterwards either incu- 
bated with ferricyanide and BSA for the back exchange 
assay or analyzed in the EPR spectrometer with and 
without ascorbate addition to determine the orienta- 
tion of the labeled phospholipids in the ghost bilayer. 

Morphology. At each stage (washed RBC, RBC after 
incubation w;th labeled phospholipids and phospho- 
lipid transfer protein, ghosts during lysis and after  
resealing), morphology was evaluated by adding 10 p.I 
of suspension to 100/zl  i %  glutaraldehyde in BSKG 
and the RBC or ghosts were viewed by Nomarski 
interference microscopy. 

R e s u l t s  

Transmembrane distribution o f  (O,2)-spin-labels before 
and  after lysis 

Table  t indicates the results obtained with the 
slightly water  soluble (0,2)-spin-labeled phospholipids. 
The t ransmembrane distribution of four different 
phospholipids before and after  lysis are indicated. The 
lysis was carried out  under  different conditions: (i) the 
amiuophospholipid translocase blocked by vanadate; 
(it) addition of Mg-ATP, so that  the translocase has full 
activity; (iii) in the presence of a low concentrat ion of 
C a " ' ;  (iv) in the presence of a iaigh concentration of  
Ca 2+ (which blocks the translocase). Furthermore,  the 
aminopho.~:l,hnlipht redlgtribution durit~g hemolysis was 
tested either immediately after  incorporation of probe 
into the red cells or after  t ransmembrane equilibration 
of PS and PE (incubation at 37°C of 1 h and 6 h, 
respectively). The results suggest that  when the 
aminophospholipid translocase is blocked, an  extensive 
redistribution or the four phospholipids tested takes 
p;ace during hemolysis leading to an almost complete 

TABLE I 

Percentage of spin-labeled lildds with one short chain oll the external leaflet before and after hemolysis and resealing 

The percentage of spin-labeled lipids on the external [,¢aflet was determined by hack-exchange on BSA (see Ref. 21). Measurt:ments with intact 
erythroojtos were performed either 1 rain after additi,,n of the spin-labeled lipids, or after eq;filibration of PE and PS between the two 
membrane leaflet (6 h and I h incubation at 37°C, respectively). Measurements with ghosts were performed at the end of the resealing process 
(see Methods), The experimental error on each value is < 5%. 

Phospholipid (0,2)PC (0,2)SM {It,2)PE (0,2)PE (O,2)PS ((i,2)PS 

.~ Incubation time before lysis: I rain ; ,nin 1 rain 6 h l min 1 h 

Intact er,/tbrocyte I0() 100 100 21 100 < 5 
Ghost + v.madate (50 gM) r~ 62~.~ 52 33 67 46 
Ohost+Mg-ATP(3mM) 51 42 59 36 10 27 ' . 
Ghost + calcium (0.1 raM) 52 55 55 32 33 22 
Ghost +calcium (I raM) 44 49 42 52 46 50 



t ransmembrane randomization of the lipid,,. In particu- 
lar, in agreement  with Conner  et al. [13], PS and PC 
were found almost equa!ly in both leaflets after  hemol- 
ysis and resealing under  conditions of inhibition of the 
amlnephospholipid translocase. In additi, m we sho~.~ 
here that PE and SM are also ,scrambled under  such 
conditions. In fact we find that the short chain spin- 
labeled sphingomyelin is redistributed between both 
leaflets under  all our experimental condit iom But one 
may question whether  these amphiphilic probes can 
leak through the 'holes" in membrane of the red eel! 
produced by hypotonic lysis rather  than flip within the 
bilayer during hemolysis. 

Accessibility to ascorbate o f  the long chain spin-labeled 
phospholipids 

Fig. 1 shows typical reduction curves by ascorbate 
recorded at  4°C and displayed here in semi-log .scale. 
The black symbols correspond to kinetics obtained 
before lysis, while the open symbols correspond to 
results obtained after lysis and rcsealing. Al l  curves 
exhibit a discontinuity in their slope after 15-20 rain, 
indicative o f  ~he destruction at the signal from the 
probe on the outer monolayer. This enables one to 
deduce the fraction of  spin-labeled lipid in each mona- 
layer. As an important  control, when ascorbate w~s 
added to the lysed cells before resealing i.e. when all 
probes should be accessible to ascorbate, 90 to 100% 
of the probes were reduced,  including the (10,3)PS. 
Fig. 1 as well as Table II show that  in the native 
erythrocyte, the probes distribute themselves sponta- 
neously as endogenous phopsholipids do, namely with 

leo,~. • . . . .  

lO% i 

0 s 10 is 2L 2s  TIMF ('t~.) 
Fig. I. Kinetics of reduction at 0°C by 0.1 M a~o[bate of (IO,3)PS 
(*. o), (i0.3)SM (11, ra) and (10,3)PC (A, ~). The black symbols 
corre~pu.d to RBC, the opened symbols to resealed ghosts. Notice 
the semi-logarithmic scale. The discontinuity in the slope allows one 

to estimate the percentage of spin label in the outer [earle'. 
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TABLE II 

Percentage of long chain labeled phl;spholipids red.cible by a~rod~te 
at O°C 

Phosphohpid (10,3)PC (IO.'~iSM (IO,3)PS 
Intact erythrocyte 96±6 t~)±5 <4 
Ghost + vanadate 48 ± 4 64 + 5 I 9 _+ 4 
Ghost + Mg-ATP 

(iramedlately after resealin~,l .q)4-.~ 16±3 
Ghost + M~.-ATP (after an 

extra 2 h incubation at 3-/°0 < 5 

most choline containing lipids in the outer  monolayer 
~ d  practically all phosphatidylserine in the inner 
monolayer. Important redistributions take place during 
lysis and rescaling but these events affect the various 
;)robes differently. Indeed, after resealing, (IO,3)PC 
was found to be equally distributed across both leaflets 
of  the bilayer while for the two other  lipids there was a 
degree of persistent asymmetry; about twice as much 
(10,3)SM wes in the outer  leaflet as there was in the 
inner leaflet and only a small amount  (approx. 2 0 % ) o f  
(10,3)PS had moved to the outer  leaflet. With pro- 
longed incubation of  the ghosts, a.n.d only if they were 
resenled in the presence of ATP, the small amount  of  
(10,3)PS ;.- !he e - t e r  leaflet flipped to the inqer leaflet. 

EPR line drapes 
Fig, 2 show~ the EPR spectra recorded with either 

(10,3)SM or (10,3)PS in erythrocytcs and in vanadate-  
t reated ghosts. It can he seen that in the case of  
(10,3)SM, the spectrum obtained with the resealed 
ghosts has a narrower hyperfine splitting thaa  in e~j- 
throcytes (64.1 instead of 65.6 G), indicative of  a re- 
duced order  parameter• The inverse happens with 
(10,3)PS (splitting increases from 61.6 to 62.9 G). 

/ 

/ _ - d  

Fig. 2. Change in EPR line shape induced by. hemolysis. (a)(IO,3)PS 
in ghosts lescaled in the presence of vanadate; (b) (i0,3~,'~ in RBC; 
tc) (10.3)SM in ghosls: (d) (10,3~SM in RBC. Spectra were recorded 

at 4°C. Arrows indicate the outer extreme splitting. 
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Morphology 
RBC incubated with (10,3)PC and (10,3)SM 

promptly became eehinocytic being mostly echinoeytes 
11. When RBC were incubated with (10,3)PS half he- 
came stomatocytic (stomatocytes ! and 11) after 10 min, 
but after 60 rain of incubation half were stomatocytes 
Iil ,  the other half were sph~.rostomatocytes containing 
endocytic vacuoles. 

Ghost morphology was virtually the same for all 
probes used. Ghosts resealed with Mg-ATP became 
discoeytic and cup shaped whereas ghosts resealed 
without Mg-ATP arid with vanadate remained 
echinocytie. 

Discussion 

The observation of lipid reorientation duri.lg hypo- 
tonic lysis could providc information concernin.g mech- 
anisms of disruption of the membrane durin~ hypo- 
tonic shock. When disrupted does the bilayer undergo 
total disorganization or d~e:, a degree of arganization 
persist in the foy.'r;, u |  a partially scrambled bilayer with 
variations in the movement of each of the phospholipid 
classes studied? In carrying out these studies the na- 
ture of the p r ~ e  is critical if it is to be interpreted as 
revealing the n~ovements ef  the endogenous pbo~ho-  
lipids. The ph,.~spholipids with one short chain are 
par6a!!y water soluble which enables their easy incor- 
poration into the RBC outer leaflet. However, because 
of the partial water solubility [t ~s conceivable, althovgii 
not certain, that during cell lysis the probes redis- 
tribute ti:emselves between both leaflets via the aque- 
ous phase through the membrane pore formed during 
hemolysis. The long chain spin-labeled phospholipids, 
~n the other hand, are faithful replicas of endogenous 
phospholipids since the lat~er molecules are virtually 
insoluble in aqueous media. Their insertion into RBC 
bilayer requires the use of a purified phospholipid 
transfer protein (PLTP). 

The data obtained with thc w.ater soluble probes, 
(0,2)PL (see Table I) indicate that the probes under- 
we.nt a close to total scraw.blin;; dur!ng hypotonic 
hemolysis, followed by the seMctive movement of the 
aminophospbolipids from the outer h.~aflet inward, 
when Mg-ATP is p, esgnt iu ;.|,e cylosol. If vanadate c,r 
calcium i~ used ~J block the aminophospholipid 
translocase aetiviD, the lipid ::.rambling persists. These 
results raise some difficulties, if applied to endogenous 
lipids, a to~.al randor,~;~'atian woulc~ mean that a large 
fraction of PC and SM flips to the inner leaflet during 
hemolysis. Not on!y does this contradict the observa- 
tion of Dressier et al. [11] who found that SM asymme- 
try wag stable :yen in vesicles made from red cells, but 
also, it would eontrac!ict our own data on ghost shapes. 
Indeed, after resealing in the presence of Mg-ATP, it 
would be necessary that PC' and SM flopped to the 

outer !ayer as rapidly as the aminophospholipids flipped 
to the interior leaflet, in order to explain the discoid 
shape obtained with such ghosts. If that did not hap- 
pep  the inner leaflet would be overpopulated and 
extlehle stomatocytosis would take place. Yet, such a 
rapid transmembrane movement of PC and SM is 
unlikely. 

However, the results obtained with long chain spi',- 
labeled (10,3) phospholipid are significantly different 
from the results with the short chain lipids. Hypotonic 
hemolysis followed by resealing in the presence of 
Mg-ATP completely randomized the distribution of 
( 10,3)PC representing a/novement of 40% of the probe. 
By vontrast, only approximately 25% of (10,3)SM 
moved to the inner leaflet and 15% of (10,3)PS moved 
outward. In making these measurements there was a 
concern that any outward flop of PS would be immedi- 
ately counteracted by the aminophospholipid translo- 
ca:e. As can be seen in Table 11 use of vanadate, in 
concentrations that completely block the translocase 
gave initially similar results. However, prolonged incu- 
bation oi the ghost preparation in the presence of 
Mg-ATP reveals that the aminophospholipid is eventu- 
ally pumped back to the inner leaflet. This additional 
incubation had no effect on the distribution of (10,3)PC 
and (10,3)SM. These data on PC and SM also demon- 
sh~te thai the amount of PS accessible to ascorbate 
just af~er ghost resea'dng caunot ne attributed to an 
artefact, such as an incomplete resealing, which would 
disappear during the additional incubation. 

It is interesting to note that the incorporation of 
0.5-4% (10,3)PC or (10,3)SM into the membrane of 
the intact RBC produced prompt echinocytosis while 
(10,3)PS incorporation produced stomatocytosis, in a 
recent article, we have shown that the non specific 
exchange protein from plant is capable of lipid ex- 
change [22]. However, similar proteins were reported 
to catalyse lipid addition. Thus, the simpler interpreta- 
tion of the observed shape changes would be a net lipid 
addition, localized into the outer leaflet in the former 
case ((10,3)PC a,~.d (10,3)SM) and eventually accumu- 
lated into the inner leaflet in the latter case ((10,3)PS). 
But in fact the substitution of (10,3)SM or (10,3)PC for 
the endogenous SM or PC may suffice to ir:duce the 
shapc change due to the preseno- of the bulky doxyl 
ring close to tlic h?adgroup. On the oilier hand (10,3)PS 
exchanged into the outer leaflet of the mumbrane for 
PC or SM is rapidly flipped by the transloease to the 
inner leaflet, faster than PE or PC can possibly flop to 
the outer leaflet. This imbalance may produce inner 
leaflet expansion, buckling and stomatot~,tosis, In fact 
when large amounts of (10,3)PS wc|'e exchanged into 
tne RBC membrane, the inner leaflet expansion pro- 
duced by thc transioeaso action was such that endocytic 
vacuoles app~:ared. 

"['he (10,3, ~ phospholipids gave us further indication 



that some lipid scrambling takes place during hypo- 
tonic hemolysis. Indeed the change in EPR line shapes 
reveals that after hemolysis, the more rigid leaflet (the 
oatei' o.~,e) becomes less rigid (decrease in hyl.3rfinc 
splitting), while the less rigid leaflet (the inner one) 
becomes more rigid (increase in hyperfinc splitting). 
These results resemble those of Ohnishi and collabora- 
tors [23,24] who reported that the difference in line 
shape of specific spin probes of the inner (i.e. PS) and 
outer (i.~;. PC) leaflets is reduced after the formation of 
white ghosts. Their experiments as well as ours can be 
interpreted by assuming that the difference in viscosity 
between RBC inner and outer leaflets is duc to the 
difference in composition (fatty acid chains and head- 
groups [25]) and that the scrambling, or at least partia! 
scrambling, of the endogenous lipids cancels ot dimin- 
ishes the difference in physical characteristics. 

Overal!, the results with the (10,3) phospholipids 
show that in confirmation of the above (0,2) phospho- 
lipids data and of the previous C6-NBD data of Con- 
nor et ai. [13] hypotonic lysis is accompanied [:y a 
redistribution of phospholirJids. However, the (10,3)PL 
which are better analogs of endogenous lipids because 
of their insoluble character indicate that there is a 
hierarchy of redistributive movements during hemoly- 
sis. The data with long chain spin-labeled lipids fit very 
well with the data published in 1978 by Shukla et ai. 
[10] who foun,J, by the phospholipase C assay, about 
the same proportions of endogenous PC, S,.', :.nd PS 
or  the outer layer after ghost formation as we do with 
spin-labels (they found respectively 50, 20 and 30% in 
the absence of ATP). They are also consistent with 
data reported by Haest et al. [26] who found 57% of 
PC and ~5% of PS on the, outer leaflet of ghosts 
prepared in the absence of Mg 2+. 

What is the or'g'~a of me selectivity? Because the 
long chain phospholipids are totally i'*soluhle in water. 
the pathway for the redistrinution of the (10,3) phos- 
pholipids must be membranous. Yet because the 
scrambling is limited, ' he passage between both leaflets 
must be opc,ed only temporarily and likely corre- 
sponds to the instable situation associated with the 
formation of the pore(s) through which hemoglobin 
and cytosol leak out. One might implicate specific 
lipid-prgt~.in intcraction.~ to explain the differences 
bctwc,:a PS a,ld PC; for .:xamplc PS.-.sp¢ctri~, iate.:ac 
tion [7-9] o: PS interaction with any other protein such 
as hand 3 or glycophorin. However, it should be kept in 
mind that the lateral diffusion of fluorescent PS on the 
inner leaflet of RBC ghosts was reported to be rapid, 
more rapid tha,t that of PC on the outer leaflet [27]. 
One then must postulate that the domain of fast diffu- 
sion does not include the whole surface area of the 
RBC ~nn~r leaflei. An alternative, yet very speculative, 
explanation could be that the opening of the pore 
involves localized charges which tepell the negatively 
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charged PS. As for SM. there are many reports in the 
literature suggesting its'restricted mobility is due to 
SM-SM and SM-ch ~lcsterol interactions [28,29]. 

Analysis of our Jata using two virtually coraplete 
sets of phospholip:d probes with varying degrees of 
anah~gy to the endogenous phospholipids leads to the 
following proposals. Hypotonic hemolysis provides a 
powerful impetus ;or rapid 'ransmembrane movement 
in the direction of scramblivg of the bilayer. The short 
chain phospholipid proi',:., in fact are completely 
scrambled in confirmatit;1 of previous reports [13]. 
However, these probes, '~,'Id:c vc,T ,_l~ef.,I, are partially 
water soluble and thus stL~ject to artifact as noted 
above. We propose that the (~0,3) phospholipids, while 
technically difficult to use, I:,rovide a more accurate 
reflection of the movements undertaken by the en- 
dogenous phuspholipids u~dcr the impetus of hypo- 
tonic hemolysis. ~t would have been preferable to have 
tracked all of d~c major pho.~hc, iipids, unfc.rt~r, ately. 
for technical reasons we were not able to follow the 
redistribution ol (10,3)PE. it would have required 4-5 
h, at 37:C ie. allow (10,3)PE to equilibrate in the inner 
monolayer [191. During that time period, the (10,3)PE 
crossing to ff, e tuner !:after would have hec~ subjected 
to the continuous redvcing power of the cytosol milieu 
which would have ew atually destroyed the EPR signal. 
However, our cxpen:Jlents show different degrees of 
scrambling for each of the three (10,3) phospholipids 
studied, and the possible explanations of ,his hierarchy 
of scramblin,o, have been outlined above. 

The final problem is to reconcile the net movements 
of the (10,3) phospholipids we have st~:died with tbe 
fac. ~ that isotonicaUy resealed ghosts are echinoojtic 
which, according to the biiayer couple hypothesis 
[3,4,30,31~, means that the~-= .;s a slight excess of lipids 
in the outer leaflet. However, v~'ith the (10,3) phospho- 
lipids probes used, we find that hypotonie lysis pro- 
duces a net transfer to the inner leaflet. It is therefore 
necessary to postulate that the necessary outward com- 
pensation producing the echinocytie shape change 
comes from PE. 
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