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Diamide-treated human erythrocytes have been compared with native red cells as to the accessibility of their 
amino phospholipids to both phospholipase A 2 hydrolysis and fluorescamine labeling. In agreement with 
observations by others (Haest, C.W.M., Plasa, G., Kamp, D. and Deuticke, B. (1978) Biochim. Biophys. 
Acta 509, 21-32), treatment of intact human erythrocytes with dianlide resulted in considerably enhanced 
degradation of amino phospholipids upon subsequent incubation of the cells with bee venom phospholipase 
A 2. The hydrolysis of phosphatidylethanolamine (PE) in control cells reached a plateau value at 5% after 10 
rain. In diamide-treated cells, on the other hand, PE hydrolysis did not level off. Contrastingly, dose-response 
curves recorded for the labeling of PE with the very fast reacting NHz-group-specific reagent, fluoresca- 
mine, showed identical results for both native and diamide-treated erythrocytes. In each of these two cases, a 
plateau was reached after approx. 15% of the PE had been labeled. These results strongly suggest that the 
enhanced phospholipase-A a-induced hydrolysis of amino phospholipids in diamide-treated erythrocytes may 
reflect a destabilization of the lipid bilayer, rather than an in situ loss of phospholipid asymmetry. 

The asymmetry in transverse distribution of 
phospholipids in the human erythrocyte mem- 
brane has been well established [1-3]. The two 
choline-containing phospholipids (sphingomyelin 
(SM) and phosphatidylcholine (PC)) dominate the 
outer monolayer, whereas about 80% of the phos- 
phatidylethanolamine (PE) and all of the phos- 
phatidylserine (PS) reside in the inner leaflet of 
this membrane. One of the intriguing questions 
that was raised regarding this highly pronounced 
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asymmetry is how this situation is maintained 
during the lifetime of the erythrocyte. 

Haest and co-workers [4,5] have shown that 
treatment of intact human erythrocytes with either 
diamide or tetrathionate causes drastic changes in 
the accessibility of the aminophospholipids for 
exogenous probes, most specifically phospholipase 
A 2. For instance, exposure of either diamide- or 
tetrathionate-treated ceils to bee venom phos- 
pholipase A 2 resulted in the non-lytic degradation 
of not less than 50% of the PE and 30% of the PS, 
whereas in native erythrocytes only 5% of the PE 
and none of the PS can be digested by this enzyme 
[4]. 

Fig. 1 shows that, in agreement with the earlier 
studies by Haest and co-workers [5,6] we also 
observed enhanced degradations of amino phos- 

0005-2736/86/$03.50 © 1986 Elsevier Science Publishers B.V. (Biomedical Division) 



128 

8O 

~6o 

2O 

0 
0 

I + r I 

[] 

S o  f "  

T T + 
10 20 ~ 40 

I 1 I I 

- [ ]  

I / I 1 

0 10 20 30 40 
TIME (min) 

Fig. 1. Non-lyric degradation of phospholipids during incuba- 
tion of control (A) and diamide-treated (B) erythrocytes with 
phospholipase A 2. Intact cells were incubated at 37°C as a 
10% suspension in the following buffer: 90 mM KCI, 45 mM 
NaCl, 44 mM sucrose and 10 mM Na2HPO4/NaH2PO 4 (pH 
8.0), also containing 5 mM diamide (Calbiochem, San Diego, 
CA), essentially following the procedure described in Ref. 6. 
After 40 rain of incubation, cells were collected by centrifuga- 
tion (5 min, 2500 x g) and washed twice with the above buffer 
(pH 7.4) and not containing diamide. Control and diamide- 
treated erythrocytes were washed once with a buffer consisting 
of 100 mM KCI, 50 mM NaC1, 10.0 mM CaCI2, 0.25 mM 
MgCl2, 44 mM sucrose and 10 mM glycylglycine (pH 7.4). (In 
the context of this buffer, it should be noted that similar 
results are obtained using 0.25 mM CaCl 2, although phos- 
pholipid hydrolysis proceeds more slowly.) A 10% suspension 
of cells in the latter buffer was incubated at 37°C with bee 
venom phospholipase A 2 (Sigma Chemical Co., St. Louis, 
MO; 1 IU per ml suspension). Samples (1.5 ml) were taken at 
the time-points indicated, the cells collected by centrifugation 
and further action of the phospholipase was terminated by 
suspending them in 0.5 ml of the phospholipase A 2 incubation 
buffer, containing 100 mM EDTA. The cells were subsequently 
lysed by adding at least 20 vol. of a 10 mM EDTA solution, 
saturated at 4°C with CO 2. After 1 h at 4°C, ghost membranes 
were collected by centrifugation for 30 rain at 2500 x g and 
their lipids were extracted according to Rose and Oklander 
[19]. The extent of hydrolysis of PC (11), PE (O) and PS (O) 
was determined after fractionation of the lipids by two-dimen- 
sional thin-layer chromatography according to Broekhuyse [20] 
and phosphate analysis by the method of Rouser et. al. [21]. 
Haemolysis of the cells, determined by measuring the release 
of haemoglobin at 418 nm [22] was always less than 3%. 

pho l ip ids  when d iamide - t r ea t ed  in tac t  h u m a n  
ery throcytes  are subsequent ly  incuba ted  with bee 
venom phospho l ipase  A 2. U n d e r  our  exper imenta l  
condi t ions ,  this enzyme caused cons iderab le  hy- 
drolys is  of  bo th  PE and  PS in d iamide - t r ea ted  
erythrocytes ,  reaching values of  30 and  20%, re- 
spectively,  af ter  40 rain of  incubat ion .  I t  is obvi-  
ous f rom Fig. 1B that,  at this t ime point ,  at which 
cell lysis is still less than 3%, the degrada t ion  of  

bo th  amino  phospho l ip ids  has not  yet  leveled off. 
Unfor tuna te ly ,  however,  lysis increased rap id ly  
when the d iamide - t r ea ted  cells were exposed to 
the ac t ion of  the phospho l ipase  A 2 for longer t ime 
per iods .  T rea tmen t  of  control  e ry throcytes  with 
the bee venom phospho l ipase  A 2 resulted, under  
ident ical  condi t ions ,  in the hydrolys is  of  no more  
than  5% of  the PE, which level of  degrada t ion  was 
a l ready  reached af ter  10 rain of  incubat ion  (Fig. 
1A). As  could  be expected [1,2], hydrolys is  of  PS 
d id  not  occur  in the non- t rea ted  cells. Similar  
results  were ob ta ined  when phospho l ipase  A 2 con- 
cen t ra t ions  were used that  were ei ther  5-t imes 
lower or  2-t imes higher  than the one appl ied  in the 
exper iment  dep ic ted  in Fig. 1. 

The  most  obvious and  unequivocal  in terpre-  
ta t ion from the above  results seems to be that  
t r ea tment  of  intact  h u m a n  erythrocytes  with ei ther 

d i a mide  or  t e t ra th iona te  results  in a cons iderab le  
loss of phospho l ip id  a symmet ry  in their  mem- 
b ranes  [5-7].  Since bo th  these chemical  reagents  
cause  an extensive cross l inking of  spectr in  [5], one 
of  the ma jo r  componen t s  of  the m e m b r a n e  skele- 
ton that  under l ies  the cy top lasmic  half  of  the 
b i layer  [3], it was conc luded  that  this p ro te in  p lays  
a key role in ma in ta in ing  the asymmetr ic  phos-  
pho l ip id  d i s t r ibu t ion  in the red cell membrane .  
This  view was suppor t ed  by the observat ion  of  
enhanced  phospho l ipase -A  2-induced hydrolyses  of 
amino  phospho l ip ids  in sickled ery throcytes  [8], in 
which the in terac t ion  between the m e m b r a n e  
skele ton and  the l ipid b i layer  may  be lost in those 
areas  of  the m e m b r a n e  that  are in spicular  form 
[9,10]. 

The  exposure  of cons iderab le  f ract ions of  the 
PS in the outer  m e m b r a n e  leaflet  of  the intact  
e ry throcyte  should  be easily de tec tab le  by the 
p r o t h r o m b i n a s e  assay, which is a specific and  
sensit ive me thod  to p robe  the presence of  PS in a 
l ip id  surface [10,15]. However ,  the response  of this 
sys tem towards  ei ther  d iamide- t rea ted  normal  hu- 
man  red cells (Zwaal ,  R .F .A.  and Bevers, E.M., 
p e r s o n a l  c o m m u n i c a t i o n )  o r  d e o x y g e n a t e d  
(sickled) reversibly s icklable cells [10] is absolu te ly  
negative.  These observa t ions  raised our  suspicion 
against  the in situ occurrence  of  an a l tered phos-  
pho l ip id  d is t r ibut ion ,  not  only  in case of the sickled 
e ry throcyte  [10], but  also in that  of  the d iamide-  
t rea ted  cell. 



In this context  it  is re levant  to note  that  
abnormal i t i e s  in the s t ructure  of the m e m b r a n e  
skele ton or  its in te rac t ion  with  the m e m b r a n e  
b i layer  - e i ther  chemical ly  induced  or  na tura l ly  
occurr ing  - invar iab ly  result  in enhanced  t ransbi-  
layer  movements  of  glycero-phospholipids [6 ,11-  
14]. Hence,  the ques t ion may  be  raised whether  
the t r ea tment  with phospho l ipase  A 2 as such could  
induce  t ransb i layer  rea r rangements  of  subs t ra tes  
in those des tabi l ized  membranes .  In  o ther  words,  
does  the increased hydrolys is  of  PE and  the de-  
g rada t ion  of  par t  of the PS - as observed  by  
t r ea tment  of  those cells with phospho l ipase  A 2 
dur ing  incuba t ions  that  take at  least  60 rain - 
indeed  indica te  a (par t ia l )  loss of  phospho l ip id  
a symmet ry  in their  membranes ,  or  is it ra ther  an 
ar tefact  caused  by  t ransverse  reor ien ta t ions  of 
glycero-phospholipids induced  by  the ac t ion of 
this enzyme? 

To  explore  this p rob l em further,  we s tudied  the 
local iza t ion  of  PE in nat ive and  d iamide- t r ea ted  
h u m a n  red cells, using the NH2-group-spec i f i c  
reagent  f luorescamine  as the p robe  of choice. 
C o m p a r e d  to phospho l ipase  A :  t rea tments  of  in- 
tact  erythrocytes ,  which require  p ro longed  incuba-  
t ions,  the reac t ion  be tween  f luorescamine and  its 
target  molecules  in membranes  proceeds  very 
rapid ly ,  i.e., wi thin 1 s [16,17]. This  feature  of 
f luorescamine,  c o m b i n e d  with its rap id  aqueous  
hydro lys i s  which des t roys  any excess within 1 min 
[16-18],  makes  this reagent  ex t remely  sui table  for 
t ak ing  a ' s n a p  shot '  of  the ac tual  local iza t ion  of  
PE  in those membranes  in which glycero-phos- 
pho l ip ids  experience enhanced  t ransb i layer  dy-  
namics.  

The  add i t i on  of  increasing amount s  of  fluo- 
rescamine  to suspensions  of e ry throcytes  resul ted 
in label ing pa t t e rns  of PE  which were s imilar  for 
bo th  cont ro l  and  d i amide - t r ea t ed  cells (Fig.  2). In 
bo th  cases, the labe l ing  reached a m a x i m u m  at 
abou t  15% of all PE present .  This  v a l u e  is in 
reasonable  agreement  with the 20% of  this phos-  
pho l ip id  that  can be degraded  when in tac t  nat ive 
e ry throcy tes  are exposed  to phospho l ipase  A 2 in 
the presence of  sph ingomyel inase  C [1,2]. Fu r the r -  
more,  it was observed  that  the phospho l ipase  A 2 
is unable  to degrade  an add i t iona l  f ract ion of  the 
PE in cont ro l  erythrocytes ,  previous ly  exposed  to 
a sa tura t ing  concen t ra t ion  of  f luorescamine.  This  
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Fig. 2. Dose-response curves for the labeling of phosphatidy- 
lethanolamine by fluorescamine. Suspensions (3 ml) of control 
(o), diamide-treated (O) and sonicated native (B) erythrocytes, 
as well as sonicated lipid vesicles (O), in a buffer composed of 
100 mM KC1, 50 mM NaC1, 1 mM CaCI 2, 1 mM MgCI2, 5 
mM NaHCO 3 and 20 mM Tricine (pH 8.0) (buffer A), each 
suspension corresponding to 167 /.tM of total phospholipid, 
were added to each of a series of tubes containing a sufficient 
amount of a stock solution of fluorescamine (Sigma Chemical 
Co., St. Louis, MO; 114 mM in DMSO/acetone, 1:2.5, v/v) to 
give final ratios of 2-20 ttmol fluorescamine per 1 /~mol 
phospholipid. All mixtures were immediately vortexed for 30 s 
exactly. The reaction was stopped by adding 7.5 ml of a buffer 
(B) consisting of 100 mM KCI, 50 mM NaCI, 1 mM CaC12, 1 
mM MgCI2, 6 mM glycylglycine and 20 mM Tricine (pH 8.0). 
Intact and sonicated erythrocytes were collected by centrifuga- 
tion and lysed in 350 /~1 of 20 mM glycylglycine and their 
lipids were extracted and analysed as mentioned in the legend 
to Fig. 1. Lipids from the sonicated vesicle suspension were 
recovered using the procedure of Bligh and Dyer [23]. Sonica- 
tion of erythrocytes (11), as a 50% suspension in buffer A, was 
performed using a Branson sonifier at 70 W for 2 rnin. The 
released haemoglobin was removed by centrifugation at 
100000 × g for 30 min and two subsequent washes with buffer 
A. Small unilamellar vesicles of total erythrocyte lipids ([]) 
were prepared by sonication of 5 mg of extracted lipids in 10 
ml buffer A, using the same sonifier at 70 W for 15 min. 
Sonication was performed under a nitrogen atmosphere, while 
the temperature was kept below 20°C by cooling in ice. Larger 
lipid aggregates and metal particles released from the sonifier 
probe were removed by centrifugation for 60 min at 100000 × g. 

obse rva t ion  indicates  that  bo th  phospho l ipase  A :  
and  f luorescamine react  with the same (exterior)  
poo l  of  PE in the no rma l  erythrocyte .  That ,  under  
our  exper imenta l  condi t ions ,  the l imi ted  extent  of 
labe l ing  of PE  in the in tac t  cells could  be ascr ibed 
to a low react iv i ty  of  this phospho l i p id  towards  
f luorescamine  can be  excluded,  because  extensive 
labe l ing  of PE was observed  when the reagent  had  
been  a d d e d  to e i ther  e ry throcytes  d i s rup ted  by  
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sonication or vesicles prepared from total red cell 
lipids (Fig. 2). These results do not seem to leave 
much room for any conclusion other than that 
treatment of normal erythrocytes with diamide 
does not give rise to a spontaneous translocation 
of appreciable amounts of PE from the inner to 
the outer membrane leaflet. Based on the above- 
mentioned observations by Zwaal and Bevers, the 
same conclusion seems to hold for PS. 

In conclusion, oxidative cross-linking of mem- 
brane proteins - most specifically spectrin - by 
treatment of intact human erythrocytes with di- 
amide does not necessarily result in an immediate 
loss of phospholipid asymmetry. However, such a 
structural modification of the membrane skeleton 
causes a destabilization of the lipid bilayer, as 
expressed by accelerated flip-flop of endogenous 
PC molecules [11], which may enable particular 
reagents - such as phospholipases - to induce 
transbilayer reorientations of glycero-phospholi- 
pids. This implies that, in contrast to the native 
normal erythrocyte on which phospholipases suc- 
cessfully can be used to determine transbilayer 
phospholipid distributions [1,2], these probes may 
easily give rise to erroneous results when applied 
to destabilized membrane bilayers. Finally, it 
seems worth noting that these implications may 
not be restricted to those erythrocytes in which the 
stability of the lipid bilayer has been impaired by 
chemical means, but may also have consequences 
for naturally occurring red cells in which en- 
hanced transbilayer phospholipid movements have 
been demonstrated, as, for instance, the de- 
oxygenated reversibly sicklable cell [8,10,13]. 
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