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Summary 

A detailed s tudy has been made of  the permeabili ty characteristics of  human 
erythrocyte  ghosts prepared under isoionic conditions by a glycol-induced lysis 
(Billah, M.M., Finean, J.B., Coleman, R. and Michell, R.H. (1976) Biochim. 
Biophys. Acta 433, 45--54).  Impermeabil i ty to large molecules such as dextran 
(average molecular weight 70 000) was restored immediately and spontaneous- 
ly after each of  the 5--7 lyses that  were required to remove all of  the haemo- 
globin. Permeabilities to smaller molecules such as MgATP 2-, [3H]inositol and 
[ 14C]choline were initially high but  could be greatly reduced by  incubation at 
37°C for an hour. The extent  of  such resealing decreased as the number  of  lyses 
to which the ghosts had been subjected increased. Both removal of  haemoglob- 
in and permeabilities to small molecules were affected significantly by pH, Ca~ ÷ 
concentrations and divalent cation chelators. Maximum resealing was achieved 
in ghosts prepared in the basic ionic medium (130 mM KC1, 10 mM NaC1, 2 
mM MgCl:, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid 
(HEPES)) at pH 7.0 (0°C) and with a calcium level around 10 -s M. Acidic pH 
facilitated the removal of  haemoglobin whilst the presence of  divalent cation 
chelators slowed down its release. Retent ion of  K ÷ by ghosts loaded with K ~ 
during the first lysis and subsequently incubated at 37°C was substantial but  
little K ÷ could be retained within the haemoglobin-free ghosts. Permeability of  
the ghosts to K ÷ after one lysis was affected by temperature,  pH, Ca 2÷ concen- 
trations and by the presence of  divalent cation chelators. 

Abbreviations: HEPES, N-2-hydroxyethylpiperaz ine-N'-2-ethanesulphonic  acid; MES, 2-(N-mo- 
pholino)cthanesulphonic acid; EGTA, ethyleneglycol-bis-(~-aminoethylether)-N,N'-tetraacetic acid. 
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Introduct ion 

The resealing (recovery of impermeability to solutes) of erythrocyte  ghosts 
prepared under hypoionic conditions depends on the precise conditions created 
during haemolysis and subsequent  t reatments  [1--6].  Haemoglobin-free ghosts 
prepared in cold, low ionic strength buffers lacking divalent cations (Ca :+ or 
Mg 2÷) are permeable to large molecules and to a variety of smaller molecules 
[1--12].  However, these ghosts can partially reseal to large molecules on incu- 
bation in an isotonic salt solution at temperatures around 30°C [4,5,11].  Such 
t reatment  does not  reseal the ghosts to small molecules such as sucrose or man- 
nitol [5], but  inclusion of  a divalent cation (e.g. Ca 2÷) effect some resealing to 
mannitol [4] and to MgATP 2- [6]. 

In a previous paper [ 14],  we described a new procedure for preparing human 
erythrocyte  ghosts by glycol lysis under physiological ionic conditions. These 
will be referred to throughout  this paper as isoionic ghosts. These ghosts 
recovered their impermeabili ty to macromolecules spontaneously and almost 
completely and to a variety of smaller molecules substantially. These permabili- 
ty characteristics and factors which affect them have now been examined in 
detail. Solutes selected as permeants encompassed a range of  sizes and charges 
and provided information on both  non-mediated and mediated permeation. 
Some assessments were made at each stage of  preparation but  particular stress 
was laid on the characteristics of  the final haemoglobin-free preparation and of  
ghosts after only one lysis. 

Materials and Methods 

Materials 
Radiochemicals were obtained from Radiochemical Centre, Amersham. 

Other reagents were of  analytical grade. Type O Rhesus Positive human blood 
was obtained from the Midland Blood Transfusion Centre, Birmingham. It was 
stored at 4°C in the ci t ra te/phosphate/dextrose buffer  and used within 3 weeks 
of  donation. 

Methods 
Preparation of ghosts. The procedure has been described [14].  The basic 

ionic medium used contained 130 mM KC1, 10 mM NaC1, 2 mM MgC12, 10 pM 
CaCl2 and 10 mM HEPES, pH 7.4, at 0°C. Modifications of  this medium were 
made as required for the purpose of  individual experiments. 

Permeability assessment. Permeabilities of  ghosts obtained by  the present 
procedure were assayed by two methods.  The first relied upon the degree of  
exclusion of  a tracer solute and the second upon the rate of  efflux of  a tracer 
solute incorporated within the ghosts during lysis. The tracer solutes used for 
these experiments were [3H]dextran (mol. wt. 73 000), haemoglobin (mol. wt. 
68 000), MgATP 2- (mol. wt.  600, negatively charged), [3H]ionositol (mol. wt. 
180 ,  non-electrolyte),  [14C]choline (mol. wt. 88, positively charged), 3-0- 
[14C]methyl-D-glucose (mol. wt. 200, glucose analogue for mediated permea- 
tion) and potassium (K*). 

For the exclusion experiments the ghost suspensions were adjusted to astan- 
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dard concentration of  membrane phospholipid of  2.0 pmol/ml.  To 0.2 ml of  
this ghost suspension, 0.2 ml of  the ionic medium containing the tracer solute 
with or  wi thout  Triton X-100 was added. The suspension was mixed well. After 
a specified period of  time either at 0°C or at 20°C, the suspension was centri- 
fuged at 20 000 X g for 15 min in the cold. In the experiments using haemoglo- 
bin as the tracer solute, 0.10-ml aliquots of  the supernatant were sampled and 
their haemoglobin contents  were determined according to Dodge et al. [15].  
For radioactive tracer experiments 0.10-ml aliquots of  the clear supernatant 
were transferred into scintillation vials and mixed with 10 ml of  1 : 1 (v/v) 
Triton X-100/toluene-based scintillator. Radioactivity was measured in a 
Philips liquid scintillation counter.  

The percentage of  the total volume of the ghost suspension that was inacces- 
sible to the tracer solute was then computed from the following relationship: 

X - - Y  
% Vi - X X 100 

where % V i = percent volume of the ghost suspension inaccessible to the tracer, 
X = amount  of  the tracer per unit volume of the supernatant,  Y = amount  of  
the tracer in the supernatant in the presence of  0.05% Triton X-100 in the sus- 
pension (i.e. no barrier to diffusion exists). 

The exclusion of  MgATP 2- was assessed by measuring the extent  of  latency 
of  Mg2÷-ATPase. ATPase activity occurs only at the cytoplasmic face of  the 
membrane and the observed enzyme activity is, therefore,  a measure of  the 
degree of  impermeabili ty to the externally supplied substrate [1,16].  Latency 
was measured in the present experiments by  comparing the measured Mg 2÷- 
ATPase activity of  a ghost suspension with that  obtained after freezing and 
thawing. The Mg~+-ATPase activity was determined according to Dunham and 
Glynn [17] and the freezing and thawing was performed by the method of  
Garrahan and~ Glynn [ 18]. 

For efflux experiments the ghosts were loaded with a particular tracer solute 
(for further details, see Results) during lysis and the external tracer was then 
washed away. The pellet was suspended in 20 volumes of  the tracer-free medi- 
um and 2-ml aliquots in duplicate were ren~oved at intervals and the ghosts sed- 
imented at 20 000 X g for 15 min in the cold. The supernatant was discarded 
and the pellet treated with 0.1 ml cold 10% trichloroacetic acid and centri- 
fuged. The clear supernatant was sampled for the measurement of  radioactivity 
in a Philips liquid scintillation counter.  For some experiments,  ghosts loaded 
with tracer were not  washed with tracer-free medium but  were directly diluted 
70--100-fold in the tracer-free medium. The leakage of  the tracer solute was 
then followed in the same way. In the case of  K* efflux experiments,  the ghost 
suspension (2.0 pmol lipid phosphorus/ml)  initially containing 130 mM K÷/1 
was suspended in 70 volumes of  140 mM NaC1, 10 mM HEPES, pH 7.4 (or 
7.0) at 20 ° C. 7-ml aliquots in duplicate removed at intervals, were centrifuged 
at 20 000 × g for 15 min i n t h e  cold. Retent ion of  K* in the pellet was then 
measured by flame photometry .  In some experiments,  ghosts were washed 
twice in 20 volumes of  ice-cold 140 mM NaC1, 10 mM HEPES, pH 7.4 {or 7.0) 
before measuring K ÷ efflux. Efflux of  3-0- [ 14C ]methyl-D-glucose was followed 
using the procedure described by Jung et al. [19].  Ghosts were loaded with 
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mM D-glucose in the presence of  tracer amount  of 3-O-[14C]methyl-D-glucose 
and transferred to 60 volumes of  a tracer-free medium containing D-glucose at 
the same level but  wi thout  the radioactive tracer. 6-ml aliquots in duplicate 
were removed at intervals into centrifuge tubes containing 2 ml of  5% HgC12 in 
the ionic medium. This t reatment  stopped the mediated permeation of sugars. 
The suspension was centrifuged at 20 000 × g for 15 min in the cold. The radio- 
activity was then measured in the pellet. Efflux of  [3H]inositol was measured 
under identical conditions. 

Results 

Permeabilities to haemoglobin and to dextran 
Substantial exclusion of  macromolecules from isoionic ghost preparations 

was indicated by measurements of  volumes inaccessible to [3H]dextran and 
to haemoglobin in suspensions of  ghosts adjusted to a constant  phospholipid 
concentration (Table I). The extent  of  exclusion from freshly isolated haemo- 
globin-free ghosts suspensions was unchanged by a subsequent 1 h incubation 
at 37°C and was not  significantly different from that of  ghosts after one lysis 
which had been resealed to small molecules by incubation (see later). These 
observations indicate that  recovery of  impermeabili ty to macromolecules by 
the ghosts is spontaneous. 

This indication was further substantiated by efflux experiments. As can be 
seen from Table II, (for experimental details see the legend), the efflux rates 
of  both  haemoglobin and [3H]dextran incorporated into the haemoglobin-free 
ghosts during an additional lysis were negligible. 

Permeability to MgA TP 2- 
Fig. 1 shows the latency of  Mg2+-ATPase activity, a measure of  imperme- 

ability to MgATP 2-, as a function of  cycles of  loading and lysis. The total  
Mg2+-ATPase activity of  the ghosts as observed after freezing and thawing 
remained unchanged throughout  the preparative procedure, bu t  the latency 
of  the enzyme appeared to decrease with increasing number of  cycles of  load- 

T A B L E  I 

E X C L U S I O N  OF M A C R O M O L E C U L E S  BY I S O I O N I C  G H O S T S  

Each ghos t  sample  was  adjusted  to  a p h o s p h o l i p i d  c o n c e n t r a t i o n  of  2 /~mol /ml .  The  g ho s t  suspens ion  was 
m i x e d  with  an equa l  v o l u m e  (0.2 ml)  of  ice-cold,  isoionie m e d i u m  c o n t a i n i n g  e i ther  h a e m o g l o b i n  (0 .5%) 
or  [ 3 H ] d e x t r a n  (104 c p m / m l )  and cen t r i fuged  i m m e d i a t e l y  at 20 0 0 0  × g for  15 rain at 0- -4°C .  Fo r  fur- 

t he r  detai ls ,  see Mater ia ls  and M e t h o d s .  

Ghos t  samples  Pe rcen t  v o l u m e  o f  g h o s t  suspens ion  inaccess ib le  to 

H a e m o g l o b i n  [ 3 H ] d e x t r a n  

Ghos t s  a f ter  o n e  lysis  
in cubat ed  (37°C ,  1 h)  N o t  d e t e r m i n e d  33 

H a e m o g l o b i n - f r e e  ghosts  
freshly i so la ted  (at  0°C)  31 30 
in cubat ed  (37°C,  1 h) 34 33 
T r i t o n  X - 1 0 0  treated  0 0 
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T A B L E  II  

T I M E - C O U R S E  O F  E F F L U X  OF M A C R O M O L E C U L E S  I N C O R P O R A T E D  I N T O  H A E M O G L O B I N -  
F R E E  I S O I O N I C  G H O S T S  

H a e m o g l o b i n - f r e e ,  isoionic  ghos ts  we re  l oaded  at  20°C wi th  1.5 M glycol  for  10 vain, chil led and  t h e n  
d i lu ted  wi th  19 v o l u m e s  of  ice-cold,  isoionic m e d i u m  con ta in ing  0.5% haemog lob in •  The  suspens ion  was 
cen t r i fuged  at  20 000  × g for  15 m i n  a t  0°C and  the  pe l le t  was  washed  once  in the  same m e d i u m  to  
r e m o v e  g l y c o l  G h o s t s  were  e i the r  k e p t  at  0°C ( f reshly  isola ted)  or  i n c u b a t e d  at 37°C  for  1 h and  t h e n  
washed  twice  in 20 v o l u m e s  h a e m o b l o b i n - f r e e ,  isoionic m e d i u m •  [ 3 H ] D e x t r a n  was  i n c o r p o r a t e d  u n d e r  
the  same condi t ions .  Ef f lux  of  the  t r ace r  solutes  was fo l lowed  by  resuspend ing  the  ghos ts  in 20 v o l u m e s  
of  t racer - f ree  m e d i u m  at  0°C. 

T i m e  of  R e t e n t i o n  of  i n c o r p o r a t e d  
ef f lux  (rain) 

H a e m o g l o b i n  ( m g / m l )  [ 3 H ] D e x t r a n  (10  -3 X c p m / m l )  

Fresh ly  i so la ted  I n c u b a t e d  Fresh ly  isola ted I n c u b a t e d  

0 1.2 1.2 22 23 
15 1.0 1.2 20 23 
60  1 .0  1.2 20 22 

ing and lysis. The loss of latency was most rapid during initial cycles. Freshly 
isolated, haemoglobin-free ghosts retained their impermeability to MgATP 2- to 
the extent of 30--50%. However, these ghosts recovered their impermeability 
to MgATP 2- almost completely when they were incubated at 37°C for an hour 
(Fig. 1). 
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Fig. 1. Reseal ing of  isoionic  ghos ts  ( pH  7.4)  as a f u n c t i o n  of  n u m b e r  of  load ing  and  lysis cycles.  The  
ghos ts  were  p r e p a r e d  by  the  s t anda rd  p r o c e d u r e .  Reseal ing to M g A T P  2- (mol .  wt .  6 0 5 )  was expressed  as 
p e r c e n t  l a t ency  of  Mg2+-ATPase act iv i ty ,  wh ich  d e t e r m i n e s  the  degree  of  exc lus ion  o f  ex t e rna l ly  suppl ied 
MgATp2- :  o,  f reshly  i so la ted  ghos ts ;  $,  ghos t s  i n c u b a t e d  at  37°C  for  1 h.  Reseal ing  to  inosi tol  (tool.  wt .  
180)  was  assessed f r o m  the  e x t e n t  o f  exc lus ion  of  [ 3 H ] i n o s i t o l  by  the  ghos t  suspens ion .  The  ghos t  sus- 
pens ion  was m i x e d  wi th  an  equa l  v o l u m e  (0 .2  ml )  of  ionic m e d i u m  con ta in ing  [ 3 H ] i n o s i t o l  an d  centr i -  
fuged i m m e d i a t e l y  for  15 ra in  at  O°C. ~, f reshly i so la ted  ghos ts ;  4, ghos ts  i n c u b a t e d  at  37°C for  1 h. N o t e  
the  e f fec t  of  t e m p e r a t u r e  on  resealing.  

Fig. 2. E f f ec t  of  n u m b e r  of  loading a nd  lysis cycles  on the  ef f iux  of  [ 3 H ] i n o s i t o l  i n c o r p o r a t e d  in to  the  
isoionic ghosts .  Ghos t s  a t  the  a p p r o p r i a t e  s tage were  lysed  in the  isoionic m e d i u m  (pH 7.4)  con ta in ing  
[3H] inos i t o l .  T he  p a c k e d  ghos ts  were  again s u s pe nde d  in the  s ame  m e d i u m ,  i n c u b a t e d  at  37°C for  1 h 
and  then  washed  twice  in 20 t imes  the i r  v o l u m e  of [3H] inos i to l - f r ee ,  ice-cold isoionie  m e d i u m .  Ef f lux  
was  t hen  m e a s u r e d  by  suspend ing  in 20 v o l u m e s  of  the isoionic m e d i u m  at  20°C.  Lysis  stage:  first (e); 
th i rd  (~),  and  s ixth  (o) .  
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Permeability to [3H]inositol 
Fig. 1 shows the resealing characteristics of  the ghosts to [3H]inositol as a 

function of number of cycles of loading and lysis. Immediately after the first 
lysis, the ghosts showed substantial permeabili ty to [3H]inositol, and they 
became completely permeable at the final stage when the ghosts were free of  
haemoglobin. However,  on incubation at 37°C for 1 h, haemoglobin-free, iso- 
ionic ghosts substantially recovered their impermeabili ty to [3H]inositol. Since 
the ghosts were completely impermeable to dextran, the volume inaccessible to 
dextran in the ghost suspension could be taken as the volume occupied by the 
ghosts. The proport ion of this volume which excluded [3H]inositol was taken 
as a measure of  impermeability of the ghosts to [3H]inositol. On this basis, the 
final haemoglobin-free ghost preparation was calculated to be 60 -+ 10% imper- 
meable to inositol. 

For efflux experiments, ghosts after first, third and sixth lyses were loaded 
with [3H]inositol, as described for macromolecules above {Table II), and incu- 
bated at 37°C for 1 h. The extracellular solute was removed by washing the 
ghosts twice in 20 volumes of tracer-free, ice-cold, isoionic medium. The efflux 
was then followed at 20°C and the results are presented in Fig. 2. The initial 
concentration of  [3H]inositol entrapped within the ghosts was much lower at 
the later stages of lysis than it was after the first lysis but  the leakage rate was 
much higher. 

Effects of  pH on permeabilities 
In order to s tudy the effects of  pH on the characteristics of  haemoglobin- 

free, isoionic ghost preparations, the pH of the ionic medium was varied within 
the pH range 6--8 and a specified pH was maintained throughout  the prepara- 
tive procedure. A 10 mM MES (2-(N-morpholino)ethanesulphonic acid, p g  a at 
20°C = 6.15) buffer was used to achieve acid pH values. Compared to neutral 
pH (pH 7.0), acidic pH appeared to expedite the removal of  haemoglobin 
whilst alkaline pH seemed to slow down the release of  haemoglobin {Table III). 
Freshly isolated ghost preparations obtained at various pH, were examined by 
phase contrast  microscopy (see ref. 14) for values impermeability to dextran and 
were all found to exclude dextran completely. However, resealing to small mol- 

T A B L E  II I  

E F F E C T S  OF pH ON H A E M O G L O B I N  R E L E A S E  F R O M  G H O S T S  

A speci f ied  pH was mainta ined  throughout  the preparative procedure .  Basic ionic  m e d i u m  conta ined  130 
m M  KC1, 10 m M  NaC1, 2 m M  MgC12, 10 /aM CaCl 2 and  10 m M  HEPES  or MES as appropriate  (see the 
text) .  Glycol - induced lyses  were af fected  under  standard cond i t i ons  described [ 14] .  Lipid phosphorus  was 
determined  by King's m e t h o d  [13]  and h a e m o g l o b i n  by  the m e t h o d  of  Dodge  et al. [ 1 5 ] .  N u m b e r s  in 
parentheses  indicates  number  of  loading and lyses  cyc les  required to reach the final stage of  preparation.  

pH maintained 
during 
preparat ion 

Haemoglobin content (mg//amol lipid phosphorus) 

After  fourth At  final stage 
loading and lysis 

6.0  0 . 025  
7.0 0 . 050  
8.0 0 . 100  

0 . 0 2 5 ( 4 )  
0 . 0 2 0 ( 5 )  
0 . 0 4 0 ( 6 )  
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ecules such as [3H]inositol and [~4C]choline appeared to be most effective 
when ghosts were prepared and incubated at pH 7.0 (Fig. 3). Under physiologi- 
cal ionic conditions, acidic pH appeared to be less favourable for the recovery 
of the permeability barrier of the ghosts than alkaline pH (Fig. 3). 

Effects of  divalent cations and their chelators on permeability 
The isoionic medium was modified by including EGTA or EDTA (1 raM) 

and also by changing the levels of calcium (up to 10 mM). Free calcium levels 
~<10 pM were achieved by using appropriate amounts of CaC12 buffered with 1 
mM EGTA [20]. The pH of these media was maintained at 7.0. Haemoglobin- 
free ghosts were prepared whilst maintaining a particular level of calcium con- 
stant throughout the preparative procedure. 

Haemoglobin retention by the ghosts after one lysis passed through a maxi- 
mum around a calcium concentration of 1--10 pM (Table IV). Examinations of 
the ghosts by phase contrast microscopy showed that haemolysis of the cells 
was complete at all levels of Ca 2÷. Complete removal of haemoglobin was found 
to be facilitated in the presence of extremely high calcium levels (e.g. 10 mM). 
Ghosts prepared in the ionic medium containing 1 mM EGTA were the most 
difficult to free of residual haemoglobin (Table IV). 

Freshly isolated, haemoglobin-free ghosts prepared at various calcium con- 
centrations within the range mentioned excluded dextran, as judged by phase 
contrast microscopy. At calcium concentrations above 1 mM, the ghosts 
became distorted in the presence of 2% dextran. As can be seen from Fig. 4 the 
extent of recovery of impermeability of the ghosts to [3H]inositol and to 
[~4C]choline also passed through a maximum at around 10 #M Ca 2+. Mg 2+ was 
much less effective than Ca 2÷ in preserving the resealing capacity of the ghosts 
(Fig. 4). 
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Fig. 3. Ef fec t s  of  p H  on reseai ing of  haemog lob in - f r ee ,  isoionic ghosts .  A speci f ied  p H  was  m a i n t a i n e d  
t h r o u g h o u t  the  preparat ive  procedure .  Other  e x p e r i m e n t a l  c o n d i t i o n s  are as in Table  I I I .  All the  prepara-  
t ions  were  i ncubated  at 37 ° C for  1 h be fore me a s u r ing  exc lus ion  of  [ 3 H ] inos i to l  (o),  and of  [ 14 C ] cho l ine  
(~) as descr ibed  in Fig. 1. 

Fig. 4. Ef fec t s  of  d iva len t  ca t ions  (Ca 2+ and  Mg 2+) on reseal ing of  haemog lob in - f r ee ,  isoionic ghosts .  A 
speci f ied  c o n c e n t r a t i o n  of  Ca 2+ or  of  Mg 2+ at  pH 7.0 was  m a i n t a i n e d  t h r o u g h o u t  the  preparat ive  proce-  
dure .  Contro l  ghos t s  w e r e  m a d e  in the  isoionic  m e d i u m  con ta in ing  1 m M  E D T A  or E G T A  as appropr ia t e .  In 
the  case of  Mg 2+, 0.1 m M  E G T A  was  used  to  che la te  e n d o g e n o u s  Ca 2+ in the m e d i u m .  Further  e x p e r i m e n -  
tal detai ls  are as in Table  IV. All  the  preparat ions  were  in c uba ted  at 37°C for  1 h b e f o r e  measur ing  exclu-  
sion of  [ 3 H ] i n o s i t o l  (o,  w i th  Ca2+; o, wi th  Mg 2+) and of  [ 1 4 C ] c h o l i n e  (~, wi th  Ca2+). 
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TABLE IV 

EFFECTS OF Ca 2+ ON HAEMOGLOBIN RELEASE FROM GHOSTS 

A specified Ca 2+ concentration at pH 7.1 (10 mM HEPES) was maintained throughout the preparative 

procedure. A Ca 2+ concentration at 10 pM or below was achieved by using I mM Ca2+-EGTA buffer (see 

the text). Other components of the medium were 130 mM KCI (allowance was made for high [Ca2+]), 10 

mM NaCI, and 2 mM MgCl2 (or none). Glycol-induced lyses were effected under standard conditions as 

described [14]. Ghosts after first lysis were washed three times in 20 volumes of respective lysing media 

at 0°C. Lipid phosphorus and haemoglobin were measured as in Table Ill. 

Ca 2+ Ghost haemoglobin content (mg#tmol No. of lysis cycles 

concentration lipid phosphorus) required for final stage 
(0.025 mg haemoglobin/pmol 

After first After fourth lipid phosphorus) 
lysis lysis 

1 mM E G T A  1.50 0 . i  7 
0 . I  pM 1.45 0 . I  7 
I pM 2.10 0.07 6 

I 0  #M 1.95 0 . 055  5 
0.1 mM 1 .50  0 . 045  5 
1 m M  1.38 0 .04  5 

10 mM 0 .50  0 .02  4 
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Fig. 5. Mediated permeation of 3-O-[ 14C]methyl.D.glucose by haemoglobin-free, isoionic ghosts. Ghosts 

were loaded, during final lysis, with 3-O-[14C]methyl-D-glucose or [3H]inositol in the presence of 5 mM 

glucose or inositol as appropriate and incubated at 37°C for an hour. Packed ghosts were washed twice in 

20 volumes of ice-cold isoionic medium containing 5 mM of respective sugar but without the radioactive 

tracer. Efflux was followed at 20°C as described in Materials and Methods. Efflux of [3H]inositol (~) 

wi th  or  w i t h o u t  HgCI2 (0.7%) and ef f lux  of  3 - O - [ 1 4 C ] m e t h y l - D - g l u c o s e  w i t h o u t  (e)  or  w i th  (o)  HgC12 

(0.7%).  

Fig. 6. Ef fec t s  of  n u m b e r  of  loading and  lysis cycles  and  of  d iva len t  ca t ion  che la to r s  ( E G T A  and  E D T A )  
on p e r m e a b i l i t y  to  K + of  isoionic ghos ts  (pH 7.0) .  Ghos t s  a t  first (o ,e ) ,  th i rd  (D,m) an d  f i f th  (~,4)  stages 
were  i n c u b a t e d  at  37°C  for  1 h in the  isoionic m e d i u m  con ta in ing  e i t he r  2 mM c h e l a t o r  ( , o, n, ~) 
or  n o n e  ( . . . . . .  , e ,  i ,  4) .  A d d i t i o n  of  the  che l a to r  was  m a d e  u n d e r  ice-cold condi t ions .  Packed  ghos t  sus- 
pens ion  (2 .5  ~tmol p h o s p h o l i p i d / m l )  was  suspended  in 70 t imes  its v o l u m e s  of  140  m M  NaC1, 10 mM 
HEPES,  pH 7.0, and  K + e f f lux  m e a s u r e d  at  20°C as desc r ibed  in Mater ia ls  and  Methods .  No te  t ha t  the  iso- 
ionic  m e d i u m  c o n t a i n e d  10 ~M Ca 2+ and 2 m M  Mg 2+. See also Table  V. 



T A B L E  V 

R A T E  C O N S T A N T S  O F  K ÷ E F F L U X  F R O M  I S O I O N I C  G H O S T S :  E F F E C T S  O F  Ca  2+ A N D  E G T A  

Va lues  w e r e  ca l cu la t ed  f r o m  the  data  in Fig.  6. 

523 

No.  o f  l o a d i n g  

a n d  lys i s  c y c l e s  

R a t e  c o n s t a n t s  (h -1 ) o f  K + e f f l u x  f r o m  g h o s t s  i n c u b a t e d  w i t h  

C a 2 + ( 1 0  pM) E G T A  (2 m M )  

1 0 .42  0 .02  

3 0 . 6 0  0 .03 

5 1 .12 0 .11 

Permeability to 3-O-methyl-D-glucose 
From Fig. 5 it is apparent than the efflux of  3-O-[~4C]methyl-D-glucose is 

much more rapid than that of  [3H]inositol. These effluxes were measured 
under equilibrium exchange conditions. At 5 mM level, 3-0-[ ~4C]methyl-D°glu- 
cose reached an equilibrium with the external medium with a half-time of 
approx. 3 s. This value agrees closely with that for intact cells [21].  The rapid 
flux of  3-O-[14C]methyl-D-glucose could be completely inhibited with 0.7% 
HgC12 (Fig. 5), as expected if it was catalysed by the glucose carrier system of 
the membrane [21].  

Permeabili ty to K ÷ 
Fig. 6 illustrates the extent of retention of  K ÷ by the ghosts at different 

stages of  preparation. The ability of  the ghosts to entrap K ÷ appeared to be 
markedly reduced during the series of glycol-induced lyses. This loss of  capac- 
ity for resealing to K ÷ was most rapid during initial cycles of  loading and lysis. 
The amount of  K ÷ retained by the haemoglobin-free, isoionic ghosts was only 
about 20% of the initial K ÷ content whereas the ghosts after one lysis retained 
K ÷ to the extent of  70%. Compared to the ghosts after one lysis, haemoglobin- 
free ghosts lost K ÷ at a relatively faster rate (Fig. 6 and Table V). 

Further studies of factors affecting K ÷ permeability were therefore restricted 
to ghosts after one lysis. Maximum K* retention in such ghosts was achieved 
with 10--100 /~M Ca 2÷ and pH 6--7.7 during lysis. Subsequent leakage of  K* 
from the ghosts was minimised by addition of  a chelator such as EDTA or 

T A B L E  VI  

E F F E C T S  O N  K + R E T E N T I O N  O F  I N C U B A T I O N  P E R I O D  IN  P R E S E N C E  O F  A D I V A L E N T  C A T I O N  

C H E L A T O R  

A c h e l a t o r ,  at a c o n c e n t r a t i o n  o f  2 raM, w a s  a d d e d  u n d e r  i ce - co ld  c o n d i t i o n s  i m m e d i a t e l y  a f ter  i s o l a t i o n  
o f  g h o s t s ,  or at d i f f e r e n t  intervals  d u r i n g  a 1 h p e r i o d  o f  i n c u b a t i o n  at 37°C.  K ÷ r e t e n t i o n  b y  the  g h o s t s  
w a s  m e a s u r e d  as d e s c r i b e d  in Fig.  6. 

T i m e  o f  i n c u b a t i o n  
in che la tor - f ree  
m e d i u m  ( m i n )  

P e r c e n t  init ial  K ÷ r e t a i n e d  at intervals  (rain)  

30 60  180  

0 75  72 70  

15 64  55 31 
30 63 54 30 
60  65  54 31 
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EGTA (2 mM) at or immediately after haemolysis. Table VI shows the effects 
on the time-course of  K* retention of the addition of a chelator to the ghost 
sample. Efflux of  K ÷ was reduced only when EGTA or EDTA was added to 
freshly isolated ghosts. These results suggest that  resealing to Ca 2÷ occurred 
immediately on incubation at 37°C and that Ca 2÷ trapped within the ghosts 
stimulated the efflux of  K*. 

Discussion 

To remove the cytoplasmic contents  from the erythrocyte ,  it is necessary 
to render the plasma membrane temporarily permeable to large molecules and to 
expose the cytoplasmic face of  the membrane to a replacement medium. In our 
preparative procedure, we have sought to minimise damage to the membrane 
by  effecting haemolysis in an ionic medium approximating that of  the normal 
ery throcyte  cytoplasm. The consequences of  this preparative procedure in 
terms of  membrane composi t ion and morphology were discussed in an earlier 
publication [ 14]. 

The usefulness of  a membrane preparation for studies of  physiological prop- 
erties of  the plasma membrane is largely dependent  on the extent  to which the 
normal permeability characteristics of  the membrane of the intact cell can be 
restored following haemolysis. Using glycol-induced osmotic haemolysis under 
isoionic conditions all the haemoglobin can be removed and substantial reseal- 
ing achieved: impermeabil i ty of  these haemoglobin-free isoionic ghosts to 
macromolecules approaches that  of  the intact cells (Tables I and II) and imper- 
meabili ty to passive permeation of  smaller molecules such as inositol or choline 
is largely restored (Figs. 1--6). In this respect, these preparations are superior to 
haemoglobin-free ghosts prepared by lysis at low ionic strengths [1--12] and 
are comparable to resealed "p ink"  ghosts prepared by lysis in buffers with 
osmotic strength around 40 mosM and then incubated at 37°C in an isoionic 
medium [3].  Permeability to K * is greater in haemoglobin-free isoionic ghosts 
than it is in the resealed hypoionic "p ink"  ghosts but  ghosts after one glycol 
lysis under isoionic conditions are comparable in this respect to the hypoionic 
"p ink"  ghosts and contain much less haemoglobin (Table IV). Carrier-mediated 
glucose permeation survives repeated glycol lysis relatively well and in this 
respect the ghosts compare very favourably with intact cells (Fig. 5}, as do 
ghosts prepared by hypoionic haemolysis [21].  

The ghosts prepared under conditions of  physiological ionic strength recover 
impermeabili ty to macromolecules spontanously,  but  the extent  of resealing 
with respect to small molecules is significantly dependent  on the concentra- 
tions of  both  Ca 2÷ and H ÷ (or OH-), passing through a maximum at concentra- 
tions of  these ions close to those encountered in the cytoplasm (Figs. 3 and 4). 
In contrast, hypoionic ghosts behave unphysiologically in the sense that  they 
can reseal only when incubated in the presence of  Ca 2÷ concentrations far high- 
er than those normally present within the cell [6,22].  It is possible that  under 
conditions of  low ionic strength, Ca 2÷ that  is tightly bound in the membrane 
structure may be largely removed whereas under isoionic conditions this appar- 
ently important  Ca 2÷ pool remains undisturbed (See Simons [31]) .  It seems 
likely that these ions at appropriate concentrations influence packing of mem- 
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brane components  so as to bring the permeabili ty channels or holes created 
during haemolysis down below a critical size. At higher concentrations (~>1 
mM Ca 2÷ in media of  physiological ionic strength) which have been observed to 
inhibit resealing we have detected (unpublished) both  elution of  polyacryl- 
amide gel band 4.1 [24] and changes in lipid composition. 

The process of  molecular reorganisation required for resealing of  isoionic 
ghosts seems to be dependent  both  on appropriate Ca 2÷ and H ÷ concentrations 
and on temperature during handling of  the ghosts, with maximum resealing 
achieved by incubation at 37°C. Resealing of hypoionic ghosts to macromole- 
cules [5],  to small molecules [4] and to cations [3,23] is also improved by 
warming. Thus, the reorganisation of  membrane components  associated with 
resealing may require an appropriate fluidity of  structure so that changes in 
molecular packing influenced by Ca 2÷ and H ÷ can proceed unhindered. 

The decreasing success of  procedures for resealing to small molecules with 
increasing numbers of  lyses remains a deficiency in the preparative technique 
which may be inherent in any procedure involving repeated membrane rupture 
and resealing. It does not  appear to be explained by loss of  any membrane com- 
ponents  (see ref. 14) and one can only suggest that there is a progressive disor- 
ganisation of  structure which becomes increasingly difficult to reverse with 
each additional lysis. Nevertheless, the achievement of substantial resealing to 
molecules as small as inositol in ghosts which are haemoglobin-free is an advance 
on previous procedures.  

The permeabili ty of  any ghost preparation to K ÷ is probably a combination 
of  its inherent "leakiness" and the operation of a Ca2+-controlled K÷-gating 
system in the membrane.  The latter would be expected to be very sensitive to 
changes in internal Ca 2÷ concentrations during the preparative procedures. The 
best preparation with respect to passive permeabili ty to K ÷ is one made by 
lysing at 0°C in the presence of  micromolar levels of  Ca 2÷ and then incubating 
at 37°C in the presence of  a chelator (EGTA, EDTA or ATP) rather than in a 
Ca2+-containing medium (Fig. 6 and Tables V and VI). Thus, for substantial 
resealing to occur sufficient Ca 2÷ must be present at the instant of haemolysis 
but  the Ca 2÷ level must then be reduced in order to maximise impermeabili ty 
of  the membrane to K ÷. It would appear that  there is an intracellular pool  of  
Ca ~÷ that exercises critical control  over permeabili ty of  the membrane to K ÷, 
but  which is held only lightly by the membrane structure and is readily 
removed during incubation of  ghosts at 37°C in the presence of  a chelator. 
Such an effect  of intracellular Ca 2÷ on K ÷ permeabili ty has long been recog- 
nised in intact cells [25--28] and in resealed, hypoionic "p ink"  ghosts [29--  
31] and the availability of  a haemoglobin-free isoionic ghost preparation may aid 
its further characterisation. The small Ca 2+ pool which is presumed to remain 
after chelator incubation must be more tightly bound in the membrane struc- 
ture and probably has a membrane-stabilising effect. The functions of  these 
two pools are clearly distinguished by the new preparative procedure which, 
therefore, offers a favourable approach to their further study. 
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