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Summary. As t5 % of band 3 protein, the assumed 
chloride channel, is associated with spectrin, the ma- 
jor peripheral protein of a lattice located at the red 
cell membrane-cytosol interface, the present study 
was undertaken to evaluate whether a rearrange- 
ment of the lattice modifies the functional property 
of band 3 protein. Such a rearrangement was modu- 
lated by depletion of cell ATP and/or by accumu- 
lation of Ca 2+ ions within the cell. 

ATP depletion induces an inhibition of the elec- 
troneutral one-for-one chloride exchanges. Neither 
the modification of red cell morphology due to ATP 
depletion (discocyte-echinocyte transformation) nor 
a direct effect of the decrease in internal ATP level 
can account for this inhibition. On the other hand, it 
seems reasonable to consider that inhibition is re- 
lated to the changes in membrane protein organi- 
zation (formation of heteropolymers) induced by the 
decrease in ATP level. But it does not appear that 
the degree of inhibition is modified when this altered 
assembly of membrane protein is stabilized by disul- 
fide linkages. 

Accumulation of Ca 2+ ions in the cell at a rel- 
atively low concentration (10 gM range) inhibits 
chloride exchange without apparent modification of 
the assembly of membrane proteins. This effect of 
calcium on chloride exchanges is speculatively de- 
noted as a "direct" effect of calcium. 

Calcium loading of fresh red cells at higher con- 
centrations (500 to 1000 gM) obtained by use of the 
ionophore A23187 induces a very strong inhibition 
of chloride exchanges. In this case, inhibition can be 
reasonably accounted for by two simultaneous ef- 
fects of calcium: a "direct" effect which explains half 
of the inhibition and an "indirect" effect due to the 
formation of membrane protein complexes stabilized 
by covalent crosslinkages (activation by Ca 2+ ions 
of a transglutaminase). 

It is interesting to note that intracellular calcium, 
whatever the level, inhibits electroneutral exchanges 
of chloride but increases net chloride movements. 
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It has recently been suggested (Bennett & Stenbuck, 
1979) that about 15% of band 3 protein, an intrinsic 
membrane protein of the erythrocyte, is associated 
with spectrin, the major peripheral protein of a lat- 
tice located at the red cell membrane-cytosol inter- 
face. Such protein interactions are certainly involved 
in the control of intramembrane particle distribu- 
tion. Since band 3 protein has been implicated in 
anion transport (Cabantchik & Rothstein, 1974), 
however, the question arises whether a rearrange- 
ment of the lattice modifies the functional property 
of band 3 protein. 

ATP depletion and accumulation of Ca 2+, by al- 
tering the physical properties of the proteins of the 
lattice, result in modification of the red cell mor- 
phology (discocyte-echinocyte transformation). ]It has 
been suggested that in this configuration spectrin 
and some other polypeptides are rearranged into a 
more intimate contact with each other (Palek, Liu & 
Snyder, 1978b). 

This discocyte-echinocyte transformation of red 
cells is generally reversible upon restoration of nor- 
mal ATP and calcium levels. It becomes irreversible, 
however, after a prolonged ATP depletion or after a 
high calcium concentration is introduced into the 
cells. In these conditions it has been shown that the 
protein rearrangement is stabilized by spontaneous 
crosslinking, with formation of heteropolymers (Pa- 
lek, Liu & Liu, 1978a). Taking advantage of these 
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modifying effects of ATP and Ca 2+, the present 
study was undertaken to evaluate the influence of 
membrane protein rearrangement on chloride trans- 
port. 

Materials and Methods 

Preparation of Cells 

Freshly collected human blood was obtained from a blood bank. 
It was then centrifuged for 5 min at 3,000 xg, and plasma and 
bully coat were discarded by aspiration. The red cells were 
washed three times in 154mM NaC1 and used immediately, as 
described below. 

Anaerobically and aerobically ATP-depMed cells. Red cells at 
10% hematocrit were incubated in 50 mN glycylglycine, 140 m g  
NaC1, 5 mu  KCI and 2 mM MgC12 at pH 7.4. 20 gg streptomycin 
and 50 U penicillin were added per m1 of suspension. The pH was 
readjusted throughout incubation when necessary. Half of the sus- 
pension was incubated for 20 hr at 37 ~ under a constant flow of 
prewashed humidified nitrogen gas, whereas the other half was 
incubated under oxygen. To restore the intracellular ATP con- 
centration, anaerobically and aerobically depleted cells were sub- 
sequently incubated for 4 hr in the medium supplemented with 
0.5 mg adenine, 12.7 mg inosine, and 2 g/liter glucose under ni- 
trogen. After 20min incubation, 10 m g  DTT was added in the 
aerobically depleted cell suspension. 

ATP-depler cells in presence of  CaCl 2. The incubations were 
carried out at 37~ for 26hr  at 20% hematocrit in the same 
medium as above, supplemented with 2 mM CaCI 2. In some ex- 
periments 5 mM iodoacetic acid and 5 mM inosine were added in 
the medium of incubation to ensure rapid depletion. 

Ionophore A23187-treated cells. The cells were suspended at 10% 
hematocrit in 25 mM Hepes, 140 mM NaC1, 10 mM KC1, and 2 mM 
MgCI 2 at pH7.4 at 20~ 10 5M ionophore A23187 (stock so- 
lution : 10 - 3 M in dimethylsulphoxide) and 1 mN CaC12 were added, 
and after 30 rain incubation at 37 ~ cells were washed twice in 
cold isotonic 0.5 % bovine serum albumin solution. Intracellular 
ATP and normal intracellular Ca 2+ levels were restored by pro- 
longed incubation of cells (18 hr) at 37 ~ with 0.5 mN adenine, 
12.7 mM inosine and 2 g/liter glucose. Cells treated in the presence 
of histamine were incubated in medium supplemented with 40 mM 
dichlorhydrate histamine. 

A TP and GSH Measurements 

ATP was measured by the firefly bioluminescence method with a 
Chemglow apparatus. Typically, 50 gl of packed red cells were 
hemolysed in 5 ml of 10 mM Hepes buffer, pH 7.5, and placed in a 
boiling water bath for 2 rain. The extract was stored at - 1 8  ~ 
Firefly lantern extracts and ATP (adenosine 5' triphosphate di- 
sodium salt) were purchased from Sigma or Lumac for the assay 
procedure. 

Levels of reduced GSH were measured using methods de- 
tailed by Beutler (1975). 

Cell Morphology 

Cell morphology was controlled either by phase contrast or scan- 
ning electron microscopy. The red cells were suspended in a 1 
glutaraldehyde cold isotonic buffer solution, pH 7.4. After incu- 

bation at 4 ~ they were either examined by use of phase-con- 
trast microscopy or treated as described in Motais, Baroin, Mo- 
tais and Baldy (1980) for examination in a Cameca MEB 07 scan- 
ning electron microscope. 

Sodium Dodecylsulfate Polyacrylamide 
Gel Electrophoresis 

In the first dimension, high molecular weight complexes were re- 
solved by SDS-agarose-polyacrylamide gel electrophoresis (2.5 % 
acrylamide, 3.75 % Bis/mono, 0.3 % agarose, and 0.2 ~o SDS) as 
described by Liu, Fairbanks & Palek (1977). The discontinuous 
gel system described by Laemmli (1970) was employed in a gel 
slab for resolution in the second dimension. The stacking gel was 
formed of 2.67 and 8 % acrylamide, 3.75 % Bis/mono and 0.2% 
SDS. A 2-mm melted (40 ~ reducing agent band (1% agarose, 
1% SDS, 40 mM DTT) was layered on top of the stacking gel and 
immediately covered with the first dimensional cylindrical gel. 

Cell membranes were prepared by lysing packed red cells in 
30 volumes of cold 10 mN Tris HC1 buffer, pH 7.4. Membranes 
were collected by centrifugation at 29,000 x g for 20 min and were 
washed 3 times with Tris HC1. They were solubilized in a 50 % 
sucrose, 5 % SDS, 5 mM EDTA, 50 mM Tris, 0.1 mg/ml pyronin y 
solution for 20 min at 37 ~ 

Flux Measurements 

The chloride self-exchange fluxes were measured at Donnan 
equilibrium at 0 ~ Labeling of cells with 36C1, isolation of la- 
beled cells, determination of radioactivity in cell-free medium, and 
the automatic technique of flux measurements have previously 
been described (Cousin & Motais, 1976). The final hematocrit of 
the cell suspension was 0.5 %. In all cases, the medium used was 
identical to the corresponding medium of incubation. The pH of 
the medium during flux measurements was 7.8. We did not re- 
adjust the pH of the cell suspension when it was transferred from 
37 to 0 ~ because pH readjustment brings about hemolysis of the 
depleted cells. All efflux measurements were done on triplicate 
samples of the labeled packed red cells. 

Calculations 

The kinetics for C1 effiux were well described by a two-compart- 
ment model with a constant volume. The equation describing the 
time dependence of the specific activity in a cell-free medium is: 

Qt_Q~(1 - e  -(K~ 

wherein Q, and Q~o are the concentration of isotopes in the exter- 
nal medium at time t and at isotopic equilibrium, respectively, the 
exponents K o and K~ are the rate coefficients for isotope efflux 
and influx, respectively. In our experiments K i could be neglected 
because the bematocrit was low (0.5 %). The rate constant was 

calculated from the relation between l~ ( 1 - Q  {2')o~ and the time t 

by linear regression analysis. The slope of the graph was assumed 
to be equal to - K  o. Treatment of the cells may vary the in- 
tracellular volume of water and so fractional inhibition of the 
transport cannot be related only to the fractional decrease of the 
rate constant K o. We calculated the fluxes per kg of cell soIids 
according to Funder and Wieth (1976), using the equation: 

V 
J = K o X ~ •  C 
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where J is the flux (mmol/kg of cell solids, min), V (cm 3) is the 
volume of intracellular water, S (kg) is the dry weight of the cell 
and Ci (moles/cm3/intracellular water) is the intracellular chloride 
concentration. 

The dry weight S of the cells is easily determined as the re- 
sidual weight of the cells after evaporation of cell water (50 ~tl of 
packed red cells in triplicate, 48 hr at 105 ~ The apparent cell 
water volume evaporated was then corrected for the extracellular 
trapped volume. To determine this, we added 14C inuline (Centre 
d'Etudes NuclOaires de Saclay, France) to an aliquot of the cell 
suspension at the end of the incubations and spun it down simul- 
taneously with the 36Cl-labeled cells prior to flux measurements. 
Triplicate samples of the supernatant (50 ~tl) and of tile pellet 
(50 p.l) were precipitated in 1 ml of 1.5 % cold percbloric acid. 
Radioactivity was measured by liquid scintillation counting. The 
ratio of counts gives the percentage of extracellular trapped water 
content. 

The intracellular chloride concentration was similarly deter- 
mined as the product of the distribution ratio of radioactive chlo- 
ride and the chloride concentration in the medium. Determi- 
nation of the distribution ratio was done in exactly the same way 
as for the 14C inuline space using 36Cl-labeled cell suspension. 

Abbreviations 

SDS, sodium dodecyl sulfate; ATP, adenosine triphosphate; 
GSH, glutathione; Tris, Tris-(hydroxymethyl-)aminomethane; 
HEPES, N-2-hydroxy-ethyl piperazine-N-2-ethanesulfonic acid; 
DTT, dithiothreitol; EDTA, ethylenediaminotetraacetate diso- 
dique salt; RBC, red blood cells; W..S., weight solid. 

Results 

1. The Effects of ATP Depletion 

Cell morphology and ATP content. Figure 1 shows 
the morphology of red cells after a 20 hr incubation 
period at 37 ~ without glucose, under anaerobic 
and aerobic conditions. Incubation under nitrogen 
leads to an heterogeneous cell population with near- 
ly 100% echinocytes at different stages of transfor- 
mation. Aerobically treated cell population is 100 % 
echinocytic and homogeneous. Drastic decreases of 
the intracellutar ATP content are associated with 
these changes of shape (Table 1). The final ATP con- 
tents of the anaerobically and aerobically depleted 
cells are less than 1% of the starting level. 

Incubation of these depleted cells with metabolic 
substrates (see Materials and Methods) induces an 
almost complete reversal of echinocytes to dis- 
cocytes, as illustrated in Fig. 1. However, it must be 
pointed out that for aerobically ATP-depleted cells, 
repletion treatment was performed in the presence of 
the reducing D T T  agent. Indeed, as discussed in the 
next paragraph, when red cells are ATP-depleted 
under aerobic conditions, a polymerization of mem- 
brane proteins occurs which is reducible by DTT. 
The presence of D T T  in the repletion medium great- 
ly improves the capacity of the cells to resume their 
native shape (Palek et al., 1978b). After a long and 

drastic ATP-depletion, the kinetics of the restoration 
of ATP level is slow (Feo & Leblond, 1974). In thct, 
in our conditions (4-hr repletion treatment) ATP 
levels are poorly increased (Table 1): for anaerobi- 
cally ATP-depleted cells, ATP content at repletion 
does not exceed 10% of the initial level, while in 
aerobically ATP-depleted ceils it does not signifi- 
cantly increase. If  repletion treatment is performed 
in the presence of P O ] - ,  the final ATP concen- 
tration is higher but it remains far below the initial 
level (0.31 gM ATP/ml  RBC in POZ--containing me- 
dium, i.e., 2 0 ~  of initial concentration, against 
0.11 gM/ml RBC in PO~--free medium). All these 
data suggest that the ATP concentration per se is 
not the direct factor which controls cell shape. This 
lack of correlation between ATP level and cell mor- 
phology is illustrated in the experiment described in 
Fig. 2, which confirms previous data (Feo & Moh- 
andas, 1977): aerobic ATP-depletion performed in 
the presence of 1 mM iodoacetic acid, an enzymatic 
inhibitor of glycolysis, induces a rapid drop of in- 
tracellular ATP, and it can be observed that at the 
time when the ATP concentration falls to zero 
(about 80 rain) almost all the cells are discocytes. 

Membrane protein association. Figure 3 shows the 
SDS-polyacrytamide gel electrophoresis of solubi- 
lized membrane proteins from red cells undergoing 
ATP depletion during anaerobic incubation and af- 
ter the subsequent ATP repletion. As reported ear- 
lier by Palek etal .  (1978b), both gel patterns are 
similar to that of fresh cells. 

In contrast, we observed in the polyacrylamide 
gel electrophoresis of membrane proteins from red 
cells depleted under aerobic conditions (Fig. 4a), the 
formation of a slowly migrating complex of apparent 
mol wt 450,000 daltons and of a high molecular 
weight complex (mol wt>106 daltons) which re- 
mains at the origin of the gel. Treatment  of the cells 
with DTT reverse the formation of these polymers. 
Only the reducible complex of m o l w t > 1 0 6  is re- 
lated to a decrease of cellular ATP (Palek et al., 
1978) and it can be shown that it contains, among 
other membrane  proteins, spectrin and band 3. This 
can be checked by employing two-dimensional SDS- 
polyacrylamide gel electrophoresis as illustrated in 
Fig. 4b: since the polymer is reducible by DTT,  the 
first dimensional gel containing the complex is treat- 
ed with DTT and the cleaved components are iden- 
tified by electrophoresis in the second dimension. 

This formation of membrane  heteropolymers 
through disulfide bonds in aerobically ATP-de- 
pleted cells is associated with a net decrease of the 
intracellular reduced GSH concentration (Table 1). 
GSH level reduces to about 40% of its preincu- 
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Fig. 1. Morphological aspects of red cells. (al): ATP-depleted cells under anaerobic conditions. (a2): The same cells after repletion. (bl): 
ATP-depleted cells under aerobic conditions. (ba): The same cells after repletion. Repletion is carried out in the presence of 10 mM DTT 

bat ion level. At the end of  repletion treatment,  G S H  
had practically recovered its initial value. It is worth 
not ing that in the absence of  0 2 (anaerobic ATP-  
depletion) the reduced G S H  concentra t ion does not  
vary th roughou t  incubat ion apart  f rom a slight and 
insignificant decrease (Table 1). 

CI- self-exchange fluxes. As described in Materials 
and Methods,  to take into considerat ion the cellular 
shape variations, we related the values of  the CI -  
self-exchange fluxes with the weight of  cell solids. 
Table 1 shows the values obtained for cells depleted 
under anaerobic  and aerobic conditions, respectively. 
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Table 1. Evolution of ATP, GSH, and chloride fluxes under anaerobic and aerobic conditions 

199 

ATP depletion under N 2 (n=4) ATP depletion under 0 2 (n=3) 

ATP GSH Fluxes ATP GSH Fluxes 

A 1 .35_+0 .21  2 . 4 1 _ + 0 . 3 7  6 0 6 _ + 5 2  1.620_+0.086 2.50 0.10 603_+60 
B 0 .02_+0 .009  2 .20_+0 .82  4 1 4 _ + 5 0  0 .005+_0 .004  1 .00_+0 .25  389_+26 
C 0.11 _+0.075 2.03 _+0.53 0.008 -+ 0.001 2.02 

Incubations were performed as described in Materials and Methods. A, B, C refer respectively to fresh 
cells, ATP-depleted cells, and repleted cells. ATP and GSH levels are expressed in gmol per ml of RBC, 
and fluxes are expressed in mmol per min-per kg of weight solids. Values and standard deviations are 
derived from a number of experiments indicated by n. 
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Fig. 2. ATP-depletion of red cells in 5 mM iodoacetic acid glucose- 
free buffer; relation to cell echinocytic transformation. Abcissa: 
incubation time in minutes. Ordinate: ATP content expressed as 
the percentage of the initial value. Incubation medium (in raM): 
50, glycylglycine; 150, NaC1; 5, KCI; 2, CaCI2, 2, MgCI2; 5, iodo- 
acetic acid; and 5, inosine. Micrographs show the morphological 
aspect of the red cells after the time of incubation indicated below 

T h e  C1-  t r a n s p o r t  is i n h i b i t e d  to the  s a m e  ex ten t  

in the  two  cell  p o p u l a t i o n s .  T h e s e  i n h i b i t i o n s  are  n o t  

d ras t i c  s ince they  a re  in b o t h  cases a r o u n d  35%.  

W h e n  a n a e r o b i c a l l y  and  a e r o b i c a l l y  A T P - d e p l e t e d  

cells r everse  to  the i r  na t i ve  shape  af ter  r ep le t ion ,  

A B C 

A T P  1.35 0.02 0.11 
GSH 2.41 2.2 2.03 
F LUX 606 414 
Fig. 3. Relationships between chloride self-exchange fluxes, GSH 
and ATP levels, and membrane protein composition of fresh cells 
(A) ATP-depleted cells under anaerobic conditions (B) and re- 
pleted cells (C). ATP and GSH levels are expressed in gmol per 
ml of RBC, and fluxes are expressed in mmol per min per kg of 
weight solids. Membrane proteins were separated by electro- 
phoresis in SDS-agarose (0.3 ~), acrylamide (2.5 ~) without DTT 
reduction. The membrane polypeptides are indicated by numbers 
according to Fairbanks, Steck and Wallach (1971). Hb: hemo- 
globin 

C1-  t r a n s p o r t  gene ra l l y  does  n o t  r e c o v e r  its in i t ia l  

c apac i t y  in e i ther  p o p u l a t i o n .  T h e  i nh ib i t i ons  of  

t r a n s p o r t  .are r educed ,  bu t  t he  degree  o f  r e c o v e r y  va-  

r ies w ide ly  f r o m  one  e x p e r i m e n t  to ano the r .  W e  can  

thus  on ly  aff i rm tha t  qua l i t a t i ve ly ,  desp i te  the  corn- 
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A B C 
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GSH 2.50 1.oo 2.02 
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Fig. 4. (a): Relationships between chloride self-exchange fluxes, GSH and ATP levels, and membrane protein composition of fresh cells 
(A), ATP-depleted cells under aerobic conditions (B) and repleted cells in presence of 10 mM DTT (C). ATP and GSH levels are expressed 
in t~mol per mI of RBC, and fluxes are expressed in mmol per min per kg of weight solids. In A and B, membrane proteins were 
fractionated by electrophoresis without DTT reduction. The membrane polypeptides are indicated by numbers according to Fairbanks 
et al. (1971). Hb: hemoglobin. (b): Two-dimensional gel electrophoresis of membrane proteins from ATP-depleted cells under aerobic 
conditions. Membrane proteins were fractionated in the first dimension without DTT reduction. Electrophoresis in the second dimension 
was performed in a slab incorporating a DTT zone to cleave disulfide bonds. A schematic first dimensional pattern is shown at the top of 
the gel. Star indicates the mol w t >  106 daltons aggregate whose protein components (I~) are released by DTT reduction 

Table 2. Effect of Ca z+ accumulation on chloride self-exchange 
fluxes in ATP-depleted cells 

Chloride fluxes Inhibition of 
x 10 -3 chloride fluxes 

(moles/min/kg (percent 
weight solids) of control) 

A Control cells 485 _+ 59 - 
Depleted cells 188 _+ 31 61 

B Control cells 543 • 27 
Depleted cells 349 + 17 36 

Long depletion under air was performed as described in Materials 
and Methods in medium containing 2 mM CaC12 (A) and 2 mN 
EDTA free of CaCI 2 (B). The values and the standard deviations 
are derived from three (A) and two (B) experiments. Control cells 
refer to cells incubated in Ringer supplemented with glucose 2g/ 
liter, inosine 12.7 mM and adenine 0.5 mM. Depleted cells refer to 
cells incubated in the same Ringer without glucose, inosine, and 
adenine. 

plete restoration of the cellular morphology, the C1- 
self exchange fluxes only partially recover. Repletion 
experiments performed in the presence of PO42- do 
not show an improved recuperation of the CI- 
transport despite the higher final intracellular ATP 
concentration. The following values are an example 
of an experiment: anaerobically ATP-depleted cells 
(0.01 gmol ATP/ml RBC) with a lower chloride per- 
meability than control (392x10 -3 mmol/mn/kg 
weight solid and 617 x 10 .3 mmol/mn/kg weight sol- 
id, respectively) were separated into two batches for 
repletion treatment with or without 2 mM PO~-. At 
the end of the repletion period (4 hr) we obtained a 
similar partial recuperation of the transport in the 
two batches (445 x 10 - 3  and 453 x 10 -3 mmol/mn/kg 
weight solid) despite the fact that the ATP concen- 
trations were different (0.11 ~tmol ATP/ml RBC and 
0.31 gmol ATP/ml RBC). 
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Fig. 5. Scanning electron micrographs of Ca2+-loaded cells with 1 mM Ca 2+ and 10-5M ionophore A23187 (x 6000). (al): Ca2+-loaded 
cells in the absence of histamine. (a2): The same cells after repletion by long incubation (18 hr) in medium supplemented with metabolic 
snbstrates. (bl): CaZ+-loaded cells in the presence of 40 mM histamine. (b2): The same cells after repletion by long incubation (18 hr) in 
medium supplemented with metabolic substrates 

Effect of Ca 2+ accumulation during ATP depletion. 
In the above experiment, incubations were performed 
without  calcium in the external medium. When  
ATP-deplet ion of  red cells is carried out  in the pres- 
ence of CaC12, Ca 2+ uptake  by cells occurs. Table 2 
gives the values of chloride self-exchange fluxes mea- 
sured after aerobic A T P  depletion in Ca 2 +- 
containing (2mM Ca 2§ and Ca2§ (2mM 
E D T A )  media. It can be seen that chloride move-  
ments are strongly reduced when Ca 2+ accumulates.  
The degree of  inhibition in ATP-deple ted  cells con- 
taining Ca z+ is twice that  in ATP-deple ted  cells not  
loaded with Ca z+. These data  suggest a direct in- 

hibitory effect of  Ca 2~ ions on chloride permea- 
bility. 

2. The Effects of Ca 2 § Loading 

Cells loaded with Ca 2+ by means of  ionophore  
A23187 are useful for the study of Ca 2§ effects in- 
side the cells. The intracellular Ca 2§ loading was 
performed (see Materials and M e t h o d s ) i n  the pres- 
ence and absence of  histamine in the external me- 
dium for a reason which will be explained below. 
Briefly, histamine prevents the stabilization of  mem-  
brane protein crosslinking occurr ing during the in- 
tracellular Ca 2 § accumulat ion.  
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A B C A B C 

A T P 0.71 0.13 1.5 AT P 1.08 0.07 1.5 
FLUX 624 251 446 FLUX 615 280 468 

Fig. 6. Relationships between chloride self-exchange fluxes, ATP level and membrane protein composition of control cells (Ah Ca z ~-- 
loaded cells (B), and Ca2+-loaded cells after a subsequent repletion treatment (C). (a): Incubation performed in histamine-free media. 
Ca 2+ loading was obtained by incubating red cells at 37 ~ in a glucose-free medium containing 1 mM Ca z• and 10 -s M A23187. Arrow 
indicates the high molecular weight membrane protein aggregate. (b): Incubations performed in 40 mM histamine enriched media. Same 
legends as in a except that all the different incubation media are supplemented with 40 mM histamine and that control cells refer to fresh 
cells incubated in medium supplemented with metabolic substrates 

Cell morphology and ATP content. Figure 5 shows 
the morpho logy  of  Ca z +-loaded cells in the presence 
and absence of  histamine. Cells of  the two batches 
are echinocytic with an impor tant  fraction of the pop- 
ulations spheroechinocytic.  As expected, intracel- 
lular A T P  concentra t ion decreases (see Fig. 6). 
Washing ionophore- t reated cells with bovine serum 
albumin in free Ca 2+ medium and incubat ing them 
with metabolic  substrates leads to the reversal of  the 
cellular shape (Fig. 5). For  histamine-free medium 
treated cells, the morphological  recovery is largely 
incomplete (35 ~o echinocytes are still present), while 
cells always treated in the presence of  40mM his- 
tamine recover their biconcave shape but show nu- 
merous distortions (Fig. 5). No  echinocytes re- 
mained. The loss of A T P  during Ca 2 § accumulat ion 
is reversible, since in repleted cells the AT P  content 
is largely restored to its initial value (Fig. 6). 

Membrane protein association. Lorand,  Weissmann, 
Epel and Lorand  (1976) have shown that in Ca 2§ 

enriched cells, permanent  membrane  protein cross- 
linking can occur, catalyzed by a Ca z + activated red 
cell glutaminase. F i g u r e 6 a  shows the SDS-poly-  
acrylamide gel electrophoresis of  solubilized Ca 2+ 
loaded cell membrane  proteins. Indeed, a large mo-  
lecular weight protein remains at the origin of the 
gel. This polymer  cannot  be cleaved with reducing 
agents and the electrophoresis performed on the re- 
pleted cell membrane  proteins after Ca 2-- extrusion 
exhibits the same gel pattern. This permanent  heter- 
opolymer  can be prevented f rom forming if cells are 
loaded with Ca 2§ in the presence of  histamine, 
which is a substrate for the cytoplasmic transgluta- 
minase. This is shown in Fig. 6b in which gel pat-  
terns from intact cells, Ca 2+ loaded cells, and re- 
pleted cells are identical. No  membrane  protein ag- 
gregate can be detected. 

Cl transport. Our  data  are reported in Fig. 6. In 
ionophore- t rea ted cells, either with or without  his- 
tamine, the C1- self-exchange fluxes are strongly in- 
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hibited. In each case, the extent of inhibition is 
around 60%. After repletion CI- transport is not 
fully recuperated in the two cell populations (with 
and without histamine). In both, a residual inhibi- 
tion around 30 % of the C1- transport remains. 

Discussion 

The present study demonstrates that, in human red 
cells, ATP depletion induces an inhibition of the 
electroneutral one-for-one chloride exchange, which 
is considered as a nonenergy-dependent transport 
process. In addition it is shown that this inhibition 
is largely increased when red cells are depleted in 
the presence of calcium in the external medium, i.e., 
when Ca 2+ ions can accumulate in the cells. Thus 
the respective roles of ATP depletion and intracel- 
lular Ca 2 § must be analyzed. 

The following possibilities can be considered to 
explain the observed transport inhibition occurring 
after ATP depletion. 

1) The modification in cell morphology, as- 
sociated with ATP depletion, causes an alteration in 
the capacity of the transport system to carry chlo- 
ride ions. 

2) The decrease in the internal ATP level di- 
rectly modifies the transport system efficiency. 

3) During ATP depletion, spectrin is rearranged 
to establish closer contacts with different membrane 
proteins allowing the formation of large molecular 
weight complexes. Since band 3, the assumed chlo- 
ride channel, is involved in one of these complexes 
(Palek et al., 1978b), such a rearrangement could ex- 
plain inhibition of chloride transport. 

The first possibility appears unlikely because 
even when the discocyte-echinocyte transformation 
of red cells undergoing ATP depletion is reversed 
after ATP repletion ,the rate of chloride exchanged 
does not recover its initial value. It must be pointed 
out that complete recovery of the discocyte shape is 
obtained whereas intracellular ATP level is poorly 
restored, suggesting - and it is formulated as the sec- 
ond possibility - that ATP level could directly influ- 
ence the transport system activity. This possibility 
also seems unlikely because the rate of chloride ex- 
changes is the same when, after ATP repletion, the 
level of ATP stores obtained is 0.11 ~tM/ml cells (in- 
cubation in normal medium containing inosine 
adenosine and glucose) or 0.31 gM/ml cells (incu- 
bation in the same medium supplemented with in- 
organic phosphate. Furthermore we demonstrated 
(Fig. 2) than when ATP depletion is induced by in- 
cubation of the cells with iodoacetic acid, an en- 
zyme-inhibitor blocking glycolysis, within 1 hr ATP 
fell to zero but 95 % of the cells were discocytes, 
however, and the rate of chloride self-exchange was 
not significantly modified (not shown). Incidentally 

these data confirm the interesting finding previously 
obtained in similar experimental conditions by Feo 
and Mohandas (1977), that ATP is not necessary for 
maintaining the discocyte shape. 

In order to explore the third possibility, we in- 
vestigated membrane protein composition of red 
cells depleted in ATP under different experimental 
conditions and simultaneously measured the chlo- 
ride self exchanges. As previously described by Palek 
et al. (1978b) we found that membranes of human 
erythrocytes depleted in ATP under aerobic con- 
ditions contain several high molecular weight spec- 
trin-rich complexes, namely a heterodimer of spectrin 
(1 +2) of apparent molecular weight of 450,000 dal- 
tons and a large complex (mol wt > 106 daltons) with 
a high spectrin to band 3 ratio (Fig. 4). In these con- 
ditions we observed that the rate of chloride ex- 
changes was decreased by about 35%. Taken to- 
gether these data could suggest that the formation of 
complexes is responsible for the observed transport 
inhibition. However, when ATP depletion was in- 
duced in anaerobic conditions, we observed the 
same degree of chloride transport inhibition (Table 2 
and Fig. 3) though the membranes of these cells did 
not exhibit such complexes and had the same mem- 
brane protein electropherogram as the fresh, non- 
ATP-depleted cells (Fig. 3). This discrepancy be- 
tween aerobic and anaerobic data, in fact, is only 
apparent. Indeed, the formation of the high molec- 
ular weight complex observed in cell depleted in 
ATP under aerobic conditions can be visualized as 
the consequence of two processes: the first, a rear- 
rangement of spectrin and other membrane proteins 
into more intimate contact with each other, this re- 
arrangement being induced by ATP depletion; and 
the second, the appearance of spontaneous intermo- 
lecular crosslinkings by disulfide bridges with sub- 
sequent formation of a heteropolymer which the re- 
arranged proteins undergo under aerobic conditions. 
In anaerobic conditions membrane proteins rear- 
range to close contact but spontaneous oxidation 
does not, of course, occur. Consequently the rear- 
rangement of protein which is not stabilized by disul- 
fide covalent bridges is dissociated during solubili- 
zation of the membrane in SDS and cannot be ob- 
served on gel electrophoresis. Such an interpretation 
is strongly supported by the data of Palek and Liu 
(1979) and Liu and Palek (1979), showing that gluta- 
raldehyde crosslinking or catalytic oxidation of ghosts 
from anaerobic ATP-depleted cells, but not from 
fresh cells, contain a large molecular weight 
(tool wt>  106 daltons) complex, which is enriched in 
spectrin. Therefore it seems reasonable to consider 
that the inhibition of chloride transport observed af- 
ter ATP depletion is related to the changes in mem- 
brane protein organization induced by the decrease 
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in ATP level. But it does not appear that the degree 
of inhibition is modified when this altered assembly 
of membrane proteins is stabilized by the disulfide 
linkage. 

As a consequence of this interpretation one 
would expect that the dissociation of complexes 
would allow the normal rate of chloride exchanges 
to be resumed. When red cells have been ATP de- 
pleted under anaerobic conditions, it can be pre- 
sumed that ATP repletion will restore the normal 
arrangement of membrane proteins (as it restores 
normal shape), since the neighboring proteins were 
not crosslinked through disulfide coupling. Similarly 
for aerobically ATP-depleted cells, the restoration of 
normal protein organization should be obtained if 
ATP repletion is carried out in the presence of di- 
thiothreitol (DTT), which reduces disulfide bonds 
and completely dissociates the high molecular 
weight polymer (Palek et al., 1978b, and Fig. 4). 

Surprisingly enough, we found in these two dif- 
ferent experimental conditions that the recovery of 
chloride permeability was only partial and essen- 
tially variable from one experiment to another. This 
nontotal reversibility of inhibition can be attributed 
to the following possibilities: 

1) Human erythrocytes incubated without glu- 
cose could release spectrin-free vesicles containing 
lipids, hemoglobin, and some integral proteins such as 
band 3 (Lutz, Liu & Palek, 1977). Thus irreversi- 
bility could correspond in our experimental con- 
ditions to a loss of band 3, the assumed chloride 
channel. 

2) The changes in membrane protein arrange- 
ment are not completely reversible as repletion pro- 
gresses. 

The first possibility surely cannot entirely explain 
the failure of the transport inhibition to reverse be- 
cause, from the data of Lutz et al. (1977), it appears 
that after 20hr incubation at 37 ~ (our experimen- 
tal conditions) only about 2 % of the membrane pro- 
teins are lost, i.e., 1% of the band 3 protein. Thus 
we favor the second explanation because it has been 
recently demonstrated (Liu & Palek, 1979), using ca- 
talytic oxidation, that the propensity of ghosts from 
anaerobically depleted cells to form a high molec- 
ular weight complex was not completely reversed 
by restoration of ATP level: this suggests that spec- 
trin and other membrane proteins undergo an irre- 
versible aggregation during ATP depletion. 

As mentioned above, inhibition of chloride self- 
exchanges is strongly increased when ATP depletion 
is induced in the presence of calcium in the external 
medium (a 60 % inhibition is observed when red cells 
are depleted in a medium containing 2 mlvl CaC12 
against 35% in a Ca2+-free medium containing 

2 mM EDTA). It is well known that, in these experi- 
mental conditions, calcium accumulates in the cells. 
As external calcium has no effect on chloride trans- 
port in fresh cells incubated with metabolic sub- 
strate, it can be concluded that it is intracellular cal- 
cium which is involved in this additive inhibitory ef- 
fect. Cellular calcium concentration in erythrocytes 
metabolically depleted in plasma (Lichtman & 
Weed, 1973; Palek & Liu, 1979) may rise to approx- 
imately 50/XM after 24 hr incubation. Such a concen- 
tration of calcium could conceivably induce, by ac- 
tivating transglutaminase, covalent crosslinkings be- 
tween 7 glutamyl-s-lysine residues of spectrin, 
band 3, and other membrane protein neighbors (Lo- 
rand etal., 1976; Anderson, Davis & Carraway, 
1977). Then aggregate formation due to ATP de- 
pletion plus aggragate formation due to Ca 2§ 
activated transglutaminase could account for the to- 
tal inhibition observed in erythrocytes metabolically 
depleted in the presence of calcium. In fact, it has 
been shown that considerable increases in eryth- 
rocyte calcium are required to initiate transglutami- 
nase-dependent membrane protein crosslinking, 
Such concentrations (about 0.5 mM) are approximately 
7-8 times higher than that found in metabolically 
depleted erythrocytes (Lorand et al., 1976; Anderson 
et al., 1977; Coetzer & Zail, 1979). Thus, from our 
experiments performed with ATP-depleted cells, it 
appears that at a relatively low concentration (10 pM 
range) intracellular calcium inhibits chloride self-ex- 
changes in a manner which does not involve mem- 
brane protein crosslinking. The question is evidently 
open whether such inhibition is related to a direct 
Ca 2+ effect on the chloride channel. Recently, by 
controlling cellular concentration with ionophore 
A23187 and divalent cation buffers, Low (1978) also 
demonstrated an inhibitory effect of a relatively low 
level of Ca 2+ on sulfate exchanges in erythrocytes. 
The apparent inhibition constant (Ki) was calculated 
to be 6 gM. 

When we used ionophore to load fresh cells 
(10gM ionophore, lmM external Ca, 1/2hr incu- 
bation) the intracellular calcium attained a suf- 
ficiently high concentration (C>500gg)  to initiate 
transglutaminase-dependent membrane protein com- 
plexes (see Fig. 6) and discocyte-echinocyte transfor- 
mation (Fig. 5). In these conditions we found a very 
large inhibition of chloride exchanges (60% of the 
control). This degree of inhibition is identical to that 
observed when ATP depletion is induced in the pres- 
ence of calcium in the incubation medium, i.e., 
when the additive effects of ATP depletion and low 
intracellular calcium level occur. We found that after 
restoration of normal ATP and calcium levels, the 
complex remains unchanged (Fig. 6) but the inhi- 
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bition is diminished by half: the degree of residual 
inhibition (30 %) is similar to that observed when a 
complex is formed by ATP depletion in Ca2+-free 
medium. 

The presence of a suitable transglutaminase sub- 
strate, like histamine, inhibits crosslinkings of mem- 
brane proteins (i.e., the formation of complex) in in- 
tact red cells exposed to Ca 2+ and ionophore 
(Fig. 6) but, of course, does not impair the altered 
assembly of spectrin and other membrane proteins. 
In this experimental condition a high degree of in- 
hibition (55 %; s e e  Fig. 6) is also observed, and res- 
toration of normal ATP and calcium levels, which 
restores the normal biconcave shape, only permits a 
partial recovery of chloride permeability (residual in- 
hibition 24 %). 

A reasonable interpretation of these two sets of 
experiments is that the introduction of a large 
amount of Ca 2+ into fresh cells by treatment with 
ionophore produces a strong inhibition chloride 
self-exchanges in two simultaneous ways: 

1) A "direct" effect of Ca 2+ on chloride permea- 
bility which accounts for about half of the observed 
inhibition and which is released after ATP repletion 
and Ca z+ extrusion. This action could be similar to 
the effect observed with a low intracellular Ca a+ 
concentration. 

2) An "indirect" effect through a rearrangement 
of spectrin and other membrane proteins and which 
accounts for the second half of the inhibiting action. 
This altered assembly of proteins being stabilized by 
permanent protein crosslinkings by a Ca 2 +-activated 
transglutaminase, the indirect inhibitory effect is not 
released after ATP repletion and Ca 2+ extrusion. In 
the presence of histamine, covalent stabilization can- 
not occur, but it is possible, as in the case of anae- 
robic ATP depletion, that irreversible aggregation 
occurs, preventing a total release of chloride inhi- 
bition after Ca 2 + extrusion. 

The possibility that this irreversible inhibition 
could be due to the release into the external medium 
of microvesicles containing band 3, as we discussed 
above for ATP depletion, is unlikely. This phenome- 
non has indeed been described (Allan, Billak, Finean 
& Michell, 1976) when red cells are incubated in the 
presence of ionophore A23187 plus Ca 2§ but in 
conditions more drastic than those we used. Fur- 
thermore, the microvesicles have a very low content 
of band 3 when freshly collected blood is used. 

Concerning the action of Ca 2+ on chloride 
movements, it is interesting to note the converse ef- 
fect of Ca 2 + on the fast anion exchange mechanism 
and on the net anion transporting mechanism: on 
the first process, an inhibitory effect according to the 
present results on chloride and the data of Low 

(1978) on sulfate; on the second one, a stimulatory 
effect according to Biirgin and Schatzmann (1979). It 
is actually questioned whether the net anion trans- 
porting mechanism is an independent pathway or a 
slip in the exchange mechanism. One could spec- 
ulate that Ca 2 + induces the working of the mecha- 
nism in the direction of the "slipping" way to the 
prejudice of the "normal"  way. 
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