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The uptake of 45Ca2+ by human red blood cells induced by vanadate was found to be inhibited by a number 
of divalent cations. The following order of potencies was determined (in parentheses, ICso in mmol/I):  
Cu 2+ (0.006), Zn 2+ (0.014), Cd 2+ (0.030), Co  2+ (0.20), Ni  2+ (0.25), M n  2+ (8.0), Ba  2+ (9.0), S r  2+ (14.0). The 
effects of Cu 2+, Zn 2+ and Cd 2+ w e r e  biphasic - -  over a critical concentration their inhibitory potencies 
decreased, and finally, were lost. Besides Ca 2+, Sr 2+, Ba 2+ and Mn 2+ were also taken up, but only Ca 2+ and 
Sr 2 + were capable of eliciting the Ghrdos effect. Ni2 + was not taken up. Several HS reagents also inhibited 
45Ca2 + uptake. The following order of potencies was determined (in parentheses, IC50 in mmol/ ! ) :  mersalyl 
(0.0025), 5,5'-dithiobis(2,2'-dinitrobenzoic acid) (0.011), p-chloromercuric acid (0.042), N-ethylmaleimide 
(2.0). The effects of all HS reagents except N-ethylmaleimide were biphasic. The biphasicity of the actions 
of the indicated agents was caused by the opening of a new pathway for 45Ca 2+ entry which is different from 
that observed in the presence of vanadate alone, and is inhibited by low concentrations of these agents. The 
modified form of the anion channel seems to be identical with the former pathway. The last one is mediated 
by a transport protein which has an ionic specificity similar to Ca 2+ channels in excitable tissues, and 
contains an HS group which is essential for the transport function. 

Introduction 

It has been found in several types of cell that 
stopping active Ca 2+ transport leads to the accu- 
mulation of Ca 2+ in the cell cytoplasm [1-5]. This 
suggests that there is a stationary cycling of 
calcium ions across the cytoplasmic membrane. Its 
existence implies that there are transport systems 
for Ca 2+ in cell membranes that catalyse the pas- 
sive transport of Ca 2+ in the resting state (i.e., 
without externally added activators) of the cells, 
also. The consequence of this is that these putative 
transport systems operate without the intervention 
of receptors a n d / o r  voltage changes. 

The most suitable experimental model for test- 
ing this hypothesis is probably the mammalian red 

blood cell. It has preserved no internal mem- 
branes, and no apparent receptor-operated func- 
tions. The value, and the origin, of its membrane 
potential does not favour the presence of excitable 
mechanisms in its membranes [6]. Moreover, 
several methods have been developed which in- 
duce the uptake of 45Ca2+ by human red blood 
cells. Some of them, such as ATP depletion [3] 
and inhibition of Ca2+-ATPase by La 3+ [4] and 
vanadate [5], seem to unmask the physiological 
turnover of Ca 2+ cycling, a fact which has been 
confirmed by a method not based on the inhibi- 
tion of Ca 2+ pumping [7]. Although the mecha- 
nisms of the active Ca 2+ transport in human red 
blood cells have been elucidated up to molecular 
details (see Refs. 9, 10, for review), only scanty 
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data are available about the mechanism(s) of the 
inward (passive) Ca 2+ transport [3,5,14]. 

In the present work we have used vanadate for 
induction of 45Ca2+ uptake. Previously published 
results using this method showed that the uptake 
possessed some characteristics of the carrier-medi- 
ated transport, such as saturability and inhibition 
by Co 2+ and verapamil [5], and that the uptake 
was inhibited and activated by dihydropyridine 
Ca 2+ antagonists and agonists, respectively [8]. In 
this paper we add further findings supporting the 
existence of the carrier protein in the human red 
blood cell membrane catalyzing the passive Ca 2+ 
transport, and characterizing its properties. 

Methods 

Red blood cells 
Fresh citrate-treated human blood was ob- 

tained from healthy volunteers using the facilities 
of Haematology and Transfusion Clinics in 
Bratislava. It was stored under sterile conditions 
at 0-4°C,  and used within 2 weeks. Pig citrate- 
treated blood was obtained from a local slaugh- 
terhouse, and was used for experiments the same 
day. 

Red blood cells were prepared immediately be- 
fore the experiments. Blood was centrifuged at 
2500 × g for 5 min. The plasma and the buffy coat 
were sucked off, and the red blood cells were 
suspended in a medium (henceforth referred to as 
'medium') comprising (mmol/1) 20 Tris-HCl, 130 
NaCI, 5 KC1, 10 glucose (pH 7.3). The suspension 
was centrifuged as above, and the washing proce- 
dure was repeated four times. The washed cells 
were resuspended in the same medium at a con- 
centration of 30% (microhaematocrit). 

45Ca2 + uptake experiments 
The procedure of Vare6ka and Carafoli [5] was 

used modified as follows. (A) NaVO 3 was used 
instead of Na3VO4: We have found that both 
compounds were equally effective in inducing the 
45Ca2+ uptake (not shown). (B) Cells were sus- 
pended in the medium described above. (C) The 
extracellular radioactivity was washed out with a 
solution comprising (mmol/1) 20 Tris-HC1, 105 
KC1, 30 NaC1, 10 glucose, 1 EDTA, 1 NaVO 3. In 
control test tubes, vanadate was omitted. 

45Ca2 + efflux and K + efflux experiments 
Experiments were performed according 

Vare~ka and Carafoli [5]. 
to 

Divalent cation uptake 
The uptake of Ca 2+, Mn 2+, Ni 2+ was measured 

by atomic absorption spectrophotometry, the up- 
take of Sr 2+ and Ba 2+ by atomic emission spectro- 
photometry. The experimental protocol was as in 
radionuclide uptake experiments except that a 5- 
fold volume of the suspension was used per assay, 
and that LaC13 was omitted from the deproteiniza- 
tion solution. 

Chemicals 
NaVO 3 was obtained from Reachim, Moscow, 

U.S.S.R.; 45CAC12 from the Radiochemical In- 
stitute of the Hungarian Academy of Sciences, 
Budapest, Hungary;  Valinomycin; N-ethyl- 
maleimide,  and i onophore  A23187 from 
Calbiochem, Luzern, Switzerland; Dithiothreitol, 
and Mersalyl from Sigma, St. Louis, MO, U.S.A.; 
$-5 ' -di thiobis(2,2 ' -dini trobenzoic acid) from 
Merck, Darmstadt, F.R.G., and trichloroacetic 
acid from Reanal, Budapest, Hungary. All other 
chemicals of reagent grade purity were purchased 
from Lachema, Brno, Czechoslovakia. 

Results 

Effects of divalent cations (M e +) 
In order to obtain further information about 

the vanadate-induced 45Ca2+ uptake we have 
studied the effects of several divalent cations on 
this process. Experiments were performed at con- 
stant concentrations of NaVO 3 (1 mmol/ l )  and 
45Ca2+ (2.5 mmol/1). The incubation with 45Ca 2+ 

was 1 h. Under these conditions the uptake had an 
almost linear time-course. The results are sum- 
marized in Fig. 1. Divalent cations inhibited the 
vanadate-induced 45Ca2+ uptake with varying ef- 
ficiency. Of all M 2+ tested, only Mg 2+ exerted no 
inhibitory effect up to 10 mmol/1. The inhibiting 
M 2+ could be divided into three groups according 
to their inhibitory potency and other typical 
characteristics. (a) Weak inhibitors (Sr 2+, Ba 2+, 
Mn2+), which had an IC50 in the 10 3-10 2 
mol / l  range. When Mn 2+ was used at lower (e.g., 
0.5-2.0 mmol/1) concentrations, it had a small 
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Fig. 1. The inhibition by divalent cations of 45Ca 2+ uptake induced by the presence of vanadate. Each dose-effect curve is typical of 
2-4 independent experiments as described in Methods. The values of the uptake were corrected for the residual uptake in the absence 
of vanadate, and are expressed as percentage of control without M2 +. The curves are plotted in a semi-logarithmic plot. Symbols: (A) 
o, Cu2+; ©, Zn2+; x ,  Cd 2+. (B) O, Ni2+; O, Co 2+. (C) O, Mn 2+. (D) O, Sr2+; O, Ba 2+. 

TABLE I 

EFFECTS OF Co 2+, Cu E+, MERSALYL AND DTNB ON 
THE 4°Ca-INDUCED 45Ca2+ EFFLUX OBSERVED IN THE 
PRESENCE OF VANADATE 

The initial rate of the efflux was calculated from the difference 
of the radioactivity of samples at time zero and at 6 rain, and is 
expressed in /*mol/I cells per h. The results of three indepen- 
dent experiments are shown. Procedures as in Methods. 

Experiment Additions Efflux 
(~mol . l - l .h  1) 

1 none 34 
1.5 mmol/1 CoCl 2 34 

none 33 
20 ~mol/l  CuC12 28 
100 #mol/ l  CuCI 2 20 
1000 it mol/1 CuCI z 28 

none 17.7 
12.5 ~mol/l  DTNB 16.1 
78.1/*mol/l DTNB 16.7 
250/* mol/1 DTNB 15.4 

none 18.2, 17.1 
2.5/*mol/1 mersalyl 12.4 
10.0/* mol/l mersalyl 15.7 
100.0 I*mol/l mersalyl 14.9 

stimulatory effect. The latter was observed in the 
presence of vanadate only. (b) Medium inhibitors 
(Ni 2+, C02+), which had an ICso in the 10 -4 
mol / l  range. They exhibited monophasic inhibi- 
tion up to 10 mmol/1. In a pilot experiment we 
have found that Co 2+ competitively inhibits the 
45Ca2+ uptake (not shown). (c) Strong inhibitors 
(Cu 2+, Zn 2+, Cd 2+) had an ICso in the 10-6-10 -5 
mol/1 range. Their effects were biphasic - if used 
in higher concentrations (e.g., 10-4-10 -3 mol / l )  
their inhibitory potency decreased and, finally, 
they increased the uptake over control values. 
These effects were usually observed in the pres- 
ence of vanadate only. Only Cu 2+, if present in 
concentrations over 1 mmol/1, stimulated the up- 
take also in controls without vanadate (Fig. 6). 
Experiments were performed which exclude the 
possibility that the inhibition of 45 C a  2+ uptake by 
M z* was due to the reactivation of the Ca 2+ 
pumping rate set at a low level by the presence of 
vanadate. These experiments were based on the 
effects of selected M 2+ on the 4°Ca2+-induced 
45Ca2+ efflux from red blood cells loaded previ- 
ously with 45Ca2+ by means of vanadate under 
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Fig. 2. The uptake of divalent ions by human red blood cells in 
the presence and absence of vanadate. The time-course of the 
uptake was measured at times indicated according to the proce- 
dure described in Methods, except that vanadate was present at 
2 mmol/l concentration. Symbols: o, (D, Ca2+; A ,,,, Sr2+; II, 

~+ Ni2+. E3, Ba- : ~ ,  ~ ,  , closed symbols--vanadate present, 
open symbols-no vanadate; ~,  Mn 2+ plus vanadate; ×, 
Mn 2+ without vanadate. Representative of two or three inde- 
pendent experiments. The uptake in each experiment was mea- 
sured in duplicate. 

condi t ions  ident ical  to those in 45Ca2+ up take  

exper iments .  As expected,  these exper iments ,  sum- 
mar ized  in Table  I, gave no ind ica t ion  of the 
act ivat ion of the Ca 2+ p u m p i n g  rate by  M 2+. 

In o rder  to ob ta in  in fo rmat ion  about  the t rans-  
por t  specif ici ty of  the vanada te - induced  45Ca2+ 
uptake,  t r anspor t  of several M 2+ was measured  by 
means  of a tomic  absorp t ion  (Ca 2+, Mn z+, Ni  2+) 
or  a tomic  emission (Sr 2+, Ba 2+) spec t ropho tome-  

try under  the condi t ions  used in the exper iments  
with a radioact ive  tracer. All  of  these ions except  
Ni  2+ were found to enter  red b lood  cells (Fig.  2). 
The uptake  of  Ca 2+, Sr 2+ and M n  2+ was inhib i ted  

by  D T N B  (not shown). This effect will be de- 
scr ibed below. Ca 2+ and Sr 2+ entered red b lood  
cells in the presence of  vanada te  only,  whereas  
Ba 2+ and M n  2+ d id  so bo th  in the presence and in 
the absence of  vanada t e  (sl ightly less in its ab-  
sence). The up take  of  Ni  2+ was less than 2 # m o l / l  

cells. The up take  of Ba 2+ and Mn 2+ in the absence 

of  vanada te  could be expla ined  if one took into 
account  the fact that  red b lood  cell Ca2+-ATPase 
t ranspor t s  Ca  2+ and  Sr 2+ only [9]. In the next 

exper iment  we tested the effects of  several selected 
ions on the Gfirdos  effect induced by vanada te  
and  Ca 2+. It is shown in Fig. 3 that  these ions also 
inhibi ted  the Gfirdos effect. Cu 2+, Mn 2+ and Co 2+ 

inhibi ted  the Gfirdos  effect as s t rongly as they did 
the 45Ca2+ uptake,  whereas Cd  2+ inhibi ted the 

Gfirdos effect less po ten t ly  than the uptake.  We 
have no exp lana t ion  for this discrepancy.  It must  
be ment ioned  that the inhibi t ion of  the Gfirdos 
effect by Cu 2+ and  Cd  2+ was not biphasic,  in 
cont ras t  to their  effect on the uptake.  A possible  
exp lana t ion  is that  these ions at higher  concentra-  
t ions enter  red b lood  cells together  with Ca 2 + and 
effectively compe te  with the la t ter  for the Ca 2+- 
b ind ing  site of the Ca2+-act ivated K + channel .  
This suggestion is suppor ted  by the f indings of 
Rabens te in  et al. [11], who repor ted  N M R  mea-  
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Fig. 3. Inh ib i t ion  o f  the vanadate-induced G~rdos effect by 
divalent cations. The Gfirdos effect was elicited by ] mmo] / ]  
vanadate and 2.5 mmo]/l Ca 2+ in the presence o f  indicated 
concentrations o f  the fol lowing cations: II, O, Cu2+; II, D, 
Cd2+; A, ,~, Co 2+, 0 ,  ~ ,  Mn2+. The ordinate represents the 
extracellular K + concentration after I h incubation with Ca 2+. 
Open symbols-controls without vanadate. All experiments 
were independent. Results shown are typical of at least two 
experiments. 
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Fig. 4. The activation of the Gfirdos effect by various cations in 
the presence of vanadate. The Gfirdos effect was elicited in red 
blood cells pretreated with 1 m m o l / l  vanadate by indicated 
concentrations of divalent cations. Symbols: [3, Ca2+; It, Ca 2+ 
+50  / tmol / l  DTNB; ©,  Sr2+; O, Sr 2+ +50 #tool/1 DTNB; 
× ,  Mn2+; A, Ba 2+. On the ordinate are plotted extracellular 
K + concentrations after 1 h incubation with M 2+. 

surements which suggest that C d  2+ applied in 
mmol/1  concentrations permeate the red blood 
cell membrane and bind to haemoglobin. 

The next experiment was designed to find out 
which of the divalent cations that enter red blood 
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cells is capable of activating Ca2+-activated K + 
channel in the presence of v anadate, and in the 
absence of Ca 2+. We have found that, besides 
Ca 2+. only Sr 2+ was able to do this, Ba 2+ and 
Mn 2+ being ineffective (Fig. 4). The efflux of K + 
induced by Sr 2+ in vanadate-treated cells was 
saturated with Sr 2+ at about 5 mmol/1. This 
concentration was higher than the corresponding 
one for Ca 2+ (about 2.5 mmol/1). The Gfirdos 
effect induced by Sr 2+ and vanadate was sensitive 
to DTNB (Fig. 4) (see below). This experiment, 
together with that shown in Fig. 2, indicates that 
the specificity of the Ca ~+ gate of the Ca 2+- 
activated K + channel is higher than that of the 
passive transport of Ca 2+ observed in the presence 
of vanadate. 

The effects of sulphydryl reagents 
The capability of exerting a biphasic effect on 

45Ca2+ uptake was shared by Cu 2+, Cd 2+ and 
Zn 2+ (Fig. 1). One of common properties of these 
M 2+ is their ability to react with HS groups, and 
create mercaptide bonds [13]. This led us to pro- 
pose that the strong potency in the 45Ca2+  uptake 
inhibition of these ions as compared with other 
M 2+ is due to their interaction with an essential 
HS group in the molecule of the putative transport 
protein that catalyzes the passive transport of 
Ca 2+. The following experiments support this pro- 
posal. 

It is shown in Fig. 5 that HS-group reagents 
inhibit vanadate-induced 45 Ca 2 + uptake. The most 
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Fig. 5. Effects of HS reagents o n  4 5 C a 2 +  

uptake induced by vanadate. 4 5 C a 2 +  uptake 
was measured as described in Methods in the 
presence of the indicated concentrations of 
HS reagents. The values were corrected for 
uptake without vanadate. O, mersalyl; A, 
DTNB; ~ ,  pCMB; O,  N-ethylmaleimide. 
Each curve is representative of at least two 
independent experiments. 
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TABLE II 

THIOLS REVERSE THE INHIBITION OF THE G,~,RDOS 
EFFECT BY MERSALYL 

The results of a pilot experiment are presented which was 
performed according to the procedure described in Methods. 
The order of additions was following (in parentheses, time of 
incubation in minutes at 25°C): Experiment 1 :1  mmol/1 
vanadate (15), 100 #mol/l mersalyl (2), 2 mmol/l dithiothrei- 
tol (2), 2.5 mmol/1 CaC12 (60). Experiment 2 :1  mmol/l 
vanadate (15), 10 #mol/1 mersalyl, (2), 2.0 mmol/1 thioglyco- 
late, sodium salt (2), 2.5 mmol/1 CaC12 (60). DTT, ditbioth- 
reitol. 

Experi- Additions [K + ] 
ment (mmol-l 1 ) 

1 vanadate + CaC12 + mersalyl 7.2 
vanadate + CaCI 2 + mersalyl 

+ DTT 18.5 
vanadate + CaCI 2 + DTT 18.5 
vanadate + DTT 5.4 
vanadate + mersalyl + DTT 5.4 
none 5.4 

2 vanadate + CaCI 2 19.8 
vanadate + CaC12 + mersalyl 11.l 
vanadate + CaC12 + mersalyl 

+ thioglycolate 19.0 
vanadate + mersalyl 5.4 
vanadate + thioglycolate 5.4 

po ten t  inhib i tor  was mersalyl ,  which inhib i ted  the 
up take  with an ICs0 of 2.5 /~mol/1, fol lowed by 
D T N B  (11 # m o i / l ) ,  p C M B  (42 #moi /1 ) ,  and  N- 

TABLE III 

STIMULATION OF aSCa2+ UPTAKE INDUCED BY 
VANADATE BY DITHIOTHREITOL 

The effect of dithiothreitol (DTT) was measured as described 
in Methods in the suspensions obtained from seven healthy 
donors in independent experiments. No effect of dithiothreitol 
was observed without vanadate. The data were not corrected 
for the uptake in the absence of vanadate. The data in experi- 
ments 4-7 were obtained in duplicate; both values are shown. 

Expt. No. 45Ca2+ uptake (p.mol/l cells per h) 

control + 1 mmol/1 DTT 

1 6.7 13.6 
2 23.5 40.5 
3 5.3 9.9 
4 61.0, 62.3 61.2, 59.9 
5 9.2, 9.9 18.3, 19.5 
6 5.73, 7.7 4.8, 4.7 
7 16.0, 15.6 17.4, 15.4 

e thylmale imide ,  which had  an ICs0 of 2 mmol /1 .  
Mersalyl ,  D T N B  and p C M B  exerted biphasic  ef- 
fects on the 45CaZ+ uptake,  s imilar ly  to Cu z+, 
Zn  2+ and Cd z+. N-Ethylmale imide ,  at the con- 

cen t ra t ions  used, had a monophas ic  inhib i tory  
effect. In the cont ro l  exper iments  without  vana-  
date ,  the HS reagents,  except  for N-ethylmale i -  
mide  (tested up to 250 /~mol/1), themselves in- 
duced  the 45Ca2+ uptake.  The extent  of this was 

always less than that  induced by  the s imul taneous  
presence of vanada te  and HS reagents,  We did not  
test whether  the inhibi t ion of 45Ca2+ uptake  by 

HS reagents  was reversed by  thiols. However,  this 
is very p robab le ,  because  the inhibi t ion  by mersa-  
lyl of the vanada te  and Ca2+-induced Ghrdos  ef- 
fect was comple te ly  reversed by d i th io thre i to l  (Ta- 
ble  II). The la t ter  by itself s t imula ted  the vana-  
da te - induced  45Ca2+ uptake  in most  exper iments  

(Table  III) .  In exper iments  not presented  here we 
have found that  the inhibi t ion of the 45Ca2+ up- 

take by Cu z+ was comple te ly  reversed by 1 mmol /1  
di th iothre i to l .  This effect, however,  could be due 
to the chela t ion  of  Cu 2+ from the medium,  lower- 
ing its analyt ica l  concentra t ion.  Therefore,  this 
exper iment  cannot  suppor t  our thesis that  Cu 2+ 
(and also Zn 2+ and Cd 2+) inhibi ts  the 45Ca2+ 

up take  by a t tack ing  an essential  HS group. De- 
spite  this, a compar i son  of  the da ta  presented  in 
Figs. 1 and 5 s t rongly suppor ts  this thesis. In the 
exper iments  shown in Table  I and descr ibed in 
deta i l  for M 2+ in the previous section, we have 
excluded the poss ib i l i ty  that  the inhibi t ion by HS 
reagent  is caused by  the unblocking  of the vana-  
da te  inhibi t ion  of the Ca 2 +-ATPase. 

The relationship between the 45Ca2 + uptake induced 
by vanadate, and by HS reagents 

If  one proposes ,  as we do, that  the inhib i tory  
effects of Cu 2+, Zn 2+ and Cd 2+, or mersalyl ,  
D T N B  and p C M B  on the vanada te - induced  45 Ca 2 + 
up take  are caused by  their  in teract ion with the 
molecule  of  the pu ta t ive  t ranspor t  system, then 
the decrease or their  inhib i tory  effect upon  in- 
creasing their  concent ra t ion  (i.e., ascending par t s  
of  the dose-effect  curves in Fig, 1 and 5) cannot  be 
expla ined  o ther  than by  assuming the opening  of a 
new route  for the 45Ca 2+ uptake.  We have ob-  
ta ined  evidence that  this really is the case in our  
exper imenta l  system. 
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Fig. 6. The dependence of the 45Ca2+ uptake induced by Cu 2+ 
and mersalyl on the external 4SCa 2+ concentration. Aliquots of 
a red blood cell suspension were preincubated 15 min at 25°C 
with 0.1 mmol/l mersalyl (O), or 5.0 mmol/1 CuCI 2 (A) 
4SCa2+ was added to the final concentration indicated in the 
figure, and the uptake was measured as described in Methods. 
One of two independent experiments. 

In Fig. 6 is shown the dependence of the 45Ca 2+ 
uptake induced by 5 mmol/1 Cu 2+ and 100/zmol/1 
mersalyl on the extracellular 45Ca z+ concentra- 
tion. There is no saturation of the uptake induced 
by these two agents up to 10 mmol/1 45Ca 2+, in 
contrast to the vanadate-induced 45Ca2+ uptake 
[5], which we confirmed also under the conditions 
of the experiment in Fig. 6 (not shown). This 
suggests either a substantial difference in the af- 
finity for Ca 2+ of both Cu 2+- and mersalyl-in- 
duced 45Ca 2+ uptake as compared with the vana- 
date-induced one, or the absence of the carrier- 
mediated transport induced by HS reagents. So 
far we have carried out no experiment which 
could distinguish between these two possibilities. 

Vanadate- and HS reagent-induced 45Ca 2+ up- 
take respond differently to the membrane poten- 
tial imposed by the presence of the K+-specific 
ionophore valinomycin in a medium containing 5 
mmol/1 K +. This is shown in Fig. 7 for Cu 2+. If 
the 45Ca2+ uptake was blocked by Cu 2+, the 
G&rdos effect was inhibited in parallel (Fig. 3). 
Unlike the 45Ca2+ uptake, the G&rdos effect was 
not stimulated when the Cu 2+ concentration was 
increased (Figs. 1, 3). In the presence of 
valinomycin, which mimics the potential change 
elicited by the G&rdos effect, the uptake is altered. 
In the descending part of the dose-effect curve 
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Fig. 7. The dose-effect curve of Cu 2+ on the 45Ca2+ uptake 
induced by vanadate in the absence and presence of 
valinomycin. The uptake of 45Ca 2+ was measured in the 
presence of 1 mmol/l vanadate and the Cu 2+ concentrations 
indicated in the figure, in the presence (e) and absence ((:3) of 
1 ~tg/ml valinomycin according to the procedure described in 
Methods. In control test tubes, an equal volume of solvent 
(0.3% (v/v) methanol) was present. One of two independent 
experiments. 

(Fig. 7), valinomycin additionally inhibited the 
uptak& In other similar experiments we observed 
no inhibition of the uptake by valinomycin under 
the same conditions. The source of this variability 
is not known to us at present. On the other hand, 
the uptake of 45Ca2+ shown in the ascending part 
of the dose-effect curve was always stimulated by 
valinomycin. Similar results were obtained with 
Cd z+, Zn 2+ and mersalyl (not shown). The in- 
ability of valinomycin to release the inhibition of 
the uptake in the descending part of the dose-ef- 
fect curve does not favour the role of the mem- 
brane potential created by the opening of the 
Ca2+-activated K + channel in the vanadate-in- 
duced 45Ca 2+ uptake. This is in accord with the 
data of G&rdos et al. [14], Szfisz et al. [4] and 
Vare~ka and Carafoli [5]. These experiments ex- 
clude the uptake observed after the inhibition of 
the CaZ+-ATPase being due to a membrane leak 
which is reinforced by the G&rdos-effect-induced 
hyperpolarization of the membrane. Unfor- 
tunately, these experiments do not allow one to 
determine the charge-compensation properties of 
the Ca2+-transporting system that operates in the 
descending part of the dose-effect curve. The 
Ca2+-transport observed in the ascending part of 
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Fig. 8. Comparison of the aSCa2+ uptake induced by vanadate 
and La 3 + in human and pig red blood cells. The uptake was 
induced by 1 mmol / l  vanadate (A, A), or 0.2 mmol / l  La 3÷ (@, 
O), and measured as described in Methods. Control samples 
without additions (11, O) were treated in parallel. Closed sym- 
bols, human red blood cells; open symbols, pig red blood cells. 
One of two independent experiments. 

the dose-effect curve seems to be of a uniport (i.e., 
channel-like) type according to its membrane- 
potential dependence. 

The following experiments were performed with 

pig red blood cells. We have found that pig red 
blood cells do not take up 45Ca2+ in the presence 
of vanadate (Fig. 8). Control experiments (Fig. 8) 
showed that fail to take up 45Ca2+, e v e n  in the 
presence of 0.2 mmol / l  La 3+. According to Szfisz 
et al. [4] La 3÷ does not enter red blood cells, and 
apparently inhibits Ca2+-ATPase from the outer 
side of the membrane. This experiment shows that 
the lack of the effect of vanadate is not due to its 
inability to cross the membrane in order to reach 
its target, and suggests that the transport protein 
which conveys Ca 2+ across the human red blood 
cell membrane is absent, or non-functional, in the 
pig red blood cell membrane. For comparison, 
typical experiments with human red blood cells 
are shown in Fig. 8 which illustrate both vana- 
date- and La3+-induced 45Ca 2+. As is shown in 
Fig. 9, both mersalyl and Cu 2+ were still able to 
induce the uptake of 45Ca2+ in pig red blood cells. 
It is further shown in Fig. 9 that vanadate potenti- 
ates the effects of both mersalyl and Cu 2+. This 
indicates that vanadate enters the pig red blood 
cell membrane and inhibits the Ca2+-ATPase in a 
similar manner as in human red blood cells. This 
inhibition may occur simultaneously with that by 
HS reagents [16]. In experiments not detailed here 
we have confirmed earlier data [27] that the G&rdos 
effect can be elicited in pig red blood cells by the 
ionophore A23187 and Ca 2÷. This experiment ex- 
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Fig. 9. The induction by Cu 2+ and mersalyl of 45Ca2+ uptake by pig red blood cells; effect of vanadate. The suspension of pig red 
blood cells was preincubated 15 min with 1 retool/1 vanadate (closed symbols), and 2 min with indicated concentrations of Cu 2 ÷ (left 
plot), or mersalyl (right plot). The 45Ca2+ uptake was measured as described in Methods. Control samples were treated as above but 
without vanadate (open symbols). One of two experiments. 



cludes the possibility that the transport of Ca 2+ 
induced by vanadate or La 3+ in human red blood 
cells is associated with a moiety of the Ca 2+- 
activated K + channel, unless we accept a less 
probable possibility that there are substantial in- 
terspecies differences in the structure of this pro- 
tein. A similar argument can be applied for the 
anion channel, which must be present in both 
human and pig red blood cell membranes. The 
anion channel is a likely candidate for a site of the 
action of high concentrations of HS reagents. Its 
modification by HS reagents, and an analysis of 
their action, has been recently described [17]. 

Discussion 

It seems to be fairly well established by experi- 
ments published previously [5,8], and is shown 
above, that the passive Ca 2+ transport observed in 
the presence of vanadate is a carrier-mediated 
process. This can be documented by its saturabil- 
ity [5], substrate specificity (Fig. 2), inhibition by 
substrate analogues (Fig. 1), inhibition by other 
inhibitors (Refs. 5, 8; Fig. 5). The low inhibitory 
potency of 45Ca2+ transport by CaZ+-like cations 
(Sr 2+, Ba2+), which cross the membrane via the 
same pathway, suggests that the putative Ca 2+ 
carrier is strongly selective for Ca 2+. Its transport 
specificity is similar to that of Ca 2+ channels of 
excitable tissues [18-21] and is different from the 
Ca2+-gating specificity of the Ca2+-activated K + 
channel (Ref. 22, Fig. 4). It is clear from our 
results (Figs. 6-9) that Cu 2+, Zn 2+ and Cd 2+ 
cannot be tested for their ability to be transported 
by the putative Ca 2+ carrier, because when ap- 
plied in concentrations corresponding to Km{ca ) of 
the vanadate-induced 45Ca 2+ transport, they 
created a new pathway for the Ca 2+ entry. A 
possibility remains open that they also enter red 
blood cells, if present in t~mol/1 concentrations, 
as was recently shown by Simons [12] for Pb 2+ 
transport. Therefore, the question of the transport 
specificity of the transport system described above 
is still not answered definitively. 

The role of HS groups in vanadate-induced 
CaZ+-transport is suggested on the basis of its 
susceptibility to HS reagents (Fig. 5), and its 
stimulation by dithiothreitol (Table III). The Ca 2 + 
transport is more (about two orders of magnitude) 
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sensitive to HS reagents than is the anion trans- 
port [35] or the Gfirdos effect as measured in red 
blood cells previously loaded with Ca 2+ in inhibi- 
tor-free conditions [23]. This, together with other 
evidence (Figs. 8, 9), proves that the putative Ca 2+ 
carrier is distinct from both the anion channel and 
the Ca2+-activated K + channel. The absence of 
vanadate-induced 45Ca2+ transport in pig red 
blood cells excludes also the conceivable explana- 
tion that a modified form of the Ca2+-ATPase 
could mediate the passive transport of Ca 2+ in 
vanadate-treated red blood cells. 

Although positive identification of the putative 
Ca 2+ carrier is not possible on the basis of our 
results, some data published by others could be 
mentioned which might be pertinent to this prob- 
lem. Brown et al. [24], who studied the inhibition 
of the water transport across the red blood cell 
membrane by DTNB, found that in N-ethyl- 
maleimide-treated membranes DTNB was bound 
to a single protein band only, which, according to 
its molecular weight, corresponded to band 3. This 
does not ultimately contradict our results, which 
exclude the identity of the anion channel and the 
putative Ca 2 + carrier. It has been repeatedly shown 
that band 3 consists of several proteins [25,26]. 

Our results (Fig. 5) have shown the high potency 
of carboxylic compounds over N-ethylmaleimide. 
Regarding the results of Motais [31], the dif- 
ference in the potencies of these compounds can- 
not be explained by their different ability to per- 
meate the red blood cell membrane. It is more 
probable that the causative factor is the presence 
of the carboxylic groups in their structures. This 
implies the existence of a cationic group in the 
proximity of the target site of HS reagents. It must 
be mentioned that similar structure-effect relation- 
ships were observed in the inhibition of Ca 2+- 
ATPase and (Na + + K+)-ATPase by HS reagents 
(see Ref. 30, for review). 

The high sensitivity of the inward-directed Ca 2+ 
transport to heavy metals does not seem to be 
restricted to red blood cells. Recently it has been 
shown by Suszkiw et al. [32] that the inward 
transport of Ca z+ in synaptosomes is inhibited by 
Cd 2+ and Pb 2+ at micromolar concentrations of 
these ions. The same has been shown by Cooper 
and Manakis [33] for a Ca 2+ current in a neuro- 
muscular junction. Furthermore, Ca 2+ uptake by a 
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neuronal cell line was inhibited by Cd 2+, Co 2+ 
and Sr 2+ in concentrations similar to those used 
in our observations [34]. However, all these authors 
failed to observe any biphasicity in the dose-effect 
curves. The latter may be linked to the properties 
of the anion channel [17], and, therefore, specific 
for the red blood cell membrane. 

The nature of the defect in the vanadate-in- 
duced 45Ca2+ transport in pig red blood cells has 
so far not been investigated. It should be men- 
tioned at this point that pig red blood cells are 
defective also in the enzymatic mechanism in- 
volved in the metabolism of inositol phospholipids 
[27], which is known to participate in the process 
of cell activation [28], and they have an extremely 
low glucose metabolism as compared to red blood 
cells from other mammalian species [29]. There- 
fore, pig red blood ceils may be useful as a 
'mutant ' ,  for the investigation not only of the 
molecular mechanism of the passive Ca 2+ trans- 
port in red blood cells, but also of the significance 
of the Ca 2+ cycling across the red blood cell  
membrane. 
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