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ONE-STEP 
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The interactions between reducing agents and Ca 2 + in the activation of Ca 2 +-dependent K + transport have 
been studied in one-step inside-out vesicles. The artificial electron donor system ascorbate + phenazine 
methosulphate increases the apparent sensitivity to Ca 2 + by about 5-times over control values (half activation 
constant, about 5" 10 - s  M) while oxidized cytochrome c decreases the sensitivity to about 1 / 3  of the 
controls. Using redox buffers at a fixed pCa it is shown that the shift from the low to the high-affinity state 
can be accounted for by the reduction of a membrane component accepting two electrons and with an 
apparent standard redox potential (pH 7.5) of 47 mV. The electrons can be transferred directly from reduced 
P M S  or to oxidized cytochrome c, but not from ascorbate, NADH or reduced glutathione. 

Introduction 

In several cell lines, the increase of the cyto- 
plasmic Ca 2+ concentration elicits a selective in- 
crease of the membrane permeability to K + by 
activation of the so-called Ca2+-dependent K + 
channel [1]. The human red cell has been widely 
used as a model for the study of this transport 
system [2]. We have previously shown that reduc- 
ing agents can lead to the activation of the Ca 2÷- 
dependent K + transport at subliminal cytoplasmic 
C a  2+ concentrations in red cells from man [3] and 
other species [4] and in the Ehrlich cell [5,6]. 
Experiments with resealed ghosts showed that the 
electron donors, acting on the internal side of the 
membrane, increase the sensitivity to Ca 2+ of the 
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0.01 mM phenazine methosulphate; DCIP, dichlorophenolin- 
dophenol; EGTA, ethyleneglycol bis(fl-aminoethyl ether)- 
N,N'-tetraacetic acid; Hepes, N-2-hydroxyethylpiperazine-N'- 
2-ethanesulphonic acid. 

K + channels [3]. The recent availability of an 
everted vesicle's preparation in which the Ca 2 +-de- 
pendent K + transport is preserved [7,8] allows us 
now to analyze in further detail the interactions 
between Ca 2+ and reducing agents in the activa- 
tion of this transport system. A preliminary com- 
munication of some of these results has been pre- 
sented elsewhere [9]. 

Materials and Methods 

One-step inside-out vesicles from human 
erythrocyte membranes were prepared essentially 
as described by Lew and Seymour [7]. Fresh cells 
washed with isotonic KCI containing 0.1 mM 
EGTA were lysed (1/40) with an ice-cold solution 
containing 2.5 mM K-Hepes (pH 7.5) and 0.1 mM 
EGTA and concentrated to 50-100% haematocrit 
(in terms of the original cells) by centrifugation 
(15 min at 30000 × g). These ghosts were vesicu- 
lated by a 30-45 min incubation at 37°C followed 
by four passages through a 26G3/8  needle. The 
vesicles were then washed once with 40 volumes of 

0005-2736/84/$03.00 © 1984 Elsevier Science Publishers B.V. 



24 

a solution containing (mM): KC1, 18; K-Hepes 
(pH 7.5), 16.5; Tris-EGTA, 0.1, resuspended in the 
same solution at 100% equivalent haematocrit and 
stored on ice until used. 

The activity of the Ca2+-dependent K + channel 
was assessed from measurements of either the 
uptake or the efflux of 86Rb, which behaves simi- 
larly to K ÷ for this transport system. Uptake 
experiments were started by mixing 0.2 ml of 
vesicle suspension with 0.6-1 ml of incubation 
medium containing tracer amounts ((1-5).106 
c p m / m l )  of 86Rb. After different incubation per- 
iods (5 to 60 min), 0.1 ml aliquots of the incuba- 
tion mixture were deposited on the top of 5 cm 
long columns containing 1 ml of Na+-activated 
Dowex 50-X8-100 resin and eluted immediately 
with 1.8 ml of an ice-cold solution containing 0.2 
M sucrose, 5 mM Na-Hepes (pH 7.5) and 0.5 
m g / m l  of bovine serum albumin. The eluent con- 
taining the vesicles was mixed with 0.1 ml of 1% 
Triton X-100 and the radioactivity measured by 
Cerenkov counting. The columns were treated with 
0.9 ml of 1% albumin and washed with 1.8 ml of 
eluting solution prior use. Each column could be 
used for at least ten samples before measurable 
amounts of extravesicular 86Rb passed through it. 

The efflux of 86Rb was studied in vesicles previ- 
ously loaded with the tracer by a 15 min incuba- 
tion in the presence of 0.1 mM Ca z+. The loaded 
vesicles were sedimented by centrifugation (5 min 
at 10000 × g), the supernatant aspirated and the 
incubation started by resuspending in medium 
containing no radioactivity. Samples were taken at 
different times (0 to 60 rain) and processed as 
described before for uptake experiments. 

The incubations for the transport experiments 
were performed at room temperature (22 24°C) in 
a medium of the following composition (mM): 
KC1, 18; K-Hepes (pH 7.5), 16.5; Tris-EGTA, 0.4; 
CaC12, 0 to 0.5 mM. The Ca 2+ concentrations 
were calculated using a value of 6.5 • 10 -8 M 1 for 
the dissociation constant of EGTA. In several 
experiments redox mixtures were added to the 
incubation medium to obtain fixed redox poten- 
tials, as indicated with the results; in these cases 
the incubations were carried out under anaerobic 
conditions. In those experiments in which phena- 
zine methosulphate (PMS) was used as a redox 
carrier, catalase (800 U / m l )  was also added to the 
medium. 

86RbCI and 22NaC1 were purchased from The 
Radiochemical Centre, Amersham. Chemicals were 
obtained either from Sigma London Chem. Co. 
Ltd. or from E. Merck, Darmstadt. 

Results 

As it has been previously reported [10], one-step 
inside-out vesicles respond to Ca 2÷ in an all or 
nothing fashion, with fast and full equilibration of 
86Rb both in uptake and efflux experiments. As 
shown for 86Rb efflux in Fig. 1 (left), the fraction 
of vesicular space emptied of 86Rb during the 
rapid equilibratoin phase (initial 10 to 20 min) 
increased in a graded stepwise fashion with in- 
creasing Ca 2+ concentrations. The addition of 1 
mM potassium ascorbate+ 0.01 mM phenazine 
methosulphate (ascorbate/PMS) to the incubation 
medium (Fig. 1, right) increased the fraction of 
vesicles activated at submaximal Ca 2+ concentra- 
tions, but did not modify the 86Rb loss in medium 
without Ca 2+ or with maximal Ca 2+ concentra- 
tions (pCa 4). Neither ascorbate nor PMS alone 
had any significant effect. The activation by Ca 2 + 
was inhibited by quinine both in the presence as in 
the absence of ascorbate /PMS (not shown). 

In preliminar experiments carried out without 
catalase in the medium, it was found that ascor- 
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Fig. I. Effects of ascorbate /PMS on the efflux of S6Rb from 
inside-out vesicles. Note that the sequence of pCa values ( - log 

of molar Ca 2 ÷ concentration) is not the same in both sides of 
the figure. The incubation medium contained catalase (800 

U / m l )  and 1 mM ascorbate in all the cases, and in those 
labelled 'PMS' (right-side panel) 0.01 mM phenazine metho- 

sulphate was also added. 



b a t e / P M S  produced also a large increase of a 
Ca 2 +-independent and quinine-insensitive permea- 
bility to 86Rb, this effect being most evident after 
the first 10 min of incubation; the permeability to 
22Na was also increased in these circumstances. 
The addition to the incubation medium of catalase 
(800 U / m l )  or the performance of incubations 
under anaerobic conditions prevented largely this 
non-specific effect of reduced PMS, suggesting 
that it was due to membrane damage effects of 
hydrogen peroxide produced by autoxidation of 
PMS. 

Fig. 2 shows that ascorbate /PMS decreased the 
Ca 2 + concentration needed to obtain half-maximal 
activation of 86Rb efflux to about 1 /5  of the 
control values. The effect of ascorbate /PMS had 
the same extent both in the presence and in the 
absence of Mg 2+, which is known to decrease the 
sensitivity of the vesicles to Ca 2÷ [10]. In two 
experiments as those of Fig. 2, ascorbate/PMS 
shifted the half-activating Ca 2 + concentration from 
4.8 • 10 -8 to 9.5 • 10  - 9  M in the absence of Mg 2+ 
and from 1 .2 .10-7  to 3 .0 .10-8  M in the presence 
of 0.1 mM Mg 2÷. The increase of the apparent 
affinity was then similar in both cases (4-5-times). 
N A D H  could replace ascorbate as the bulk elec- 
tron donor, but the simultaneous presence of PMS 
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Fig. 2. Effect of ascorba te /PMS on the activation of 86Rb 
transport by Ca 2+. The results of two experiments similar to 
those of Fig. 1 are shown. The vesicular space sensitive to 
Ca 2+, which equilibrates with the medium during the initial 
rapid phase (10 to 20 rain), was estimated for each pCa by 
extrapolation of the slow rate phase to zero-time [10]. Per cent 
activation was then calculated taking the value obtained without 
Ca 2+ as 0% and that obtained at pCa 4 as 100%. 

Fig. 3. Effects of  oxidized cytochrome c (0.032 mM) on the 
activation of Ca2+-dependent 86Rb uptake. Per cent activation 
was estimated as explained in the legend of Fig. 2. 
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was required in order to obtain the effect. Re- 
duced glutathione added to the incubation medium 
had no effect on the Ca 2+ sensitivity of the 86Rb 
uptake. 

The addition of oxidized cytochrome c (0.032 
mM) to the incubation medium increased the Ca 2 + 
concentration needed to obtain half-maximal 
activation of 86Rb uptake, decreasing the apparent 
affinity for Ca 2+ to about 1 /3  of the control 
values (Fig. 3). In this case the effect was the same 
with or without PMS. Oxidized dichlorophenolin- 
dophenol (DCIP) (1 mM) decreased also the affin- 
ity for Ca 2+, but the effect was smaller than with 
cytochrome c and increased by the addition of 
PMS. 

In order to investigate the range of redox poten- 
tial values (E ' )  at which modifications of the Ca 2+ 
affinity took place, experiments were performed at 
a fixed pCa (7.5, which gives about half-maximal 
activation under control conditions) and with dif- 
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Fig. 4. Activation of 86Rb uptake by a fixed Ca 2+ concentra- 
tion (pCa = 7.5) at different redox potentials. The redox poten- 
tials tested were accomplished with mixtures (1 mM final 
concentrations) of N A D H / N A D  +, ascorbate/dehydroascor-  
bate or  reduced/oxidized DCIP, using for calculations E~ 
values of - 3 0 3  mV, 43 mV and 187 mV, respectively. The last 
two mixtures were prepared by oxidation of potassium ascor- 
bate (1 raM) with DCIP or by reduction of DCIP (1 mM) with 
potassium ascorbate, respectively. In all the cases the medium 
contained also 0.01 m M  phenazine methosulphate and the 
incubations were performed under anaerobic conditions. On 
the left-hand side, the results of a typical experiment are shown 
(per cent activation calculated as explained in the legend of 
Fig. 2) using different symbols for the three redox mixtures. On 
the right-hand side, data of four experiments are represented 
with different symbols for each experiment; for this plot, the 
activation obtained at each E' value was expressed as a fraction 
(,4) of the whole redox-sensitive activation for the same experi- 
ment (taking the value obtained with excess oxidized DCIP as 
0% redox activation and that with excess N A D H  as 100%). 
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ferent redox mixtures giving E '  values ranging 
from - 3 4 0  to +210 mV. PMS (0.01 mM) was 
always present in these experiments as an electron 
carrier, and the incubations were performed under 
anaerobic conditions in order to prevent changes 
in the E '  values, which were checked spectropho- 
tometrically from the reduced/oxidized PMS ratio 
[11]. Fig. 4 (left) shows that there were large 
changes in the fraction of activated vesicles with 
variations of E '  in the 0 to 100 mV range. Using 
mixtures of N A D H / N A D  ÷ (tested down to 1/10) 
the activation was always maximal, while with 
mixtures of reduced/oxidized DCIP at a ratio 
smaller than 1 the activation was always minimal. 
Another series of experiments was performed using 
variable concentrations of either ascorbate and 
DCIP (1 to 5 mM) or PMS (5 to 20 #M) but at a 
fixed redox potential (25 mV); the activation val- 
ues obtained were always the same in all these 
cases, indicating that the observed effects were not 
dependent on the absolute concentrations of the 
redox mixtures but on their E '  values, which pre- 
sumably affect the redox state of some membrane 
component involved in K ÷ channel activation. 

If it is assumed that the fraction of this mem- 
brane component which is present in its reduced 
form at a given E '  value correlates with the frac- 
tion (A) of the redox sensitive activation obtained, 
then the ratio oxidized/reduced membrane com- 
ponent could be estimated from the ratio ( 1 -  
A ) / A  and, from the Nernst equation, it could be 
written: 

log((1- A)/A } = n/59(E'-  EO) (1) 

where E '  and E~ (mV) represent the actual and the 
standard redox potentials of the membrane com- 
ponent and n the number of electrons exchanged. 
Fig. 4 (right) shows that our data fits adequately 
(r  = 0.91) to Eqn. 1, the values derived for E~ and 
n being 47 mV and 2.00 electrons, respectively. 

Discussion 

Our results show that the affinity for Ca 2+ of 
the Ca2+-dependent K ÷ channels of one-step in- 
side-out vesicles depends on the redox state of a 
membrane component able to exchange two elec- 
trons and with an apparent standard redox poten- 

tial (E~, pH 7.5) of about 47 mV. The reduced 
state displays 'high-affinity' characteristics while 
the oxidized one shows 'low-affinity', the dif- 
ference between these two situations amounting to 
a 15-fold variation in the Ca 2+ concentration 
needed to obtain half-maximal effect. 

These results in inside-out vesicles confirm and 
extend those previously reported in intact cells and 
resealed ghosts [3], although several differences 
deserve to be noted. In the vesicles the reducing 
agents do not increase the maximal effect of Ca 2 +~ 
while both the affinity and the maximal effect 
were increased in resealed ghosts [3]. On the other 
hand, a broad range of reducing agents, including 
ascorbate, NADH, NADPH and HS-glutathione, 
were effective without further additions when they 
were loaded into resealed ghosts [3]; in contrast, 
these agents needed the presence of PMS to act in 
the inside-out vesicles, where only PMS and cyto- 
chrome c were apparently able to connect as effec- 
tive electron carriers with the membrane redox 
system. These differences could reflect an altered 
behavior of the channel in the everted preparation 
caused by the loss of loosely bound components 
during the vesicle's preparation steps, as suggested 
also by the fact that oligomycin, an effective chan- 
nel inhibitor in intact cells or ghosts [3,12], does 
not act in the vesicles (unpublished observations). 
Additionally, some 'soluble' factor, washed out 
from the vesicles, might be normally involved in 
the redox modulation of the channels in intact 
cells. Preliminary results obtained in this labora- 
tory encourage this last possibility. 

The nature of the membrane redox components 
responsible for the effects of reducing agents re- 
mains unknown. The inability of glutathione to act 
directly suggests that redox changes of HS-groups 
are not the basis for the changes of the affinity for 
Ca 2+. The estimated E 0 of about 47 mV falls 
within the range of E~ values assigned in other 
systems to either b type cytochromes of flavins, 
and both of them have been detected in erythro- 
cyte membranes [4,13]. It has also been shown 
previously that several oxido-reductase inhibitors, 
notably flavin antagonists, can prevent the activa- 
tion of the Ca2+-dependent K + channel [3,14]; 
however, in another study carried out in erythro- 
cytes of several species [4] no correlation was 
found between membrane-linked N A D H  dehydro- 



genase, which is very sensit ive to some of  those 

drugs,  and  the Ca2+-dependent  K + channel  activ- 

ity. 
A per t inent  quest ion is whether  or not  redox 

m odu la t i on  of the K + channel  could  be relevant  
under  physiologica l  condi t ions .  I t  has of ten been 
pos tu la ted  that  the cell metabol ic  state could  mod-  
ify the sensi t ivi ty of  the K + channels  to Ca 2+ 

a l though the mechan i sm remains  obscure  [15,16]. 
On  the basis  of the present  results,  it is t empt ing  
to speculate  that  a change of the cell redox state 
cou ld  be the factor  involved. The  observat ion  that  
pyruva te  and  o ther  oxidizing agents  prevent  the 
CaZ+-induced K + t ranspor t  in f luor ide-poissoned 

cells [17] is consis tent  with this view, since f luoride 
increases the N A D H / N A D  + ra t io  [18]. However ,  
d i rec t  evidence of  redox modu la t i on  of Ca2+-de - 

penden t  K + t r anspor t  under  physiological  condi-  
t ions is still lacking. 

Acknowledgement 

Financ ia l  suppor t  f rom the F o n d o  Nac iona l  
p a r a  la Invest igacibn Cient if ica is grateful ly  
acknowledged.  

References 

1 Meech, R.W. (1976) in Calcium in Biological Systems 
(Duncan, C.J., ed.), Symp. Soc. Expt. Biol., Vol. 30, pp 
161-191, Cambridge University Press, Cambridge 

27 

2 Lew, V.L. and Ferreira, H.G. (1978) Current Topics Mem- 
branes Transport, Vol. 10, pp. 217-277, Academic Press, 
New York 

3 Garcia-Sancho, J., Sanchez, A. and Herreros, B. (1979) 
Biochim. Biophys. Acta 556, 118-130 

4 Miner, C., Lopez-BuriUo, S., Garcia-Sancho, J. and Her- 
reros, B. (1983) Biochim. Biophys. Acta 727, 266-272 

5 Valdeolmillos, M., Garcia-Sancho, J. and Herreros, B. (1982) 
Biochim. Biophys. Acta 685, 273-278 

6 Valdeolmillos, M., Garcia-Sancho, J. and Herreros, B. (1982) 
Biochim. Biophys. Acta 689, 177-179 

7 Lew, V.L. and Seymour, C.A. (1982) in Techniques in Lipid 
and Membrane Biochemistry, B415, pp. 1-13, Elsevier/ 
North-Holland, Amsterdam 

8 Lew, V.L., Muallem, S. and Seymour, C.A. (1982) Nature 
296, 742-744 

9 Alvarez, J., Garcia-Sancho, J. and Herreros, B. (1983) J. 
Physiol. 343, 95P 

10 Garcia-Sancho, J., Sanchez, A. and Herreros, B. (1982) 
Nature 296, 744-746 

11 Zaugg, W.S. (1964) J. Biol. Chem. 239, 3964-3970 
12 Blum, R.M. and Hoffman, J.F. (1972) Biochem. Biophys. 

Res. Commun. 46, 1146-1152 
13 Bruder, G., Bretscher, A., Franke, W.W. and Jarasch, E.D. 

(1980) Biochim. Biophys. Acta 600, 739-755 
14 Sanchez, A., Garcia-Sancho, J. and Herreros, B. (1980) 

FEBS Lett. 110, 65-68 
15 Riordan, J.R. and Passow, H. (1973) in Comparative Physi- 

ology (Bolis, L., Schmidt-Nielsen, K. and Mad&ell, S.H.P., 
eds.), pp. 543-581, North-Holland, Amsterdam 

16 Passow, H. (1981) in The Function of Red Blood Cells: 
Erythrocyte Pathobiology (Wallach, D.F.H., ed.), pp. 
79-104, Alan R. Liss, New York 

17 Lepke, S. and Passow, H. (1968) J. Gen. Physiol. 51, 
365s-372s 

18 Omachi, A., Scott, C.B. and Hegarty, H. (1969) Biochim. 
Biophys. Acta 184, 139-147 


