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S ~ f l  lipophilic calmoddin anmgonis~ (phenoti~ine~ bu~phenones  and ~phen~bu~l~pef i~ne~ 
inhibited CaZ%induced ~ ~ KO ~om human ~d  cells. How~e~  ~ e  K~ vflues ~ r  ~ e f f~t  ~d n ~  bor  
good co~e~tion ~ ~ e  K~ vflues ~po~ed ~ r  well-known cf lmodd~ependent  ~ s ~ m ~  ~ add~o~ the 
inaction w ~  sffon~y de~ndem on ~ e  h a e m ~ r i t  and valinomydm~duced KO flux~ w e ~  f l ~  
a f f iX& Added calmodulin ~d not h ~ e  any d ~ c t  on C~%dependem ~Rb u~ake by ~ d e ~ m  verities 
derived ~om red cell membranes whereas sfim~afion ~ C ~ d e p e n d e m  ATPase w ~  app~ent ~pophffic 
anticflmodulim at ~gh do~s had ~ ~nds of effe~s on ~Rb u~ake by inside-out ~ s ~ :  increas~ 
decrease ~ no ~ a n ~  ~ tie fraction ~ ~t iv~ed ~ s i c i ~  ~ h e d  ~ ~bmaximfl C~  + concen~ation~ ~ 
~ ~thout mod~cation ~ ~ e  ~ t i ~  ~ ~ ~Rb u~ak~ The hydrophylic compound 4 8 / 8 0  de~e~ed  the 
fraction ~ ~tivated verities ~ h e d  at submafimfl C~  + concen~afions ~thout ~ c t i n g  the ~iat~e  ~ te  
~ ~Rb uptake, but t~s d f ~ t  took ~ace oily at concen~afions l ~ f d d  ~gher than the reposed K~ f ~  
c~modulin~ependem ~ s ~ m ~  Thee  ~ s d ~  ~ g g e ~  ~ C~%dependent K + channds ~ red cells ~ e  ~ot 
~gulsted by calmoddin. 

In~oducfion 

The efis~nce of K ~sdective channds activated 
by in~acellu~r Ca ~+ has been documented in 
many anim~ cells [1,2]. The human red cell pos- 
sesses such channds and, ~though thdr  fun~ 
tionfl role rem~ns unknow~ it has been widdy 
used as a ~chnic~ly  convenient modal for the 
study of CaZCdependent K ÷ ~anspo~ [3]. The 
pubfished information on the effe~s of c~modu- 
fin on C a ~ d e p e n d e n t  K ÷ channds is contradi~ 
tory. Lackington and O~ego [4] reposed that 
sever~ c~modufin antagonis~ inhibi~d the n ~  
loss of K ÷ induced by the div~ent cation iono- 
phore A23187 + Ca 2÷ ~om human red calls in- 

* To whom correspondence should be addressed. 

cuba~d in low-K medium. On the con~ary, 
Plishker [5] reported that c~modufin antagoni~s 
facilflate the activation of CaZ+-dependent K + 
uanspon  in the human erythrocyt~ an effect he 
at t f ibu~d to the inhibition of the Ca 2+ pump. 
With subcdlular preparations the reports have 
been equ~ly conflicfin& Sarkadi et ~,  [6] reposed  
that a cytoplasmic p ro ton  extract was able to 
restore Ca2+-dependent ~Rb  ~anspon by in ,de -  
out ~e~des from human erythrocytes wh~h were 
otherwise insen~tive to Ca ~+. These resulU could 
not be reproduced by other investigators (unpub- 
fished resul~ in our laboratory and ReL 7). Pape 
and Kristensen [8] have ~so reported an acfiva- 
tory action of purified c~modufin on Ca 2 ~depen- 
dent K + Vanspon by in ,de-out  ve~de~ This 
contrasts with our pre~ous f~lure to e~dence 
such an effect [9]. 
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In the present work the effects of c~modufin 
on Ca2~dependent K + ~anspo~ by human 
erythrocytes have been investigated ufing two di~ 
~rent  approaches: (1) The effec~ of sever~ 
c~modulin antagoni~s have been ~udied in both, 
intact cells and insid~out vesicles. The antagoni~s 
used included the lipid-solub~ phenotiazines, 
butyrophenones and diphenylbutylpiperidines [10] 
as wall as the hydro-solub~ compound 48/80 [11]. 
Since some of these drugs were shown before to 
act on K+-fluxes not r d a ~ d  to Ca2+-dependent 
K + channds [12], thor  action on valinomydn-in- 
duced fluxes has been sys~matically checked in 
paralld experiments. (2) The effect of added 
c~modufin on CaZ+-dependent ~Rb  transport by 
infide-out verities has been examined. In paralld 
experimen~ the effe~ on the Ca2+-activated 
ATPas~ a well known c~modulin~enfit ive sys- 
tem [13], was ~so ~udied to ~low direct compari- 
son under the same expefiment~ condition~ 

MaStiffs and M ~ h ~ s  

Red c d ~  were obt~ned from fresh blood drawn 
into heparin. The cells were washed twice with a 
washing solution containing (mM): NaC1, 75; KC1, 
75; Na-EGTA, 0.1; K-Hepes, 10 (pH 7.5). Then 
they were packed by centrifugation at 3000 rpm 
during 10 min. 

The acfi~ty of the Ca~%dependent K + channd 
was esfima~d from the loss of KCI observed on 
incubation in low-K medium after the increase of 
the call Ca 2+ ~ vds  by the addition of C~  + and 
the ionophore A23187 to the incubation medium. 
For these experiments the cells were first washed 
twice with a solution containing 150 mM NaC1, 
0.5 mM CaC12 and 10 mM K-Hepes (pH 7.5) and 
resuspended in the same medium at 1-15% 
haematocrit. Just before the experiment 2 ml of 
this call suspenfion were mixed with 1 ml of 
solution containing 150 mM NaSCN, 0.5 mM 
CaC12 and 10 mM K-Hepes (pH 7.5) in a spectro- 
photome~e cuvet~. The addition of SCN to the 
medium speeds up the loss of K + fince the dectro- 
genic permeability of the membrane to this anion 
is so hrge that it does not fimit the K + loss after 
ma~mM a~ivation of Ca2~dependent K + Pans- 
po~  (Garda-Sancho and Lew, in preparation). 
The activation of the K + channds was accom- 

pfished by the addition of the ionophore A23187 
to the cell suspen~on to ~ve a fin~ concentration 
of 0.5 to 2 ~M. In all the cases the concentration 
of A23187 used gave m a ~ m ~  response. The rate 
and extent of the KC1 loss was estim~ed by 
following the cell volume changes by measure- 
ments of ~ansmittance at 650 nm. In a few experi- 
ments (Tab~ III) the loss of K + was ~armd by the 
addition of v~ inomydn (fin~ concen~ation 1-2 
~M) instead of A23187. 

The A23187Anduced uptake of C~  + was mea- 
sured by adding 45CaC1 (final spedfic activity 
about 106 cpm/~mol)  to cell suspen~ons ~milar 
to those used in the scatmring measurement.  The 
experiments were started by the addition of the 
ionophore A23187 to ~ve a fin~ concentration of 
1 ~M in the cell suspen~om After different peri- 
ods (1-5 min), the incubation was termina~d by 
mi~ng 80-#1 aliquots of the cell suspension with 1 
ml of ~ c ~ d  washing solution placed on top of 
0.4 ml of dibutylphth~ate oil in a 1.5 ml Eppen- 
dorf tube. The tube was immed~tely centrifuged 
at 12000 × g during 15 s. The supernatant medium 
and the oil were removed by aspiration, the w~ls 
of the tube were wipped off with co~on swabs and 
the cell p~let was ex~ac~d wilh 6% trichloro- 
acetic add  and counted for radioactifity by fiquid 
sdnt i lht ion counting [14]. Data were referred to 
the volume of o r i~n~  calls, which was estimated 
~om h~emo~obin measurements in ~ iquo~ of 
the cell suspenfions [15]. All the experimen~ were 
performed at room ~mperatur~ 

O n ~ s ~ p  infide-out vesicles [7,16] were pre- 
pared as described pref iou~y [9]. The actifity of 
the C a ~ d e p e n d e n t  K + channds was assessed 
~om measurements of the uptake of 86Rb, which 
behaves similarly to K + for this transport sy~em 
[17]. For these experimen~ an aliquot of verities 
suspenfion was fi~t mixed with the incubation 
medium containing the defired amount of Ca ~+, 
ch d a to ~  and the c~modufin antagonist in each 
case. The equiv~ent haematocrit [16] of this su~ 
penfion was about 20%. At t = 0 ~acer amoun~ 
of ~Rb  were added (fin~ actifity (1-5) -10  6 
cpm/ml)  and samples (usually 0.1 ml) were taken 
after dff~rent incubation periods (15 s ~o 60 min). 
Ex~aveficular ~ R b  was removed by fil~ation 
through Dowex-50 columns as described before [9] 
and the ~ R b  contents of the verities was de- 



termined by C~enkov counting. The ~cubation 
medium for these experimen~ cont~ned (mM): 
KC1, 18; Tris-EGTA, 0.4; CaC12, 0 to 0.5; K- 
Hepes, 16.5 (pH 7.5). Note that ~e  rdative K ÷, 
C1- and Hep~ concen~ations wit~n the verities 
were about the same as that in ~e  incubation 
me~um, so that lhe experiments w~e p~formed 
near eq~fibfium-exchange con~tion~ The con- 
centrations of C~ + were cMcula~d ufing the con- 
stan~ measu~d p~¼ous~ for EGTA [18]. In a 
~w experiments (see Result~ the incubation 
med~m used was the same as that used for C~  ~ 
ATPa~ measurements (~e bdow). A~ the experi- 
ments w~e p~formed ~ room ~ m p ~ u ~ .  

Measu~men~ of lhe C ~ A T P a s e  a c t i ~  of 
the on&s~p ~f id~out  verities w~e p~formed 
ufing the same ~cubafion me~um described 
above for the experiments of ~Rb uptake except 
that EDTA ~placed EGTA and 3 mM MgCI~ 
and 3 mM M~ATP were added. C~ ÷ concen~a- 
tions ~ t~s s~ution were ~t im~ed u~ng the 
fol~wing v~ues for the di~odation constan~ of 
EDTA [19]: K~ 6.76.10 -~ ,  K 2 7.76.10 -7, Kca 
2.45.10 -~a, K~g 1.48.10 -9. A~er the adequ~e 
~cubation period at 37°C, ~4-ml sampl~ of the 
incubation mixture were mixed with 0.7 ml of a 
s~ution c o n t ~ n g  0.25 M H2SO4, 0.5% am- 
mon~m hepmm~ybdme and 2% so&um dodec~ 
s~pha~ (SDS). To t~s mi~ure 20 #1 of a solu- 
tion cont~ning ( w / ~  1.2% of each so ,urn sulp~te 
and so~um m ~ a b i s u l p ~  and 0.2% l~mino-2- 
naphth~-4-s~pho~c add w~e added. A~er 30 
rain at room ~mper~ure absorbance at 650 nm 
was measured and compared with standards con- 
t ~ n g  known amoun~ of inorga~c phospha~ 
[~0]. 

C ~ m o d ~  was par ty  purified ~om human 
erythrocyte ~ s ~  by ion-exchange chromato~ 
raphy in DEAE-cellulose as described by Jarret 
and P e n ~ o n  [2~. A~er concenWation with a 
CX-10 Mi~po~  imm~sib~ and ~alysis against 
10 mM imidaz~HC1 buf~r (pH ~ t~s partly 
purified ~action was heated at 100°C for 5 rain 
and centrifuged at 100000 × g for 60 rain. The 
supern~ant of t~s centrifugation was used in the 
assay~ The cMmod~in content of t~s preparation 
amounted about 13% of the proton according to 
its abili~ to activate C~%ATPase a c t i ~  in 
c M m o d ~ - d e p ~ d  erythrocyte membran~ [21]. 
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86RbCI and ~CaC12 were purchased from 
Amersham Internation~. A23187 was purchased 
~om Boehringer Mannhom. Bay-K-8644 and 
nifedipine were a generous ~ of Professor A. 
Gard~  Depa~ment of Pharmacology, The Uni- 
verfity of Al~ante, Spain. Chlorpromazine, tri- 
fluopera~n~ dozapine and h~operidol were 
generous gi~s of Rhodia Ibrric~ Smith, Kline & 
French, Sandoz ~A.E., Sandoz A.G. Ltd. and 
Laboratorios Lafino, respectiv~y. Medazepam and 
chlorprothixene were a generous ~ of Roche 
S.A. Pimo~de and penfluoridol were a generous 
~ of Laboratorios E~eve. Other chemicals were 
purchased from E. Merck Darm~adt, BDH 
Chemicals Ltd. or Sigma London Chem. Co. Ltd. 

R e s ~  

Effec~ of calmodulin a n m g o n ~  on Ca2 ~ d e p e n  - 

dent K + transpo~ in intact cells 
Fig. 1 shows the d ~ s  of thee  c~modulin 

i n h i b i ~  on the shrinkage ~duced by A23187 + 
C d  + ~ cells ~cub~ed in Dw-K SCNmontai~ng 
medium. The three in~bito~ decreased the rate of 
shrinkag< the effect increasing with the con- 
cen~ation of the drug. If the experiment was 
prolonged for enough time ~e  same fin~ v~ue of 
ffansmittance (T~) was reached wi~ and without 
inhi~m~. The tim~cou~e of the decrease of 
~ansmittance (T) co~d be finearized by p~tting 
l o ~ T -  T~) vs. time (Fig. 2A). F~om the dopm of 
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Ng. 1. Ef~c~ ~ ~ r N  ~ ~ N m ~  ~ C ~ -  
dent K + ~anspo~ in ~t~t e ~ t ~ .  ~ e  changes of 
~ s ~ n ~  at ~0 nm w~e me~u~d ~ ~ N ~ d  ~ M ~  
ods. ~ e  ~emat~t  of ~e c~ suspenNon was ~7~. N g ~  
on ~e ~aces denote the concentration of the ~NMmr in ~M. 
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Fig. 2. In~bifion of Ca 2 +-dependent K + transport in intact erythrocy~s by thiofidadne. Pand A shows a logarithmic trandormafion 
of the resul~ of an experiment fimilar to that of Fi~ 1. Figures on the fines denote the concen~afion of the drug (#M). Pand B 
shows the same resul~ plot~d as % inhibition vs. the concentration of the drug (in M, logarithmic scflO. 

TABLE I 

INHIBITORY EFFECT OF SEVERAL ANTICALMODU- 
LINS ON C ~ D E P E N D E N T  K + TRANSPORT 1N IN- 
TACT ERYTHROCYTES 

The v~ues of K i fis~d ~ ~ e  first two c~umns where c~cu- 
hted ~om experiments ~milar m ~ose of Fig. 1, per~rmed at 
two ~ f ~ n t  haem~ocrit  (Htc) v~ues. The t~rd c~umn fisu 
~ e  K i v~ues reposed by Lac~ng~n  and Orrego [4] for ~ e  
~ t i o n  of the ~ss  of KC1 from ~tact  e ~ r o c y ~ s  Uea~d 
wi~  A 2 3 1 8 7 + C ~  The haemamcrit used in those experi- 
ments was Z5%. The fou~h column list the K i v~ues ~po~ed  
for ~ e  inhibition of calmoddin-dependent phospho&es~rase 
acfi~ W [10]. All the v~ues are ~ven ~ ~M. 

D ~ g  K i K i for phos- 

6.7% 2.5~ ReL phodiester- 

Htc Htc 4 ase [10] 

Chlorpromazine 5-8 2 35 42 
Thioridazine 13-20 4 18 
Trifluopera~ne 30 11 - 10 
Pimo~de 30 10 6 7 
Penfluoridol 15 6 2 
H~operidol - 140 - 60 
Chlorprothixene - 60 - 16 
Clozapine 200 87 - 80 
Medazepam 130 25 - 150 

Bay K-8644 10 ~ - 
Ni~dipine 10 ~ 5 

~ Expefimems per~rmed ~ 5% haem~ocrit. 

these lines the v~ue of the rate constant for 
shrinkage in each condition could be c~culated. 
Finally by plotting the percent inhibition of the 
rate of shrinkage vs. the concentration of the dru~ 
the v~ue of K~ (the concentration produong 50% 
inhibition) could be estimated, as ~lu~rated in 
Fig. 2B for thioridafine. 

Tab~  I shows the v~ues of K~ for sever~ 
c~modulin antagonism at two different haema- 
tocri~ obt~ned by the procedure described abov~ 
The third and forth columns of this tab~ fist the 
K~ v~ues obt~ned pre~ou~y by Lackington and 
O~ego ~] for inhibition of Ca2+-dependent K + 
~anspo~ and the K i v~ues for inhibition of 
phosphodies~ras~ a well-known c~modul in-d~ 
pendent enzyme [10], respectivd~ Our v~ues do 
not bear a good co~dat ion  with those p re~ou~y 
reposed  for phosphodiesterase inhibition. They 
~so differ from those reposed by Lackington and 
Orrego [4] for the inhibition of Ca~+-dependent 
K + efflux. This difference is particularly striking 
for chlorpromazine, which is, in our hand~ a 
much more powerful inhibito~ 

In all the cases the value estimated for K~ was 
s~on~y  dependent on the haematocfit at which 
the assay was made, as documen~d in Tab~ I for 
two different haematocfi~ (2.5 and 6.7%). Fig. 3 
shows the corrdation between the K~ vMue esti- 



mated for perfluoridol and the haem~ocrit  (six 
different v~ueO at w~ch the experiment was pe~ 
formed. Table I shows ~so lhe ~ s  of two 
f i p o p ~ c  d ihydropyf i~n~,  ~ p ~ e  and Ba~ 
K-864~ w~ch act as an antago~st  and an a g o ~  
of C ~  ÷ channd~ respecfivdy [22]. N i ~ & ~ n e  has 
~so  been reported recently to act as a cMmoddin 
a n ~ g o ~  [23]. Both drugs ~emed to be potent 
~ ~  of the shrinkage ~duced  by A23187 + 
C ~  + ~ ~w-K SCN-contai~ng med~m, thdr  K i 
bring ag~n dependent on the haem~ocrit  used ~ 
the measu~ments (Tab~ I). The d ~ c t  of all the 
drugs ~sted on Table I on the uptake of ~Ca  
under the same con&fions ~ w~ch the shrinkage 
measu~men~ w~e  made w~e  ~so ~u~ed .  The 
in~bi tory etfect cn sh~nkage c o r d  nct be attri- 
buted to a decrease of ~ C a  up~ke  by the calls in 
any case fince all the drugs in , eased  it (Tab~ II). 
The hydrophy~c antic~modulin compound 48/80 

TABLE 1I 

EFFECTS OF SEVERAL A N T I C A L M O D U L I N S  ON THE 
U P T A K E  OF ~ C a  I N D U C E D  BY A23187 IN H U M A N  
RED CELLS 

Fresh cells were suspended at 6.7% haem~ocf i t  in a s~uf ion  
c o m ~ n g  (mM): NaCI, 100; NaSCN, 50; ~CaCI ,  0.5; K- 
Hepe~ 10 ~ H  7.5). At t = 0 A23187 w ~  added ~ ~ a f in~ 
concen~afion of 1 ~M ~ He cell suspenfion and ~ m ~  were 
taken ~ 1, 2 and 5 min ~ r  determination ~ ~ C a  u p ~ k ~  The 
incubation was ~rminated  by dilution wil l  13 v~.  of ~e  
c ~ m e ~ u m  and ~ n t r i ~ g a f i o n  H ~ u g h  ~ b m ~ p h H M a ~  oil, 
as de~f ibed b e ~  [1~. The figures ~ven  ~ r  the conVds  are 
m e a n ±  ~D.  ~ H ~ e  experimental vMue~ All He o H ~  f i g ~  
correspond to f in#e  determinations. The equilibrium value ~ r  
~ C a  u ~ a k ~  obtained at 10 # M  ionophore was about 2600 
~ m d ~  cells. 

Added dru~  # M  Ca u p ~ k ¢  ( ~ m ~ / 1  cell~ 

1 ~ n  2 ~ n  5 ~ n  

None 5 8 ± 2  91±12  164±14 
Chlorpromazine, 8 162 375 631 
Tfifluoperazine, 30 84 158 196 
P imo~d~  30 110 308 844 
Penfluofidol, 15 109 241 684 
H~operidol,  300 72 140 304 
Chlorprothixen~ 150 483 940 1835 
Clozapin~ 200 238 ~79 1006 
Medazepam, 150 227 564 892 

Bay K-8644, 10 83 266 472 
Nifedipin~ 10 85 133 249 

29 

~ 20 
o 
2 

2 

~ 10 

2 ~ 6 8 10 

H ~ m ~ r H  (%) 

~ g .  3. ~ m s  ~ ~ e m ~ f i t  on He ~ v~ue  ~ f i m a ~ d  ~ r  He 
~ f i o n  of C ~ % d e p e n d e m  K ÷ ~anspo~  ~ intact ~ 
cytes by penfluorid~. 

TABLE III 

EFFECTS OF SEVERAL A N T I C A L M O D U L I N S  ON THE 
RATE OF K + LOSS I N D U C E D  BY VALINOMYCIN IN 
INTACT ERYTHROCYTES 

The rate of K ÷ loss was ~ f immed  from the rate of shrinkage 
m e a s u ~ d  ~ expefimen~ of fimilar defign to those of F ig  1, 
except H a  Hey were s ta~ed by He ad~t ion  of val inomydn 0 
or 2 ~M, (1) and (2~ m s p e c t N d ~  ~ s ~ a d  of A2318~ V~ues  
are ~ven  as percent of the rate ~ He c o n e d ,  to w ~ c h  no 
drugs were added. Two haem~ocf i ts  (Htc) w e ~  used. 

Drug Concm R ~ e  of KC1 loss, 
(#M)  percent of control 

2.5% H ~  &7% H ~  

Chlorpromazine (2) 5 211 - 
Chlorpromazine (2) 50 323 - 
Chlorpromazine (2) 150 458 - 

Thioridazine (1) 16 199 - 

Tfifluoperazine (1) 30 309 - 

Pimo~de (1) 20 126 - 

Pen~uofidol (2) 5 - 134 
Penfluofidol (2) 10 32 - 
Penfluofidol (1) 10 53 - 
Penfluofidol (2) 15 - 13 
Penfluofidol (2) 40 - 3 

H~opefidol  (1) 150 160 - 

Chlorprothixene (1) 120 309 - 

Clozapine (1) 133 160 - 

Medazepam (1) 50 177 - 
Medazeparn (1) 200 323 - 
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added to the ex~rn~ medium at concentrations 
up to 5 mg/1 did not fignificanfly modify the rate 
of shrinkage induced by A23187 + Ca 2+ in low-K 
SCN-cont~ning medium (data not shown). 

We have shown pre~ously that chlorpromafine 
stimulates the rate of K + loss induced by 
v~inomy6n from red cells incubated in low-K 
medium under conditions in which the dec~o- 
genic permeability to CI- was the hmiting step for 
s~t loss [12]. Other lipophil~ drugs have been 
reported to modify the rate of net loss of cations 
by acting 6ther on membrane fluidity or on the 
permeability to anions. In order to test this kind 
of actions we ~udied the ef~cts of the different 
anficMmodulins on the call shrinkage induced by 
v~inomydn. The experiment~ conditions were as 
in the experiments of Fig. 1, including the pres- 
ence of the permeant anion SCN- into the incuba- 
tion medium. The results of these experimen~ are 
summarized in Table III. Only penfluoridol de- 
creased the rate of shrinkage induced by 

valinomydn at the same range of concentrations 
at which inhibited the (A23187 + Ca2+)induced 
shfinkag~ All the other drugs tested increased the 
rate of valinomycinoinduced shrinkage under these 
conditions. 

Effec~ of calmod~lin on Ca2 ~depe~dent 86Rb up- 
rake in one-step m M d e ~  ves~les 

The effects of p a r t i ~  purified c~modufin (see 
Me~ods) on C~%dependent ~Rb uptake and 
C ~ d e p e n d e n t  ATPase a c t i ~  were studied 
ufing ~e  same batch of ~f id~out  verities and ~e  
same ~cubation me,urn for ~e  me~u~men~ of 
~anspon and enzyme acti~ties. Since the pres- 
ence of Mg 2+ is ~ q ~ d  for ATPa~ activiff ~is 
cation was included ~ ~e  incubation me~um to 
~ve a fin~ concentration of 3 mM. Under these 
conditions the affi~ff of the K + channd for C~ + 
is decreased, the h~hactivating Ca 2+ concentra- 
tion bring in the 10- 5 M range [9]. The concentra- 
tions of Ca 2+ and Mg ~+ were fixed in these ex- 
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Fig. 4. Effec~ of c~modulin on the Ca2+-dependent ATPase activity (Pand A) or Ca2+-dependent K + transport by one-~ep 
infide-out verities (Pand B~ The same batch of vefi~es was used for both experiment~ In panO A symbols represent: without added 
c~modulin (O); with 3 #g/ml of c~modulin (O); with cMmodulin and the following inhibitors: 50 #M chlorpromafine (v); 50 #M 
tfifluopera~ne (A); 10 #g/ml compound 48/80 (B). CaZ+-dependent ATPase activity was measured in the presence of 10 ~M Ca 2+. 
The acfi~ty without Ca 2+ (0A mM EGTA) has been subtracted from MI the v~ues. In pand B Ca2+-dependent SrRb uptake in the 
presence of Other 100 #M (triangles) or 20 #M Ca 2+ (circle~ is represent& Measuremen~ were performed in the absence of 
cMmodulin (open symbol~ or with &5 #g/ml calmodulin (closed symbolS. The uptake obt~ned in the absence of Ca ~+ (0A mM 
EGTA) was sub~racted from all the values. The Ca2+-dependent ATPase was measured at 37°C and the ~Rb uptake at 20°C. 



perimen~ by ufing C a / M g / E D T A  buffe~ (see 
M~hods). The infide-out verities were prepared 
as described in Methods, but they were stored 
overnight at 2-4°C in the EGTA-cont~ning 
washing solutiom In this way a larger c~modufin 
dep~tion is achieved (Lew, V.L., pe~on~ com- 
munication). The verities were sedimented by 
centrifugafion and resuspended ag~n in EGTA- 
cont~ning washing solution just prior to the ex- 
periments. 

The resul~ of a representative experiment are 
shown in Fig. 4. C~moduhn increased the Ca 2~ 
dependent ATPase acti¼ty of the verities to about 
tw~e the v~ue obt~ned without c~modulin. Tfi- 
fluoperafine at 50 ~M or compound 48/80 at 10 
~M, concentrations well above the K i of these 
drugs acting as antic~modulins [8,10], prevented 
completely the effect of c~moduh~ Chlorproma- 
fine at 50 ~M, a concentration dose to the K i of 
this drug acting as antic~moduhn [1~, inhibi~d 
the c~modulin-induced enhancement of C ~ d ~  
pendent ATPase acti~ty by 48% (Fig. 4A). Pand 
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B of Fig. 4 illus~a~s the effects of c~modulin on 
the Ca2Cdependent ~Rb uptake by the same 
batch of infid~out vefide~ Two different con- 
cen~ations of Ca 2÷ were tested, 20 #M, which 
produced 45% activation, and 100 #M, which gave 
full activation. Calmodu~n did not modify tither 
the amount of ~Rb taken up at equihbfium (20 
rain in Fig. 4B), nor the tim~cou~e of the uptake 
in any case. 

Effec~ of calmodulin antagonis~ on the Ca2+-de - 
pendem S6Rb uptake by one-step m~dew~ v ~ l e s  

The ~ s  of c ~ m o d d ~  a n m g o ~ s  on Ca e ~ 
dependent 86Rb up~ke by ~ d ~ o ~  veeries were 
quantified u~ng two ~ff~ent  transport param~ 
ters: (1) The C~÷-dependent up~ke of 86Rb at 
~e  steady sta~, from w~ch the fraction of 
a~Na~d veeries can be ~t im~ed as described 
p ~ o u s ~  [9]. (2) The h ~ e q ~ b r a f i o n  time 
~fim~ed g r a p ~ c ~  as the time ~ q ~ d  to take 
up 86Rb to a ~vd w~ch is one h~f that taken up 
at the s~ady state. Al~ough the C ~ d u c e d  
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Fig. 5. Effects of tfifluoperazine, 100 #M, on the CaE+-dependent 86Rb uptake by infide-out veficle~ The following Ca 2+ 
concentrations were used On pCa): 7.6 (©); 7.4 (4); 7.2 (v); 7.0 (D) and 6.0 (e). In all the cases the uptake obtained in the absence of 
Ca 2÷ (0.4 mM EGTA) has been substracted. 
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~ R b  uptake does not follow ~ngle exponentials 
[9], the hal~equitibration time still allows us to 
compare the rates of uptake by the same popula- 
tion of veeries under different condition~ 

The effects of the different anticalmodutins on 
the fraction of activated veficles were not homoge- 
neous. Chlorproma~n~ thiofida~ne and penfluo~ 
idol did not have ~gnificant effects at concentra- 
tions which were able to inhibit almost completdy 
the Ca2+-induced shrinkage in intact calls. Only 
very high concen~ations of these drugs ( >  150 
~M) decreased fignificanfly the fraction of 
activated verities (data not shown). Fig. 5 shows 
the effects of 100 ~M tfifluopera~ne. This drug, 
when used at high concentrations (>  50 ~M), was 
able to increase the fraction of activated veficles 
obtained at submaximal Ca 2+ concentrations 
without modifying the maximal activation value 
obtained at saturating Ca z+ concentrations (10 6 
M in Fig. 5). 

The effects of compound 48/80 are shown in 
Fig. 6. Compound 48/80 had tittle or no effect at 
concentrations bdow 10 mg/1 (not shown in the 
figure). At 20 mg/1, a concentration about 20-times 
larger than its reported K i value as anticalmodu- 
lin [11], it decreased the fraction of activated 
vesicles obtained at submaximal Ca ~+ concentra- 
tions without modifying the maximal effect ( 10  - 4  

M Ca z + in Fig. 6). This corresponds to a decrease 
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Fig. 6. E f ~ s  of compound 48/80  on the uptake of ~ R b  by 
infide-out vefide~ The cont r~  experiment, without the inhibi- 
to~ is shown in the left p a n t ;  the midd~  and right pan~s  refer 
to 20 and 50 m g / l  of compound 4 8 / 8 ~  respe~iv~y.  Symbols 
denote the following Ca 2+ concentrations: No Ca z+ (0.4 mM  
EGTA) (©); pCa 7.2 (~); pCa 6.8 (v); pCa 4 (~). 
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Fig. 7. E f ~ s  of 50 ~M chlorproma~ne and 20 mg/1 com- 
pound 48/80  on the CaZ+-dependent uptake of 86Rb by in- 
f id~out  vefide~ P a n t s  re~L ~om ~ to right, to the c o n ~  
with no in~bi tor~  chlorpromazine and compound 4 8 / 8 ~  re- 
spect ivd~ Symb~s  represent the following Ca 2+ concentra- 
tions: open d rdes ,  pCa 7.2; dosed d r d e ~  pCa 6~. The 
uptake obtained in the absence of Ca 2+ (0.4 mM EGTA) has 
been subs~ac~d  ~ ~1 the cases. 

of the apparent affinity [9] to about 1 /5  of the 
control without inhibi tor .  At 50 mg/1 compound 
48/80  decreased ~so  the f f a ~ n  of a ~ N a ~ d  
verities ob t~ned  at 10 4 M Ca 2+ (Fig. 6). In 
another experiment it was found that the m a ~ m ~  
fraction of activated verities obt~ned in the pres- 
ence of compound 48/80 at 50 mg/1 was about 
70% of the m a ~ m ~  vMue in the c o n ~  and 
independent of the C ~  + concen~ation b~ween 
10 - 6  and 5 • 10 - 4  M (data not shown). 

The effects of the different a n t ~ m o d u f i n s  on 
the rate of C ~ % a c t i v a ~ d  S6Rb uptake by in ,de -  
out verities were inhomogeneous as wall. The ef- 
fects of chlorproma~ne and compound 48/80 are 
shown in Fig. 7. Chlorproma~ne reduced the rate 
of 86Rb uptak~ both at s u b m a ~ m ~  and m a ~ m ~  
Ca ~+ concentrations. The est ima~d h ~ e q u i t i b r ~  
tion times at pCa v~ues of 6 and 7.2 were 87 and 
195 s, respectively, in the presence of 50 ~M 
chlorproma~ne compared with 27 and 102 s for 
the control~ ~mi lar  effects were found for 
thiofida~ne and penfluofid~ at concentrations of 
50 ~M (data not shown). On the contrary, com- 
pound 48/80 at 20 m g / !  did not fignificanfly 
modify the rate of uptake of ~ R b  at 10 - 6  M Ca 2+ 
(the h ~ e q ~ l i b r a t i o n  time was 33 s compared 
with 27 s for the con~ol), even though the f fa~ion 
of act iva~d verities was largdy decreased at this 
Ca ~+ concentration and the uptake of ~ R b  at a 



pCa of 7.2 was almost completely blocked. The 
effects of trifluoperafine on the kinetics of Ca ~ + 
induced ~ R b  uptake by infide-out veeries has 
already been documented without comment in 
Fig. 5. Even though the drug was able to increase 
the fraction of activated verities at submaximal 
Ca ~+ concenWation~ the half-equilibration times 
were not fignificanfly modified when compared 
with the consols  in which a fimilar fraction of 
activated vesicles had been attained (see Fig. 5 
legend for value~. The addition of calmodufin to 
the incubation medium did not modify the effects 
of the calmodufin antagoni~s on Ca2÷-dependent 
~ R b  uptake (resul~ not shown). 

D~cus~on 

The strongest support for the partiopation of 
c~modufin in the con~ol of the Ca2~dependent 
K + ~anspo~ is the reposed inhibitory effect of 
sever~ c~modulin antagoni~s in intact red cells 
[~. Although the antic~modulin ef~ct  of these 
drugs is wall documented [10], this is not thor  
only pharm~colo~c~ action. Some of these drugs 
have been reported to affect redox processes [2~, 
choliner~c [25] and dopaminergic [26] synapt~ 
~ansmission, c ~ d u m  currents and exocytofis [27]. 
On the other hand, mo~ of these drugs ~re s~on~y  
lipid-solub~ and could concovab~  have non- 
spedfic ef~cts on ~anspo~ proce~es by modifi- 
cation of the fluidity or the thickness of the mem- 
brane. It has been well documen~d, for examp~, 
that chlorpromafine increases the fluidity of the 
erythrocy~ membrane [28]. In our hand~ the K i 
values of the lipophilic antic~modulins acting on 
Ca2~dependent K + ~anspo~ bear a poor co ,c la -  
rion with those reposed  pre¼ou~y for its action 
on c~modulin-dependent processes (Tab~ I). On 
the other hand, the estimated K~ depended fin- 
early on the h~ematocrit ~ which the experiments 
were performed. This suggests that the inhibitory 
effect could be due to the accumulation of the 
drugs within the call membrane with modifica- 
tions of its phyfic~ properties. The observation 
that the fipophific antic~modufins did Mso mod- 
ify the valinomycin~nduced K + loss (Tab~ III) is 
confis~nt with the last flew. Ndther  chlor- 
proma~ne ner trifluopera~ne inhibi~d the loss of 
K + induced by A23187+Ca  2+ in the Ehrlich 

33 

a s d ~ t u m o r  cell (V~deolmillo~ M., unpubfished 
resultS. Since it has been shown pre~ou~y that 
this call possesses Ca2~dependent K + channds 
very similar to those of the erythrocyte [2~, the 
differences in the action of the antic~modulins 
could be at tr ibu~d to differences in membrane 
composition between both cells. In any case they 
indicate that the inhibition by antic~moduhns is 
not an essential prope~y of the Ca2+-dependent 
K + channds. 

The pre¼ous repo t s  dealing with the effects of 
c~modufin on Ca2+-dependent ~Rb  transport in 
in~d~out  veeries [8] are subjec~d to sever~ 
cfitidsms as commented in the Introduction. Un- 
der the conditions in which the verities were pre- 
pared most of the acti~ty of the Ca2~dependent 
~anspo~ is lost [30] and the beha~our of the 
channds could be a t y p ~  [31]. In our hand~ the 
addition of purified c~modulin had no effec~ on 
Ca2~dependent K ÷ transport under conditions in 
which the Ca2Ldependent ATPase present in the 
same vefic~s was acfiva~d. Still it could be argued 
that c~modulin is ~rongly bound to the K + chan- 
nels and, owing to this reason, it is not lost during 
the preparation and the subsequent ~eatment of 
the verities. Some examp~s of enzymes bdonging 
to this class are known [32]. Howeve~ an inhibi- 
tory effect of the c~modulin antagonis~ should 
still be expected in this case, and this was not 
observed. 

Three pat~rns of beha~our were observed with 
c~modulin antagoni~s acting on C a ~ d e p e n d e n t  
86Rb transport in infid~out verities: (1) Chlo~ 
proma~n~ thiorida~ne and penfluoridol had no 
effect on the fraction of activated vefide~ except 
at very high concen~at ion~ whereas they 
decreased the rate of uptake of ~Rb. The last 
action could be r d a ~ d  to the inhibitory effect of 
these compounds on the Ca2~dependent K ÷ 
transport observed in intact calls. (2) Compound 
48/80 at 20 ~g /ml  decreased the ~a~ion of 
acfiva~d vefic~s at subma~m~ Ca ~+ concentra- 
tions without modifying the rate of uptake of 
86Rb. It should be kept in mind, howeve~ that this 
concentration of compound 48/80 is wall above 
its K~ acting as c~moduhn antagonisL and at this 
concen~ation range effects on c~modu~n-ind~ 
pendent sys~ms have been reposed [11]. (3) Tri- 
fluoperazine increased the ~action of activated 



verities at submaxim~ Ca z+ concentrations 
without modifying the rate of uptake of 86Rb. 
This ef~ct is reminiscent of that repor~d pre~- 
ously for dectron donors, which are able to in- 
crease the fraction of acfiva~d verities at submax- 
imal Ca 2 + concentrations [18]. The dectron donor~ 
howeve~ increase the rate of uptake of 86Rb (un- 
pub fished observations). These resul~ show deafly 
that both parameter~ the ~action of activated 
verities and the rate of uptake, can be modified 
independently. These p a r a m e ~  could reflect two 
different aspects of the channd function, namdy 
the threshold and the mean open time of individ- 
u~  channd units. The fir~ one would be responsi- 
ble of the 'all or nothin~ beha~our  of the chan- 
ntis [7]. The second one, which has been thor- 
oughly ~udied in p a t h - d a m p  experiments [33,34], 
would influence the rate of uptake observed in 
intact cells where many channds are acting jointly. 
Regarding to its significance to the parti~pation 
of c~modulin in the control of Ca2÷-dependent 
~Rb  transport in infide-out verities our resul~ 
are negative fince the effects were different for the 
different c~modulin antagonis~ and not rdated 
with its potency as a n t ~ m o d u f i n s .  

As a whol~ the evidence presented in this work 
is incontinent with the ~ew that the CaZ+-depen - 
dent K ÷ channd of the human erythrocyte is a 
c~modulin-dependent sys~m. Other ~ternative 
means ef modulating the Ca ~ s e n s i f i ~ t y  of these 
channds hav~ howeve~ been proposed [18]. 
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