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Elfccts ~,'f" Cd" ' ,  Co" ' ,  Pb a ' ,  Fc :~ and Mg 2' ( i-100 t.tM)on singlc.chaemci properties of the imermcdiatc cop.ducta'wc 
Ca-' '-acti(,atcd K'  (CaK) channels wc~e investigated in inside-out patches of htl~uan erythrocytes in a l:dlysiological K'  gradicm. 
Cd a ' ,  C'o -~'' and Pb-' ', hut not Fe-' ' and Mg-' ' ,  were attic to induce CaK channel openings. The potency of the metals to open 
CaK cham,.c!~ in human crythrocytcs follows the scqucncc F ~-'~ Cd-" +> Ca- > ~o" >> Mg- Fc - ' ~ .  c,,nccm,ations 
Pb" ', Cd" ~ and Co" ' block the CaK channel by reducing the opening frequency and the singlc-cham~ei current a:nplitudc. The 
potcacy of the metals to reduce CaK channel opening frequency foik)ws the sequence Pb-" ~> Cd-" ' ,  Co-" 4 >> (?a~, ~ which differs 
fr:;m the potency sequence C d " ' >  Ph-" + Co-" ~->> (a -  + to :'educe the unitary single-channel current amplitude. Fc - '*rcduced 
:.he channel opening frequency and enhanced the two open times of CaK cha,~::c!,; activated by Ca-", whereas up to 100/.tM 
Mg" ' had no effect on any of the measured sing!e-channel parameters. It is concluded that the activation of CaK channels of 
human crythrocytcs by various metal ions occurs through an intcrt, ction with the same regulatory si~c at which Ca: '  activates 
these channels. Ti"; different potency orders for the activating and blocking effects suggest the presence of at least one activation 
and two blocking sites. A modulatot~ binding site low Fe::' exists as well. In addition, the CaK channels in human erythrocytes 
ai'c distinct from other subtypes of Ca-" ~-activatcd FI' t:Jtanncls in their sensitivity to the metal ions. 

Introduction 

Application of tile patch-clamp technique .,.nowed 
that  in human erythrocytcs the Ca-'+-evoked increase 
in the K ~ permeability i~,; caused by the opening of 
Ca" +-activated K + ch~:me!s with a single-channel con- 
ductancc between l0 and 4t) pS [1-3]. Accolding to its 
shtgle-channel cond,:,ctance and to the plJarmacological 
propert ies  of C a '  +-dependent  K + efflux [4,5] the 
Ca2"-activated channel  in human erythrocytes ha:~ 
been identified as an intermediate conductance chan- 
nel. As described in the previous paper  [6], the gatir~g 
of CaK channels in human erythrocytes is vol:agc-inde- 
pendent  and the Ca -'+ dependence of the current 
mediated by these channels  is due to an increase o~t 
single-channel opening frequency. The open times of 
these CaK channels remain constant over a wide rang~!' 
of  [Ca" ~]~. Results of  flux experiments in human cry- 
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throcytes have suggested that Pb 2' and C a : '  inter~.ct 
wilh lhe same ~ite to evoke K + effiux [7,8]. With the 
single-channel patch clamp technique it has been 
demon:ara tcd  that CaK channels in human eryihro 
cytes are activated by t0 # M  Pb -'~ [2] and are blocked 
by 100 /.tM Pb 2+ [9]. Millimolar concentrat ions of 
Mg 2+ do .not activate erythrocyte CaK channels,  but 
reduce the open probability of caa+-acfivated CaK 
channels  [IU]. 

Since divalent metal ious interfere with membrane  
functions that are normally regula ted  .by Ca -'+, these 
ions are useful tools to orobe the prope:fies of Ca-" ,  
permeat ing  and Ca- '+dependen t  channels. Some met- 
als permeate  through vol tage-dependent  Ca 2+ chan- 
nels, whereas others block Ca" * channels and are use0 
as Ca -'+ antagonists [11-13]. A Ca-'+-dependent K + 
current  in Helix pacemaker  neurons i.,; arfivated b;~ 
intracellularly injected Cd 2+, Co 2+, Mg ~+ and Pb :+ 
[14]. Conversely, results obtained by similar methods 
from Aplysia pacemaker  neurons show that Co 2 + and 
Mg :'+ are ineffective, whereas  Cd ~-+ aud Fc ~-+ activate 
a K + current  [15]. In lipid bilayers big (BE) Ca 2+ 
activated K ~' channels reconsti tuted from :rat skeletal 
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muscle are activated by Cd 2+, Co 2+ and Fe z+, I~ut not 
by Pb 2+ and Mg 2+ [16]. In contrast with the result on 
CaK channels of human erythrocytes millimolar con- 
centrations of Mg 2+ enhance the open probability of 
the reconstituted BK channels activated by Ca 2+ 
[1~,17]. In inside-out patches of NIE-115 mouse neu- 
roblastoma cells Mg z+ and Fe z+ do not affect small 
(SK) and big (BK) Ca2<+-activated channels either in 
the presence or in the absence of Ca z+. SK as well as 
BK channels are activated by Pb 2+ and Co 2+, whereas 
Cd :~ selectively activates SK channels in NIE-II5 
membrane patches [18]. in general, it appears that 
subtypes of Ca'+-activated K + channels have distinct 
sensitivities to metal ions. !r. a,~,,,,,,,,,,-.~a:+:.... ,,.,.,,,:,,,-',: ions may 
exert activating or blocking effects depending on the 
subtype of Ca" +-activated K + channel and the nature 
of ~he effect may change with metal ion concentration. 

U~ing the patch-clamp technique concentration-de- 
pendent ~ffect:; of ;';:r!o;z:+ metal ions on CaK channels 
in human erythrocytes are investigaccd+ The ability of 
these metals to induce Ca'+-activated K + channel 
opening as well as other observed effects of the metal 
ions on these ch~nno!,~ "..~r-" cc~mparcd with those of 
Ca -'+. 

Materials and Methods 

Single.channel currents of Ca-' +-activated K + chan- 
nels were recorded from inside-out membrane patches 
of human crythrocytes. All methods of cell acquisition 
and electrophysiological recording were as previously 
de~ribed [6]. Patch pipettes had a resistance of 10-40 
MI~ "+nd the seal resistance ranged between 16 and 53 
GIL Patches were voltage clamped at 0 inV. Expert- 
meats were carried out at a temperature of 21 "+~°C 

Data anaiy.vis a~+d .,,,,,.,,,,...'~--~+'~ Data were obtained by 
sul~erfusion of inside-out patches with internal solution 
~.xmtaining different metal ion concentrations in ~ 
semi-random order. The patches were repeatedly s~- 
peffu~d with internal solution containing a saturating 
[Ca"+]. Patches with ucnds in the channel opt,, p,oba- 
bility or with a maximum ch+nnel open probability 
< 0.10 were excluded from further analysis. Opening 
and closing transitions were detected using a half am- 
plitude threshold criterion and a minimum event width 
of 2.J ms. The number of channels (N(.) in a patch wa~ 
taken equal to th:~ maximum number of channels si- 
muitan~)usly open in the '  presence of saturating 
[Ca ~÷ ]~. The open probability (i~)) was determined by 
summalion of all open times relative to the total obser- 
vation time. Note that ~+or independently operating ion 
channels Po should be proportional to N c. and that 
0 _< Po-< No- The frequency of channel opening was 
determined as the ratio between the: number of open- 
ing transitions and the total observation time. 

Events were divided into classes of approximately 

equal frequency and presented as frequency density 
open time histograms [19]. Exponential time constants 
were estimated by minimizing X 2 using a nonlinear 
least-squares algorithm [20]. Dual exponential fitting 
was performed only when a single exponential distribu- 
tion was rejected by the X 2 goodness-of-fit test (a = 
0.05). Open time frequency density histograms were 
constructed from single open events only. Results of 
multiple-channel patches did not deviate from those of 
apparent single-chatmei patches. 

Results are presented as means + S.D. Further test- 
ing was performed using statistical software (CSS, Stat+ 
soft, Tulsa, tJSA). As post hoc comparison of the 
analysis of variance (ANOVA) the LSD test was used. 

Sohaions and chemicals. Solutions were prepared 
from milli-Q/UF purified water (Millipore, Bedford, 
USA). The external solution contained (in raM): NaCI, 
145; KCI, 5; Hepes, 20; CaCI 2. 1.8; and MgCl2, 0.8. 
The pH was adjusted to 7.4 with approx. 8.4 mM 
NaOH and the osmolarity was adjusted to 330 
mosmol/! with 30 mM glucose. The interne! solution 
contained (in raM): KNO~, 120: Hepes, i0; citric acid, 
10; arid various concentratitms of metal salts. The pH 
was adjusted to 7.2 with approximately 30 mM K O H  
and lhe osmolarity was adju ted to 300 raosm~!/I with 
55 mM sucrose. Experiments were pcrformed without 
intr~,cellular Na + to prevent channel block [21,22]. 
Frec metal concentrations ~vere calculated using the 
procedure of Van Heeswijk, Geertscn and Van Os [23] 
and using published stability constants [24,25]. Exoeri- 
ments were performed at buffered free metal ion L.on- 
centrations between 1 and 100 /zM, except for Pb -'+ 
that was tested up to 90/zM to avoid the precipitation 
observed at 100 p.M The final maximum amount of 
contamh~mt:~, ~.'a~culated from the data supplied with 
the chemicals, was (in/zM): Ba, 1.1; Ca, 1.8; Cd, 0.11; 
Co, 0.20; Mg, 0.57; Na, 7.6; and Pb, 0.075. in internal 
solution comaining 10s.)/zM free Fe '+ the Pb contami- 
nation was 0.124.#M. in the presence of IlR)/zM free 
Co z+ the contaminations of Ca, Mg and Pb were 4.3, 
2.2 and 0.171 /zM, respectively. 

KNO.~, Ca(NO0,, Cd(NO.~),, Me(NO0:, Pb(NO3).,, 
and KOH (Ultrapure), FeCla, NaCI and KCI (pro 
analyst) were obtained from Merck, Darmstadt, Ger- 
many; Hepes (MicroSelect) from Fluka, Buchs, 
Switzerland; CaCl.,, CoCI: and citric acid (AnalaR), 
glucose and sucrose (Aristar) irom BDH, Poole, UK; 
MgCl: (Baker Analyzed reagent) from Baker, Dcvcn- 
ter, Netherlands. 

Results 

CaK channels in inside-out membrane patches of 
human erythrocytes attain maximum open probability 
during superfusion with internal solution contai!ling 
115 #M Ca"* [6]. Consecutive singlc-chacmci tcaces of 



CaK channel activity in a single inside-out membrane 
patch superfused with Ca 2+, Co 2+, Cd 2÷ and Pb 2+ 
and their corresponding op, n probabilities (Po) arc 
shown in Fig. 1. When metal ions we:e removed by 
superfusion with internal solution containing either 10 
mM citric acid or 10 mM EGTA, no CaK channel 
openings were observc.d. Except for the 100/J.M Co 2+ 
containing internal solution the free [Ca:+]~ contami- 
nating the internal solutions containing the various 
metal ions was always _< 0.2 /~M, which is not suffi- 
cient to activate CaK channels [6]. Mg 2+ (11 patches) 
and Fc 2+ (12 patches) failed to activate the channel at 
either 10 or 100 ~M. In tbur additional patches, in 
which 10 mM EDTA was used instead of citric acid, 
Mg z+ up to 100 ~M did neither evoke CaK channel 
openings. 

Single-channel records of CaK channels in the pres- 
ence of various metal ions (Fig. 2) show activating as 
well as blocking effects in the concentration ran~;e of 
1-10O ~M, in which Ca ~+ activates CaK channels. All 
effects wcrc readily reversed after washing with control 
inte~,iai sol~.fion and subsequent superfusion with in- 
ternal solution containing an activating metal ion The 
Po values and opening frequencies of the CaK channel 
relative to those obtained with 115/~.M Ca 2+ for Ca 2+, 
Cd 2÷, Co ~+ and Pb ~+ between 1 and 100 /~M are 
presented in Table |. A comparison of the two single- 
channel parameters shows similar variations in Po and 
opening frequency with metal ion species and concen- 
tration. This is consistent with our previous conclusion 
that the opening frequency determines the concentra- 
tion dependence of CaK channels activated by Ca ~+ 
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[6]. Statistical analysis indicates that the Po as well as 
the opening frequency of CaK channels activated by l 
~M Pb -'÷ are higher than those obtained with the 
other metal ions at the same concentration (LSD: 
P < 0.001). Although it cannot be excluded that some 
CaK channel block already occurs at 1 #M Pb 2+ (see 
below), this result demonstrates that Pb 2+ is a more 
potent activator of CaK channels than Ca 2 + and Co z +. 
The comparison between Pb 2+ and C d  2+ is compli- 
cated by the fact that the activating effects of 1 and 10 
~tM Cd 2+ yield similar maximum values of Po (LSD: 
P = 0.48) and opening frequency (LSD: P = 0.94). Since 
the maximum value.~ of CaK channel activation by 
Ca 2÷ are obtained at concentrations between 10 and 
115 ~M, Cd 2+ appears also a more potent activator ot 
CaK channels than Ca 2+. Hardly any CaK channel 
activation is observed with I ~M Co .'+ and a clear 
increase in Po and opening frequency occur at 10 ~M 
Co 2+ (LSD: P < 0.001). This result indicates that Co 2÷ 
is a less potent activator than Pb ~-+ and Cd 2+. The 
blocking effect obse~,ed .,~* 10u/~M Co 2+ ,-,""~"~"a'~°,.,.,-,,,.o ,,,,,, 
decide whether Co 2+ is less potent than or equipotent 
to Ca 2+. T!ie potency order of metal ions for the 
activation of CaK channels in human erythrocytes fol- 
lows the sequence Pb 2+, Cd2+> Ca2+> Co2+>> Fe e+, 
Mg :'+. 

The open time frequency density distributions ob- 
tained at i 15/.LM Ca 2÷ were fitted by the sum of ~wo 
exponential fum.dons. The mean values of the ).wo time 
constants of 28 patches were 5.7 + 2.5 ms and 21 +_ 8 
m~. In the presence (~f either 1 or l0 ;~M C a  2+, 10 ~M 

,+ 
Cd 2+, l0 or 100/zM Co" , or l, l0 or 90 ~M Pb 2 ÷ no 

TABLE i 

Open probabilio/ (*at)). opening frequency (Fo) and single.channd current (i) of the CaK t'hamT:t of human erytl,.rocyu, s in the presem'e of different 
concentrations of" metals 

The parameters in the presence of the meta!~ were normali-,,:d to those obtained with !15 #M Ca z÷ in the same patch. In addition, time 
constants of the dual exponential function ,,I I exp( -  t /T t )+  A 2 e x l g -  t / r  e) fitted to the open time frequency densky histograms of CaK 
channel in the presence of the various metal ida concentrations are presented. N represents fl~c number of patckes. The values given for Po, b~, 
and i are relative to those for 115 ttM Ca 2÷. 

Metal (~M) ~ Po Fo i ~'t 1": 
(ms) (ms) 

Ca" 4 

L'd: * 

Co 2 + 

pb 2+ 

1 5 0.23 ± 0.07 11.29 -4" 0.06 0.97 ± {).07 3.5 ± 1.2 ! 3 ± 2 
10 3 0.71 ± 0,12 0.69 :i: 0.07 0.9g ± 0.04 3.0 __+ 1.0 16 ± 7 

115 28 I I ! .5.7 + 2.b 21 ::l: 8 

1 3 0.24 ± 0. i I 0.30 ± 0.20 0.99 ± 0.01 - - 
I 0 5 0.29 ± ~p. ! 3 0.30 ± O. 12 0.89 ± 0.02 5.4 ± 1.9 29 ~-. 9 

I00 4 0.09 ± 0.0~ 0.07 -J: 0.06 0.59 ± 0.06 - - 

I 3 002 ± 0.01 0.02 ± 0.01 1.02 ± 0.02 - - 
10 7 0.34.+,.o.I ! 0.32 ± 0.13 0.96±0.05 3.4+_ 1.0 19 :t: 2 

100 7 0.08 ± 0.04 0.08 ± 0.05 0.88 4. 0,08 3.3 4. 0.5 i 8 :t: 7 

i 4 0.62 ± 0. i 3 0,69 .,. 0.14 1.0o :~ 0.06 5.2 ± 1.5 23 ± 4 
l0 3 0.33 ± 0.1 i 0.36 ± 0.16 0.99±0.06 3.2± !.2 20+_8 
~?0 5 0.22 ± 0.20 0,25 4- 0.24 0.77 ± 0.08 5,0 ~ ! .7 ! 9 ± 
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differ++ ace in the two open time constants was observed 
(Table I; ANOVA: P =  0.11 and 0.29, respectively). 
With the various metal ions the relative amplitudes of 
the fast and slow component of the open time fre- 
quency density histograms varied between patches and 
also between different sets of data obtained from the 
same patch, et, nsistent with previous results on CaK 
chancels in human erythrocytes activated by Ca ~" ~ [6]. 
Since the experimental protocol required the compari- 
son of channel parameters in the presence of Ca -'+ 
with those in the presence of metal ions in the same 

11S Ca 2+ 

EGTA 

, r ~ . , ,  ~ r ~ , ~ :  I 

. . . . . .  - =  . . . . . . . . . . . . . . . .  ~ + 4 -  

Po 

0.S9 

0.00 

10 Co 2+ 

10 Cd 2+ 

0.17 Ca 2+ 

O,OS C~ 2+ 

0.1~ 

0.13 

1 Pb 2+ 

0.42 

115 Ca ~* 

0.57 

I 1.0 pA 
100 ms 

Fig. !. Effect of different ~netals on the CaK channel of human 
er)'thr~'~es at 0 mV membrane ix)tcntiai m an inside-oul patch. The 
final ~ree i:~elai concentralioi, s (in pM) as ~'ell as the correspondin~ 
Po are indicated. 'l"h.: concentration of EGTA was l0 raM. Each 
b!ock represents three consecutive traces and all records have been 
obtain,:d from the ~me  patch. The ch'rs~J le,~¢l is marked by an 

arrow. 

a 
10 Cd 2+ 0.05 Ca2+ 

100 Cd 2+ 0.08 Ca 2+ 

b10 Co 2+ 0.17 Ca2÷ 

100Co 2÷ 1.0Ca 2+ 

1 Pb 2+ 0.0S Ca 2+ 

90 Pb 2+ 0.10 Ca 2÷ ~ _  . . . . . . . . . .  --_-+--1- .- 

~--,--.~ 1 1.0 pA 
ql 

100 rns 

Fig. Efl'~ct of high and low concentrations of (a) (,o: +. (b) (,d ~' 
and (e) Pb: * on the CaK channel of human erythrocytes at 0 mV 
membrane lxllenlia! ill inside-out patches. The final free metal 
concentrations (in p.M) are indicated. Each block represents three 
consecutive traces and all records have been obtai,c.d Irom the same 

pat::h. The closed level is manked by an arrow. 

patch, the num~)er of events collected was not suffi- 
ciently iaige to obtain reliable o0en time histograms 
for I p.M Co 2~ and for 1 and [(X)'lzM Cd 2+. 

Single-channel open probability and opening fre- 
quency decreased ant; in some cases CaK channel 
activ[+y was diminished to almost zero at the higher 
concentrations of Cd 2+, Ct) ~ and Pb 2+ At 100 p.M 
Cd '-+ or Co :+ Po and opening frequency values were 
significantly reduced as compared to those at 10 #M 
(LSD: P < 0.01 and P < 0.05, respectively)° Wit.h Pb" + 
a general decrease in Po and opening frequency ~'or 
concentrations beyond i /~M was observed (LSD: P < 
0.05 and P < 0.05, respectively). The latter result indi- 
cates that the maximum activating effect of Pb 2+ oc- 
cur.s at or ~,~,o~, 1 /~M and that the Po and opening 



frequency at 1 ~M might be below the maximum value 
due to channel block. The reduction of Po in the 
presence of 100 pM Co 2~ is noteworthy, since the 
Ca 2+ contaminating the 10O/.tM C o  "~ :,t, iution yields 
the calculated equivalent of 1 pM free Ca -'+, which on 
itself is sufficient to produce a relative Po of 0.23 (see 
Table 1). This indicates that 100 pM Co 2+ blocks both 
Co 2+- and Caa+-activated CaK channels. The potency 
of the various metals to reduce Po and opening fre- 
quency is less than that to activate CaK channels and 
follows the sequence Pb-'+> C d  2+, C o 2 + >  Ca --'+. 

Analysis of the open probabilities and the opening 
freque~cy of patches having multiple open levels re- 
vealed that the CaK channels did not behave indepen- 
dently. The deviation from independent behaviour was 
observed not only in the presence of Ca -'+ as reported 
in the previous paper [6], but also in the presence of 
the other metals that activate CaK channels. 

Metal ions may also reduce the single CaK channel 
current amplitude (Table !). Activated ,by Ca 2÷ the~e 
chamaeis carry a n  average outward current of 0.93 4= 
0.10 pA (45 pa~.ches) at the holding potential of 0 inV. 
The mean amplitudes of unitary current obtained at 
low metal ion concentrations (I and 10/zM Co z+ and 
Pb a+ and at 1 /~M Cd ~+) could not be distinguished 
from that in the presence of Ca a+ (LSD: P =  0.30- 
0.99). However, the mean unitary current amplitude 
was significantly reduced by the higher concentrations 
of Cd 2+, Co a+ and Pb z÷ (LSD: P < 0.05). The highest 
block occvrred at 100/zM Cd ~ ~ (LSD: P < 0.01). The 
results indicate that Cd :'+ is ihe more potent blocker 
of the single CaK dman¢! current amplitude and that 
Ca ~+ is ineffective in this respect up to 115/zM. 

Effects of Mg 2+ and Fe z+, which were unable to 
induce CaK channel opening by themselves, were also 
investigated in the presence of 115 tzM Ca ~+ (Tabl¢ 
ll). The Po and the single-channel current amp!itudes 
did not differ from those obtained with Ca z+ only 
(ANOVA: P = 0.53 and P = 0.99, respectively). In con- 
trast, the opening frequency of CaK channels activated 
by Ca z~ was reduced in the presence of eitl~e, - 10 or 

TABLE II 

Open pr~'bability (!~), opening fwquencv (k~)) and singh,-ehannel 
current (i) of  the CaK ~hannel o f  human erythroo,tes in the presence oj 
Mg 2 + vr Fe 2 + together with ! 15. 2 ~ M Ca 2 + 

The parameters were normalized t(; d~ose obtained in the presence 
of saturating Ca"'  only in lhe same patch. N represents the number 
ef  patches. The values given are relative to those for 115 ~M Ca ~+. 

Metal (/zM) N Po Fo i 

Fe 2+ I0 4 0.95:t:0.09 0.82-t-0.14 !.00 :t: 0 {|o 
IO0, 4 i.O7::t 0. |5 0.48:]:0.27 O.q9 _+ ~,).01 

Mg -'+ i~,~ 3 0.83 ±6 . i8  iL82 ±0.14 1.665 q.01 

115 Ca 2÷ 
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1 O0 Fe2+ 

115 Ca 2+ 1 G Fe 2+ 

115 Ca 2+ 100 Fe 2+ 

V, a V , ~ , ~ , ~  ,o~,s, . , 

1 1.0 pA 
100 ms 

Fig. 3. Effect of Fe" + on the CaK channel of Eaman erythrocytes at 
0 mV membrane potential in ~.~ inside-out p~.qch. Trace~ wtzre 
recorded in the presence of Ca 2~" ~:nJ Fc '+ ,done as welt as in {he 
presence of a combi;,dion oi C a  2 + and two concenlratitms of Fe: +. 
The final free metal concentrations (in pM) arc indicated. Each 
Mock represents three consecutive traces and all records have been 
obtained fiom Ihe same patch. The closed level is marked by an 

arrow. 

100/.tM Fe 2+ (LSD: P < 0.05), but a significar, t reduc- 
tion could not be demonstrated in th~ presence of 100 
~M Mg 2+ (LSD: P=0.05) .  Simuitaneoa:, with the 
redu~:tion of opening frequency Fe-'* causes a prolor,- 

TABLE III 

Parameters of  the dual exponential fto,ction A t e x p ( -  t / r / )  + 
A 2 exp( - t / r  2) fitwd to the open time frequency density histograms of 
CaK channels of  human erythrocyws ha the presence of  i 15 ~ M Ca 2 * 
and cilhcr Mg " + or Fe" 4 

N represents the number of pat.ehes. 

Metal (t-M) N ro.n Ao. t to.2 Ao..~ 
(ms) (%) (ms) (%) 

Ca z'  115 7 5.0±2.5 41±2~ 21~ 8 50:t: 21 

Fe 2~ i{} 4 9.4 :L 2.Y 58+ !3 49~ 14 42+_ 13 
!00 3 10.2..1-3.9 49±!1  54±22 51:!:11 

l a  .~+  ts~ab ~ t ~ t  ,,,,g itm 2, ,+.'.J ±,9.2 39+_ 14 15+_ ! 61 .L 14 
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gation of the o ~ n  time of CaK channels activated by 
115/~M Ca 2~ (Fig. 3). Open time frequency density 
histograms of CaK channels activated by 115/~M Ca 2+ 
in the presence of Mg 2+ and Fe 2+ were fitted by the 
sum of two exponential functions (Table liD. Thc short 
and the long open time constant in the presence of 10 
and 1 ~  ~M Fe 2+ are increased with respect to the 
value:; obtained with 115 /zM Ca 2+ only (LSD: P <  
0.05). The two open time constants obtained in the 
presence of 100/~M Mg 2+ did not differ from those 
obtained with 115/zM Ca 2+ only (LSD: P = 0 . 3 !  and 
P = 0.39, respectively). 

Discuss ion  

Single-channel properties of the intermediate con- 
ductance CaK channel in human erythrocytes have 
been investigated by replacing Ca" 4 by other metal 
ions. O f  the various metals tested Cd '+, Co -'+ and 
Pb: + induce CaK channel openings, whereas no chan- 
nel activity was observed in the presence of Fe 2+ and 
Mg -'+. In addition, Cd -'+, Co -'+ and Pb :+ are able to 
block the CaK d~annels by decreasing the Ol~¢aing 
frequency and the single-channel current amplitude. 

Both the open probability (Po) and the opening 
frequency vary wi~h metal ion species and concentra- 
tion in a very similar way. The Ca -'~ dependence of 
CaK channels in human erythro,%'tes has previously 
been shown to be determined by an elfect of internal 
Ca -'+ on the opening frequency and not on open time 
[6]. By analogy, the vat4ous metal ions appear to regu- 
late CaK channel opening ['requency, whereas the t~o 
open time constants of the channel observed in the 
pre~nce of Ca -'+ ca::,not be distinguished from the two 
open time constants m the presence of Cd -'+, Co '~ 
and Pb 2+, irrespective of metal ion coTlcentration. 
i'hercfor¢, i~ is concladed that the activating effects of 
~¢tai ions occ, r through an interaction with the bind- 
ing site(s) at which Ca -'+ normally activates the cry- 
throe're CaK channel. 

The metals differ in their potency m induce CaK 
channel opening. The potency of the metal ions in the 
activation of CaK channels in human erythrocytes fol- 
lows the sequence Pb-' +, Cd "~ ~ > Ca: + > Co-' + ~ Fe: ÷, 
Mg ~+. From the absence of CaK channel openings i~ 
internal solution containing 100/zM Fe :+ (see Fig. 3) 
it can be concluded that the contaminating metal ions, 
present at relatively high levels in this internal solution, 
are sufficiently buffered to prevent interfering effects. 
The Ca2+.dependent K • effiux in human erythag3ttes 
was already shown to be more sensitive to Pb -'+ than 
to C~ '+ [g]. Pb 2+ is also more potent than Ca 2+ in 
stimulating calmodulin and protein kinase C [26,27], 
while Pb :+ as well as Cd '+ are equipotent to Ca 2+ in 
c!i~lacing 45Ca2+ binding of tropon~n C [28]. Contra~ 
dieing results have been reported as well. In studi,~s 

on molluscan neurons investigating the ability of metals 
to activate Ca 2 +-dependent K + currents using injection 
methods, Ca 2+ was more effeciive than Pb 2+ and 
Cd ~'+ [14,15]. However, these resvlts have to be viewed 
with caution, since it is difficult to relate the amount 
injected to the intracellular metal ion concentration, in 
addition, the capacity of the cytoplasm to sequester the 
various metal ions is unknown and the injected cations 
may cause release of intrace!!ular Ca 2+ tO different 
extents. The BK channel from rat skeletal muscle re- 
constituted in lipid bilayers is activated by high concen- 
trations of metal ions ia order of effectiveness Ca-" +> 
Cd2+> Fe-">  Co"+:~ Pb 2+, Mg 2+ [16]. The devia- 
tions between this sequence and that found in the 
present study may have multiple causes, including a 
range of experimental conditions and differences in the 
scnsitivhy of subtyp6s of Ca 2*-activated K* channels 
to metal ions. Differences in metal ion binding sites 
between subtypes of Ca 2+-activated K + channels are 
supported t~y a comparison of the present results with 
those previously obtained on SK and BK channels in 
NIE-II5 neuroblastoma cells under identical experi- 
mental conditions [18]. The intermediate conductance 
CaK channels in human erythrocytes are distinct from 
BK channels in their sensitivity to Cd 2+ and from both 
BK ,and SK channels in the reduction of opening 
freque.ncy and single-channel current amplitude at the 
higher metal ion concentrations. 'therefore, Ca 2+- 
activated K+ channels can not only be classified by 
single-channel conductance and using selective channel 
blockers, but also according to their sensitivity to vari- 
ous metal ions. 

High concentrations of Cd 2 +, Co 2 ÷ and Pb 2 4 block 
the erythrocyte CaK channel. The metal ions reduce 
the open probability by decreasing the opening fre- 
quency. The potency sequence of this effec~ [~llows the 
order of Pb a+ > Cd -'+, Co-'+> Ca -'+. In addition, the 
single-channel current amplitude decreases gradually 
with increasing metal ion concentration, Cd -'+ being 
the more potent and Ca -'+ an ineffective blocking 
meta! ion. A deccease in the unitary current is gener- 
ally interpreted as being caused by partially resolved 
closures due to blocking and unblocking events too 
rapid to be detected as complete channel closures. It 
couhl be argued that the reduction of CaK channel 
opening frequency is due to an increase in the numbers 
of missed events caused by rapid open channel block. 
However, Pb-' + is the more potent metal ion in reduc- 
ing opening frequency, but Cd :'+ is the more potent in 
reducing single-channel current amplitude. The differ- 
ent relative potencies of Pb 2+ and Cd 2+ also suggest 
that the two inhibitory effects are unrelated. This could 
be accounted for by distinct sites involved in the reduc- 
tion of opening frequency and of single-channel cur- 
rent amplitude of the CaK channel. Firm conclusions 
at this point would require competition experiments. 



Mg 2÷ is unable to open CaK channels in human 
erythrocytes by itself, as has previously been described 
for differer~t types of Ca:' +-activated K ~ channels 
[10,15,16]. However, in the presence of Ca 2+, millhno- 
lar concentrations of Mg 2+ enhance the activity of BK 
channels reconstituted from rail skeletal muscle [16,17]. 
The present results show that up to 100/zM Mg ::+ is 
unable to mimic the effect of Ca 2 + on CaK channels of 
human erythroc~tes and additionally demonstrate thai 
Mg 2+ does not enhance, but slightly inhibits activation 
of this CaK channel by Ca 2 +. This would be consistent 
with the previous finding that millimolar concentra- 
tions of Mg 2+ inhibit Ca2+-induced CaK channel activ- 
ity in human erythrocyt~s [10]. However, the latter 
effect has been obtained at a holding potential of 
-100  mV and possible voltage dependence of CaK 
channel block has not been investigated. 

Fe" , which is unable to open CaK channels in 
human erythrocytes by itself, has a remarkable effect 
on the CaK channel activated by Ca 2+. Fe :'+ reduces 
the opening frequency of CaK ch~annels activated by 
Ca 2+ and enhances "'~ ,,,~ two open time constants. This 
suggests that a modulatory site for Fe 2+ exists on the 
human erythrocyte CaK channel. It remains to be seen 
whether uther metals interact with this modulatory 
site. 

Effects of metals on Ca2+-binding proteins and ion 
channels are presumed to be related to specific chemi- 
cal ~nd physical characteristics of the ions as ionic 
radius, ion polarizability, electronic structure, and 
hard-soft characteristics [29]. The ability of the metals 
to activate Ca 2 +-binding proteins is related to the ionic 
radius whi, h should be in the range of 1 5= 0.2 
[16,26,28]. Howe~,cr, in human erythrocytes Co ̀ .'+ and 
Pb 2 + with ionic radii of 0.72 A and 1.20 ,A, respec- 
• ,ively, are able to activate CaK channels, whereas Fe 2 + 
(0.74 A,) is ineffective in this respect. The difference in 
reducing the opening frequency and the single-channel 
amplitude by Ca 2+ and Cd 2+ in erythrocytes, despite 
their similarity in size (0.99 and 0.97 ,~, respectively), 
al.,~ st~ggests that the ability of divalent ions to substi- 
tute for Ca ~+ in K + channel activation does not simply 
depend on (he ionic radius. More general, the interac- 
tion of metal ions with CaK channels cannot be ac- 
counted for on the basis of single chemical and physi- 
cal parameters and different combinations of these 
parameters may be involveo in the |nteraction with 
distinct metal ion binding sites on subtypes of Ca ~+ 
activated K + channels. 

The cations Co :'+, Fe z+ and Mg :'+ are essential 
metals and serve physiological function,,~ in human tis- 
sue. Cd 2+ and Pb ~+ are xenobiotics and represent 
serious environmental pollutants. They accumulate in 
various human tissues, causing neurological, muscular, 
renal, hematological and bronchial disorders [30]. The 
finding that Cd ~*, Co:* and Pb ~÷ effectively substi- 

tute for Ca 2+ in Ca" +-activated K ÷ channel activation 
is yet another w~y for these metals to interfere with the 
Ca 2+ homeostasis. 
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