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tlsing the palch-clanlp technique single-channel properties of Ca-" ~-activated K ' (CaK) channels were invcstigalcd in inside-out 
membrane patches of human e, ythrocytcs. In a physiological K '  gradient (5 n~M K ~ externally: 150 mM K'  imcrnally) Ihe 
single CaK channel conductance is 15 pS in the membrane potential range of -40 to + 40 t~V. The channel open probability, 
opening frequency and open and closed time distributions are vollage-independcnt. The open probability and the opening 
frequency of the CaK channel depend on [Ca -~ ' ], and increase between 0.5 and 60 p.M Ca" ~ from approx. 10% to 90% of the 
maximum va!u:" 4d~lained at 115 p.M. The relation between open probability and [Ca?~] i can be described by a sigmoid 
concentration-effect curve wi!h an EC~:} of 4.7 p.M and a slope factor of i. Independent of [Ca 2 '~ ], open time distributions yieid 
two time constanls of 5.3 and _.22 ms. The relative amplitudes of the fast and slow components of the open time histogram as well 
as the maximum open probability and the maximum opening frequency of CaK channels vary considerably. In addition, CaK 
channels in mt, ltiple channel patches arc highly interdependent. It is concluded that the Ca: +-dependence of CaK cl,annels in 
human erythrocytes i:.; duc to ~hc modulation of opening frequency by internal Ca 2 ~. The results ,are consistent with a classical 
receptor-agonist model in which ligand interaction kinetics are much faster Ihan channel gating. 

Introduclion 

A causal reh~tion between elevation of the internal 
calcium concentration, [Ca ~ ' ]~, and an increase in the 
K + permeability was initially found in human erythro- 
cytes treated with glycolytic inhibitors [1]. in ion flux 
studies the site at which Ca 2 + enhances K + permeabil- 
ity has been localized at the inner membrane surface. 
Half-maximum responses of K + efflux have been ob- 
tained at 0.3-3.0/z M Ca 2 + [2-5]. The enhancement of 
K + efflux is blocked by tetraethylammonium (TEA) 
ions [6], by clmrybdotoxin [5] and by quinine, whereas 
apamin has no effect at either side of the erythrocyte 
ghost membrane [7]. In addition, variation of cellular 
ion concentrations has demonstrated that the Ca2+-de - 
pendent K + flux is blocked by internal Na + [2,3]. 

Application of the patch clamp technique has shown 
that the Ca2+-evoked increase in erythrocyte K + per- 
meability is due to the opening of Ca 2 +-activated K + 
(CaK) channels with a single-channel conductance of 
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10-40 pS in symmetric high K + solutions [8-10]. CaK 
channels in human erythrocytes are blocked by quinine 
and by Na + at either side of the membrane, by exter- 
nal TEA and by internal Mg 2+ [ll,12]. TEA and 
external Na + reduce the single-channel conductance, 
whereas internal quinine and Mg 2+ reduce the open 
probability [l I]. Except for the pharmacology of the 
CaK channel in human erjthrocytes, the Ca2+-depen - 
dence of the CaK channel has only been investigated in 
symmetric high K + solutions at the very negative hold- 
i lg potential of - 100 mV [9-11,13]. Under these con- 
ditions increasing [Ca 2+]i enhances the open probabil- 
ity of CaK channels. At 20°C half-maximum open prob- 
ability is attained at 2 jzM Ca 2+ [10]. Both the mean 
open time and the mean clewed time were reported to 
depend on [Ca2+]i and it has been suggested that two 
Ca 2+ ions are required for channel opening [9]. De- 
pending on temperature, one to two open .states and 
two closed states of the CaK channel were found [13]. 
It has been mentioned that the openiag fi'equency of 
CaK channels in human erythrocytes is not voltage-de- 
pendent and that these channels do not inactivate [8]. 

The present study reports en the mechanism of 
operation of the CaK channel in inside-out patches of 
human erythrocytes using more physiological cor, d~- 
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tions. The Ca-'+-dependent mechanism of operation of 
these channels is investigated by separation of the 
single-channel parameters that determine open proba- 
bility at various well-defined [Ca 2~ ]~. A part of the 
results has been published in abstract form [14]. 

Materials and Methods 

Experimental procedure. Erythrocytes were obtained 
from healthy donors by fingertip puncture and were 
used al the same day. A drop of blood was immediately 
diluted in 0.5 ml of external solution (see below) in an 
Eppendorf tube and stored at 4°C. Aliquots of the 
diluted sample were once more diluted in a tissue 
culture dish to obtain a low density of blood cells 
loosely attached lo the bottom of the dish. For patch 
clamp experiments the culture dish was placed on the 
stage of an in~erted phase-contrast microscope. Ery- 
throcytes were s,'!ected by their characteristic shape at 
a magnification of 31)0 ×.  

Single CaK channel currents wcr~: iccorded as de- 
scribed by Hamiil et al. [15]. Fire-polished borosilicate 
glass pipettes (Clark GCI50)with a resistance of 1(I-40 
MO were used. After formation of a gigaseal (16-53 
GO) the attached cell was broken by making it touch 
the bottom of the culture dish. Generally, this proce- 
dure left the inside-out patch and the gigaseal intact. 
The holding potential was 0 mV, unless otherwise 
stated. Patches were superfused with control and test 
~lutions (see below) using two pipettes (diameter 101} 
#m) at a flow rate of 350-400 #l /min.  The opening of 
the superfusing pipette was always ~vithin 5(} #m of the 
patch, Experiments were performed at a room temper- 
ature of 20-24°C. 

Single-channel currents were low-pass filtered using 
an 8 I~le Bessel filter ( - 3  dB at 300 Hz) and digitized 
(8 bits; 0.5 ms sample interval; 1024 points/recoi'd). 
For each [Ca"+]~ at least 100 records, i.e., 50 s of 
steady-state channel activity, were stored on magnetic 
d i~  for off-line analysis. 

Data analysis and statistics. Data were obtained by 
superfusion of inside-out patches with the various test 
.,~latio~ in a semi-tandem order alternated by super- 
fusion with c~n.'rol int, ;i:al solution. The patches were 
repeatedly superfused with internal solution containing 
a ~turating [Ca-'+]. Patches with |rends hi the open 
probabilily of channels or a maxim,~m open prtJ~,,tbility 
< 0.10 were excluded from further analysis. Transi- 
tions imtween open and closed states were detected 
usin~ a half-amplitude thr-~hold criterion and a mini- 
mum event width of 2.5 ms. )l'he number of channels 
(N,:) in each patch was estimated as the maximum 
number of channels simultaneously open under condi- 
tions of maximum open probability. Open probability 
(P  o) was determined by dividing the sum of all open 
times by the total observation time. Note that for 

independent ion channels F o ~,hould be proportional 
to N,: and that 0 < Po < N~.. The frequency of channel 
opening was determined as the ratio between the num- 
ber of opening tJui~:iiiiuns and the total observation 
time. 

Events were divided into classes of approximately 
equal frequency and presented a:; fl'equency density 
histogranls [i6]. Exponential time constants were esti- 
mated by minimizing X 2 using a Levenberg-Marquardt 
nonlinear least-squares algorithm [17]. Dual exponen- 
tial fitting was perlbrmed only when a single-exponen- 
tial distribution was rejected by the X 2 goodness-of-fit 
test (te=0.05). Open time frequency density his- 
tograms were constructed from single open events only. 
Results of multiple channel patches did not deviate 
from those of apparent single-channel patches. 

Concentration-effect curves were fitted by minimiz- 
ing the sum of squared deviations from the mass.::clion 
hiw equation: 

~ n l , l x  

I -  = ( I )  
( ! + { EC~,,/IC'a: ' 11") 

by the Levenberg-Marquardt algorithm. 
Linearity and regression tests were pci lbrmed b~ 

least-squares rcgrt:ssion analysis [18]. Results arc pre- 
sented as means ± calculated or, in case of curve 
fitting, estimated S.D., unless otherwise stated. 

&dutitms and chemicals. All solutions were prepared 
from milli-Q/UF purified water (Millipore, Bedford, 
USA). External solution contained (mM): NaCI, 145; 
KCI, 5; Hepes, 20; CaCl,, 1.8; and MgCl,, 0.8. The pH 
was adjusted to 7.4 with approximately 8.4 mM NaOH 
and the osmolarity was adjusted to 330 mosmol/! with 
30 nlM glucose. The internal solution for inside-out 
patches contained (raM): KNO 3, 120; Hepes, 10, Ca" ~ 
buffer (citric acid, EGTA or nit.~ih)triacetic acid), 10; 
and variable concentraiion ot" Ca(NO.02. The pH was 
adjusted to 7.2 with approximately 3~) mM KOH and 
the osmohirity was adjusted to 300 mosmol/I with 55 
mM sucrose~ In some experiments nitrilotriacetic acid 
(NTA) and ethyleneglycol bis(/3-aminoethyi ether)- 
N,N'-tetraacetic acid (EGTA) were used instead r}f 
citric acid to verify that the Ca 2+ buffer was without 
effect. No Na ~ was added to the internal solution to 
avoid channel block [2,3,12]. Because heavy metals may 
affect Ca'*-activated K + channels [19,20], ultrapure 
chemical,~ were used to prepare the internal solution. 
The final maximum concentration of contaminants, 
calculated from the data supplied ,vith the chemicals, 
was (p.M): Ba, l.I; Ca, 1.8; Cd, 0.11; Co, 0.20; Mg, 
0.57; Na, 7.6; and Pb, 0.075. Ca:' + buffer compositions 
were calculated [21] using s~ability constants from Sillen 
and Martell [22]. Free [Ca -'~ ] of the various solutions 
was also measured by the fura-2 method and using a 
Ca' +-selective electrode. Control internal solution con- 



tained < 10 nM fi'ce Ca ~+. In the range < 0.5 #M and 
> i O /.tM Ca-" deviations were < 3%, whereas at 1 

t iM Ca -'+ a deviation of 30% wits observed. The latter 
deviation is most likely due to the fact thai in the 
micromela~ range '-.-"t,u~,=~ . . . . . . .  ~'.f - - I=GTA.  'snd citrale are 
relatively weak and the fura-2 as well as the Ca-" +-elec- 
trode method are least accurate. Calculated values are 
indic,ted throughout. 

KNO.~ (~uprapure), Ca(NO3) 2 (Suprapure) were ob- 
tained from Alfa Products, KarL,,ruhe, Germany; NaCI 
(pro analyst) and KCi (pro analyst), KOH (Ultrapure) 
from Merck, Darmstadt, Germany; Hepes (Micro- 
Select) front Fluka, Buchs, Switzerland; CaCI, (AnalR), 
citric acid (AnalR), sucrose tAr{star) and glucose 
tAr{star) from BDH, Poole, UK; Mg(:!, (Baker Anal- 
ysed reagent) from J.T. Baker, Deventc~, Netherhmds: 
EGTA from Sigma. SI Louh~, U,,:,,. 

Results 

Alternate superfusion of inside-out n l c n l b r a n e  

patches of htunan erythrocytes with control and Ca; '  
containing internal solution revealed three types of 
(a-+-activated channels. Two of these channels carried 
outward currents of 1).3 pA and 0.9 pA at the holding 
potential of 1) inV. An additional channel with a rever- 
sal potential near (1 mV became apparent at non-zero 
holding potentials. The hitter type of dmnncl  and :!-:c 
0.3 pA channel were infrequently observed and will be 
ignored. Data presented were obtained from pa~ches in 
which these channels were absent. 

The sing!e CaK channel conductance was calcula~.ed 
from I - V  relationslaips of tmitary cuN'ents obtained 
from inside-out membrane p:~tchcs during supcrfusion 
witi~ internal solution containing 3.6 i, tM or 115 #M 
Ca-' + at holding potentials between -6{1 and + 411 mV 
(Fig. I). The I - V  relationship is consistent with the 
notion that the current through the CaK channel is 
mainly carried by K + and rectification is observed in 
the potential range more negative than -40  inV. I - V  
relationships obtained from three patches at 3.6 and 
i l5  #M Ca "~ were found to be Ca-'+-independent 
( P =  0.79-0.95). Regression analysis on the chatmel 
amplitudes of four patche~ showed that in the range of 
- 4 0  to +411 mV none of the I - V  relationships differs 
from linear statistically ( P =  0.13-0.58) and that they 
are identical (P  = 0.06-11.91). The mean single-channel 
conductance amounted to !5 + 1).5 pS (n = 4). 

Ca 2 ' d e p e . d e . e e  

Sets of consecutive traces and amplitude histograms 
of CaK channel aetivily at various [Ca TM ]i are shown in 
Fig. 2. Both single-channel records and amplitude his- 
tograms demonstrate that the open probability (Po) 
increases with increasing [Ca"÷]i. Fig. 3a shows the 
relation betwee, the P() a~-~d free [Ca2+]i of four 

69 

v(mv) 
• 4 0  -I~T-~F-~!C~ - c  z o  

0 rV-Tm~--~V-L~.~,--- i .5  

-20 -- -r-rr~k~T~.a~v~-~ ~ ~- 

-40 . . . . .%.cv~- ' - ,~v 'vv-~-~--  . ~ 

1.0 IJA 1 
50 ms . .: ~ .  

o o j ' 0 . 5  
0 

t(pA) 

. O  
O s  . s  . 

s g  d .  " 

t I I - - - -  t I 

-S0 -2S 0 25 SO 
membrane potential (mV) 

Fi,g. 1..~.r.ip~i~t,d~. t,f :h~' ~,r-;iaq, t'tlfl¢lils Ililrougit a single ('a ~ - 
aclivaled K '  channel ol a htlmali erylhrocyle recoi'ded ill various 
nicmi,rane polcnlials. The solid line represents Ihu leasl-squai'¢s 
regression of Ihe I - V  rehilionship belween - 4 0  and +41) mV 
measured at 115 pM (,a: ' yielding a .~ingl¢-channel conductance of 
:4.5_+ i.1) pS (t)5% cord'{donee lira{l; dotted line). No .•ignifican~ 
deviation from linearily wits observed (P  = 0.fi3). The insel shows 
traces of Ihe single Ca2 +-aclivzled K '  channel recorded at various 

membrane potentials. The closed level is marked ('. 

patches. The P() values of individual patches were 
normalized to the value obtained at 115 p,M Ca 2 +. The 
concentration-effect curve is the mean of the individual 
curves fitted according to Eqn. l to the data obtained 
at eight different [Ca 2 ~]i from each patch. Between (1.5 
and 1)0 p,M Ca 2+ the I~) increases fron~ 10 to 90% of 
it.~ nmximum value. The mean EC.~, wduc is 4.7 + 11.2 
t~ M and the mean slor~e factor 0.98 _+ 0.08 (Table l). 
Da,,, from six other patches, in which only lbur differ- 
ent [Ca "~ ~], were tested, have been fitted according to 
Eqn. I with a slope factor fixed to 1 and y;clded a 
mean EC.~. of 4.9 + 2.4 p,M. 

The fraction of time a channel spends in the open 
state is determined by its opening frequency as well as 
by the lifetime of the open state. Fig. 3b shows that tile 
opening frequency increases with increasing [Ca 2']~. 
The fitted line represents 1!ae mean concentration-el'- 
feet curve obtained from the same patches used in Fig. 
3a. The mean EC.s, value was calculated to bc 4.3 + 11.8 
# M  and the mean slope factor 0.82-± 11.13 (Table 1). 
Data from the other six patches, obtained at four 
different [Ca2*]{, yielded a mean ECs, of 3.7 + 2.2/.tM 
using a slope factor fixed to 1. 

One of the patche~, was al~o superfused with inter- 
nal solutions in which citric acid was replaced by NTA 
to buffer [Ca2+]i a! 1 and 10 p,M or by EGTA to 
buffer [Ca 2 + ]. at 11.5 p, M. "lhe open probability and the 
opening frequency appeared to depend only on [Ca 2 + ]~ 
and not on the Ca z+ buffer used (see Fig. 3a,b). 
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Fig. 2. A Ca:'-activ,(ted K '  channel ~ecorded at 0 mV in an 
inside-out patch of human erythrocyte. The left 0;reel shows sets of 
consecutive traces of events recorded at various [Ca"' ],. All records 
have been obtained from the same patch. The righl panel show~ the 
corresponding amplitude histograms of the conll)lete data obtaille,i 
at the free ( 'a"'  conccntnflion indicated in #M. The closed level i~ 

marked ( ' ,  

The maximum open probability and the maximunl 
opening frequency were disproportional ~t) the maxi- 
mum number of channels (N~.)observed in the patch, 
indicating that either N,. was underestimated or chan- 
nels in different patches behave differently ('i'ai~le I). 
AImlysis of the probabilities of finding multiple open 
levels revealed that the channels do not behave inde- 
pendently. In 9atch cry(1725 the probabilities of exactly 
0, I, 2, 3 and 4 channels open at 115 ttM Ca -'-~ 
amounted to 0.25, 0.52, 0.20, 0.018 and 1).1XI02, respec- 
tively. The probabilities of multiple open channels are 
much smaller than expected from the binomial distri- 
bution. A similar devidtion from independent bc- 
haviour was generally observed in other patches as well 
as at non-saturating [Ca-' + ],. 

Ol~n time frequency density distributions obtained 
at seven different [Ca-" + ]~ values between 1.0 and 115 
~tM in three patches were fitted by the sum of two 
exponential functions (Fig. 4a,b). No dependence on 
[Ca"*]i (P  = 0.28-0.98)was found for the two open 
time constants (Fig. 4(:). The mean open time constants 
of 12 patches were 5.3 + 2.3 ms and 22 + 9 ms. The 
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Fig. 3. l':l'l'cc| of [ ( 'a : '  1, on ( 'a: ' -act ivated K '  chalulels o1" human 
cfylhrocyles ill inside-out meml~ranc patches ill 11 mV membrane 
pol¢|llial, l)atapoints ~vilh bars ale meilll + S.|). tlf fimr patches. (a) 
Ih¢ t. a depelltlellCe of the normalized open probability was filled 
by a concetltralion-elfect curve with an E( 's ,  value = ,1.7 5:11.2 /aM 
and a shape factor = (I.;)h+l).llt). (h) Ihe ( 'a" '  tlepelldence of Ihe 
normalized opening l'rcquency was fitted by a concentration-effect 
curve with atl E('su value = 4.3 ± (U) #M and slope factor = 11.77 :t- 
0.(Ig. Iii one pllt¢:l citric acid (e) ;llld NTA (¢~) were ilSed Io Iml'fer 
[(.'a ~' ], at ! aml I1| #M, and citric acid as well as EGTA ( A ) were 
used to buffer [(?a-" ]i at 11.5/aM. l)atapoinls obtained from these 
nle;lsllrelllelltS ;ire given w i t | l O U t  I~;lrs and h ; I v c  i l o 1  been tlsed li)r 

fitting. 
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e ryllq2 ! 2 4.9 11.97 I). 14 5.3 0.85 32.14 
cry07 ! I 3 4.6 I .I14 0.77 4. I I).98 46.16 
cry0725 4 4.7 I).87 I).98 4.3 0.8 i 67.47 
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Fig. 4. Effect of [Ca ~' +'], on the Ca: '-activated K + channel open 
time distributions of human erythrocyles obtained at 0 mV mem- 
brane potential. (a), (b) Open time frequency density histograms of 

• . .  dlt~,u pa|ch cry0725 at [Ca 2+ ]i of 1.0 #M (a) and 115 ~, M (b~ -','re r. 
by the sum ol two exponentials. Bars and dots in the frc<luency 
dcn.~i+,y histograms represent measured and filtud value.~, respec- 
lively. Fitted mean lime con~:~ants (fractional ~,.mp!il,.~(h:) and the 
number of events observed (N) are given in the histograms. The X" 
{degrees of freedom) and the P values were 22.2 (25) and 11.63 al 1.0 
#M Ca ~+, and 3f).8 (28) :;nd 0.12 at I15 ~I~,I Ca '-+. Single-exponen- 
tial fits of the~c histograms were rejecled by the X~ goodness-of-fit 
test at the P< 0.01 level. Characteristic consecutive single-channel 
traces are shown in the inset. The closed levcZ is marked C. (c) The 
fast and slow open lime constants obtained from frequency density 
histograms of three patches are independent of [Ca 2 + ]i (no regres- 

sion: P = 0.28 and 0.98, respectively). 
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relative amplitudes of the fast and the slow component 
of the open time hequency density histograms varied 
considerably between patches and also between differ- 
ent sets of data obtained from the same oatch. Table 11 
shows that in some patches (he amplitudes of the fast 
and the slow component remained relatively stable, as 
inferred from the small standard deviation obtained 
from different sets of data. From these patches it 
appears that the amplitude ratio varied roughly be- 
tween 1:4 and 4:1. The large variation in amplitudes of 
the two exponential components of the open time 
histogram~, precludes conclusions with respect to their 
Ca 2'+ dependence. However, in the careful analysis of 
all available data overt dependence on any of the 
experiment~.~l conditions or on the blood donors was 
not apparent. 

Closed time frequency de.sity distributions of ap- 
parent single-channel patches were adequately fitted 
by the sum of two exp~mential functions. For the two 
closed time constants as well as for the amplitudes of 
the two fitted exponentials no dependence on [Ca~+], 
was found at six different [Ca2+]~ in the range of 
!.0-115 /.tM (P-0.44-0.74) .  The mean closed time 
constants of five appa,'ent single-channel patches were 
7.9 + 3.7 ms and 58 + 16 ms. The relative amplitudes 
of the fast and the slow componem of closed time 
frequen;~v density histograms were 42 _+ 12% and 58 _+ 
12%. The independence of closed time constants and 
amplitudes of [Ca2+]~ seems to contrast with the find- 
ing that the opening trequency is Ca2'-dependen!. 
However, the number of traces without channel open- 
ing decreased wit!~ increasing [Ca2+]i, indicating the 
presence of a long-lived closed state. The fraction of 
the traces without channel opening decrea,,;ed from 
90-100% at ().5 #M to approx. 1% at > 28.8 #M. 
Rank correlation confirmed a significant reduction in 
the number of long-lived closed events in the range of 
0.5-28.8 /zM Ca 2+ from five patches (R:~=-0.61;  
P < 0.111; n = 26). 

Voltage dependence 
The voltage dependence of channel activity was 

investigated at an approximately half maximum as well 
as at a saturating [Ca 2÷]~. The membrane potential of 
nine inside-out membrane patches superfused with 3.6 
~M Ca 2+ (t~ .... 5) and wi!h 115 txM Ca 2÷ (n = 4~ ~,~;,,~ 
v'-'ied ~,,,,.~.,,:,,, - 40 my ano + 41) mV. hi each patch 
3-10 sets of data were recorded at 3--5 different mem- 
brane potentials and Po and opening frequency were 
determined. Reg~'ession analysis showed that these pa- 
rameters did not depend on membrane potential (P = 
0.15-0.%). The relations between membrane potential 
and Po and opening frequency of one patch containing 
at least three channels superfused with 3.6 #M Ca 2+ 
are depicted ia Figs. 5a and b. 

Open time frequency density distributions were con- 
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Fig. 5. The absence of an ¢1"f¢cl of menlhran¢ I~l,:nlial on ('a" *-actival~:d K'  channel activity af human ¢wlhracy¢¢s. The open probability (a) 
and the opening frequency (hi of the insidu,oul pa{ch ¢ryl 1152 at 3,6 pM ( ' a : '  show n~ voltage-dependence (no regression: P = ().8 ~) and 0,46, 
respectively), The two ~,,,pen time constanls (¢)and the two dosed time constants (d)of the insid~:-~mt patch ery1023a Ill 115 p,M ('a 2 ~ at various 

membrane I~tentials are m:ithcr voltage-dependent (no rcg=~:ssion: P = 0.22-(l.93). 

strutted from the same nine patches. The two time 
txmstants were not voltage-depeJ~dent (P = (). 1 i-().93). 
An cx;~mplc of the voltage-independence of the two 
open time constants is illustrated in Fig. 5c. 

Closed time frequency density distributions of four 
apparent single channel patches showed that neither 
the two closed time ~'onstants nor the two relative 
amplitudes were voltage-dependent (P=0.07-0,80), 
Fig, 5d illustrates the voltage independence of the two 
cloud time constants for the same patch as used in 
Fig, ~ .  

Discuss ion  

Siogleq:h;mnel properties of Ca a+-activated K + 
channels in human ewthrocytes have been charac- 
terized under conditions mimicking the physiological 
K + gradient. None of the presently studied parameters 
describing the single channel activity is voltage-depen- 

dent consistent with the previous finding on the open- 
ing frequency of the CaK channel in human erythro- 
cytes [8]. A decrease in the mean open time with 
increasing membrane potential between - 100 and + 75 
mV has been obtained in symmetric high K ÷ solutions 
and with 1 mM Mg 2+ at the internal side of the 
membrane [9]. Millimolar concentrations of internal 
Mg 2+ reduce the open probability of CaK channels in 
human erythrocytes [!1] and cause a flickery, voltage- 
dependent block of small CaK channels in rat hip- 
pocampal neurons [23]. A similar block of e3,throcyte 
CaK channels by Mg -~+ might explain the previously 
observed voltage-dependence of the open probability, 
which wa~ mainly due to a reduced mean open time. In 
the present study no Mg 2+ was added to the internal 
solution. 

The p~'esent results demonstrate that the increase in 
o~)en probabdity (Po) with [Ca 2 + ]i is due to a Ca: +-de- 
pcadent increase in channel opening frequency, while 
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TABLE II 

Parameters of the dual e,t~mential fimcthm At e x p ( - t / r t ) +  
A 2 e x p ( -  t / r  2) fitted to the open thne [requemy density hisrogram:~ 
of Ce" +-actiratcd K + channels 

The last column represents the number of histograms obtained in the 
patch. For each histogram 50-11111 s of data were recorded and 
analyzed. 

Patch r t A i r2 A 2 n 
(ms) (%) (ms) (%) 

eW0725 5.6+2.0 575:17 15.11+_3.4 435:17 7 
cry6918 4.1-+0.6 81+- 8 11.6:!:2.6 19_+ 8 5 
eryl)921 3.7_+11.4 82_+ 2 12.5_+2.2 18_+ 2 4 
eryl1925 3.115: 1.3 35 + ! I 211.5 +- 9.4 65 +- I I 5 
ery1023a 3.6:t:11.7 175 :5  22.5±1.tJ 83_+ 5 5 
eryil123b 4.4± 1.5 37_+21 14.8+-2.5 63 :t: ZI 5 
eryll129 5.1):t:1).9 40± 16 14.1 _+11.7 60-+ 16 3 
e ~ l l 0 1 a  4.1:t:1,9 21:1:3 37,9+3,9 795: ~ 1~ 
et~jI I(llb ilIA d: 2,9 33 5:20 34.2 5:7.3 67 Jr 211 4 
c ry l l l5ab  5.3~.1.7 181 6 31.65:4.9 825: ~, 5 
e ry l l lSb  9.5 5:5.8 31~± 22 32.11±~}.1 64±22 5 
cry I I 152 5.11 ± 3.(I 2f~ ± 8 17.3 ± 3.t~ 74 ± 8 5 

the single-channel open times remain constant and 
only a long-lived closed state is sensitive to [Ca2+]~. 
This result indicates that the Ca2+-dependent K ~ cur- 
rent in human erythroeytes is regulated by the fre- 
quency of channel opening over a wide range of [Ca" + ]~. 
Thus, the Ca-" ~ concentration-dependent operation of 
CaK channels in human ei'ythr~¢ytc.s shows analogy to 
that of acetylcholine-gated ion channels, at which the 
agonist also enhances the probability that an opening 
event occurs, but ,~ot the characteristics of the open 
event itself [24,25]. 

The slope values of the curves relating Po and 
channel opening frequency to [Ca-'+]~ are not signifi- 
cantly different from 1, which is consistent with the 
involvement of a single Ca: '  ion binding site in CaK 
channel opening, it has previously been suggested that 
two Ca" + iotas are needed to activate the CaK channel 
in human erythrocytes [9,111]. However, in these studies 
[Ca"' ], was buffered using EGTA, which is a relatively 
weak buffer for [Ca 2+] > I ~M. On the other hand 
citric acid, which is suited to buffer high [Ca:+], is a 
weak buffer in the low concentration range [22] (see 
Methods). Therefore, the formerly reported slope fac- 
tor [9,10] is more likely an overestimate, whereas in the 
present sludy the slope factor of the concentration-ef- 
fect curve may be slightly underestimated. 'fhe differ- 
ence in Ca 2~ buffer capacity may also ~ecount for the 
difference between the presently observed value of 4.7 
/z M and the previously reported value of 2 # M for the 
ECso of the open probability concentration-effect curve 
[ 01. 

The open time distributions of the CaK channel in 
human erythrocytes reveal at least two open states. 
Similarly, thc closed time distributions indicate the 

presence of at least two closed states. The two open 
and two closed times are independent of [Ca 2 + ]~. How- 
ever, with increasing [Ca -'+]i the lifetime or the proba- 
bility of a third, long-lived closed state decreases, as 
indicated by a marked reduction of the number of 
records witho,at channel opening. Two open states of 
CaK channels in human erythrocytes have been re- 
ported before and both time constants as well as the 
relative amplitudes of the two components appeared to 
depend on temperature [13]. The presently obtained 
values for the two open time constants are in the same 
range as those previously reported. The present results 
contrast with the l~revious finding that the mean open 
time of ery;hroeyte CaK channels depends on Ca 2+ 
concentration [9]. This discrepancy cannot be ex- 
plained at present. The possible blocking effect of 
millimolar concentrations of i,ternal Mg 2+, which 
might compete with Ca 2+ has been discussed above. 
With regard to the Ca 2+ dependence of the closed 
times of erythrocyte CaK channels divergent results 
have been published before [9,1 !]. 

The amplitudes of the two kinetic components of 
the open time histograms varied considerably between 
patche.s as can be seen from their standard deviations 
(see Table 11). Apparently the CaK channel may change 
its mode of opening from predominantly short to pre- 
dominantly long open times. BK channels from r,,t 

skeletal muscle have been reported to exhibit different 
modes of opening [26]. The presently observed variabil- 
ity is not due to heterogeneity its t[,¢ Ca 2~ sensitivity of 
CaK channels, since channel open lifetimes are inde- 
pendent of [Ca '+]i and the variation in EC.~0 values is 
relatively small. In case of heterogeneous populations 
of CaK channels one would expect ~o obtain at least 
some patches with fast or slow channels only. The 
variability more likely resides in different membrane 
properties or in some common shared factor interact- 
ing with the channel protein. The latter hypothesis is 
particularly attractive. Molecular biological inve~ai~a- 
tions of voltage-dependent [27,28] and iigand-gated 
channels [29,30] have revealed subunit structures of 
channel proteins. K ÷ channels are also supposed to 
possess a multimeric subunit structure [31]. Dynamic 
assembly and disassembly of such subunits in the patch 
membrane could account for both the negative cooper- 
ativity and the heterogeneity of CaK channels ob- 
served. This l'.ypothesis requires further investigation. 

The I -V  relationship revealed a single CaK channel 
conductance of 15 pS between -40  and + 4(I mV and 
showed rectification in the more ~,egative membrane 
potential range. The conductance of the CaK channel 
in human erythrocytes measured in s~,nmetric high K' 
solutions is 10-411 pS [8,10]. Under similar asymmetric 
K + conditions as used in the present study a single 
CaK channel conductance of 14 pS was obtained in 
Friend murine eD.throleukemia cells and the single- 
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channel conductance increased to 50 pS in high exter- 
nal K + solution [32]. The former value is close to the 
presently obtained unitary conductance of 15 pS. The 
range of membrane potentials presently investigated is 
too narrow to make further inferences on rectification. 

in non-excitable cells CaK channels are thought to 
be involved in regula(ory cell volume control [33]. It 
has been suggested that the increase of K + permeabil- 
ity caused by the increased [Ca-' ÷ ]~ in human erytbro- 
cytes would also serve the purpose of volume regula- 
tion [34]. The present results show that optimum acti- 
vation of CaK channels in human erythrocytes is at- 
tained only at [Ca-' +], beyond the normal physiological 
range. This could indicate that with physiological varia- 
tion of internal Ca" ' only f,:~ CaK channels activate 
and a large channel reserve is maintained. Alterna- 
tively, the low sensitivity of CaK channels to (Ca"'], 
would be functional whe,~ Ca:' influx leads to locally 
high Ca ~'* concentrations at the inner face of the 
membrane betbre disturbing cellular Ca ~' ' homeosta- 
sis. The occurrence of intracellular Ca" + gradients has 
already been demonstrated by means of Ca-' +-sensitive 
floorescent dye techniques [35,36]. 
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