
J. Membrane Biol. 88.67-75 (1985) The Journal of 

Membrane Biology 
�9 Springer-Verlag 1985 

Single-File Diffusion through the CaZ+-Activated K + Channel of Human Red Cells 

Bent Vestergaard-Bogind, Per Stampe, and Palle Christophersen 
Zoophysiological Laboratory B, August Krogh Institute, University of Copenhagen, DK-2!00 Copenhagen 0, Denmark 

Summary. The ratio between the unidirectional fluxes through 
the Ca2+-activated K+-specific ion channel of the human red cell 
membrane has been determined as a function of the driving force 
(Vm - EK). Net effluxes and 42K influxes were determined during 
an initial period of -90  sec on cells which had been depleted of 
ATP and loaded with Ca. The cells were suspended in buffer-free 
salt solutions in the presence of 20 //,M of the protonophore 
CCCP, monitoring in this way changes in membrane potential as 
changes in extracellular pH. (V,~ - EO was varied at constant EK 
by varying the Nernst potential and the conductance of the anion 
and the conductance of the potassium ion. In another series of 
experiments EK was varied by suspending cells in salt solutions 
with different K + concentrations. At high extracellular K + con- 
centrations both of the unidirectional fluxes were determined as 
42K in- and effluxes in pairs of parallel experiments. Within a 
range of (V,. - E K )  of --6 to 90 mV the ratio between the unidi- 
rectional fluxes deviated strongly from the values predicted by 
Ussing's flux ratio equation. The Ca-'+-activated K + channel of 
the human red cell membrane showed single-file diffusion with a 
flux ratio exponent n of 2.7. The magnitude of n was independent 
of the driving force (Vm -- EK), independent of Vm and indepen- 
dent of the conductance gK. 
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Introduction 

Since Gardos (1958) demonstrated a Ca2+-activated 
net efflux of potassium ions from human red cells, 
Ca2+-activated K + channels have been detected in a 
wide variety of ceils (cf. Latorre & Miller, 1983). 

Whereas the Ca2+-activated K + conductance 
pathways found in, e.g., central neurones of Helix 
aspersa (Meech & Standen, 1975) and rabbit skele- 
tal muscle membrane (Latorre et al., 1981) at once 
were thought of as ion channels, there was a pro- 
nounced tendency to interpret the Ca2+-activated 
K + net efflux from human red cells as a mediated 
flux. This idea arose because the net efflux of K + 
from ATP-depleted cells was found to be a complex 
function of extracellular K + concentration, pH and 

intracellular Na + concentration (cf. Hoffman et al., 
1980). 

To distinguish between a potassium-selective 
carrier mechanism and a potassium-selective ion 
channel, Hamill (1981), using the patch-clamp tech- 
nique, measured currents across the membrane of 
Ca-loaded human red cells. Currents occurred in 
discrete steps of unit amplitude and variable dura- 
tion, with a linear current-voltage relationship indi- 
cating a unit conductance of about 18 pS. According 
to Hille and Schwarz (1978) a unit conductance of 
this magnitude in itself rules out models based on 
carrier diffusion mediated conductance. 

In recent patch-clamp measurements, Grygorc- 
zyk and Schwarz (1983) confirmed a single-channel 
conductance value of about 20 pS for the CaZ+-acti - 
vated K § channel of the human red cell. In addition, 
they found that the channel showed inward rectifi- 
cation. Within a range of - 100 to 0 mV, no voltage 
dependence could be detected in the patch-clamp 
studies of Hamill (1981) and Grygorczyk and 
Schwarz (1983). Thus the incipient closure of the 
channels that was found during A23187-induced os- 
cillations in the K § conductance of the human red 
cell membrane cannot be explained as a result of 
voltage dependence, as previously suggested (Ves- 
tergaard-Bogind, 1983). 

A large number of K+-specific ion channels are 
known at present among which the Ca2§ 
type constitutes one category ranging in single- 
channel conductance from 20 to 240 pS. For the 
200-pS channels, the so-called maxi K § channels 
(Latorre & Miller, 1983), a special model with a 
short channel containing a single ion has been sug- 
gested in order to explain the very high conduc- 
tance. No deviation from the flux ratio test (Ussing, 
1949) is therefore expected in the case of the maxi- 
channels. In contrast, the delayed rectifier of the 
squid axon (Hodgkin & Keynes, 1955) and the in- 
ward rectifier of frog striated muscle membrane 
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(Horowicz et al., 1968), K*-specific ion channels of 
lower conductance, both show single-file diffusion 
with a flux ratio exponent of 2.5 and 2, respectively. 

Heretofore the flux-ratio test apparently has not 
been systematically applied to any of the Ca2+-acti - 
vated K + channels. In the present paper it is shown 
that the channel of the red cell membrane shows 
single-file diffusion with a flux ratio exponent of 
-2.7.  

ABBREVIATIONS 

CCCP, carbonyl cyanide m-chlorophenylhydra- 
zone; DIDS, 4,4'-diisothiocyanostilbene-2,2'-disul- 
fonic acid; Trizma base, Tris (hydrozymethyl) 
aminoethane; EGTA, ethylene glycol bis (/3-amino- 
ethyl ether)-N,N'-tetraacetic acid. 

PHTHALATE METHOD 

Cellular contents of 42K and K* and extracellular concentrations 
of K + were determined by the phthalate method of Lew and 
Brown (1979), modified in order to determine cellular and extra- 
cellular concentrations of K +. In centrifuge tubes 875 t~l of a 
solution (155 mM Trizma acetate, 2 mM EGTA, 3.3 mM LiNO3, 
pH 7.7) was layered on top of 400 ~1 di-n-butylphthalate (density 
1.042 to 1.045 at 20~ and the tubes were stored on ice. 

During an experiment 100-/xl samples of the cell suspension 
(hematocrit = 3.1%) were transferred to the cold phthalate 
tubes, and 5 sec later the tubes were centrifuged for 30 sec at 
18,000 • g. The 3.1 ~1 of cells were now isolated as a pellet under 
the phthalate layer. Extracellular concentrations of K + were de- 
termined by flame photometry directly on the diluted top-phases 
of the phthalate tubes. The rest of the top phase and the phtha- 
late were removed and the cell pellets were processed for scintil- 
lation counting of the 42K content and flame photometric deter- 
mination of the K + content. 

MEMBRANE POTENTIAL 

Materials and Methods 

CHEMICALS 

All inorganic salts (pro analysis) were purchased from Merck; 
Trizma base and CCCP were from Sigma. The ionophore A23187 
was from Calbiochem; DIDS was from Pierce Chemical Co.; di- 
n-butylphthalate and sucrose (Aristar) were from BDH. The test 
combination for determination of hemoglobin was from 
Boehringer. 

CELLS 

Freshly drawn blood from healthy human donors was heparin- 
ized and centrifuged. Plasma and the buffy coat were aspirated, 
and the cells were washed twice in 5 vol high-K salt solution (90 
mM KC1/66 mM NaC1/150/zM MgCI2/50/zM EGTA, pH - 7.4). 
The cells were depleted of ATP and 2,3-diphosphoglycerate as 
previously described (Vestergaard-Bogind & Stampe, 1984), 
washed three times in high-K salt solution and either stored on 
ice as packed cells (A cells) or incubated for 30 rain at 37~ in a 
high-K salt solution (90 mM KC1/66 mM NaC1/25 or 100 /xM 
CaC1J1/zmol per liter cells of A23187) and then stored on ice as 
packed cells (B cells). By this preincubation in the presence of 
calcium and ionophore A23187, cells preloaded with fixed con- 
centrations of calcium were obtained. The cellular calcium con- 
tent was determined by use of 45Ca in a parallel incubation and 
the intracellular concentrations of ionized Ca were calculated 
from the determined 45Ca contents of cells, using the previously 
found value of 0.19 for c~ (Vestergaard-Bogind & Stampe, 1984), 
a being the ratio between the concentration of ionized Ca per 
liter cell water and total Ca per liter cells (Ferreira & Lew, 1976). 
The intracellular concentration of ionized Ca was 10 or 20/xM in 
the two main series of experiments. 

In each experimental series the initial cellular contents of 
water and K were determined on samples from the packed cells 
stored on ice. 

Changes in membrane potential were determined according to 
the method of Macey et al. (1978). The experiments were carried 
out with cells suspended in buffer-free solution at a hematocrit of 
3.1% in the presence of CCCP, a protonophore which mediates a 
very fast electrochemical equilibration of protons across the cell 
membranes. Since the intracellular phase is heavily buffered, a 
change in membrane potential and accordingly in equilibrium 
potential of protons enforces a shift in the extracellular pH. At 
the end of an experiment Triton X-100 was added, resulting in 
immediate hemolysis of all cells. Since all buffering capacity was 
confined to the cellular phase, the pH of the hemolysate reflected 
the original cellular pH value, a value which remained constant 
during the experiment. Absolute values of membrane potentials 
were calculated from the differences between the peak values of 
extracellular pH, and the corresponding cellular pH values, as- 
suming that a ApH of 1.00 unit is equal to a membrane potential 
of -61.0 rnV. 

pH 

pH in the suspensions was measured with a Radiometer G2222C 
glass electrode with a K4112 calomel electrode as a reference, 
connected to a Radiometer TTT2 pH meter. The pH measure- 
ments were calibrated by means of two Radiometer buffers (7.38 
and 9.91) at 37~ 

EXPERIMENTAL PROCEDURE 

100/xl of the packed cells (see above), depleted of ATP and 2,3- 
diphosphoglycerate, were transferred to 3000 p~l buffer-free salt 
solution, thermostatted at 37~ and vigorously stirred. When Ca- 
loaded cells (B cells) were used, the experiments were started by 
the addition of cells to the salt solution [156 mM (Na + + K + (with 
42K) as CI or NO~- salt) and 20 /~M CCCP]. When cells with 
normal Ca content (A cells) were used, the addition of ionophore 
A23187 (5 p, mol per liter cells) to the cells suspended in a salt 
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solution [154 mM NaCI, 2 mM KCI (with 42K), 25 ~M CaCI2 and 20 k cpm 

txM CCCP] initiated the experiments. In this type of experiment a 
cellular concentration of ionized calcium saturating with respect 
to activation of the K + channels, was obtained within a few 
seconds. 

During the first ~90 sec of each experiment 100-~1 samples 6( 
of suspension were transferred to cold-stored phthalate tubes 
(see above) at intervals of about 7 sec, to determine the influx of 
4ZK into the cells and net efflux of K ~ from the cells. Extracellu- 
lar pH was recorded to monitor the hyperpolarization of the cells 
(see Fig. I). At the end of an experiment three samples were ~0. 
taken for determination of the total compartments of42K, K + and 
hemoglobin (a compartment is here used as an amount per liter of 
cells), In a sample of extracellular phase the final hemoglobin 
concentration was measured for calculation of hemolysis during 20 
the experiment. The experiments were terminated by addition of 
Triton X-100 to the suspension and pH decreased within a few 
seconds to the value of the hemolysate, a value which is equal to 
the cellular pH (see Fig. I). 

CALCULATIONS 

Since the cell suspension is a closed system with respect to K + 
and ~2K, the total c6mpartments of K+(S7) and 42K(pT) are always 
equal to the sum of the corresponding cellular (Sc and P~) and 
extracellular (S~ and Pex) compartments. The net flux J,r is 
equal to the difference between the unidirectional ef- and in- 
fluxes, J,f and J~,. The total compartments are time invariant 
whereas the cellular and extracellular compartments and the 
fluxes vary with time. The change with time of the extracellular 
42K compartment can be written as: 

dP~x dPc Pc P~x 
a--i- - at Jof ~ - Ji~ ~ .  ( l )  

pH 

S 
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Fig. 1. Results of a typical experiment with 42K influx and K + net 
efflux from ATP-depleted cells preloaded with Ca (10/~M). The 
abscissa is time in minute and the ordinates are cellular content 
of 4ZK in kilo-counts per minute (kcpmc), pH and extracellular 
concentration of potassium K~x. The arrow indicates addition of 
Triton X-100, which causes immediate hemolysis of all cells so 
that the pH of the hemolysate becomes equal to the cellular pH. 
The membrane potential Vm is calculated from the difference 
between the external pH and the cellular pH. The parameters 
used to calculate the flux ratio at the time indicated by the dotted 
vertical line are K+x, kcpmc and Vm together with K~x at zero time 
and the K, + and kcpmc slopes at the dotted line (see section on 
Calculations). 20 ~xM CCCP was added, pH - - ;  Ke + A; kcpmc �9 

Taking into account the above-mentioned relations between 
compartments and fluxes, Eq. (1) can be solved to give: 

dPc Pcx 
Jef d--~ + ~ Jnet 

Jin dP~ Pc d--y+~Soo, 
(2) 

Equation (2) is valid under net flux conditions (Fig. 1 shows a net 
flux experiment) and is composed of elements, which can be 
determined experimentally, thus allowing calculation of the flux 
ratio, 

In experiments with no or very small net fluxes (compare 
Fig. 2), the initial unidirectional fluxes were simply calculated 
from the tracer flux and the chemical compartment on the cis 
side. 

Results 

In 1949 Ussing derived the flux ratio equation relat- 
ing the unidirectional fluxes Jef and Ji. for passive, 
independent movement of ions across a membrane. 

In the case of potassium ions the equation would 
be: 

Jin [K]ex exp 1_ R T  J = exp (3) 

where [K]c and [K]ex are the intra- and extracellular 
concentrations of K +, EK is the Nernst equilibrium 
potential of K ions, Vm is the membrane potential, 
and F, R and T have their usual meaning. At least 
one of the unidirectional fluxes has to be measured 
as a tracer flux and a unidirectional flux is opera- 
tionally defined as such. 

In their classical work demonstrating single-file 
diffusion in the delayed rectifier of the squid axon, 
Hodgkin and Keynes (1955) determined the ratio 
between the undirectional fluxes in voltage-clamped 
axon over a wide range of values of the driving 
force (Vm - EK). They then plotted the ratios be- 
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Table 1. Flux ratio exponent n determined at different (Vm -- EK) values at a fixed Er~ a 

N r  EK Vm Vm - EK Jnr Jin Jef J~e n 
(mV) (mV) (mV) (mmol/liter cells �9 hr) Ji-~ 

A1 -101.9 -75.9 26.0 1430 126 1556 12.4 2.58 
A2 -101.6 -78.6 23.0 1138 168 1306 7.78 2.38 
A3 - 100.5 -82.4 18.1 894 219 I 113 5.08 2.39 
A4 - 102.6 -88.4 14.2 800 236 1035 4.40 2.79 
A5 - 102.0 -96.0 6.0 367 441 808 1.83 2.70 
B1 -105.2 -71.9 33.4 950 31.0 981 31.6 2.76 
B2 -102.2 -59.7 44.2 1355 20.1 1375 68.3 2.65 
B3 -104.0 -49.9 54.1 1543 7.3 1550 213 2.65 
B4 -102.9 -38.9 64.0 1731 2.4 1734 710 2.74 
B5 -107.7 -16.3 91.4 1694 0.13 1694 12700 2.76 
B6* -107.0 -18.6 88.4 1030 0.29 1031 3520 2.47 
C1 -108.3 -73.7 34.6 1091 33.6 1125 33.5 2.71 
C2 108.1 -70.8 37.3 889 17.1 906 53.1 2.84 
C3 -108.7 -66.2 42.5 884 7.2 892 124 3.02 
C4 - 109.8 -53.4 56.4 593 2.3 895 264 2.64 
C5 -110.8 -41.8 69.0 450 0.63 450 717 2.55 

a Results from the Vm series. The columns are from the left: Experimental series and number Nr; 
potassium Nernst equilibrium potential EK; membrane potential Vm; the driving force (V,, - EK); 
potassium net efflux J,et; potassium single influx Jin; potassium single efflux J0f; the potassium flux ratio 
Je~Jin, and the flux ratio exponent n. * indicates an experiment where all C1 was substituted by NO3. 
Calculations are described in a special section. The three experimental series are: variations in anion 
conductance obtained by aid of DIDS (A); variations in anion Nernst equilibirum potential by means of 
different degrees of extracellular sucrose substitution (An = 156 to 10 mM) combined with suboptimal 
cellular concentrations of ionized Ca (B); and variations in potassium conductance achieved by varia- 
tions in the cellular concentration of ionized Ca (gK = (10 to 50) izS/cm2), (C). 

tween the determined unidirectional fluxes on a log- 
scale versus (Vr~ -- E~:). 

In experiments with red blood cells it is impos- 
sible to adjust the membrane potential by passing 
clamping currents through the membranes, and 
variations in (Vm - EK) therefore had to be achieved 
by different means. Opening of the CaZ+-activated 
K + channels of the human red cell membrane 
results in a cell with a membrane potential Vm to- 
tally dominated by the Nernst equilibrium poten- 
tials of potassium and chloride ions across the mem- 
brane EK and Ec~ and the corresponding membrane 
conductances gK and gel- According to Hodgkin 
and Huxley (1952) the current and net flux of potas- 
sium ions are given by the equation 

IK = JnetF = ( V m  -- EK)gK (4) 

where IK is the current and Jnet the net flux of K 
ions. Equation (4) thus defines the membrane con- 
ductance of K ions gK. In normal human red cells 
suspended in CI-Ringer's the anion conductance gnn 
is equal to the chloride conductance gcl, but in a 
number of experiments all chloride in the cellular 
and extracellular phases was replaced by nitrate 

(NO3 cells). This results in an unchanged Nernst 
equilibrium potential (Enn =Ecl  = ENO3), whereas 
the conductance of nitrate ions gNO3 is about 2.5 
times higher than gcl (unpublished observation). 
The current and net flux of the anions are given b y  
an equation corresponding to Eq. (4). If net current 
flow through the membrane is zero, that is (dVm/dt) 
= 0, which is the  case in this system when IK = 
-Inn, then the membrane potential is given by the 
equation: 

(BAn "gAn) + (Ere" gK) 
Vm = (gAn + gK) (5) 

Flux ratios were determined at various values 
of (Vm -- EK) applying three different strategies. In 
the first approach (Vm series) Vm was varied at a 
constant EK and an almost constant extracellular 
K + concentration of - 2  mM. Net efflux of K ions 
(Jnet) and net influx of 42K were measured and the 
flux ratio was calculated from Eq. (2). Different Vm 
values were obtained by variations in EAn, gAn and 
gK (compare Eq. 5). The highest degrees of hyper- 
polarization (most negative Vm values) were ob- 
tained in a series of experiments in which gAn was 
decreased at a normal value of EAn (about -12 mV) 
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Table 2. Flux ratio exponent n determined at different Vm and EK values ~ 

71 

Nr EK Vm V,~ - EK Jn~t Ji, J~f Jet n 
(mV) (mV) ( m V )  (retool/liter cells . hr) Ji-~ 

A1 - 125.9 -83.5 42.4 1035 12.6 1048 82.9 2.78 
A2 -109.9 -79.9 30.0 913 41.7 954 22.9 2.78 
A3 -99.0 -75.4 23.6 706 67.1 773 11.5 2.77 
A4 -86.8 -70.5 16.3 593 144 736 5.12 2.67 
A5 -72.1 -60.2 11.9 517 244 762 3.12 2.56 
A6 -55.5 -47.7 7.8 399 328 727 2.22 2.73 
A7 -37.1 -33.5 3.6 277 409 686 1.68 3.80 
A8* -106.1 -59.1 47.0 1204 8.6 1213 140 2.81 
B1 -12.1 -13.7 -1.2 -- 783 835 1.07 -- 
B2 -12.1 -13.1 -1.0 --  963 895 0.93 - -  
B3 2.5 1.2 - 1.3 - -  874 974 1.11 - -  
B4* 2.1 -4.6 -6.7 -338 643 305 0.47 2.97 

a Results from the EK series (A) and the double-tracer series (B). The headings are as in Table 1. EK 
variations were obtained by variations in extracellular K + concentration (K{• = 1 to 33 mM). In the 
double-tracer series K+x was 90 mM in B1 and B2 and 156 mM in B3 and B4. The cells in B2 and B3 
were pretreated with DIDS. 

and with maximal Ca 2+ activation of the K + chan- 
nels. In these experiments ATP-depleted cells (A 
cells) were suspended in a Ringer 's  solution con- 
taining 2 mM K § (with 42K), and 25 /ZM Ca 2+. The 
K + channels were opened by a sudden increase in 
the intracellular concentration of  ionized Ca in- 
duced by the addition of  A23187. Different mem- 
brane potentials and net effluxes of KC1 were ob- 
tained by variation in gc~ by preincubation of  the 
cells for 10 min in the presence of  different concen- 
trations of  DIDS (0 to 50/ZM) (Knauf et al., 1977). 
The results from these experiments are compiled in 
Table 1, section A. 

In the remaining series of  experiments ATP- 
depleted cells, preloaded with ionized Ca, were 
used (B cells). A sample of  packed cells (with open 
K + channels) was dumped in the appropriate salt 
solution at zero time and Vm and fluxes were deter- 
mined for - 9 0  sec, as described in Materials and 
Methods. According to Eq. (5) the lowest degree of  
hyperpolarization should result from a combination 
of  high gAn (NO3 cells), positive EA, (sucrose substi- 
tution) and low gK (suboptimal concentrations of  
cellular calcium). Intermediates between the ex- 
treme Vm values of  -- 16 and - 9 6  mV were obtained 
by combinations of  the above-outlined conditions. 
Thus, in some experiments cells preloaded with 
suboptimal concentrat ions of  Ca 2+ were used in or- 
der to obtain conditions where low values of  gK 
were combined with normal values ofgcl  (see Table 
1, section C). 

In the second approach,  samples of packed 
cells with open K + channels ( -  10 k~M of ionized Ca 
in the cellular phase) were dumped in Ringer 's con- 

taining from 1 to 33 mM K + (with 42K)I In this series 
of experiments,  referred to as the EK series, Vm as 
well as EK varied. As in the Vm series, the net efflux 
of  K ions and the 42K net influx were determined. At 
higher extracellular concentrat ions of  K +, the K + 
net effluxes were determined as the decrease in cel- 
lular potassium. The result of  such an experiment is 
shown in Fig. 1, while all data from the EK series are 
presented in Table 2, section A. 

Finally, in the third series, ATP-depleted cells 
were preloaded with 20 tZM of ionized Ca. Part of 
these cells (with open K + channels) were addition- 
ally loaded for 10 mix in a K+-equilibrium Ringer 's  
(90 mM K +) with 42K. Samples of  packed 42K-loaded 
cells were dumped in Ringer 's  containing 90 or 156 
m ~  K +, and Vm, possible net flux and 42K efflux 
were determined. In parallel experiments samples 
of packed cells (not loaded with 42K) were dumped 
in Ringer 's  containing 90 or 156 mM K + (with 42K). 
In this case V,,, possible net flux and 42K influx were 
determined. The flux ratio was then calculated from 
the isotope fluxes found in pairs of parallel experi- 
ments. These experiments were performed with and 
without pretreatment with DIDS. In the DIDS- 
treated cells the net influx of KCI from the 156 mM 
KCI Ringer 's  was reduced to a minimum and the 
depolarization was maximal. In addition the experi- 
ments in 156 mM K + were performed with NO3 cells 
dumped in 156 m ~  KNO3, achieving in this way a 
maximal net influx and a minimal degree of  depolar- 
ization. The data from these experiments, referred 
to as the double-tracer series, are presented in Ta- 
ble 2, section B, and the result of a typical experi- 
ment is shown in Fig. 2. 
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Fig. 3. The logarithm of  the potassium flux ratio log J~f/Jin as a 
function of  the driving force (V,, - EK). Vm is the membrane 
potential and EK is the Nernst  equilibrium potential of  K +. The 
flux ratio changes one decade every 23 mV, which is equal to a 
flux ratio exponent  n = 2.7. The dotted line indicates a value o f n  
= 1 corresponding to unrestricted electrodiffusion. All the values 
from Tables 1 and 2 are shown. Table IA A. Table 1B O. Table 
1C m. Table 2A D. Table 2B � 9  50/zM quinine present A 

Fig. 2. Results from two experiments with parallel determination 
of  single efflux Jef and single influx Jin. The abscissa is time in 
minutes and the ordinates are cellular contents of  4ZK in kilo- 
counts per  minute (kcpmc) and pH. Membrane potential is calcu- 
lated as described in Fig. 1. Jef and Ji, are calculated from the 
slopes of  the kcpmc curves and the K § compartment  on the cis 
side. The upper panel shows J~r �9 and the lower panel shows Jin, 
A. 20//,M of  CCCP was present.  The cells were preloaded with 20 
/J,M Ca 2+. - -  pH 

In all the above-mentioned experiments the he- 
molysis of cells after -70  sec was determined to be 
less than I percent. 

Discussion 

As seen from Tables 1 and 2 and Fig. 3 flux ratios 
have been determined within a span of positive (Vm 
-- EK) values which is larger than that of Hodgkin 
and Keynes (1955), whereas values in the range 
where Vm is more negative than EK are almost lack- 
ing. It should be noted that we use a convention 
of signs which is opposite to that of Hodgkin and 
Keynes and accordingly use the ratio Jef/Jin. In or- 
der to obtain flux ratio values within the range 
where V,, is more negative than EK the concentra- 
tion gradients of potassium ions across the red cell 
membranes have to be reversed and certain techni- 
cal problems with respect to a sufficiently accurate 
determination of fluxes have to be solved. Ap- 

proaches along these lines are, however, in pro- 
gress. 

As expected from Eq. (3), a linear relationship 
between the logarithm to the ratio between the uni- 
directional fluxes and the driving force (Vm -- EK) 
was found (Fig. 3). However, just as Hodgkin and 
Keynes (1955) found in their study of the delayed 
rectifier channel, the slope of the line is too steep, 
with a tenfold change in the flux ratio for a 23-mV 
change in ( V  m - EK). According to the flux-ratio 
equation a straight line with a slope corresponding 
to a tenfold change per 61 mV (at 37~ should 
result. 

Hodgkin and Keynes (1955) showed that in a 
long pore containing up to n ions simultaneously, 
which are constrained to move in single file, the 
ratio between the unidirectional fluxes as a function 
of the driving force can be described by the equa- 
tion: 

1 Jin exp (6) 

Here n, the flux ratio exponent, is the average num- 
ber of ions interacting in the channel under the 
given experimental conditions. As seen from Tables 
1 and 2 the values of the exponent in our experi- 
ments do not deviate significantly from that (2.5) 
reported by Hodgkin and Keynes (1955). 

As the absolute value of (I'm - EK) decreases, 
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the error in the calculated n values increases 
sharply so that n cannot be calculated accurately at 
the smallest values of (Vm - EK) ( c o m p a r e  Table 2: 
A7, B1-3), whereas the spread is hardly visible in 
the log-scale plot of Fig. 3. 

In experiments where (Vm - EK) values -->90 mV 
were obtained, the tracer influx, as could be ex- 
pected, became extremely small. Since the corre- 
sponding net effluxes of KC1 were very high, the 
tracer influx had to be determined within - 90 sec. 
We have therefore omitted results from experi- 
ments in which the values of the tracer influxes 
were <-0.1 mmol per liter cells per hr. 

Recently, Begenisich and De Weer (1980) have 
determined potassium flux ratios across the mem- 
brane of internal perfused, voltage-clamped squid 
axons at various V,, and EK values. They found that 
between - 4  and -38 mV the exponent in the 
Hodgkin-Keynes equation (Eq. 6) appeared to be a 
function of the membrane potential. As shown in 
Fig. 4 no significant voltage dependence of n was 
detectable within the range of membrane potentials 
of -16 to -96 mV, at a constant EK value of 
~ -  105 mV. 

It has previously been shown that CCCP-medi- 
ated increases in the extracellular pH do not affect 
the net efflux of K ions from the ceils (Stampe & 
Vestergaard-Bogind, 1985). The fact that n is inde- 
pendent of the membrane potential and therefore 
independent of the degree of alkalinization of the 
extracellular phase supports and extends this result. 

If, as indicated by the results of Grygorczyk 
and Schwarz (1983), the Ca2+-activated K+ channel 
of the human red cell membrane is an inward recti- 
fier, then it might have been expected that greater 
similarities with respect to deviation from the flux 
ratio equation (Eq. 3) would exist between the red 
cell channel and the inward rectifier of frog striated 
muscles, than between the red cell channel and the 
delayed rectifier of squid axons. This is, however, 
clearly not the case. 

Horowicz et al. (1968) found that within a range 
of (Vm -- EK) values of 30 mV the flux ratio of the 
inward rectifier of striated frog muscle membrane 
followed the Hodgkin-Keynes equation (Eq. 6), but 
with an n value equal to 2. In these experiments the 
variations in (Vm - EK) were obtained by varying 
Ke+x from 100 to 25 mM at a constant membrane 
potential of about -18 mV, or varying the mem- 
brane potential between +20 and -20 mV at a con- 
stant EK value of about -18 mV. In the last-men- 
tioned case the Vm variation was obtained by 
variation of the extracellular CI- concentration. 
Thus the lowest concentration of extracellular K* 
used in these experiments was 25 mM. Horowicz et 
al. (1968) suggested that potassium ions move 
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Fig. 4. The  flux ratio exponen t  n versus  membrane  potential Vm 
at fixed EK. The  points  represent  all the results  f rom Table 1. n = 
2.66 -+ 0.04 (SE, n = 16). Table 1A A. Table 1B O. Table 1C �9 

through the membrane by associating with a mobile 
carrier system. 

In a later paper, Spalding et al. (1981) extended 
this study. They determined the ratios between the 
unidirectional fluxes in frog striated muscle fibers 
loaded with 305 mN K + and 120 mM C1-. At (Vm -- 

EK) values below 40 mV, the exponent n was again 
found to be equal to 2. At (Vm - EK) values >40 mV 
the value of n decreased towards a value of 1 as the 
K+• decreased towards 2 mM; that is, the ratio of the 
unidirectional fluxes approached the value expected 
from Ussing's flux ratio equation. They suggested 
that the inward rectifier was a potassium channel 
containing two or more activating sites within the 
membrane that bind K + and are accessible from the 
outside (Spalding et al., 1981). 

Sjodin (1965) determined the flux ratio of potas- 
sium ions in frog sartorius muscle at an extracellular 
K + concentration of 0.2 mM. The intracellular K + 
concentration was 120 to 150 mM, the membrane 
potential was about -112 mV and a substantial net 
potassium efflux accordingly took place. A small, 
but significant deviation from the results predicted 
in Eq. (3) was found, but the result was considered 
to favor a transport mechanism obeying the inde- 
pendence principle. 

According to the studies of Horowicz et al. 
(1968) and Spalding et al. (1981) the flux ratio expo- 
nent and the conductance of the inward rectifier are 
related, so that at lower values of conductance (low 
extracellular K + concentrations) Ussing's flux ratio 
equation is valid, whereas at higher values of con- 
ductance (extracellular K + concentrations -> 25 
mN) the flux ratio follows Eq. (6) with an exponent 
n equal to 2. According to the K+-channel model of 
Hille and Schwarz (1978) the conductance and flux 
ratio exponent n of a multi-ion, single-file channel 
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should increase as the K + activity on the outside of 
the membrane increases. In the EK series of experi- 
ments the extracellular concentration of K + varied 
from 1 to 17 mM and no significant variation in n 
was found (Table 2, section A). In addition, an n 
value of 2.97 was found in the one experiment in the 
double-tracer series (K+x = 156 mM) where (Vm - 
EK) attained a value of -6.7 mV, allowing a calcula- 
tion of n. These results indicate that most probably 
there is no significant dependence of n on the extra- 
cellular K + concentration within the range of 1 to 
156 mM. 

In the experimental series in which gK varia- 
tions were induced by loading the cells with differ- 
ent concentrations of ionized Ca, a variation in gK 
from 10 to 80/xS/cm 2 (not shown in the Table) was 
achieved. The result, an average n value of 2.66 
(Table 1) indicates that n is independent ofgK within 
the above-mentioned range. 

It should be noted that in a separate experiment 
with preloaded cells (20 /ZM Ca 2+) gK was dimin- 
ished to 14 /xS/cm 2 by the addition of quinine (50 
/xM). The corresponding n value was 2.84. 

As mentioned above, this is to our knowledge 
the first systematic study of the flux ratio in a Ca 2+- 
activated K § channel. However, one previous 
study of the flux ratio of the K § channel of the 
human red blood cell membrane has been reported 
by Kregenow and Hoffman (1972). K § flux ratios 
were determined in experiments on energy-depleted 
red cells in which the Ca2§ K + channels 
were activated by a passive leak of Ca 2+ into the 
cells. They found that the ratio between the mea- 
sured unidirectional fluxes appeared to satisfy the 
flux ratio equation for passive diffusion, provided 
that the membrane potential (which at that time 
could not be determined) was equal to Ec~. With 
fully activated K § channels this provision should 
not be valid, but according to the published data the 
net efflux of K § in the experiments was maximally 
about 135 mmol per liter cells per hr, which should 
result in a hyperpolarization of only 5 to 10 mV, that 
is an absolute value of Vm of --15 to --20 mV. This 
should correspond to a value of (Vm -- EIO of about 
60 mV in these experiments, and with an n value of 
2.7 a flux ratio of -1000 should be found, as com- 
pared to the reported flux ratio of about 30. The 
explanation of this large discrepancy may well be 
that in experiments where the Ca z§ activation of the 
K § channels takes place by a slow leak of Ca 2+ into 
energy-depleted cells, there could be a low (on av- 
erage), slowly increasing conductance which is very 
unevenly distributed within the cell population. 
Furthermore, taking into account later reports indi- 
cating a high Ca-binding capacity of the intracellular 
phase (see a value in Materials and Methods), the 

average cellular concentration of ionized Ca in 
these experiments may well have been about 0.5 to 
1.5/.~M, values well below the Km value (cf. Yingst 
& Hoffman, 1984). 

CONCLUSION 

The ratio between the unidirectional fluxes of K + 
through the Ca2+-activated K + channels of the hu- 
man red cell membranes has been determined over 
a wide range of (Vm -- EK), Vm and EK, respectively. 
The flux ratios were well described by the Hodgkin- 
Keynes single-file equation, with a striking similar- 
ity between the flux ratio exponent (n = 2.7) and the 
exponent found by Hodgkin and Keynes (1955) in 
the delayed rectifier of squid axons (n = 2.5). Thus, 
the CaZ+-activated K + channel of the human red cell 
membrane seems to be a multi-ion, single-file chan- 
nel with at least three sites. 

The flux ratio exponent was found to be inde- 
pendent of Vm (-16 to -96  mV), extracellular K § 
concentration (1 to 17 mM, and probably up to 156 
mM) and gK (10 to 80/zS/cm2). 
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