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Summary. Cell-attached and inside-out patch-clamp experiments
(O.P. Hamill et al., Pfluegers Arch. 391:85-100, 1981) were un-
dertaken in order to characterize the molecular mechanisms re-
sponsible for the calcium-dependent potassium permeability ob-
served in Hel.a cancer cells. Our result essentially indicate that
the HeLla cell external membrane contains potassium channels
whose activity can be triggered within an internal calcium con-
centration range of 0.1 to 1 uM. This particular channel was
found to behave as an inward rectifier in symmetrical 200 mm
KCl! with a conductance of 50 and 10 pS at large negative and
large positive membrane potentials, respectively. I/V curves
were also measured in 10, 20, 75, 200 and 300 mM KCI and the
data interpreted in terms of a one-site-two-barrier model. The
channel activity appeared to be nearly voltage independent
within the voltage range —100 to +100 mV, an increase of P,, the
open channel probability, being observed at large negative poten-
tials only. In addition, the results obtained from inside-out exper-
iments on the relationship between P, and the cytoplasmic free-
calcium concentration have led to conclude that four calcium
ions are probably required in order to open the channel. In this
regard it was found that an increase of the internal free-calcium
level affects more the number of channel openings per second
than the actual channel mean lifetime. Finally, it is concluded
following a time interval distribution analysis, that this particular
channel has at least three closed states and two open states.

Key Words potassium channel - inward rectification - patch
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Introduction

It becomes now well established that the potassium
permeability of many cell types is controlled to a
large extent by internal calcium (see, for instance,
Meech, 1976; Eckert & Tillotson, 1978; Schwarz &
Passow, 1983; Rasmussen & Barrett, 1984). In most
cases, this effect has been related to K*-selective
ionic channels, whose activity was shown to be a
function of the intracellular calcium concentration
(see, for a review, Latorre & Miller, 1983; Petersen
& Maruyama, 1984). Two distinct classes of cal-
cium-activated potassium channels have been so far

reported in the literature: large potassium channels
with conductances nearly equal or superior to 200
pS in 140 KCl1 solutions (Marty, 1981; Pallotta et al.,
1981; Barrett et al., 1982; Latorre et al., 1982;
Methfessel & Boheim, 1982; Wong et al., 1982; Ma-
ruyama et al., 1983) and small potassium channels
with conductances ranging from 20 to 50 pS (Lux et
al., 1981; Grygorczyk & Schwarz, 1983; Hamill,
1983; Grygorczyk et al., 1984). Although a substan-
tial amount of information has been gathered on the
calcium-activated potassium channels of large uni-
tary conductance, very few single-channel studies
have been reported on calcium-dependent K* chan-
nels of smaller conductance.

We have established in a previous work that
HelLa cells, a well-known human cell line obtained
from an epidermoid carcinoma of the cervix, be-
come hyperpolarized following the addition of the
calcium ionophore A23187 to the bathing medium
(Roy & Sauvé, 1983). In addition, a recent study by
Hazama et al. (1985) has shown that Hel.a cells
contain H; receptors capable of mediating an in-
crease of potassium conductance following an exog-
enous addition of histamine. Since the stimulation
of H; receptors has often been linked to a mobiliza-
tion of internal calcium (Schwartz, 1979; Douglas,
1980), the histamine-evoked hyperpolarization re-
ported by Hazama et al. (1985) is likely to be caused
by the presence in the HeLa cell external membrane
of calcium-activated potassium channels. K* chan-
nels of small unitary conductance have already
been identified on this preparation (Sauvé et al.,
1983; 1984), but the effect at the single-channel level
of internal calcium remains still to be fully deter-
mined. An electrophysiological study aimed to
characterize the molecular mechanisms responsible
for the calcium-dependent potassinm permeability
in HeLLa cancer cells was thus undertaken using the
extracellular patch-clamp method introduced by
Neher et al. (1978) and described later by Hamill et
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al. (1981). The results presented in this work essen-
tially indicate that the HeLa cell external membrane
contains inward-rectifying calcium-activated potas-
sium channels of small unitary conductance, whose
activity can be initiated by four calcium ions at in-
ternal free calcium concentrations less than 1 um.

Materials and Methods

CeLL CULTURE

HeLa cells were obtained from the Institut Armand Frappier in
Montreal and subcultured in Falcon bottles (75 cm? #3023). The
cells were removed from the bottles with 3 ml of a solution
containing 0.5 g trypsin (1:250) and 0.2 g EDTA per liter of
modified Puck’s saline. A stock culture was always maintained in
a growing state. The culture medium as MEM Earle base (Gibco
#410-1100) with 25 mM Hepes buffer and 6 mm bicarbonate at
pH 7.3. This medium was supplemented with 10% fetal bovine
serum (Gibco #230-6140) and 10 ug/ml of gentamycin. The cells
were grown in monolayers in plastic petri dishes (Falcon #3002)
and used for patch experiments two or three days after being
subcultured. The culture medium was changed daily, starting
from the first day.

Unless specified otherwise, the cell bathing medium used
for cell-attached experiments was an Earle-Hepes solution con-
taining (in mMm): 121 NaCl, 5.4 KCl, 1.8 CaCl,, 0.8 MgSO,, 6
NaHCO;, 1 NaH,POy,, 5.5 glucose and 25 Hepes, buffered at pH
7.3 with 10 NaOH. In inside-out experiments, all our pipette and
bath solutions with 150 or 200 mm KCl were buffered at pH 7.3
with 10 mMm Hepes plus 4 mm KOH. In experiments in which the
K~ concentration was varied, Na* was used as the substituting
ion. The total concentration {K*] + [Na*] was always equal to
150 mM. The solutions were in that case buffered with 10 mm
Hepes plus 4 mm NaOH at pH 7.3. Solutions with a desired free-
calcium concentration equal or less than 1 uM were buffered with
1 mMm EGTA. CaCl, was added to the solution to obtain the
desired level of free calcium. The stability constants used to
calculate the free-calcium concentration were equal to 5.2 x 101
for the binding of calcium, 2.88 x 109, 7.07 x 108, 478 and 100 for
the four hydrogen ions and 1.58 X 10° for magnesium (Fabiato &
Fabiato, 1979). All the solutions were passed through a filter of
pore size 0.2 uM.

PaTrcH CLAMP

The single-channel experiments reported in this work were car-
ried out using the cell-attached or inside-out patch-clamp config-
uration as described by Hamill et al. (1981). No special enzy-
matic treatment of the cell external surface was necessary to
achieve stable gigaohm seals. The patch electrodes were made of
Pyrex® (Corning 7040) and had an electrical resistance ranging
from 5 to 10 M in 200 mm KCl. Compared to the patch elec-
trodes obtained from hematocrit capillaries, we found that these
pipettes provided lower electrical noise at high frequencies, bet-
ter seals (average value of 10 gigaohms) and more stable patches
when used on HeLa cells. The essential of our electronic setup
has been described elsewhere (Sauvé et al., 1983). Let us simply
remind that in our case the voltage inside the pipette is always
maintained to virtual ground, so that the term ‘‘externally ap-
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plied potential> used in this work refers to the potential of the
bath compared to ground. The signal was usually recorded di-
rectly on FM tape (H.P. 3964A) at a bandwidth of 1 to 2.5 kHz. If
further filtering was necessary, we used a combination of two
low-pass four-pole Butterworth filters connected in series (Fre-
quency Devices models 745PB-3, 745PB-3) together with a low-
pass four-pole Bessel filter (VVS #300-B). The power spectra
were measured using a real time power spectrum analyzer (H.P.
3582) interfaced with our main computer (Digital Minc 11/23). All
the records to be analyzed were digitized and stored in a continu-
ous mode on hard disks (Digital RL 01). The sampling rates we
used ranged from 2400 to 10,000 pt/sec and corresponded usually
to four times the filtering frequency chosen for the signal. All the
experiments reported in this work were carried out at room tem-
perature (23°C).

ANALYSIS OF THE SIGNAL

The analysis of the single-channel recordings was carried out
mainly through computerized data processing. Our procedure
consisted first in computing for each record stored on disk a
current amplitude histogram. Records lasting on the average 60
sec or more were usually used for the analysis. We corrected for
baseline drift or undesirable current fluctuations by dividing the
entire record into several segments. The final current amplitude
histogram was computed by summing all the histograms obtained
from selected segments. This histogram was then least-square
fitted to a summation of Gaussians. In order to determine P,, the
open channel probability, when more than one channel were
present under the patched area, it was assumed that P(r), the
probability of having r channels open among N followed a bino-
mial distribution, namely

— N! r _ N-r
PO =T b {1 — P} 6]

so that an estimate of P, could be obtained from

N
o~ 2 P(r) ¢?
r=0

Po= - =Tyar @

where o% is the total variance of the recorded signal, ¢? the
variance due to the noise on the current trace when r channels
are open, (/) the mean current value of the record, A7 the ampli-
tude of the current jump and I, the current value of the baseline
level. For a noiseless patch-clamp signal, the summation term
SN0 P(r)a? equals zero and Eq. (2) reduces to the usual expres-
sion relating current variance to open-channel probability as
commonly used in noise analysis (see, for instance, Hille, 1984;
Chap. 9). This expression is particularly interesting since in
cases where =, P(r)o? is small compared to o%, one can esti-
mate P, independently of N. The values of P, obtained from Eq.
(2) were nevertheless usually compared to that predicted from
(see Patlack & Horn, 1982)

1 N
P, = Nrgo rP(r). 3)

In most cases where the signal-to-noise ratio was high (>3), both
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methods gave essentially the same results indicating that the
values of N used in Eq. (3) were basically correct.

Open and closed time interval durations were measured
using two distinct reference current levels coupled to a minimum
time interval criterion. The selected reference levels were com-
puted according to a confidence level parameter «,, defined as

Plopen/le {{,,, 1., + dl}]

%o = Plciosedlls iy, 1oy + dl}] @)

where Plopen/le {1, I, + dI}] and P[closed/le {I.,, ., + dI}]
are, respectively, the probability that the channel be open know-
ing that I is within [, I, + dI and the probability that the
channel be closed knowing that 7 is within I.,, 1., + dI. A confi-
dence level of 90% was used throughout this work meaning that
Plopen/Ie {I.,, I, + dI}] corresponded to 0.9. The value of /.,
which satisfied the equality Eq. (4) was taken as reference level
for the closed-to-open state transitions. The open-to-closed state
transitions were detected using Eq. (4) with ., being replaced by
o, where a,. = 1l/a,, (see Colquhoun & Sigworth, 1983, for a
detailed discussion). Unless otherwise specified, time interval
histograms were constructed according to a minimum time inter-
val criterion of 0.5 msec and least-square fitted to a summation of
exponentials. An analysis of how the open and closed time inter-
val probability density are modified by the omission of time inter-
val smaller than a certain critical value has been presented in
detail in a previous work (Roux & Sauvé, 1985).

Results

A) EVIDENCE FOR CALCIUM-ACTIVATED
PoTtAssiuM CHANNELS

In order to determine if the effect of calcium on the
potassium permeability of HeL.a cells observed pre-
viously (Roy & Sauvé, 1983) was due to potassium
channels, cell-attached experiments were per-
formed in which the cell bathing medium was se-
quentially replaced first by an Earle solution con-
taining 4 uM of the calcium ionophore A23187 and
then by a calcium-free Earle medium. The patch
electrode was filled with a 150 mm KCl + 2.0 mm
CaCl, solution. Figure 1 illustrates an example of
such an experiment. As can be observed, the pres-
ence of the calcium ionophore caused, usually
within less than 30 sec, a substantial increase in
single-channel activity which disappeared following
the perfusion of the external medium with a Ca?*-
free Earle solution. An increase in intracellular cal-
cium level has thus initiated single-channel-like
events whose occurrence was greatly reduced by
decreasing the cell internal calcium content using a
calcium-free external medium in presence of the
calcium ionophore A23187. Let us also mention that
during those experiments the applied potential was
changed from —30 to 0 mV in order to compensate
for the hyperpolarization of the cell observed in the
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Fig. 1. Single-channel recordings obtained from a cell-attached
experiment with a patch electrode containing (in mm) 145 KCI,
1.8 CaCl,, 10 Hepes, 4.2 KOH at pH 7.3. In A the external
bathing medium was an Earle solution and no single-channel
events were apparent. In B the external bathing medium was
replaced by an Earle solution to which 4 um of A23187 were
added. Following an increase of the Ca?* level inside the cell,
single-channel events could then be observed. In C we show the
effect of the applied voltage on the channel activity. Finally,
record D illustrates the return to the control case after perfusing
the external medium with a calcium-free Earle solution. This
procedure led to a drastic decrease in single-channel activity,
The current traces were filtered (4 poles Bessel) at 400 Hz. The
values on the left correspond io the magnitude in mV of the
applied potentials

presence of the calcium ionophore A23187 (Roy &
Sauvé, 1983). Any major effect of the membrane
voltage on the channel activation process was thus
eliminated.

We present in Fig. 2 on a different time scale a
portion of the single-channel records shown in Fig.
1C (A) and Fig. 1D (B). Discrete current jumps of
equal amplitude can now be readily seen with some-
times the occurrence of multiple current levels,
However, it is particularly interesting to note that
despite a large difference in their respective open
channel probability (P, in A is equal to 0.07 com-
pared to 0.002 in B) the open time intervals are in
both cases of comparable values. In fact, an analy-
sis of selected portions of these records where no
multiple channel openings could be detected has re-
vealed that the arithmetic mean value of the channel
open time was equal to 2.6 msec in A compared to
1.7 msec in B, while the channel mean closed time
changed from 35 msec in A to 869 msec in B. There-
fore, it appears that the main effect of calcium at
low cytoplasmic concentration (low value of P,) is
more related to an increase in the number of chan-
nel openings per second than to an augmentation of
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Fig. 2. More detailed description of the single-channel] records
presented in Fig. 1C (A) and Fig. 1D (B). Experimental condi-
tions as described previously for these two current traces in Fig.
1. Despite a large difference in their respective open-channel
probability (P, in A is 35 times larger than P, in B), both records
show discrete current jumps with open time intervals of compa-
rable value. The increase in P, induced by internal calcium is
thus more directly related to an increase in the number of chan-
nel openings per second than to an augmentation of the channel
mean open time. The current traces were filtered at | kHz (4
poles Bessel)

the channel mean open time. We can also mention
that the channel activity in Fig. 1D occurred clearly
in burst separated by long silent periods (mean
closed time > 1 sec). Within a burst, however,
shorter closed intervals (<100 msec) could be ob-
served as illustrated in Fig. 2B. The channel fluctua-
tion pattern is thus likely to result from a complex
kinetic behavior with time constants ranging from
msec to sec. Finally, records with three to five
equally spaced current levels could routinely be
seen, indicating a rather high channel density.

B) CURRENT-VOLTAGE RELATIONSHIP
AND IONIC SELECTIVITY

Two different types of experiments were carried out
in order to investigate the current-voltage relation-
ship of this calcium-dependent channel in various
ionic conditions. First, we used the inside-out con-
figuration with patch electrodes containing NaCl
and KCl in various ratios as described in Materials
and Methods. In all cases, the cytoplasmic-surface
medium consisted of 200 mM KCI with 0.4 or 1 um
CaCl, plus 0.5 mm MgSO,. Cell-attached experi-
ments were also performed in which the patch pi-
pette contained various KCl solutions as described
previously with a cell bathing medium of 200 mm
KCl + 2.0 mm CaCl, to which 4 um of A23187 were
added. We found that both methods gave essen-
tially the same results although the channel conduc-
tance was found on the average to be slightly
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Fig. 3. Voltage effect on the current jump amplitude. Results
obtained from inside-out patch experiments with as cytoplasmic
medium a solution containing 200 mMm KCl, 0.4 um CaCl,. The
patch electrode was filled with a solution of 200 mm KCl, 1 uM
CaCl, and 0.5 mM MgSO,. The numbers shown on the left repre-
sent the values in mV of the applied membrane potential (inside
the pipette maintained to ground). Note the difference between
inward and outward currents for voltages of equal absolute
value. The current traces were filtered (4 poles Bessel) at 600 Hz

smaller when measured in the excised patch config-
uration. Figure 3 illustrates the effect of voltage on
the single-channel current amplitude. This particu-
lar record was obtained in the inside-out configura-
tion with 200 mm KCI + 1 um CaCl, and 0.5 mm
MgSO, in the patch electrode. As can be observed,
the current jumps in symmetrical K* conditions do
not have the same amplitude for equivalent positive
and negative membrane voltages. In this record for
instance, the amplitude for the inward current
jumps at —100 mV corresponds to 3.6 pA compared
to 1.2 pA for the outward currents obtained at +100
mV. Since the number of detectable channels re-
mains constant for inward and outward currents, it
can be reasonably well assumed that current traces
such as those shown in Fig. 3 are representative of
the same channel population. We present in Fig. 4
the channel I/V characteristics with 10, 20, 75, 200
and 300 mm KCl in the patch electrode. The 10 mmM
KClI experiment was performed in the cell-attached
configuration with a potassium bathing solution
containing the ionophore A23187 as described
above. Clearly the channel I/V curves are not linear
even in symmetrical 200 mm KCl solutions. The
outward current jump amplitude never exceeds 1.5
PA and appears to reach a constant value at large
positive potentials. There is therefore a substantial
decrease in single-channel conductance within this
voltage range. In contrast, the channel I/V curves
appear linear at large negative potential values but
this behavior is likely to be due to the limited volt-
age range we used. We present in Fig. 54 a plot of
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Fig. 4. Single-channel I/V curves measured at various external
potassium concentrations (10 (¥), 20 (+), 75 (), 200 (W), 300 (X)
mm). Except for the 10 mm KCi external concentration experi-
ment, all the curves presented in this figure were obtained in the
inside-out configuration with a cytoplasmic solution containing
200 mMm KCl, 0.4 or t um CaCl, with 0.5 mm MgSO,, 10 Hepes at
pH 7.3. The patch electrodes were filled with solutions of K+ and
Na* in various ratios. With 10 mm KCI + 140 mm NaCl in the
patch electrode we used the cell-attached configuration with a
cell bathing medium containing 200 mMm KClI, 1.8 mm CaCl, at pH
7.3 to which 4 M of A23187 were added. Under these conditions
the cell resting potential was essentially equal to zero. The con-
tinuous line represents the theoretical prediction of the two-bar-
rier-one-site model presented in Fig. 12

A, the single-channel conductance for inward cur-
rents, measured within the voltage range —100 to
—150 mV as a function of [K*], the external potas-
sium concentration, The experimental points could
be fitted using A = A, [KT]S with § = 0.57and A, =
2.3. Thus, the results presented in Fig. 5A predict a
maximum value of A equal to 5.7 pS for a physiolog-
ical potassium concentration of S mm. In order to
estimate more precisely the channel ion occupancy,
the single-channel conductance at zero applied po-
tential A2, was also measured as a function of the
external potassium concentration. The values of A7
were obtained from a linear regression of the I/'V
curves around zero applied voltage. As seen in Fig.
5B, the maximum conductance estimated under
these conditions reaches a value slightly higher than
23 pS with a half-channel occupancy at 38 mM ex-
ternal potassium. The extrapolated value of A7 at
zero external potassium equals 6 pS and corre-
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Fig. 5. Variation of the single-channel conductance as a function
of external potassium concentration and transmembrane voltage.
As seen in A, values of the single-channel conductance for in-
ward currents measured within the voltage range —100, —150
mV could be fitted using A = AJK]® with A, = 2.3 and § = 0.57.
We present in B the conductance measured at zero applied po-
tential for various external potassium concentrations, As seen,
the half-channel occupancy can be estimated at 38 mm external
potassium. The continuous line shows the prediction of the two-
barrier-one-site model presented in Fig. 12
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Fig. 6. Variation of the zero-current potential as a function of the
external potassium concentration. The values of the reverse po-
tential were computed from I/V curves obtained in experimental
conditions as described in Fig. 4. The continuous line represents
the theoretical prediction of the Goldman-Hodgkin-Katz equa-
tion with a ratio Pn./Px = 0.03

sponds to the conductance associated with a unidi-
rectional flux with 200 mm KCl as internal medium.

In order to determine the channel ionic selectiv-
ity, extrapolated values of zero-current potential
obtained at various K*/Na™ ratios were plotted as a
function of the potassium concentration. The result-
ing experimental points are shown in Fig. 6. The
continuous line describes the theoretical prediction
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Table. Binomijal prediction for four channels®

j P,=0.24 P,=0.14
Probability Probability
Observed Predicted Observed Predicted
0 .306 333 .546 547
1 .446 .421 .353 .356
2 .206 199 .093 086
3 .033 .042 .006 .009
4 .006 .003 0 .0004

2 Comparison between the observed probability of having j chan-
nels open among N (N = 4) and the theoretical prediction of Eq.
(1) with P, = 0.14 and P, = 0.24 as computed from Eqgs. (2) and
(3). The observed probability was computed from 150 indepen-
dent observations of current amplitude taken from single-chan-
nel records measured in the inside-out configuration with 200 mm
KCl, 1 um CaCl, in the patch electrode and 200 mm KCl, 0.4 um
CaCl, in the cytoplasmic medium. A x* analysis indicates that
Eq. (1) can be used with a degree of confidence greater than 97%.

of the Goldman-Hodgkin-Katz equation with a ratio
Pno/Px = 0.03. We should mention, however, that
values of Py./Px ranging from 0.02 to 0.04 would
also be compatible with our experimental results.
Clearly the calcium-activated channel present in
HeLa cells is mainly potassium selective.

C) ARE CALCIUM-ACTIVATED CHANNELS
INDEPENDENT?

Since more than 95% of our experimental current
records showed multi-channel events, it became im-
portant to establish quantitatively if the channels in
a membrane patch have the same open-channel
probability and act independently of one another. In
order to test this hypothesis a x? analysis was un-
dertaken assuming that the probability of having r
channels open among N was given by Eq. (1) with
P, estimated from Egs. (2) and (3). The number of
degrees of freedom used to compute the 2 function
was taken as the number of detected current levels
(number of channels). The test was based on 150
independent measurements of the current ampli-
tude chosen so that there would be no time correla-
tion among the different selected points. This latter
point is particularly important since only indepen-
dent measurements of current amplitude contribute
to the precision at which P, can be estimated. A
good fit procedure of cirrent amplitude histograms
by a summation of Gaussians does not therefore
imply that the channels are independent, unless one
can show that the difference between the theoreti-
cal prediction of the binomial and the probability
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Fig. 7. Response of the calcium-activated potassium channel to
an increase in intracellular calcium concentration. Records ob-
tained in the inside-out configuration with a patch electrode con-
taining 200 mm KCl, 1 um CaCl, plus 0.5 mm MgSO,. The cyto-
plasmic medium was a solution of 200 mm KCl, 0.5 mMm MgSO,
with various calcium-free concentrations buffered with 1 mm
EGTA. The applied potentials were —50 mV. The current traces
were filtered at 500 Hz (4 poles Bessel). As seen in B, a cytoplas-
mic concentration of calcium as large as 1 mM does not induce
long channel openings. The number of channels was greater than
51in A and equal to 3 in B

measured experimentally is not statistically signifi-
cant. It is thus essential to include this number in an
analysis aimed to test the independence of the ionic
channels. The Table contains the essential results of
this analysis performed on two inside-out current
records obtained at ~50 and — 100 mV for which the
open-channel probability was 0.14 and 0.24, respec-
tively. Based on the value obtained for the x? in
both cases, it can be concluded that within a confi-
dence level of more than 97%, the four channels in
this particular membrane patch behave indepen-
dently with the same statistical properties. It ap-
pears therefore that an evaluation of P, using Eqgs.
(1), 2) and (3) is correct, since the calcium-acti-
vated potassium channels in HeLa cells behave as a
homogeneous population of independent elements.

D) EFFECT oF INTERNAL CA2* AND VOLTAGE ON
THE PoTassiuM CHANNEL OPEN PROBABILITY

We have established in section A that single-chan-
nel events related to a potassium-selective channel
could be triggered by increasing the intracellular
level of free calcium. We report here results of in-
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side-out experiments in which the concentration of
calcium facing the cytoplasmic membrane surface
was changed systematically. In order to take into
account the possible rundown of channel activity as
a function of time (Maruyama & Petersen, 1984),
the following experimental protocol was used. In-
side-out experiments were carried out with patch
pipettes containing 200 mMm KCl, 1 um CaCl; plus
0.5 mm MgSO,. The cytoplasmic medium consisted
of a 200 mm KCI + 0.5 mm MgSO, to which various
amounts of CaCl, and EGTA were added as de-
scribed in Materials and Methods. Single-channel
activity was first measured with 1 um of free cal-
cium into the bathing medium. The bath was then
perfused with solutions containing different test
concentrations of free calcium and the channel ac-
tivity recorded. At the end of the experiment the
test solution was replaced by the original 1 um free
calcium medium. In order for the experiment to be
regarded as significant, the original single-channel
activity must have been restored. We present in
Figs. 7A and 7B experimental records obtained at
various free-calcium concentrations. More than five
channels were present in the membrane patch in A
compared to three in B. As in Fig. 2, we found that
the main effect of [Ca?*] was to increase more the
number of channel openings per second than the
channel mean open time. In Fig. 7A, for instance,
the arithmetic mean of the channel open time was
estimated at 1.6 and 1.9 msec for 0.1 and 0.4 um
calcium, respectively. The number of channel open-
ings per second changed, however, from 6.8 to 142
for the same calcium increase. A fourfold increase
of the cytoplasmic calcium concentration has thus
resulted in a 20-fold increase in the number of open-
ings per second without any significant change in
the channel mean open time. Figure 8 summarizes
most of our results on the effect of calcium on P,,
the open channel probability. We found essentially
that this particular potassium channel could be acti-
vated at submicromolar free-calcium concentration,
the major increase of P, occurring within the cal-
cium concentration range 0.1 to 1 um. Calcium con-
centrations of higher values did not seem to pro-
mote channel openings to a much greater extent. In
fact, the open-channel probability measured at 1
mM cytoplasmic calcium concentration was not in
most cases substantially different from that mea-
sured at 1 uM. At these calcium levels, the open-
channel probability P, usually reaches values close
to 0.3 for a transmembrane potential of —50 mV
(see Fig. 7B). It thus appears that a high calcium
concentration is not enough to bring this particular
channel into a permanently open state. The results
presented in Fig. 8 also indicated that P, was on the
average higher at —100 mV (filled circles) than at
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Fig. 8. Variation of the open channel probability P, as a function
of the intracellular free calcium concentration for two applied
potentials —50 and —100 mV (filled circles) as described in Fig.
7. The value of P, was computed according to Egs. (2) and (3) in
Materials and Methods. The number of experiments from which
average values were computed is shown for each point. The
continuous line shows the prediction of Eq. (10) with Py = 0.123
(uM)4, Py = 6.45 x 1073, P; = 0.038 mV~"and P4 = 0.36 assuming
the binding of four calcium ions

—50 mV (open circles) at all internal calcium levels.
Finally, it can be observed in Fig.8 that an increase
in free-calcium concentration from 0.2 to 0.4 um
yielded a 17-fold increase of the mean value of P,,.
Several mechanisms can take into account such a
power relationship between P, and [Ca2"];. One
possibility is that the binding of four calcium ions is
required to open the channel. Due to the large scat-
tering of the results and to the less precise estimate
of P, obtained especially at very low [Ca?'];, we
cannot entirely rule out that only three calcium ions
are required for channel opening. On the average,
however, our results are more compatible with a
fourth than with a third power relationship. A more
detailed model will be presented later.

We present in Fig. 9 the effect of the transmem-
brane potential on P,. The experimental records
used to compute the values of P, were obtained
from inside-out experiments with 200 mm KCl, 1 or
0.4 um CaCl, plus 0.5 mMm MgSOQOy in the cytoplas-
mic solution. The patch electrode contained 200 mm
KCl, 0.5 mm MgSO, with 1 um or 2 mm CaCl,. No
additional effect of external [Ca?*] could statisti-
cally be inferred. The results shown on this Figure
represent the mean value of 1 to 17 different mea-
surements. The obvious conclusion that can be
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Fig. 9. Effect of the transmembrane potential on the open-chan-
nel probability based on results obtained from inside-out experi-
ments with pipettes and the bath containing (in mm) 200 KCl, 0.5
MgSO,: [ 1 mM pipette calcium, 1 uM cytoplasmic calcium; * 1
M pipette calcium, 1 gM cytoplasmic calcium; Bl 1 uM pipette
calcium, 0.4 uM cytoplasmic calcium. As seen, the value of P, is
voltage-insensitive within —100 to +100 mV. The results pre-
sented correspond to the average values of I to 17 different
experiments and as observed there is a large variability from cell
to cell. The continuous line was obtained from Eq. (10) using the
same set of parameters as used in Fig. 8

drawn from this analysis is that P, increases for
potentials more negative than —100 mV but remains
constant at more positive values. In some experi-
ments, we could also observe a small increase of P,
at positive potential values, but on the average P,
remained constant within that voltage range. The
voltage sensitivity of P, within the voltage range
—100 to +100 mV is not therefore as important as
that reported for calcium-activated potassium chan-
nels of large unitary conductance (see, for instance,
Barrett et al., 1982; Maruyama et al., 1983; Moc-
zydlowski & Latorre, 1983; Vergara & Latorre,
1983).

E) EFFECT OF VOLTAGE
ON TIME INTERVAL DISTRIBUTIONS

In order to determine more precisely the effect of
the membrane potential on the channel kinetics pa-
rameters, an analysis of the effect of voltage on the
channel open and closed time interval distribution
was undertaken. We must mention, however, that
this type of analysis could be carried out on a few
single-channel records only, since the large major-
ity of the records we obtained contained a number

R. Sauvé et al.: K* Channels in Hela Cells

of channels ranging from 2 to 6. In addition, we
considered only current records obtained at large
negative potential values, since the effect of voltage
in P, was dominant within that voltage range only
{see Fig. 9). The analysis discussed here is based on
records obtained from an inside-out experiment
with 200 mm KCI, 1 um CaCl, plus 0.5 mm MgSO,
on the cytoplasmic side and 200 mm KCl + 2 mMm
CaCl, inside the patch electrode. The current traces
were filtered at 1 kHz and sampled at 10 kHz. We
show in Fig. 10 the cumulative open and closed
time interval distributions measured at three differ-
ent voltages together with an example of the single-
channel events observed at —100 mV. In this par-
ticular case, the open-channel probability was
estimated at 0.3, 0.51 and 0.75 for applied voltages of
~50, —100 and —150 mV, respectively. The value
of the cumulative probability was computed from
two thousand intervals and the resulting cumulative
probability fitted by a sum of exponential using a
nonlinear least-square fit procedure. A simple in-
spection of current records, such as the one shown
in Fig. 10, first reveals that there are two types of
opening events; one type consisting of short-lived
spikes of mean lifetime less than 1 msec (O-F) and a
second type of well resolved open-state events (O).
The contribution of the short-lived openings never
exceeded 5% in all the records used for this analy-
sis. We wili thus consider, as shown in Fig. 10, that
the channel openings can be taken into account by a
single open state under the conditions we worked.
The closed time interval distribution showed a more
complex behavior. As seen in Fig. 10, the results we
obtained at —150 and —100 mV indicate that there
were at least three closed states with time constants
ranging from 1 msec to 100 msec. The long shut
intervals (mean lifetime of 100 msec) had a contri-
bution of less than 3% in all the records studied
here, so that a precise estimate of the effect of volt-
age on this component could not be carried out
properly. The two other components at —50, —100
and —150 mV had time constants of 1, 1.7 and 2
msec for the fast closing events (C-F) and of 11, 8.2
and 5.1 msec for the component of intermediate val-
ues (C-I). The latter represented approximately
80% of the interval we detected. As shown in Fig.
114 we found that both the channel arithmetic mean
of all the open and closed time intervals changed as
a function of voltage. Essentially, we measured an
increase in the channel mean open time and a de-
crease in the channel mean closed time at more neg-
ative potential values. With an applied potential
equal to —50 mV the channel was on the average
open during 5.1 msec and closed during 9.5 msec.
These values changed to 12.7 and 4.1 msec at —150
mV. We also found that in all cases the ratio, mean
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Fig. 10. Effect of transmembrane potential on the channel cumulative open and closed time interval probability (probability that an
interval is greater than a given time r). Results obtained from an inside-out experiment with 200 mm KCI, 0.5 mm MgSO, at pH 7.3 in
both the patch electrode and the cytoplasmic medium. The cytoplasmic calcium concentration was 1 uM. The example of single-
channel recording presented was obtained at —1060 mV. The open time interval distribution could be least-square fitted to a single
exponential function with a time constant of 5.2, 7.9 and 13 msec for an applied potential of —50, —100, and —150 mYV, respectively.
The fast opening events (O-F) contributed to less than 5% of the total number of intervals. Three exponential functions were needed in
order to take into account the closed time interval distribution at —100 and —150 mV. As shown, the long shut intervals (mean life of
100 msec or more) contributed usually to less than 3% of the total number of detected transitions so that only the intermediate (C-1) and
fast (C-F) closed time intervals were considered. The dotted line represents the contribution of the long shut intervals. The continuous
lines represent the contribution of the intermediate closed time intervals with time constants equal to 11.8, 7.9 and 5.1 msec at —50,

—100 and —150 mV, respectively. The time constants of the fast closing events had values of 1, 1.7 and 2 msec

open time/(mean open time + mean closed time),
corresponded precisely to the value P, obtained by
means of Egs. (2) and (3). This agreement indicates
a self-consistency between the two types of analy-
sis. Since we found that the channel had essentially
a single open state under the condition we used, our
last results can be regarded as evidences that at
least one rate constant from the dominant open
state is voltage dependent. The modulation by cal-
cium of this effect will be discussed in a future
work. Figure 11B shows how the different time con-
stants obtained by curve fitting the probability dis-
tributions presented in Fig. 10 vary as a function of
voltage. As seen, the effect of voltage on the chan-
nel mean closed time is due mainly to a decrease in
the mean lifetime of the intermediate component
with values of 11 and 5.1 msec at —50 and —150
mV, respectively. Since 80% of all the detected
transitions belonged to this category, this effect led

to an overall decrease of the channel mean closed
time at more negative voltages as shown in Fig.
11A.

Discussion

The main purpose of the present work was to inves-
tigate the calcium dependency of the potassium per-
meability in HeLa cancer cells. Based on the results
we obtained at the single-channel level, it can be
concluded that the HelLa cell membrane contains
calcium-activated potassium channels of small uni-
tary conductance, whose activity can be triggered
at submicromolar free calcium concentrations. This
particular channel was shown to behave as an in-
ward rectifier with a conductance in symmetrical
200 mM KCI solution of 50 and 10 pS at large nega-
tive and large positive potentials, respectively. The
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Fig. 11. Variation of the channel mean open time (open circles)
and mean closed time (filled circles) as a function of the applied
voltage. Experimental conditions as described in Fig. 10. In B,
we present the variation of the time constants as a function of
voltage for the channel single open state and for the fast (C-F)
and intermediate (C-F) channel closed states. The time constants
were obtained by a least squares fit of the probability distribution
shown in Fig. 10

channel activity was also found to be nearly voltage
independent within the voltage range —100 to +100
mV, an increase in open-channel probability being
observed at large negative potentials only. In addi-
tion, it was shown that an increase in cytoplasmic
free-calcium concentration affects more the number
of channel openings per second than the actual
channel mean open time.

A) COMPARISONS WITH OTHER
CALCIUM-ACTIVATED CHANNELS

We have reported previously the presence in HelLa
cells of calcium-activated potassium channels with
similar properties (Sauvé et al., 1984). These results
were based on the analysis of outward current re-
cords obtained from outside-out experiments with 5
mM potassium in the bathing medium. No clear in-
ward currents could, under these conditions, be de-
tected. It is likely that the channel presented here
corresponds to the channel described in our earlier
work, but we cannot entirely rule out that there is
more than one type of calcium-activated channel in
these cells (see, for example, Hamill, 1983). Inter-
estingly, the results presented in our earlier work
with 5 mM external K+ showed that values of P,
greater than 0.2 and 0.6 could be obtained at posi-
tive potentials with 0.1 and 1 mM internal calcium,
respectively (Sauvé et al., 1984). This is in accor-
dance with the results shown in Figs. 8 and 9 where
values of P, at positive potentials were on the aver-
age equal to 0.4. We have also presented in a pre-
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vious work single-channel evidences for a K*-selec-
tive channel with inward rectification properties
(Sauvé et al., 1983). Although of similar single-
channel conductance, this particular channel can-
not be associated with the calcium-activated chan-
nel described here. This channel was not activated
by internal calcium, remained open at small nega-
tive potentials (Sauvé, unpublished results) and
closed at hyperpolarizing potential values (see, for
instance, Payet et al., 1985). Records in which both
types of channels were present could also be ob-
tained indicating a clear difference in gating behav-
ior. In addition, the channel reported previously
(Sauvé et al., 1983) behaved like a true inward recti-
fier with no detectable outward currents.

It should also be apparent that the potassium
channel described in this work differs on several
major points from the calcium-dependent potassium
channels of large unitary conductance reported so
far in the literature (Marty, 1981; Barrett et al., 1982;
Latorre et al., 1982; Methfessel & Boheim, 1982;
Wong et al., 1982; Maruyama et al., 1983). First,
there is a fivefold difference in conductance be-
tween the two types of channels and the channel I/V
curves we obtained experimentally showed an in-
ward rectification not found for the large conduc-
tance calcium-activated potassium channels. Sec-
ond, the calcium-activated potassium channel
described in this work is nearly voltage insensitive
within the voltage range —100 to +100 mV. This is
in contrast with some reported large conductance
potassium-calcium-activated channels (Barrett et
al., 1982; Maruyama et al., 1983; Vergara & La-
torre, 1983). However, there are in the literature a
few examples of voltage-insensitive calcium-acti-
vated channels (Colquhoun et al., 1981; Maruyama
& Petersen, 1982; Yellen, 1982) but these channels
were found to be equally permeable to several alkali
metal ions and differ therefore from the potassium-
selective channel described here. In addition, the
voltage dependence of P, we observed at large neg-
ative potentials works in a direction opposite to that
reported for calcium-activated potassium channels
of large unitary conductance, where channel open-
ing is enhanced as voltage is made increasingly pos-
itive. Interestingly, Vergara and Latorre (1983) and
later Marty et al. (1984) have shown that P, could
decrease at more positive potential values for high
(100 uMm) cytoplasmic free-calcium concentrations.
This effect was interpreted in terms of a slow chan-
nel blocking action of internal calcium. There are
several reasons why this explanation is not likely to
hold in our case. First, the same qualitative voltage
dependency of P, could be observed even if long
silent periods (>100 msec) characteristic of a slow
blocking process were not included in our analysis
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(see Fig. 1D). Second, this effect of the voltage on
P, was observed at internal free-calcium concentra-
tions as low as 0.2 uM where the open channel prob-
ability did not exceed 0.01. A blocking effect of cal-
cium at these low levels is not probable, since
neither the channel activity nor the channel ampli-
tude decreased following an additional increase in
internal free-calcium concentration at levels (2 mm)
where a total block of the channel would have been
expected.

A greater correspondence can be found with the
calcium-activated potassium channel reported by
Grygorczyk et al. (1984) in human red cells. The
channel I/V curves they obtained showed an inward
rectification comparable to what we described in the
present work, with unitary conductances identical
to the ones we measured for the calcium-dependent
potassium channels in Hel.a cells. They also found
(Grygorczyk & Schwarz, 1983) an enhancement in
channel open probability at hyperpolarizing volt-
ages. Our results indicate, however, a greater sensi-
tivity to internal calcium. In our case, channel ac-
tivity could be initiated at concentrations ranging
from 0.1 to 1 umMm, whereas in red blood cells the
reported effect of [Ca®*]; on P, took place within 1
and 10 uMm. It seems nevertheless clear that these
two calcium-dependent potassium channels of small
unitary conductance possess similar molecular fea-
tures which differ from those usually reported for
the large conductance potassium channels.

B) MATHEMATICAL MODELING
OF THE CHANNEL [/V CURVE

In order to account for the channel inward rectifica-
tion, a mathematical analysis of the channel I/V
curves was undertaken. To minimize the number of
adjustable parameters involved in such a computa-
tional procedure, we used a simple one-site-two-
barrier type model (Fig. 12). The I/V equation for
this model is as follows:

- B[[K]ined) - [K]out]

I z

with
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where ¢ = VO/KT with V the membrane voltage, O
the electronic charge, K the Boltzmann’s constant,
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Fig. 12. Features of the permeation model for the calcium-acti-
vated potassium channel in HeLa cells. The model is an Eyring
rate theory model with one site for ion binding. Using a least-
square fit procedure, the fractional electrical distance from the
internal surface was estimated at 80%, although values as high as
90% could also well reproduce the experimental resuits pre-
sented in Fig. 4. According to the proposed model, k; and 4/, the
rates of potassium entry into the channel should be equal to 5.8
%X 107 and 3.0 X 107 ions/sec, respectively, in symmetrical 200
mm KCl. The model also predicts values of &, and &, equal to 1.0
X 107 and 5.2 X 10°¢ ions/sec, respectively. It thus follows that
the rate-limiting step to the ion movement across the channel is
mainly determined by the rate at which the ion can exit from the
channel. Consequently, the inward rectification predicted by the
model results more from the localization of the ion building site
than from a difference in amplitude between the two energy bar-
riers

T the absolute temperature, A = k,/k, = exp(E, —
E3) with E( and E; in KT units, W = vyki/k, = v
exp(—FE,) with y the partition coefficient of the ion
into the channel in M~' and E, also in KT units and
B = yQk; = vOv, exp(— E3) with k] the entry rate of
the ion from the external solution and v, = 6.25 X
10'2 Hz (Fig. 12). The location of the binding site
Md, the relative amplitude of the inside barriers A,
the binding constant W and the amplitude parame-
ter B are all adjustable parameters. The values of A
and A/d both have an effect on rectification with A/d
having a larger effect particularly on outward cur-
rents. If A = 1 and Md = 0.3, the I/V curves are
symmetrical in symmetrical solutions; but if A < 1
and Md > 0.5, an inward rectification appears. The
1I/V curves obtained at various KCI concentrations
were thus least-square fitted simultaneously using a
single set of parameters. We present in Fig. 12 the
results of our calculations and in Fig. 4 the theoreti-
cal prediction of the model. Essentially, our analy-
sis indicates that the channel inward rectification
can be taken into account by considering a potas-
sium binding site located inside the channel at 80%
of the membrane internal surface (A/d = 0.8) with A
=0.52, B =25pA/m~'and W = 28 M~ . The rates at
which potassium ions can enter into the channel
from the internal and external side were estimated
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at 2.9 x 10% sec™! Mm~! for yk; and 1.5 x 108 sec™!
M~! for yki. We also obtained for the ion exit
rates k, and &, values equal to 107 and 5.2 x 10°
ions/sec, respectively. Consequently, with 200
mM of potassium on both sides of the membrane,
one predicts entry rates of 5.8 X 107 ions/sec for
k; and 3.0 x 107 ions/sec for k. 1t must be pointed
out in this regard that the values of £, E, and E;
presented in Fig. 12 were based on these entry rates.
The differences E; — E, and E; — E, are, how-
ever, independent of the internal and external
ionic concentrations. It thus follows that the rate-
limiting step for ion movement across the channel
in a symmetrical 200 mM potassium experiment
corresponds essentially to the ion exit rate.
However, since the computed values of k, and
k, differ only by a factor of two, we must con-
clude that the inward rectification of the theo-
retical curve shown in Fig. 12 results more from
the localization of the ion binding site than
from the difference in amplitude between the
two energy barriers. Since the difference in poten-
tial between the ion binding site and the cytoplasmic
medium accounts for 80% of the total drop in poten-
tial across the membrane, it is therefore not surpris-
ing to observe a larger single-channel conductance
for inward currents. However, it must be borne in
mind that the value of 0.8 we obtained for A/d repre-
sents a lower limit. Our experimental results do not
allow for the moment a more precise estimation of
this parameter. This would have required measure-
ment of the channel /V curve over a broader volt-
age range (*+300 mV) than that reported here. The
curve-fitting procedure we used indicates neverthe-
less that values of Ad lower than 0.8 are not com-
patible with our results. Such a model also predicts
correctly how the single-channel conductance at
zero applied voltage should vary as a function of the
external potassium concentration (see Fig. 5B). It
should be clear that more elaborate models with
more binding sites could also have reproduced the
I'V curves found experimentally. However, such
models would be at this stage too speculative and
would require, in order to be fully justified, more
experimental data than that provided in this work.
The inward rectification of the I'V curves thus ap-
pears as a property of the channel per se and does
not seem to be altered by working in the excised
patch configuration. A direct blocking effect of a
cellular compound may thus be ruled out, except
possibly for calcium which was always present in
our inside-out experiments (Armstrong, 1975; Hille
& Schwarz, 1978). But a block by calcium at submi-
cromolar concentrations is unlikely. In fact, the re-
sulting //V curves were found to be independent of
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the cytoplasmic calcium levels even at concentra-
tions greater than 1 mm.

The proposed one-site-two-barrier model can
also be used in cases where two ions such as K* and
Nat compete for the same channel binding site. It
can be shown in that case that the zero-current po-
tential will be given by an equation of the form

V - Ezll’l ,:[K]out + (PNa/PK) [Nalou[] (6)
Q0 [Klin + (Pna/Px) [Nalin
with the ratio Pyn./Px given by
PNa . ki’Na
P = kK F@) (Ta)
where
1+ AKed2
F@) = {1 gmag e (75)

with A as defined previously. Assuming that the
energy peak offset condition holds in our case so
that AX = ANa (see Hille, 1975), the ratio Pn./Px
then reads

P a kl,Na Na K
P =k = ¢ ®)

With Py./Px equal to 0.03 as found previously, it
may be concluded that the channel selectivity is
mainly governed by the ion entry rate and that E}2
= EX + 3.4 KT.

C) CHANNEL KINETIC SCHEME

Although a detailed analysis of the channel open
and closed time interval distributions is not within
the scope of the present work, we may nevertheless
outline several constraints that must be included in
any molecular schemes aimed to describe the ki-
netic behavior of this particular channel. First, our
results obtained in high K* conditions indicate that
three to four calcium ions are needed in order to
open the channel. In addition, an increase of P, as a
function of [Ca?*]; seemed to affect more the num-
ber of channel openings per second than the actual
channel mean open time. Second, the open channel
probability P, reaches a maximum value of 1 um
calcium and does not increase at higher cytoplasmic
calcium levels. Finally, the value of P, was found to
be voltage dependent at large negative potentials
only. At positive potentials P, remained on the av-
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erage constant. These features can be taken into
account by means of a linear kinetic model similar
to the one often used to describe receptor reactions
(see Colquhoun & Hawkes, 1981; Magelby & Pal-
lotta, 1983)

NICa*] + C z: c* 22, 9)

Ry+V)

e

0,

with N = 4. According to the proposed model, the
binding of calcium ions (the agonist) increases the
system probability to be in the C* state where chan-
nel openings can occur. At low calcium concentra-
tions the main effect of calcium will thus be to in-
crease the number of channel openings per second
rather than the channel mean lifetime as observed
experimentally. It should be mentioned that several
closed states are likely to be involved in the binding
of calcium. We will consider that these reactions
can be represented by a single reaction namely
4[Ca®>*] + C. The open states O, and O, are as-
sumed to be of equal conductance since our experi-
mental results never showed multiple conductance
levels.

It can be shown that the open channel probabil-
ity associated to the model proposed in Eq. (9) is
given by

1

P = T A T PICa ) (Pre ™7 + Py

(10)

where P] = Rz/Rl y Pz = R‘3’/RZ and P4 = R5/R5. It
was assumed here that R; and R4 could be ex-
pressed as Ry = RS exp(—«;V) and Ry = Rj
exp(ayV) so that oy + a; = P;. Under these condi-
tions, the open state O becomes dominant at large
negative potentials (<—50 mV) and the mean open
time given approximately by [l/R{] exp(—a,V)
should increase within that voltage range as ob-
served experimentally (see Fig. 11). However, at
positive potential values, the state O, would then
become dominant leading to a value P, independent
of voltage as shown in Fig. 9. In addition, at cyto-
plasmic calcium levels where Py/[Ca’*]* = 1, P,
may be approximated by

1
T T+ (P T3 + P!

P, (1

Values of P, nearly equal to 1.0 can then be ob-
tained only in cases where the inequality P,e 73V +
P4 = 1 is satisfied. In order to test the proposed
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kinetic scheme, a curve-fitting procedure of the
results shown in Figs. 8 and 9 was undertaken with
Py, P;, P; and P4 as adjustable parameters. We
found that our experimental results could be repro-
duced using P; = 0.123 (uM)*, P, = 6.45 X 1073, P,
= +0.038 mV~! and P, = 0.36. It thus follows that
the equilibrium constant R3/R,4 increases an e-fold
per 26 mV. Under these conditions, the state O,
becomes dominant at negative voltages but remains
improbable at positive potential values. A similar
curve-fitting procedure was carried out assuming
that three rather than four calcium ions were in-
volved. These calculations confirmed that our ex-
perimental results are more compatible with a four-
calcium binding than a three-calcium binding
model. It would certainly have been possible to fit
our results with a more elaborated model. But the
simple scheme presented in Eq. (9) can take into
account all the main features of the results we have
obtained so far.
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