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Abstract. Calcium-activated potassium channels (maxi
K+ channels) isolated from avian nasal salt gland cells
were reconstituted into lipid bilayers and characterized.
The 266 pS channel is blocked discretely by charybdo-
toxin from the external solution at nanomolar concentra-
tions and by Ba2+ from the cytosolic side at micromolar
concentrations. Fast tetraethylammonium (TEA) block
is seen as apparent reductions in amplitude of the unitary
currents. From the extent of the reductions, TEA bind-
ing affinity was calculated to be 0.16 mM from the ex-
ternal solution and 37 mM from internal solution. The
overall channel properties conform to those of maxi K+

channels in other epithelial tissues. The calcium sensi-
tivity of the channel was found to be variable from chan-
nel to channel, extending over a wide range of concen-
trations from 1 to 1,000mM. Examination of the pooled
calcium titration curves, revealed that these curves are
grouped into five clusters, and the probability distribu-
tion of the clusters matches a binomial distribution. The
Hill coefficient derived from the titration curves varies
from 1 to 5 and is linearly correlated to calcium binding
with a slope of 1 per 10-fold change inKd. Clustered
titration curves with such a characteristic suggest that the
gating components and the calcium binding sites of the
maxi K+ channels in the avian nasal gland are hetero-
tetrameric and may result from random mixing of two
distinct subunits possessing high and low calcium sensi-
tivities, respectively.

Key words: Salt gland — Epithelium — Lipid bilay-
er — Potassium channel — Ca2+-activated K+ channel
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Introduction

Large conductance Ca2+-activated potassium channels
(maxi K+ channels) are identified by a large unitary con-
ductance, voltage dependence, charybdotoxin (CTX)
blockade, and the signature Ca2+-dependent activation.
The sensitivity of the latter, commonly described by a
calcium concentration ([Ca2+]) at which the open prob-
ability reaches 0.5, varies from tissue to tissue in the
range of 0.01mM to 100mM (McManus, 1991). Even in
the same tissue under identical experimental conditions,
three- to fivefold changes in this sensitivity are observed
from channel to channel, while permeation behavior re-
mains indistinguishable (Moczydlowski & Latorre,
1983). Similar diversity of calcium sensitivities seen in
patch clamp recordings (Richards et al., 1989) suggests
that this variability does not result from any possible
artifacts introduced during the isolation and reconstitu-
tion process, but is more likely related to the native struc-
ture of the channels.

Recent progress in the analysis of maxi K+ channels
using site-directed mutagenesis has revealed the possible
molecular basis for the heterogeneity of maxi K+ chan-
nels. The tetrameric formation of the maxi K+ channel
was revealed by the TEA blocking behavior of the maxi
K+ channels expressed by a mixture of RNAs which
encode two distinct TEA binding affinities (Shen et al.,
1994). Such a hetero-tetrameric pore construction diver-
sifies the permeation and block properties that associate
with a pore. Similarly, if the gating components of a
maxi K+ channel are tetrameric, in principle it should be
able to produce the observed variable calcium sensitivi-
ties, provided that subunits with different calcium sensi-
tivities are expressed in a cell. The latter condition is
confirmed by the reports in which the C-terminal alter-
natively spliced variants ofslochannels exhibited differ-
ent calcium sensitivities (Tseng-Crank et al., 1990; La-Correspondence to:P. Stampe

J. Membrane Biol. 154, 275–282 (1996) The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 1996



grutta et al., 1994). Variability in calcium sensitivity
may also arise from the relative phosphorylation and
dephosphorylation of the selected subunits (Egan et al.,
1993; Reinhart & Levitan, 1995). Given that the site of
calcium activation is confined to a distinct domain at the
C-terminal that is independent of the permeation prop-
erties (Wei et al., 1990), for the above idea to be valid, it
is necessary to establish whether the gating components
themselves are hetero-tetrameric.

Avian nasal exocrine glands are an extra-renal salt
excretory tissue. They produce a NaCl-rich fluid via a
mechanism apparently identical to that seen in the acinar
cells of more traditionally studied exocrine tissues (Ernst
& Ellis, 1969) but without the usual complications seen
in such tissues where ionic secretion often operates in
parallel with the secretion of enzymes and mucus or
simultaneously with ion absorption (Shuttleworth &
Thompson, 1989). Upon elevation of cytosolic Ca2+

concentration as a result of the action of appropriate
neurotransmitters and hormones, two types of Ca2+-
activated conductance pathways are seen (Petersen,
1986; Martin & Shuttleworth, 1994). In the basolateral
membrane, the activated maxi K+ channels allow K+

release to the blood side, whereas in the apical membrane
the activated Cl− channels transport Cl− to the lumen.
Effectively, these calcium-activated pathways operate to-
gether with a Na+-K+-2Cl− cotransporter and Na+-K+

pump to produce an electrogenic transepithelial Cl−

transport. To further understand the physiological role
of maxi K+ channels in secretion, detailed knowledge of
this pathway at the single-channel level is needed. Using
the patch clamp technique, Richards et al. (1989) were
able to record and analyze the unitary current of this
channel, and found variation in calcium sensitivities.
In the present study, avian nasal gland maxi K+ channels
were isolated and reconstituted into lipid bilayers. With
the consequent advantage of being able to record for
prolonged duration and independently perfuse both sides
of the membrane, we have been able to examine the Ca2+

sensitivity of this channel at a higher resolution. We
found that calcium titration curves are grouped into five
distinct clusters, suggesting a heterotetrameric construc-
tion of gating components in these channels. Prelimi-
nary data of this finding have been reported in an abstract
form (Wu et al., 1996).

Materials and Methods

VESICLE PREPARATION

Ducklings of 6–10 days old (Ridgeway Hatcheries, La Rue, Ohio) were
euthanized after feeding 1% NaCl drinking waterad libitum for 48 hr
to induce differentiation of the secretory cells. Supraorbital nasal salt
glands were injectedin situ with 1 ml/gland of ice-cold saline to re-
move red blood cells (Shuttleworth & Thompson, 1989), and then

immersed in ice-cold buffer (150 mM NaCl, 10 mM MOPS, and 5 mM
EGTA, pH 7.4). Immediately after the addition 1mg/ml of phenyl-
methylsulfonylfluoride (PMSF), the glands were homogenized with a
Tekmar Tissuemizer for 25 sec, then transferred to a Wheaton homog-
enizer and ground on ice for 10 times (loose pestle), and then 40 times
(tight pestle). The homogenate was centrifuged in a Beckman GS-15R
at 10,000 rpm (8700 ×g) using a F0630 rotor for 10 min at 4°C. The
supernatant obtained was layered on top of a step gradient of sucrose
(34, 26 and 20%) in 10 mM MOPS pH 7.4 and centrifuged at 25,000
rpm (38000 × g) using a SW27 rotor in a Beckman L5-75 Ultracen-
trifuge, for 60 min at 4°C. The membrane fraction lying at the 20 and
26% interface was extracted with a syringe and transferred to a cen-
trifuge tube with three volumes of distilled water. Following centrifu-
gation at 40,000 rpm (146,000 ×g) using a 50.2 TI rotor for 60 min, the
pellet was resuspended in isotonic sucrose buffer (250 mm sucrose and
10 mM MOPS, pH 7.4), frozen on dry ice, and stored at −70°C.

PLANAR BILAYERS AND CHANNEL INSERTION

The bilayer recording chamber was built from a block of acetyl co-
polymer (Patriot Plastics). It consists of a 250mm pin hole drilled
through a thin wall which separatesCISandTRANSreservoirs. On the
day of the experiment, two volumes of lipid 1-palmitoyl, 2-oleoyl-
phosphotidylethanolamine/1-palmitoyl, 2-oleoyl-phosphatidylcholine
(10 mg/ml; PE/PC, 7:3, Avanti Polar Lipid) were dried with N2 and
redissolved in one volume ofn-decane (Sigma). The pin hole was
prepainted with the lipid solution and allowed to dry for >10 min before
theCISsolution (650 mM KCl, 10 mM HEPES, 100mM Ca2+, pH 7.4)
and theTRANSsolution (50 mM KCl, 10 mM HEPES, 100mM Ca2+,
pH 7.4) were added to the reservoirs. Membrane vesicles, 10–15ml,
were pipetted into theCISside of the chamber which was continuously
stirred by a small magnetic bar. More than 95% of insertions under
these conditions resulted in the Ca2+-sensitive side facing theCIS res-
ervoir, and only channels inserted in this orientation were used for
recordings. We therefore subsequently refer to theCISreservoir as the
internal side and theTRANSreservoir as the external side. After in-
corporation of a single channel, theCISside was washed with isotonic
150 mM KCl, 10 mM HEPES, pH 7.4 and theTRANSside was replaced
with 150 mM KCl, 100mM Ca2+, 10 mM HEPES pH 7.4, to stop further
fusion. Stock Ca2+ solution (100mM or 10 mM Ca2+) was then added
to the internal solution to obtain the desired Ca2+ concentration from 1
to 500mM. Internal solutions with free Ca2+ concentration below 1mM

were made with EGTA-Ca2+ buffers containing (in mM): 150 KCl, 10
HEPES, 5 EGTA, plus 4.28 CaCl2 (for 1mM free Ca2+), 3.74 CaCl2 (for
0.5mM Ca2+), and 2.98 CaCl2 (for 0.25mM free Ca2+), pH 7.4. Stock
solutions of charybdotoxin (CTX), BaCl2, and tetraethylammonium
(TEA) were prepared, and pipetted into the chamber to produce the
desired concentrations when needed.

DATA ACQUISITION AND ANALYSIS

Currents were recorded using an Axopatch 200A patch clamp amplifier
(Axon Instruments, Foster City, CA) in capacitive feedback configu-
ration and a lowpass cutoff filtering frequency of 1 kHz. The analog
output signal was digitized by a Data Acquisition Processor (DAP
3200e, Microstar Laboratories) at 100 kHz. Open and closed times
were computed by an on-board processor (486DX) on-line at 100 kHz
with a threshold set to 50% of the whole open-level current. At the
same time, single-channel currents were sampled at 2 kHz. Cumulative
open probability (Po) was computed from the total open and closed
time of 2–10-min recording. During the recording,Po vs. number of
transitions was displayed after every 1,000 transitions and the stability
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of Po was continuously monitored. In most casesPo reached a steady
state in about 1 min. A typical plot with a total duration of∼7 min is
shown in Fig. 1. The averaged open probability for each 2,000-
transition interval shows considerable fluctuations. On the other hand,
the cumulative open probability stabilized in a few minutes. Only 1 out
of 30 recorded channels showed irreversible shift from high Ca2+ sen-
sitivity to a lower one and it has thus been excluded from analysis.
A Pentium/60 MHz Personal Computer and a custom-written program
were employed to control the experiment, store data on a hard drive,
and analyze the data. During off-line analysis, all-point amplitude his-
tograms were constructed and the single-channel amplitude was ob-
tained through least-squares fit of peaks using Gaussian distributions.

Results

CHARACTERIZATIONS OFAVIAN NASAL GLAND MAXI

K+ CHANNELS

Figure 2A illustrates the unitary currents of a maxi K+

channel recorded in symmetrical 150 mM KCl, 100 mM

Ca2+ solutions at three voltage levels. The current am-
plitudes at seven voltages were analyzed with all-point
histograms and least-squares fit of Gaussian distribu-
tions, resulting in theI-V relationship shown in Fig. 2B.
To obtain the unitary conductance, the data points were
linearly fitted, yielding a slope conductance of 266 pS
shown as the solid straight line. Open probability of this
channelvs. transmembrane voltage was calculated from
open- and closed times with a criterion set at one-half the
whole amplitude of the unitary current. The data points
at discrete voltages were least-squares fitted with the
Boltzmann distribution shown as a solid curve (Fig. 2C).
Two parameters were derived from the fitting.V0.5 4
−15 mV represents the half-activation voltage andVe-fold
4 9.5 mV is the voltage sensitivity, i.e., a voltage dif-

ference needed to produce ane-fold change in open
probability.

Blockage of the channel by CTX is discrete as
shown in Fig. 3A, where the outward currents were re-
corded in symmetrical 150 mM KCl, 100mM Ca2+ solu-
tions and the internal surface of the membrane was held
at +30 mV. The top two traces are control recordings at
two different time scales, whereas the bottom trace
shows a 200-sec trace in the presence of 10 nM external
CTX. From 152 min of recorded data, the open-time
constantto 4 0.87 sec and the closed-time constanttc
4 26.7 sec were computed, which corresponds to an
on-rate constantkon 4 8.7 × 108 sec−1 M−1 and an off-
rate constantkoff 4 3.8 × 10−2 sec−1, respectively.
These data indicate a CTX equilibrium dissociation con-
stantKd4 3.2 nM. In Fig. 3B,an example of the discrete
internal barium block is shown. In this case, the off-rate
constant was estimated to be 6.3 sec.

Unlike CTX and barium blockade, TEA binding was
too fast to be discretely resolved and consequently is
displayed as a reduced unitary current. The recorded
current in control experiments, and those following ei-
ther external or internal TEA block are shown in Fig. 4.
In the presence of 0.1 mM external TEA, the current was
reduced to 61.7% of the control, whereas internal appli-
cation of 20 mM TEA produced a reduction of 64.9% of
the control. These reductions in amplitude were derived
from histogram analysis and the least-squares Gaussian
fit. Assuming a one-to-one blocking stoichiometry, the
equation (Icontrol− Iblock)/Icontrol 4 [TEA]/([TEA] + KD)
was used to calculate the equilibrium binding constant,
which isKD 4 0.15 mM from the external side and 37
mM from the internal side. The discrete open probability
measured by the threshold-crossing method showed no
appreciable changes in the presence of TEA on either
side.

CLUSTEREDDISTRIBUTION OF CALCIUM SENSITIVITIES

One of the important aspects of the channel character-
ization was to determine the calcium sensitivity of avian
nasal gland maxi K+ channels. We did this by measuring
the open probability with stepwise increases in the inter-
nal free calcium concentration. The calcium sensitivity
was found to vary considerably from channel to channel.
We illustrate this variation in Fig. 5 by showing the raw
unitary currents of four different channels at the same
internal free [Ca2+] of 5 mM. Differences in the open
probability are clearly visible. To evaluate the variations
in a systematic way, we carried out a series of experi-
ments and pooled all 29 titration curves in one graph
shown in Fig. 6. As can be seen, the curves are widely
spread but not uniformly distributed. Simple visual in-
spection indicates they are grouped into five clusters.

To manifest the clustered distribution further, we

Fig. 1. Stabilization of cumulative open probability. The averaged
open probability at the end of each 2,000 transitions (broken line) and
cumulative open probability (solid line) are plotted against number of
transitions. The total duration of the recording is about 7 min.
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transformed eachPo (excluding values above 95%) at a
given [Ca2+] to an apparentKd according to the equation
Kd 4 [Ca]/{Po/(1 − Po)}

1/h, whereh is a constant. All
theKd’s were then binned and plotted in Fig. 7. We tried
severalh values ranging from 1.8 to 2.8 to examine the
corresponding histograms, and found no significant
changes in their general five-peak feature. Settingh 4
2.3, to typically show the data, is thus rather arbitrary.
The histograms in Fig. 7 were least-squares fitted with
five Gaussians plotted as solid curves. Using this fitted
Gaussian curve, we estimated the variance of the histo-
gram which gives a standard deviationsfluctuation4 1.0.
To quantitatively evaluate the clustering, the histogram
was least-squares fitted with a single Gaussian, as if the
histogram is extensively low-pass filtered or averaged to
approximately represent the least clustered distribution.
From this curve and the peaks and wells of the multi-
peak Gaussian fit, we obtain a clustering related standard
deviationsclustering4 3.2. The ratio of these two stan-
dard deviations, analogous to the concept of ‘‘signal-to-
noise ratio,’’ shows that the clustering induced deviation
is over three times more prominent than that of the fluc-
tuations. From the area ratio under the curve of each
Gaussian and that of the summed Gaussians, we calcu-
lated the probability of each point falling into one of the

five groups, which was 0.087, 0.26, 0.52, 0.23, and 0.11
(starting from the lowKd), respectively.

The apparent segregation of these groups allowed us
to average data within each group, and the resulting av-
erages are plotted in Fig. 8. These averaged points were
least-squared fitted with the Hill equationPo 4 Pmax/{1
+ (K/[Ca]H} (Hill, 1922) and the results were plotted as
the solid curves. The fitted apparent equilibrium binding
constants and Hill coefficients are all listed in the lower
inset of Fig. 8. To examine the dependence of these
parameters, we plotted them in the upper inset.H vs. Kd
follows an apparent linear relation and gives a slope of
about one per 10-fold change in [Ca2+] concentrations.

Discussion

This study reports the findings of experiments where the
maxi K+ channels of the avian nasal gland have been
isolated and reconstituted into lipid bilayers. With the
advantage of being able to accurately control the solu-
tions on both sides of the channel and recording single
channel current for prolonged duration, we have charac-
terized the maxi K+ channels in this tissue and revealed
a detailed feature regarding calcium activation that may
have significant structural implications.

Fig. 2. Voltage dependence of the single-channel current and the open probability of a nasal-gland maxi K+ channel reconstituted into a planar lipid
bilayer. All the currents were recorded in symmetrical 150 KCl solutions with 100mM calcium. (A) Single-channel currents at three different
voltages. The broken lines are the current where the channel is closed. (B) The voltage dependence of the unitary current amplitude of the channel.
(C) The voltage dependence of the open probability of the channel. The solid line represents a least-squares fit of the Boltzmann distribution,Po
4 Pmax/{1 + exp[−V−V1/2)/d]}, where d is the voltage sensitivity in mV pere-fold change in open probability.
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COMPARISON WITH MAXI K+ CHANNELS FROM

OTHEREPITHELIA

The open channel properties and the gating behavior of
this channel characterized by a large unitary conductance
and Boltzmann type voltage dependence conform to
those of maxi K+ channels found in many tissues (Lattore
& Miller, 1983). The unitary conductance of 266 pS in
symmetrical 150 mM K+ solutions is consistent with that
found in gallbladder (Segal & Reuss, 1990) and oviduct
epithelium (James & Okada, 1994), the principal cells of
the cortical collecting duct (Schlatter et al., 1993), and
sweat gland cells (Henderson & Cuthberg, 1991), but is
about 20% higher than that in a previous study done in
the same cell type using patch clamp techniques (Rich-
ards et al., 1989).

The CTX, TEA, and Ba2+ block of this channel are
quantitatively similar to those found in mammary cells
(Furuya et al., 1989), avian salt gland (Richards, 1989),
gallbladder (Segal & Reuss, 1990), cortical collecting
duct (Schlatter et al., 1993), distal colon (Turnheim et al.,
1989), and choroid plexus (Brown, Loo & Wright 1988)
epithelia. From these similar characteristics, we con-
clude that the maxi K+ channels found in avian nasal
gland cells are not significantly different from those
found in a variety of other epithelia.

DISTRIBUTION OF CALCIUM TITRATION CURVES

One of our goals was to evaluate the role of this channel
under physiological calcium concentrations. We did this

Fig. 3. (A) Blockage of a single nasal gland maxi
K+ channel with charybdotoxin (CTX).Top and
middle:Control single-channel current in
symmetrical 150 mM KCl solutions with 100mM

calcium at 30 mV.Bottom:Discrete block of the
current following external application of 10 nM
CTX. (B) Channel block by barium.Upper:
Control unitary current in the symmetrical 150 mM
KCl solutions at 30 mV.Lower: Discrete block of
the current in the presence of 5mM barium in the
internal (CIS) side of the chamber.

Fig. 4. Fast block of a single maxi K+ channel by
tetraethylammonium (TEA).Left: Control single
channel current in symmetrical 150 mM KCl
solutions with 100mM calcium at 30 mV.Middle:
The current recorded with 0.1 mM TEA in the
external (TRANSchamber) solution.Right:With
20 mM TEA in the internal solution (CIS
chamber). The broken line represents the closed
level of the current.
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by characterizing the calcium dependent activation of the
channel and found that not only are the calcium sensi-
tivities generally outside the normal cytosolic calcium
range of concentrations even at +30 mV, they also vary
widely depending on the individual channel. Since simi-
lar variability has been found earlier in the same tissue
using the patch-clamp technique (Richards et al., 1989),
possible artifacts introduced by the isolation and recon-
stitution process can be discounted and this suggests that
the source of the observed variability is likely to be re-
lated to some component of the structure of the channel.

Upon quantitative analysis of calcium titration
curves, we found that the Hill coefficientvs.the calcium
sensitivityKd follows a linear relation with a slope of
about 1 per 10-fold change in [Ca2+]. This dependence

shows clearly that increases in calcium sensitivity are
associated with increases in channel Ca2+ binding coop-
erativity. One possible explanation for this observation
is an increase in the number of binding sites. Further-
more, if the Hill coefficient reflects the minimum num-
ber of cooperative ligand binding sites on a receptor
(Adair, 1925), we estimate that there are as many as five
or more possible Ca2+ binding sites on the channels iso-
lated from this tissue. The detailed linking mechanism
however needs more elaborate analysis. It is well known
from the literature that Hill coefficients summarized
from different preparations can vary as much as from 1
up to 6 (seeMcManus, 1991, for review). Our observed
variation in the channels derived from thesame native
tissuehas not previously been reported. In addition we
found a linear correlation between the Hill coefficient
andKd.

In a study of two large-conductance Ca2+-activated
K+ channels from Drosophila (dslo) and human (hslo)
expressed inXenopusoocytes, a Hill coefficient of 1.9
was calculated for both channels (DiChiara & Reinhart,
1995). These values obtained frommacroscopic currents
are the average coefficients for many channels whereas
our data obtained from single-channel experiments make
it possible to resolve channel-to-channel variation within
the same preparation. An average Hill coefficient of 2.6
can be calculated from the individual values reported in
our study.

STRUCTURAL IMPLICATIONS OF CLUSTERED
CALCIUM SENSITIVITIES

The bilayer recording system has allowed us to examine
the calcium dependence of the maxi K+ channels with a

Fig. 7. Histogram illustration of clustering Ca2+ sensitivity. EachPo in
Fig. 6 is transformed toKd through a functionKd 4 [Ca]/{Po/(1 −
Po)}

1/h with h 4 2.3 set as constant. All the calculatedKds were
binned with a bin width of log10DKd4 0.1 and plotted as vertical open
bars. The histogram is least-squares fitted with multiple Gaussians
shown as solid curves and with single Gaussian represented by the
broken line.

Fig. 5. Heterogeneous calcium sensitivities of maxi K+ channels iso-
lated from the same tissue in response to the same calcium concentra-
tion. Single-channel current of four individual channels recorded at the
same calcium concentration and voltage conditions. The broken line
represents the closed level.

Fig. 6. Clustered distributions of calcium sensitivities. The open prob-
abilities of 29 channels in a series of experiments are plotted against
internal free calcium concentration in logarithmic scale. Each symbol
represents an individual measurement and recordings from the same
channel are connected with a solid line.
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much higher resolution. From pooled calcium titration
curves, we found that the distribution of the curves is
clustered rather than random. The data indicate that
there are only five apparent clusters generated from all
our recordings. The finite number of clusters suggests
that the channels can be constructed with discrete or
quantized calcium sensitivities. There are two obvious
ways to construct such a channel. If the gating apparatus
of the channel is homo-tetrameric, then it is possible that
the channel could have been modified or modulated to
different levels to achieve the observed variability.
However, this paradigm puts no apparent constraint on
the number of clusters. If the total number of clusters

(i.e., five) is not a coincidence, then it is more plausible
that a hetero-tetrameric channel is formed by assembly
of two distinct subunits, i.e., one with a high and the
other with a low calcium sensitivity. A random combi-
nation of such a hetero-tetrameric channel is expected to
comprise 0, 1, 2, 3, or 4 high calcium sensitivity sub-
unit(s). There should be a total of only five such possible
combinations for hetero-tetrameric channel construction,
which is identical to the number of clusters found in our
experiments.

One would expect that the occurring probability dis-
tributions for a hetero-tetrameric channel constructed
from the above random mixing of two kinds of different
subunits should conform to a binomial distribution. To
test this, we plotted the occurring probabilityvs. the
group number designated from zero to four according to
the sequence of calcium sensitivities from low to high,
which exactly corresponds to the presumed number of
subunits in a channel with the high calcium sensitivity
(Fig. 9). The filled squares connected by solid curves
represents the least-squares fit of a binomial distribution
to the original data shown by the bar graph. The agree-
ment of these two distributions further supports the ran-
dom mixing hypothesis. Through least-squares fitting,
we have obtained the parameterP 4 0.42 which repre-
sents the probability of selecting a putative high calcium
sensitivity subunit.

We conclude from this analysis that the gating com-
ponents for a maxi K+ channel in the axian nasal gland
are hetero-tetrameric and this may result from random
mixing of two different subunits, one with high and the
other with low calcium sensitivity. The different sub-
units may derive directly from alternatively spliced vari-
ants, or as a result of post-translational modifications or
modulation including possible phosphorylation and de-
phosphorylation.

Fig. 9. Probability distribution of calcium sensitivities.P(r) represents
the occurring probability and the vertical bars are calculated from the
number of observed channels in each calcium sensitivity group divided
by the total number of recorded channels. The abscissa is the desig-
nated group number 0–4 from low to high calcium sensitivities, which
corresponds to the number of putative subunits in a channel with high
calcium sensitivity. The filled square connected by the solid curve are
the least-squares fit with binomial distribution.

Fig. 8. Averaged open probability. Each symbol in
the plot represents an average ofPo within a group
and the error bars represents the standard error of the
mean. The solid curve are the least-squares fit using
the equation,Po 4 Pmax/{1 + (K/[Ca])N}, whereK
is the equilibrium binding constant andN is the Hill
coefficient. These fitted parameters and the number
of trials (n) are listed in thelower insetof the figure.
In the upper inset,the fitted Hill coefficients are
plotted againstKd and fitted with a linear solid line.
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