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The single-channel patch clamp technique was used to analyze subconductance states in the 260 pS calcium-activated
potassium channel from canine airway smooth muscle. More than sixty minutes of single channel data (> 87000 events)

from five excised patches were analy ‘. Six subcond

63 and 72% of the full i dy

amplitudes were clearly established to be 17, 33, 41, 52,

ings were usually brief (milliseconds) and represented less
than 5% of the total channel open time, but they also persisted for several

on rare They app d to

be unaffected by voltage or time after seal formation, but may have increased in occurrence with decreasing calcium

Irregular

tional changes causing a variable pore size.

Introduction

Subconductance states, appareni openings to less
than the full open conductance state, have now been
described in many ion channels including large
calcium-activated pc (maxi-K) ch 1s [1-8].

intervals, and the presence of ramp-like, analog transitions between conductance
states, suggest a model for maxi-K subconductance states in which the ch
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models when they are found to exist. This paper, al-
though qualitative in nature, attempts to classify sub-
conductance states for the maxi-K channel found in
airway smooth muscle {15].

Unlike chloride channel subconductance states which
seem to occur frequently [9-12], subconductance state
occurrence in maxi-K channels is usually infrequent.
Therefore, subconductance states have been generally
disregarded in constructing kinetic models for the maxi-
K channel [2,4,5,7,13,14]. As longer channel records are
examined for better kinetics measurements, it has be-
come increasingly clear that maxi-K channels spend a
small, but significant, fraction of total open time in
subconductance states and this must be considered in
models of channel behavior. Unfortunately, the time
required to characterize subconductance states by visnat
inspection is very large and there are no satlsfactory

Materials and Methods

Smooth muscle cells from canine trachealis muscle
were used. Trachealis muscle was obtained within
minutes after the animal was killed. The isolation proce-
dure used was modified from that described by Mc-
Cann and Welsh {15] and Marthan et al. {16]. Trachealis
muscle (approx. 20 mg wet weight), with most of the
connective tissue dissected away, was first cut into small
bundles and then finely minced. The minced tissue was
washed several times with Hank’s solution using gentle
mechanical agitation. The tissue was then transferred to
10 ml of freshly prepared enzyme solution consisting of

11 (37 units/ml, highly purified Type IV,

hods to the process b the p
non is not sufficiently understood. It is also dxfﬁcull to
incorporate subconductance states into standard kinetic
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Sigma) and elastase (2 units/ml, highly purified Type
IV, Sigma) in Hank’s solution with a calcium concentra-
tion of 0.1 mM. This solution was supplemented with
bovine serum albumin (10 mg/ml), penicillin (100
units/mi) and streptomycin (100 pg/ml). The tissue
was allowed to incubate at 37°C with mechanical agita-
tion for 2 h, The cell suspension was filtered through a
double layer of sterile surgical gauze and centrifuged for



15 min at 200 X g. This was followed by two additional
washes with M199 supplemented with 10% fetal bovine
serum. The cell suspension was then removed and the
cells were plated at approx. 2.5-10% cells/cm? in 35
mm Falcon cuiture dishes coated with poly(L-lysine).
The plates were incubated at 37°C and 6% CO, in air.
After about 1 h, most of the cells had adhered to the
plate and were ready for patch clamp study.

Using Trypan blue exclusion, the viability of the cells
was > 90%. The cells showed contraction upon ex-
posure to acetylchaline (10~* M). These spindle-shaped
cells were easily identifiable.

Cells were used less than 24 h after dissociation and
plating to assure minimal de-differentiation [17]. Data
were obtained from excised inside-out (n = 4) and out-
side-out {#=1) patches using standard patch clamp
techniques [18]. Thick-walled borosilicate microfilament
glass was used to fabricate pipettes with resistance
values of 16-20 megohms. Pipette tips were coated with
Sylgard (Dow Corning) and polished in a microforge.
Seal resistances were geeater than 10 gigaohms.

The pipette solution for all experiments was (mM):
140 K*, 0 Ca%*, 0.5 Mg?*, 10 Hepes (pH 7.2). 10
glucose. Calcium was excluded to facilitate the forma-
tion of gigaohm seals. Symmetrical potassium solutions
(K = K) used in the bath contained (mM): 140 K*, 1.2
Mg2*, 10 Hepes (pH 7.2), 10 glucose, and calcium
buffered to the desired concentration (1077 10 107% M
range) with EGTA [19]. Hepes-buffered saline (HBS)
contained (mM): 135 Na*, 5 K*, 1.2 Mg?*, 107% Ca?*,
10 Hepes (pH 7.2). and 10 glucose. All experiments
were performed at room temperature (20-22°C).

Single-channel events were recorded with a List
EPC-7 patch clamp amplifier and all potentials are
reported with respect to the cell exterior being zero. The
output was filtered at 10 kHz bandwidth with a 3-pole
Bessel filter and fed into a Medical Systems PCM-1
digital VCR recorder adaptor which digitized and stored
events on a Sony Betamax VCR. A digital computer
sampled the data at 20 kHz with a 12-bit analog-to-dig-
ital convertor. Sampled data was further filtered to 2-5
kHz with a Gaussian digital filter. Records for subcon-
ductance state analysis were filtered at 5 kHz. We found
no significant ch in subcond state ap-
pearance when filtering at 2 kHz. However, stronger
filtering (ie. to 1 kHz) severely altered the ability to
detect the subconductance states and changed their
apparent amplitudes.

Single-ch 1 current amplitudes for fully open and
subconductance were measured by direct inspect-
ion of the digitized data on a Compaq 386 graphics
terminal with the aid of horizontal cursor bars, Gold-
man-Hodgkin-Katz (GHK) current equations [20}, fitted
to current amplitude data with a minimum square error
technique, were used to determine channel conductance
and ion selectivity. These reduce to a linear conduc-
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tance relationship in symmetric 140 mM potassium
solutions and couid be fitted by lincar regression analy-
SIS,

For the determination of open probability (Py). an
automated method was used. After an estimate of full
conductance was determined, the half-amplitude of this
value was used as a threshold to discriminate open and
closed states throughout the record. A moving average
algorithm corrected for any baseline drifi. The mean
channel amplitude was then obtained from the mean of
the distribution of amplitudes during all openings longer
than the filter deadtime. Py, was determined by divid-
ing the total time a channel was in the open state by the
total sample time. (In the case of a single channe! patch.
Py reduces to the open probability for the channel,
P,pen} Since this method will only measure openings
over 50% of full conductance, openings to subconduc-
tance states less than 50% of full conductance were
added to the total open time of the channel before
determining Py These openings were measured directly
from the graphics terminal.

The number of maxi-K channels in a patch was
determined under conditions where P, far the patch
was saturated. This involved holding the patch at a
positive voltage (e.g. +60 mV) in a bath containing a
high calcium concentration (i.e. 1072 10 10™* M). The
maximum number of full conductance openings was
then taken as the total number of channels in the paich.

Experiments averaged 1 h in length. For the five
experiments reported here, approximately 60 min of
chanael openings and closings under various conditions
were analyzed in detail. Within this time there were over
87000 events larger than 50% of the full conductance,
which, taken with subconductance amplitudes smaller
than this, accounted for 15 min of the data.

Results

The conductance and calcium sensitivity of the maxi-
K channel from airway smooth muscle (not shown)
were similar to the results previously reported by Mc-
Cann and Welsh {15} The channel had a mean conduc-
tance of 268 + 15 pS in HBS and 238 + 6 pS in symmet-
ric potassium solutions. Strong rectification in HBS
reflected the high selectivity of this channel for potas-
sium over sodium. The channel exhibited a sigmoidal
voltage sensitivity. There was great variability in calcium
senstivity, but P, =05 occurred at 0 mV between
1077 and 107* M calcium, placing this channel in a
subpcpulation of maxi-K channels which are very sensi-
tive to calcium (see, for example, Ref. 21).

Six subconductance levels consistently appeared with
mean open amplitudes of 17, 33, 41, 52, 63 and 72% of
the full open level. The standard deviation for any of
these levels measured at all calcium concentrations (1073
to 107 M) and voltages (— 150 to +140 mV) did not
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exceed 2%. Subconductance states were always seen

ying full cond Subconductance states
appeared 1o have the same selectivity for potassivm and
sodium since they exhibited the same reversal potential
as the full conductance and rectified in a similar manner
in HBS. Fig. 1 shows a set of sample traces containing
subconductance states. Any of the subconductance
states could appear under any of the experimental con-
ditions in which there were channel openings and each
channel could exhibit all of the subconductance states.
The coliection in Fig. 1 was assembled from data taken
at different holding voltages and bath solutions. Sub-
conductance states are shown in both long (left side)
and short (right side) time frames. They were sometimes
associated with fast flickering (c.g. 63%, left side) and
sometimes associated with relatively slow transitions
(e.p. 33%, left side). Subconductance stales were not
associated with buzz modes [14). During such high
frequency events, we observed the channel opening to
full conductance.

A histogram of occurrence for each subconductance
level is shown in Fig. 2. Total % occurrence is derived
from the time spent in each subconductance level di-
vided by the total open time for each of the five
experiments in all calcium concentrations and voltage
conditions. This helped to normalize for the numbers of
channels in the patches. The numbers of channels in
cach patch (left to right) were 1, 7, 5 (outside-out
patch), 3 and 5, respectively. The occurrence of the 17%
subconductance state may be underestimated due to the
difficulty of detecting such small amplitude events. Ex-
cluding this, no subconductance state appeared signifi-
cantly more than any other. This was determined with
paired #-tests where P> 0.1 for all conditions except
pairs with the 72% subconductance state. For this sub-
conduclance state, P was always larger than 0.07. Occa-
sionally, the channel would spend several seconds open-
ing mainly to one subconductance state. Fig. 3 is a
recording taken during the longest occurrence of this
type in which the channel spent over 30 s opening
mainly to the 72% subconductance level. This incident
accounts for the off-scale bar at 72% in Fig. 2 and
contribited to the lower P value obtained in the paired
1-tests.

The effect of voltage and calcium on subconductance
state occurrence is shown in Fig. 4. To normalize this
data for the voltage and calcium dependence of the
channel and the numbers of channels in the patches, the
time that the channel was open to a subconductance
state was divided by the total channel open time to give
the % of time in all six subconductance states for each
data point. The voltage range for these experiments was
—120 to +80 mV. The calcium concentrations ex-
amined were 1073, 107¢,107%%,10°7, 1077 and 10~®
M. The data points are depicted in bold. The mean
(+S.E.) sample period was 14292 1 1872 ms (n =56

points). The order of excha1ces (low to high calcium
and vice versa) varied and did not affect Py unless the
concentration was below 3.5-10-* M. Sometimes, un-
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Fig. 1. Samples of 17, 33, 41, 52, 63 and 72% subconductance states
recorded at long (left side) and short (right side) time scales. Holding
voltages (from top to bottom left side) were —60, +50, —60, +50,
—60 and +60 mV, respectively, and (from top to bottom right side)
—40, —60, 0, +50, +70 and +60 mV, respectively. Bath solutions
(from top 1o bottom left side) were 107 M Ca?* K=K, 1078 M
Ca?” K=K, 107° M Ca?” K=K, 10"" M Ca®* K=K, 8 mM
Ca®* HBS and 107° M Ca?* K =K, respectively, and (from top to
bottom right side) 10-7 M Ca?* K =K, 107¢ M Ca?* K=K, 1.8
mM Ca?* HBS, 107 M Ca?* K =K, 107% M Ca?* HBS (outside-
out patch) and 10~ M Ca?* K = K, respectively. Outward current is
upwards for all recordings (¢ = closed, o= opening). Some of the
samples contain other subconductance states as well as the one being
demonstrated, This is most evident in the sample for the 63% subcon-
ductance slate (right side) which also shows a 33% subconductance
level. Al data were filtered at 5 kHz.
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Fig. 2. Hi of the for each level.

Total % occurrence is derived from the time spent in each subconduc-
tance level divided by the total open time for all calcium concentra-
tion and voltage conditions. The individual patches (bars from left
to right) contained 1, 7, § {outside-out patch), 3 and 5 channels, re-

spectively.
!”J ' 1 e 72% level
i :
T T

LI .
S wiiaa

- |

39 msec

LI A LA e

Fig. 3. Single-channel record from an inside-out patch taken during

an unusually long period in which the channel spent most of its time

opening to the 72% subconductance level. The channel was held at

+60 mV in 107* M Ca’* K =K. The current was outward under

these conditions (¢ = closed, s = opening 10 72% subconduclance state.

o (1op) = full conductance openings). A 1 kHz filter was used to
produce this figure.

% TIME IN SUBCONDUCTANGE

Fig. 4. The effects of holdirg vollage and calcium concentration on
the amount of time spent in subconductance states. Each bold point
(n = 56) depicls the total time spent in subconductance states divided
by the total open time for all i at that parti calcium
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Fig. 5. The effect of time on subconductance state sopearance for four
inside-out patches. Time bins (¢, t. etc.) are approximately 12 min
cach and include data from several voltages and/or calcium con-
centrations. Although there was a trend for subconduciance state
occurrence to increase slightly between £, and 5, there was ro
progressive effect aver the duration of the experiments.

der these conditions, there was a significant increase in
subconductance state occurrence followed by a gradual
loss of full conductance events that was not completely
reversible. Therefore, we must be cautious in interpre-
ting the data from the lowest two calcium concentra-
tions in the figure. There seems to be no effect of
voltage on subconductance state occurrence, but there
may be some effect of calcium concentration. More
data within the 107%° to 10°™° M range would be
required to establish significant effects.

The duration of the experiment was also considered
to be a candidate for increasing subconductance state
occurrence. In Fig. 5 each time bin (#,—1;) represents a
10-15 min time interval in which a current-voltage
relationship was determined and/or a solution ex-
change was carried out. % subconductance was the total
time in all subconductance states divided by the total
open time for each bin. Although there was a slight
increase in subconductance state occurrence within 20
min after patch excision, this did not seem to pr.gress
further during the remaining 60-90 min of each experi-
ment. This indicates that subconductance state occur-
rence was not an artefact of slow damage to the mem-
brane or channel degradation taking place during the
period of experimentation. This finding was further
supported by our failure to see any indication of chan-
nel rundown in these experiments.

Subconductance states occurred within a range of
time scales (see Fig. 1). They were usually seen as
square events of diminished amplitude, leading toward
a fuil condustaace opening or a full closing. However,
on several occasions the current appeared to change
smoothly and approximately linearly from one subcon-

concentration and holding voltage. The mean (+S.E.) open time

examined for each point was 14292 1872 ms. There was no signifi-

cant effect of voltage on subconduclance occurrence, although there
may be an effect of calcium (sce text).

d state to another conductance (full, subconduc-
tance or closed). Examples of such analog changes are
shown in Fig. 6. Each conductance state had analog
events leading to it and/or from it. These instances
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Fig. 6. Sumples of analog changes between subconductance states. (Top) A channel in an inside-oul patch held at —60 mV in 1077 M Ca?* K=K

saline. There is an analog shift from 33% to0 41% subconductance state. A 2 kHz filter was used for this trace. (Bottom) A channel in an outside-out

paich held at +60 mV in 10™° M Ca®* HBS salinc. There is an analog shift from the 17% 10 the 41% subconductance state, A 5 kHz filter was
used for this trace. Horizental guides indicate the closed level (¢} and sub- and full conductance levels (o).

were always flanked by square events which reduced the
possibility that they were anefactual,

Discussion

Several criteria which have previously been used to
define subconductance states [9,22] are met by our data:
{1) Subconductance states only appeared under condi-
tions in which there were also full conductance open-
ings. (2) Subconductance states were most often seen
leaving a fully closed or fully open state. (3) Subconduc-
tance states had the same voltage and calcium sensitiv-

appeared to have the same ion selectivity as the full
conductance. (5) Under conditions where only one
channel was open in the patch, evenis greater than full
conductance were never seen. Although this definition
may be too limited for some situations {9}, concurrence
with these points argues strongly against the possibility
that cur subconductance states were actually separate
channels in the same patch.

Subconductance state occurrences in airway smooth
muscle maxi-K channels appeared to be due to infre-
quent random events. We found no association between
subconductance state occurrence and voltage, but a
effect could not be ruled out. For some other

ity as the full cond (4) Subcond e states Jei
A B
C D

Fig. 7. Possible models for a channel exhibiting subconductance

states. Oligopore types may have similar (A} or dissimilar (B) pore

diameters. Monopore 1ypes may have variable pore size (C) caused by

diameter changes or binding properties, or variable gating frequen-
cies (D).

channels, subconductance state occurrence has been
reported to increase with the duration of the experiment
[10] or decrease substantially after seal formation [8].
These types of changes might suggest some sort of
artefactual increase in subconductance state occurrence
associated with patch excision. However, we found no
significant changes in subconduciance state occurrence
after seal formation.

Models of subconductance states

Four models which could explain the occurrences of
subconductance states are shown in Fig. 7 and consid-
ered here:

(A) In an oligopore channel model, the maxi-K
channel would be an aggregate of seven pores of equal
size which have a strong cooperativity, but which occa-
sionally function separately. Oligopore models similar
to this have been used to describe chloride channels
{10,11), sodium ch Is {23] and pc h 1
[24,25) with equidistant subconductance states. Al-
though the oligopore model has also been used to
describe maxi-K subconductance states [8], our results




are not compatible with this model because of the
irregular subconductance intervals. The first sub.level
that we distinguished occurred at approximately 17%
followed by intervals of 16%, 8%. 11%, 11%. and 9%,
respectively, all with < 2% standard deviation.

{B) A variation of the oligopore maodel would con-
tain pores of unequal size. With three pores. such a
mode! would give six subconductance levels with irregu-
lar intervals. However, there is no sct of three unit pore
sizes which would explain our subconductance levels. A
simifar model with more pores could be constructed to
explain the intervals which we observed. Such a model
would have to exhibit significant flux interaction among
neighboring pores to yield the observed number of
subconductance levels, yet it is plausible [23]. Analog
events would not be expiained by this model.

(C) The channel could have a single pore. with con-
formational changes in the protein giving it a variable
pore size. Conformational changes might occur ran-
domly or may be induced by the binding of a ligand to
an allosteric site on the channel.

Allosteric induction may explain subconductance
state occurrence in acetyicholine receptor channels {26].
Jahr and Stevens [27] and Cull-Candy and Usowicz [28]
have demonstrated subconductance states activated by
the binding of amino acids to channels. Similarly, some

[ d suk which oceur nor-

toxil (sub
mally, but infrequently) may be caused by conforma-
tional changes in pore size [3,23]. Prod’hora et al. [29]
proposed that the binding of a proton to the L-type
calcium channel could cause a conformational change
in the channel which would ceuse a subconductance
state, thus accounting for the pH sensitivity of the
channel. The time scale (< 107* s} in which this event
naturally occurs seems to exclude it as a cause for
subconductance states in the maxi-K channel which are
able to last up to several seconds (sec Fig. 3). Long-lived
subconductance state occurrences have been seen in
maxi-K channels from other preparations as well [6]
and would indicate a more stable sitvation. Calcium is
the major natural agonist which will bind to maxi-K
channels. There may be an effect of calcium on subcon-
ductance state occurrence, but we have not clearly
established this. Also, we have noi examined the effect
of magnesium or pH on subconductance state occur-
rence.

Random changes in pore size are compatible with the
idea that proteins are capable of motions that cause
tilting or twisting of channel 1! 'nits over a time scale
of 10-12-10° 5 [30-33}. Cre car imagine a protein pore
moving between relatively siabie conformational states
which give rise to discrewc subcondutince levels like
the f stops on a camera diaphragm. Svch a model has
been proposed for sodium channsi subconductance
states {34]. This model is cong s with our data.
Further support for this mode! is the uccasional occur-
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rence of relatively smooth transitions from one subcon-
ductance state to another (see Fig. 6).

A variation of this theme would be that the subhcon-
ductance states are caused by ithe binding of a permeant
or impermeunt ion within the channel [35.36). We have
no evidence that this is occurring in the maxi-K chan-
nel. However. it seems unlikely when one considers the
number of subconductance states and the length of time
that the channel may spend in a subconductance state.

(D) If the channel pore size does not change, ap-
parent subconductance levels could be created by
changes in the gating frequency that are beyond the
bandwidth of normal kinetic measurements. This model
is also plausible when one considers the time scale of
motions in a large protein. There are technical limita-
tions 10 our ability to test this model. Recordings like
those in Fig. 1 17% (left) and 41% (left) could argue for
this model, while recordings like Fig. 1 41%, 52%, and
T72% (right) would argue against it as would the analog
changes depicted in Fig. 6. We used the highest band-
width available with our recording equipment (see
Materials and Methods) and still saw these events. Also,
when the channel entered a high frequency buzz mode,
openings were always to full conductance. Since these
openings are followed by our amplifier, subconductance
states would have to involve much higher frequencies.

In conclusion. six subconductance levels have been
identified in the maxi-K channel from airway smooth
mauscle. Subconductance states usually occurred more
than 0.01% and less than 5% of the time. This is a
significant fraction of channel open time (often several
hundreds of milliseconds) and probably reflects im-
portant features of channel structure and/or gating.
Our data can be best explained by a model in which the
pore of the channel changes its size through conforma-
tional changes in the channel protein.
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