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Voltage and Temperature Dependence of Single K+ Channels Isolated
from Canine Cardiac Sarcoplasmic Reticulum
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ABSTRACT The temperature and voltage dependence of gating and conductance of sarcoplasmic reticulum K+ channels (S-R
K+) isolated from adult canine hearts were studied using the reconstituted bilayer technique. Fusion of vesicles from this
preparation frequently resulted in the incorporation of a single channel. Only bilayers into which a single S-R K+ channel had
fused were studied. The three conductance states of the channel, fully open (02), substate conductance (01), and closed (C)
were studied as a function of voltage (-50 to +50 mV) and temperature (16 to 370C). Permeation through the 01 state showed
the same temperature dependence as the 02 state corresponding to an enthalpy of permeation of 4.1-4.2 kcal/mol, which is
similar to that for K+ diffusion through water. As expected, increased temperature increased the frequency of gating transitions
and shortened the average dwell time spent in any conductance state. Over the range of 25 to 370C, the average dwell time
spent in the 01, 02, and C states decreased by 44 ± 11, 36 ± 13, and 78 + 7% (n = 3 to 4 channels), respectively. The ratio
of probabilities between the various conductance states was not strongly temperature sensitive. Analysis of the voltage de-
pendence of this channel was carried out at 370C and revealed that the dwell times of the 01 and 02 states were voltage
insensitive and the probability ratio (Po2: Po1) was approximately 7 and was voltage insensitive. Nonlinear least-squares analysis
of dwell times revealed that the closed state was biexponential and was thus composed of a fast (Cf) and a slow (C8) component.
Tcf was voltage insensitive with an average value of 5.9 ms, whereas Tc. was approximately two orders of magnitude slower
and was voltage dependent. The voltage dependence of C. was described by Tc (ms) = exp(-0.025-(Vm (mV) - 250)).

INTRODUCTION

The cardiac sarcoplasmic reticulum K+ (S-R K+) channel
and the closely related skeletal muscle S-R K+ channel are
interesting models for the analysis of ion channel conduction
and gating (1-9) because gating is weakly voltage dependent
(4,6) and a prominent substate is routinely observed (4,10-
12). In addition, it has been proposed on the basis of phar-
macological interventions (13) that the S-R K+ channel me-
diates a shunt conductance across the SR membrane,
compensating for the charge movement that accompanies
Ca2' efflux through ryanodine-sensitive Ca21 channels dur-
ing excitation-contraction coupling (14, 15). Therefore, fur-
ther study of S-R K+ channel gating and permeation char-
acteristics may enhance our understanding of excitation-
contraction coupling in the heart.

Early work on the S-R K+ channel isolated from rabbit
skeletal muscle demonstrated selectivity for potassium ions
and an enthalpy of permeation to K+ of 4.6 kcal/mol (1).
Gating was described by a two-state (open and closed) model
(6). Later studies in which only a single channel had fused
with the bilayer revealed that the S-R K+ channel of frog
skeletal muscle also possessed a prominent subconductance
state (11). However, the infrequent occurrence of the sub-
conductance state precluded detailed analysis of the voltage
and temperature sensitivity of its gating and permeation
properties.
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Subsequent work revealed that S-R K+ channels isolated
from both the canine myocardium and skeletal muscle ex-
hibited a similar conductance activity relationship for po-
tassium, selectivity sequence for monovalent cations, sub-
conductance level, and voltage dependence of Popen&Pciosed
at 22°C (1-3, 16). However, important qualitative differ-
ences exist between the S-R K+ channels isolated from skel-
etal muscle and myocardium (3, 16). For example, perme-
ation of K+ through skeletal S-R K+ channels is well
described by a single ion occupancy model (1), whereas per-
meation through the canine myocardial S-R K+ channel is
a multi-ion process (3). The gating process of canine cardiac
S-R K+ channels also differs from that observed in rabbit
skeletal muscle preparations. For example, the myocardial
channel shows a more frequently observed substate (4).
These differences in biophysical characteristics imply that
the canine cardiac S-R K+ channel expresses more internal
ionic binding sites than and a conformational stability dif-
ferent from that of the skeletal muscle channel. This study
describes several findings concerning the temperature and
voltage sensitivity of the cardiac S-R K+ channel and dis-
cusses how they differed from or were similar to previous
findings for skeletal muscle S-R K+ channels.

Preliminary accounts of some portions of this study have
appeared in abstract form (17-19).

MATERIALS AND METHODS

Vesicle preparation
Vesicle isolation procedures were modified from those used by Jones (20)
as described by Hill et al. (3) and are briefly summarized here. Left ven-
tricular tissue was isolated, and the endocardium and epicardium were dis-
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sected away. The tissue was minced, and the cells were disrupted physically.
Intracellular proteins were removed via a series of extractions in saline
solutions. Remaining cellular membranes were vesiculated and separated by
differential density centrifugation.

Reconstitution and electrical measurements
Bilayer construction, channel incorporation, and electrical recording tech'
niques have all been reported previously (3, 4). Briefly, decane solubilized
1:1 phosphatidylethanolamine:phosphatidylserine lipids were "painted"
over a small hole in a lucite chamber forming a bilayer of approximately
200 pF. Channels were incorporated by stirring in the presence of Ca(2+ and
an osmotic gradient across the bilayer. Upon channel incorporation, Ca2"
was removed by the addition of EGTA, the osmotic gradient was abolished,
and stirring was discontinued. Electrical measurements were obtained from
a custom-made head stage (3) and recorded on a video cassette recorder-
pulse code modulator system.

Temperature control was achieved by use of a copper-jacketed circulating
water bath. The bilayer chamber temperature was monitored continuously
during the experiment. During most of the experimental measurements the
circulating water was turned off to minimize vibrational noise. The water
bath had sufficient thermal mass to maintain a relatively constant temper-
ature (within 2°C of desired) for several minutes. Longer periods of elevated
temperature were achieved with an infrared spotlight, which directed radiant
heat onto the system and was controlled manually to balance passive heat
loss.

Analysis techniques
Data analysis was performed using a data acquisition and control program
written by H. Affolter, described elsewhere (3). Briefly, data were filtered
at 100 Hz using an eight-pole Bessel filter and digitized at a rate of 500
samples/s using an analog-to-digital converter (Keithley, Series 500) inter-
faced to an IBM AT computer. Only bilayers in which a single channel had
fused were analyzed. The entire digitized record was visualized prior to
analysis. Current amplitude histograms were generated to estimate subcon-
ductance, fully open and closed state probabilities PoI, Po2, and Pc, re-
spectively.

Event analysis was accomplished by defining discriminators of transi-
tions midway between the means of 01 and 02, and 01 and C. An event
was described as 02 if it had four or more consecutive points above the 01,
02 discriminator, as 01 if four or more points fell between the 01, 02

370C
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2500 ms

310C
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160C a W

FIGURE 1 Current traces from a reconstituted S-R K+ channel display-
ing the 02, 01, and closed conductance states at four different temperatures.
Symmetrical K+ acetate (500 mM), -30 mV.

discriminator and the 01,C discriminator, and as C when four points fell
below the 01,C discriminator. Dwell time histograms were generated with
exponentially increasing variable bin widths and histogram height normal-
ized by bin width (21). Bin widths were also constrained to be integer
multiples of sampling rate in order to minimize curve fitting errors at small
bin widths (22). The minimum bin width was the sample rate (2 ms). Events
of shorter duration than the four sample point (8 ms) criteria were recorded
but not included in the analysis. Customized programs were used to analyze
the data for mean dwell time, generate histograms of dwell times, and per-
form nonlinear least-squares fit of one and two exponentials to dwell time
histograms.

The valence, z, and the chemical potential AGO mV of equilibrium gating
reaction at zeromVwas estimated by fitting a Boltzmann distribution to data
from one channel. The resulting estimates of z from all channels were av-
eraged and reported as mean ± SEM. Because AGO mV might come from
a bimodal distribution, values were estimated similarly, but averages are
from groups as noted in the text.

Experimental solutions
Bilayer experiments were performed with symmetrical 500 mM potassium
acetate solutions with a 10 mM histidine buffer adjusted to pH 7.1.

RESULTS

Fig. 1 illustrates the characteristic gating behavior of the S-R
K+ channel at different temperatures with clear transitions
between a closed state (C) and two distinct levels of open
current (01 and 02). Compared with the S-R K+ channel of
rabbit skeletal muscle, the cardiac channel displays a more
frequently observed substate, which made it more amenable
to detailed analysis. Each conductance state (C, 01, and 02)
can undergo a direct transition randomly to the other two, as
has been reported for S-R K+ channels from other species
and tissues (2, 4, 11, 12).

Temperature dependence of conductance

Typically the permeation process for ionic diffusion through
the open channel pore is relatively temperature insensitive,
with a Qlo in the range of 1.4 (23). The mechanism under-
lying the lower conductance of the 01 state is not known.
One hypothesis is that the 01 conductance resulted from the
filtering of rapid transitions between a short-lived fully open
state with a conductance equal to the 02 state and a short-
lived closed state. If this was the case, the observed con-
ductance level was an average of the equilibria between these
states due to the finite bandwidth of the measuring apparatus
(for a review see Ref. 24). Fig. 1 also shows that the 01
substate was observed at a variety of temperatures (16 to
37°C). Cooling to 16°C, or even to 10°C (data not shown),
did not slow the noisy flickering of the 01 conductance state
sufficiently to resolve the discrete transitions that are puta-
tively responsible for the substantial "noise" of the substate
conductance. Over the range of voltages studied (-40 to +50
mV) the conductance relationship of both the 01 and 02
states remained linear (Fig. 2,A and B). In addition, the ratio
of the 01 to 02 conductance remained constant at approxi-
mately 60% (Table 1), indicating an enthalpy of permeation
for both states of approximately 4.2 kcal/mol (Fig. 2C),
which is similar to the enthalpy of diffusion of K+ ions in
water (25).
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A 20 i TABLE 1 Temperature dependence of conductance

Temperature (°K)

State 289 298 304 310

01 (pS) 116 ± 11 138 ± 13 156 ± 12 184 ± 3
02 (pS) 184 ± 10 242 ± 8 271 ± 6 307 ± 8
01/02 (%) 63 (n = 4) 57 (n = 6) 58 (n = 6) 60 (n = 5)
02, open state; 01, substate. Data are expressed as mean ± SE. All experi-

* 16@C, - 195 pS ments were performed with symmetric 500 nM potassium acetate.
* 25*C, g - 247 pS

371C g - 318 pS Temperature dependence of gating

In contrast to permeation, gating is often a strongly
temperature-dependent phenomenon (23). The dwell times

-50 -30 -10 10 30 50 for all states (C, 01, and 02) for the cardiac S-R K+ channel

Holding Voltage (mV) become shorter as temperature increases. The temperature

dependence of dwell times was analyzed in four bilayers
containing single S-R K+ channels and for which the tem-
perature was varied. Because subsequent analysis revealed
that the closed state dwell time of the channel was voltage
sensitive while the 01 and 02 states were voltage insensitive,
the data for the closed-state dwell time were analyzed at a

single potential (+20 mV), and the data for the temperature

dependence of 01 and 02 were averaged over all potentials.
The dwell times of the C, 01, and 02 states decreased by 78

* WiC, g - 111 pS + 7, 44 + 11, and 36 ± 13%, respectively, as the temperature
* 25C, g = 140 pS increased from 250C to 37°C. Increasing temperature can

31'C. g - 155 pS also affect the equilibria between states in channels. How-
A 37'C, g - 180 pS ever, Fig. 3 shows no convincing evidence for a shift in the

probability of opening over the range of temperatures studied
(25, 31, 37°C) for our bilayer configuration.

-50 -30 -10 10 30 50

Holding Voltage (mV) 370C

Because channel gating transition rates were more rapid at
37°C than at 250C, and channel probability distributions
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the voltage dependence remained linear throughout the range of Membrane Potential
employed. (C) The temperature dependence of the 02 (top trace)
bottom trace) displayed as an Arrhenius plot. The ratio of con- FIGURE 3 Temperature dependence of Popen versus voltage for 37°C
remained constant and gave a calculated enthalpy for conduction (@), 31°C (A), and 250C (U). Popen was calculated as the sum ofPo, + P02;
Ll/mol for 02 and 4.1 kcal/mol for 01 (data plotted + SEM, n = each point is the average of from 3 to 5 bilayers, with error bars representing
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were more evenly distributed between 01, 02, and C at 500
mM than for 100 mM K+ concentration (4,26) we examined
the voltage dependence of gating more closely at 37°C and
500 mM K+. What follows is an analysis of four different
bilayers into which a single S-R K+ channel was incorpo-
rated. Fig. 4A demonstrates that depolarization favors steady-
state open probability (Po1 + P02) as described previously
(4). While these channels consistently exhibited relatively
weak voltage sensitivity for all bilayers studied, three of the
four channels in Fig. 4A showed a fairly high probability for
the combined open state, and one channel showed a much
lower probability of channel opening. The source of this vari-
ability is unknown, but similar variability has been observed
in situ for the S-R K+ channel of lobster muscle (12).

Depolarization increased the percentage of time that the
channel spent in the open states relative to the closed state,
but the ratio ofP02: P01 was independent of voltage with an
average value of approximately 7:1. From this ratio, we cal-
culated a value of 1.2 kcal/mol for AG between 01 and 02.
The voltage insensitivity suggests that there was very little
transmembrane charge movement associated with transitions
between the 01 and 02 states and that the mechanism un-
derlying the voltage dependence of the equilibrium between
open and closed states did not affect the equilibrium between
01 and 02.

While the voltage dependence of Popen:Pc was qualita-
tively consistent with that observed in rabbit skeletal muscle
channels, how the voltage dependence is distributed between
the various states in cardiac S-R K+ channels remains un-
addressed. The average dwell times of the 02, 01, and C
states are summarized in Fig. 4 (B-D). The dotted lines are
the individual regressions of the logarithmically linearized
data from a single experiment, while the solid line is the
regression line obtained by averaging the parameters from
the individual experiments. 02 and 01 dwell times were
voltage insensitive. Surprisingly, all of the voltage depen-
dence of channel gating was attributable to changes in
closed-state dwell time (Fig. 4D). The voltage dependence
of the closed state was described by

Tc = exp{- 0.025[Vm (mV) - 247]} (1)
This preponderance ofvoltage-dependent behavior due to the
closed state was distinctly different from the findings in S-R
K+ channels from rabbit skeletal muscle, where both open-
and closed-state dwell times were found to be voltage de-
pendent (11).

Previous studies on the S-R K+ channel from canine car-
diac cells (4) reported a mean closed-state dwell time that
was markedly different from the mean value as calculated
from exponential fits to the data histograms, suggesting that
the dwell times of the closed conductance state were not
single-exponentially distributed. Examination of the closed-
state dwell time histograms obtained at 37°C revealed a prob-
ability distribution that was consistently biexponential. An
example is shown in Fig. SC. Indeed, examination of the 02
and 01 states revealed that they were also consistently biex-
ponential in nature (Fig. 5, A and B). This finding was also

different from the results reported in rabbit skeletal muscle,
in which open and closed dwell times were found to be
single-exponentially distributed.
We examined the least-squares estimated time constants

from a biexponential fit to the data as a function of potential.
Fig. 4E summarizes the data and shows that the slow com-
ponent of dwell time distribution decreased as a function of
membrane potential, whereas the rapid component showed
no voltage dependence. The voltage dependence of Cs could
be described by

Tcr (ms) = exp{ - 0.025 * [Vm (mV) - 250]} (2)

This voltage dependence of a single component of the
closed-state dwell time histogram was in contrast to the
behavior of the biexponential distributions for the 01 and
02 dwell times from the same experiments, which showed
no voltage dependence.
The relative frequency of each component of closed-state

dwell time can be analyzed by examining the ratio of areas
as determined by the biexponential fit. The results of this
process are shown in Fig. 4F. The area comprising each com-
ponent should correspond to the number of slow and fast
events. The voltage insensitivity of this ratio indicates that
there was no voltage dependence favoring either slow or fast
events. This allowed us to conclude that voltage dependence
of gating of the cardiac S-R K+ channel was not mediated
by changes in the relative ratio of fast to slow events but by
changes in the dwell time of long-lived closed events.

DISCUSSION

The S-R K+ channel has been postulated to play a role in the
sequence of events surrounding calcium release from the SR
during excitation contraction coupling (13) by facilitating
K+ current to neutralize the influence of Ca2+ flow through
the ryanodine-sensitive channel (14). This hypothesis was
based largely on the use ofpharmacological agents that block
the S-R K+ channel (13). Because the action and affinity of
such compounds are frequently sensitive to channel opening,
it is important to understand the gating behavior of this chan-
nel at physiological temperatures.
The temperature dependence of K+ permeation through

the fully open (02) state of the cardiac S-R K+ channel was
consistent with that observed for the fully open state of the
skeletal muscle channel (1). The enthalpy of permeation
through the open channel as determined by the temperature
dependence of conductance was very similar to that for the
free diffusion ofK+ in aqueous solutions (25). The measured
enthalpy of permeation was qualitatively in agreement with
the maximum free-energy change of permeation proposed
for this channel by Hill et al. (3) in their two-binding-site,
three-energy-barrier model for the ionic permeation of K+.
By comparing the calculated free energy of activation in-
corporated in the model (6.58 kcal/mol) to the experimen-
tally determined activation enthalpy (4.2 kcal/mol), we spec-
ulate that the entropic contribution to permeation was at most
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In spite of the fact that the 01 ch
tance was approximately 60% of the
thalpy (4.1 versus 4.2 kcal/mol) of pe
Since 01 has been hypothesized to

solved gating transitions, and components of gating transi-
tions are often highly temperature sensitive, it seemed almost
peculiar that the 01 conductance did not display a temper-
ature sensitivity different from that of 02. However, if the
free energy difference, AGO mV, between a putative short-
lived open state with a conductance equivalent to the 02 state
and a short-lived closed state remained constant as a function
of temperature then Boltzmann equilibrium theory predicts

5, that a change in 01/02 of only -1% would occur over the
range of temperatures studied. Furthermore, cooling did not
slow down the hypothesized substate kinetic rates suffi-
ciently to allow the resolution of discrete transitions. Indeed,
we were unable to discern any systematic changes in the

10 100 noise of the 01 state as a function of temperature. Thus,
whether the subconductance represents a "flickering" state or
a pathway of lower ionic mobility for K+ remains unre-
solved.
The dwell time of the channel conductance states showed

a mild temperature dependence, becoming faster with in-
creasing temperature. The temperature dependence of gating
was not as pronounced as is typically observed for ionic
channels (23). The reason for this lesser temperature sensi-

o tivity was unclear. One possible explanation may lie in the
o\3 biexponential nature of the dwell-time probability distribu-
o e tion of canine cardiac S-R K+ channels-an increase in tem-

\0 perature might decrease the mean dwell-time of both the
rapid and slow components. However, the rapid component
of the dwell time histogram was fairly close to the filter

"1 .I 0 cut-off frequency. Consequently, at higher temperatures,
fewer of the rapid events may have been included, propor-
tionately, in the calculation of mean dwell time. Specifically,
a higher temperature may have resulted in more of the rapid
events being discarded as noise, thus increasing the weight-
ing given to the slow component in the calculation of mean
dwell time.

Measurement of changes in the equilibrium between Po,,
P0o2, and Pc also failed to demonstrate a strong temperature

- - ~~~~dependence for the cardiac S-R K+ channel. Because of the
variability associated with sampling from biexponential dis-
tributions and the limited amount of time for which the re-
constituted S-R K+ channel is stable, equilibrium may still

13 °have some temperature dependence, which was beyond the
resolution of our measurements for a single channel. In con-

, Iw ffi l trast, the change in the internal free energy of opening for the
I I10 100 skeletal muscle S-R K+ channel converts to a -20-mV shift

a (s) in the equilibrium relation (6) for the temperature changes

al nature of channel states as employed in this study. However, the different temperature
01; (C) closed. Note that all sensitivities may have been due to differences in the com-
ne exponential component. position of the lipid environment. Lipid composition can in-

fluence the magnitude and even the direction of the tem-
perature sensitivity of gating equilibrium (6).

h the estimates obtained Combining the 02 state with the 01 state allowed us to
nnel (1). calculate an approximate value of z for the channel opening
annel substate conduc- for the purposes of comparison with the findings of Hill et
02 state, the same en- al. (4) and Labarca et al. (6). AGO mV was also estimated, but
rmeation was observed. because of the apparent bimodal nature ofPc the values are
arise from rapid unre- reported three ways: (a) The average value for AGO mV for

* X |IX. .l

I . . I . . I I I I . . I . . ..I
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all channels was 0.2 ± 0.4 kcal/mol; (b) the average value
for the three closely grouped channels was 0.64 ± 0.04
kcal/mol; and (c) the AGO mV for the one outlier was
-1.1 kcal/mol. The S-R K+ channel from rabbit skeletal mus-
cle was reported to have a temperature-sensitive AGO mV of
1.5 kcal/mol and a temperature-insensitive z of -1.1 (6). At
22°C in symmetric 100 mM potassium acetate the gating of
the S-R K+ channel from dog ventricle has been reported to
be described by a AGO mV of 1.9 kcal/mol and a z of -1.2.
Examination of the potential dependence of gating at 37°C
in symmetric 500 mM potassium acetate reveals a z of
-1.1 + 0.15 taken as the average of four independent ob-
servations. Thus, the valence of gating charge movement
remained constant when compared with results obtained pre-
viously at 22°C and 100 mM potassium acetate (4).

Although a paired experiment was not attempted in this
study, the probability of the channel being open in 500 mM
potassium acetate was higher at all temperatures than that
observed under 100 mM potassium acetate conditions (4).
This was qualitatively consistent with the concentration de-
pendence of gating of the S-R K+ channel as reported by
Campos-de-Carvalho (26). We were unable to find any evi-
dence of coupling between gating transition sequences and
an electrochemical driving force of permeant ions of the sort
described for Torpedo electroplax Cl- channels (27). As men-
tioned earlier, the valence of the voltage dependence of gat-
ing was unaffected by ionic concentration. This suggests that
the S-R K+ channel may be well suited as a model system
for studying the relationship between molecular structure and
gating, since the valence of gating transitions seems to be a
distinct property of the channel.

Quantitative analysis of channel gating showed that the
01, 02, and closed states were all multiexponential, in direct
contrast to the findings of Labarca et al. (6), who found that
skeletal muscle S-R K+ channel 02 and closed states were
well described as single exponential processes.A further dif-
ference observed between the skeletal muscle and cardiac
S-R K+ channels was that the voltage dependence of gating
of the cardiac S-R K+ channel was due entirely to changes
in closed-state dwell time; voltage dependence was found in
both the open- and closed-state dwell times for the skeletal
muscle channel. Furthermore, this voltage dependence was
localized to the slow component of the closed-state dwell
time. Thus, the valence of gating calculated from the prob-
ability curves was probably not a strictly correct interpre-
tation of the gating reaction. The actual valence of the slow
closed-state gating reaction was probably slightly greater
than calculated due to the voltage insensitivity of the fast
component. However, the similarity between the parameters
in Eqs. 1 and 2 indicates that this systematic error may be
small relative to the error inherent in making the least-
squares estimate.
A more precise interpretation of the biexponential nature

of the two putative closed states depends upon a determi-
nation of how each of the closed states communicates with
the 01 and 02 states. Evaluation of the communication be-
tween states requires experiments using very large numbers

of transitions and a long and sophisticated analysis (for a
review see Ref. 21). Preliminary results from one particularly
long-lived experiment have been published in abstract form
(19). Conditional probability analysis of this channel indi-
cated that a short-lived closed state communicated prefer-
entially with the 01 state, whereas a long-lived closed state
communicated with both 01 and 02. While this preliminary
result was encouraging, large numbers of transitions are re-
quired to confirm the reproducibility of this finding and to
allocate the voltage dependence of the various transitions in
a Markov model of channel behavior.
As the primary, secondary, and tertiary structure of po-

tassium channels becomes progressively better understood
(for reviews see Refs. 28 and 29), detailed biophysical anal-
ysis will become essential in elucidating the relationship be-
tween structure and function. In a sense, examining the gat-
ing properties of similar channels as expressed in different
species and organs provides a natural form of mutagenesis
experiment. Some of the biophysical differences found be-
tween the canine cardiac S-R K+ channel and the rabbit
skeletal muscle channel represent very important physical
differences. These physical differences will correspond to
variations in the amino acid sequence for the channel. Thus,
as the protein constituting this channel is purified (30,31) and
ultimately sequenced in various tissues, studies such as this
will form a starting point in providing clues for site-directed
mutagenesis experiments aimed at resolving structure-
function relationships.
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