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ABSTRACT  The dependence of K,;, channel activity on [ATP] has been examined in isolated membrane patches from rat ventricular
myocytes. The steady-state [ATP] dependence of channel open probability could be described by a sigmoidal relationship with the
k, ([ATP] causing half-maximal inhibition of open probability) = 25 uM and Hill coefficient of 2. Description of channel open- and
closed-time distributions required at least 2, and 3, time constants, respectively. Long open-channel lifetimes decreased with
[ATP]; unconditional mean channel closed-times increased with [ATP]. Step decrease (jump) in bathing [ATP] resulted in a delay
(of up to hundreds of milliseconds) followed by a pseudo-exponential rise of current (with a time constant of up to hundreds of
milliseconds). The time course of channel current after changes of [ATP] (or the ATP-analogue AMP-PNP) was shown to be
predominantly determined by the time course of diffusion into the tip of the electrode and to the membrane. This time course of
diffusion of ATP into the pipette tip had to be taken into account when analyzing the current response to [ATP] steps. Several
possible kinetic models of the ATP-dependent regulation of channel activity were considered. Adequate explanation of the data
required a model with sequential ATP-binding sites. The model can account for the time course of channel opening after steps of
[ATP], as well as for the steady-state dependence of P, on [ATP]. The model predicts [ATP]-dependent ciosed and open lifetimes

as were observed experimentally.

INTRODUCTION

A novel class of K*-channels, inhibited by low concentra-
tions of intracellular ATP, was first identified in heart
muscle (Noma, 1983) and has since been observed in
skeletal and smooth muscle, pancreatic B-cells, and
brain (see Ashcroft, 1988). These channels are now
recognized as important mediators of potential thera-
pies for certain disease states: in the pancreas, channel
inhibition by sulfonylureas is an antidiabetic mecha-
nism; in smooth muscle, channel opening by drugs such
as pinacidil is antihypertensive (Weston and Abbott,
1987).

The mechanism by which ATP regulates the activity of
K. channels has been the subject of much investiga-
tion. There is general agreement that these channels are
inhibited by the binding of ATP to the channel without
hydrolysis of ATP (but see Ribalet, Ciani, and Eddle-
stone, 1989; Nichols and Lederer, 1991). Measurement
of single channel kinetics has been severely hampered by
the rundown of channel activity that follows patch
isolation (Trube and Hescheler, 1984). The develop-
ment of the oil-gate chamber by Qin and Noma (1988)
allows step changes (jumps) of [ATP] at the tip of a
patch electrode and has been used to provide an
alternate means of studying the ATP dependence of
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K. channel kinetics (Qin, Takano, and Noma, 1989).
In combination with measurements of single-channel
dwell-time distributions, such measurements have been
used to develop a mechanistic model of ATP binding to
the channel. The model of Qin et al. (1989) can
reproduce some of the features of the ATP dependence
of cardiac K, channel kinetics (Qin et al., 1989). There
are, however, at least two major shortcomings of this
model: (a) this model does not explain the long latency
to channel opening that is observed on removal of ATP
(Qin and Noma, 1988; Lederer and Nichols, 1989; Qin et
al., 1989); and (b) other studies have shown that cardiac
K., 1r channels require a Hill coefficient of ~2 to fit the
steady-state [ATP] dependence of channel activity
(Noma, 1983; Findlay, 1988; Lederer and Nichols, 1989).
The model of Qin et al. (1989) predicts that the
steady-state [ATP] dependence of channel opening
should have a Hill coefficient of 1. To increase the
steepness of the relationship, the ATP unbinding reac-
tion has been suggested to be [ATP] dependent (Qin et
al., 1989).

In the preceding paper, we have described limitations
in the use of isolated membrane patches to measure the
kinetics of ligand-channel interaction (Cannell and
Nichols, 1991). In this study, we have taken such
limitations into account in reexamining the kinetics of
K. channel gating by ATP. The results suggest that the
delay (or lag) observed in oil-gate experiments on K,
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channels is principally due to the diffusion-limited exit
of ATP from the patch pipette. The results are used to
develop a new model for K,;; channel gating which
accounts for the steady-state [ATP] dependence of
channel activity without requiring [ATP] dependence of
ATP unbinding.

METHODS
General

Single ventricular myocytes were obtained from adult rat hearts by
established enzymatic dissociation techniques (see Lederer and Nichols,
1989). Experiments were performed at room temperature, in an
oil-gate chamber (Qin and Noma, 1988), described in Lederer and
Nichols (1989), which allowed step changes in the solution bathing the
patch pipette.

Microelectrodes (540 MQ) were pulled from filamented borosili-
cate glass (1.5 mm o.d., No. 1B150F-6; WPI Inc., New Haven, CT) on a
horizontal puller (BB-CH Mechanex, Geneva, Switzerland). Micropi-
pettes were sealed onto cells by applying light suction to the rear of the
pipette, and inside-out patches were obtained by lifting the electrode
and then passing the electrode tip through the oil-gate, which caused
the patch of membrane to be excised from the cell.

Solutions

The standard pipette (extracellular) solution used throughout these
experiments had the following composition (mM): NaCl, 140; KCl, 4;
CaCl,, 1; Na-Hepes 5. The pH was 7.2. The standard bath (intracellu-
lar) solution contained (mM): KCl, 140; K-Hepes, 10; K-EGTA, 1. The
solution pH was 7.25. Additions to this solution are described in
Results. ATP was added as the K* salt; AMP-PNP, used in Fig. 5, was
added as the Li* salt. Mg®* was absent from all solutions.

Data collection and analysis

Patch-clamp currents were measured using a Dagan model 8900 patch
clamp (Dagan Corp., Minneapolis, MN) with a 10-G() headstage, and
filtered at 1 kHz or 10 kHz. Signals were digitized at 22 kHz
(Neurocorder; Neurodata, New York) and stored on video tape.
Multichannel data was replayed through a 1 or 5 kHz 8-pole Bessel
filter and digitized at 20 kHz by a microcomputer (Compaq Computer
Corp., Houston, TX).

Parameter fitting and simulations

The time course of K* and of ATP concentration changes at the
membrane in response to step changes of their concentration at the tip
of the pipette was estimated using the model described in the
preceding paper (Cannell and Nichols, 1991). Briefly, the pipette was
modelled as a right cone, with the membrane patch situated some
distance from the tip opening. The diffusion of solutes into and out of
the pipette was calculated with a nonlinear, finite element method.
The equations describing the flux of solute between elements and
solute binding to the channel were integrated with a program for the
solution of stiff differential equations (FACSIMILE; Chance et al.,
1977). This program also allowed least-squares fitting of model
parameters to experimental records.

Channel activity was simulated with a modified version of the Turbo
C program described in Cannell and Nichols (1991) which incorpo-

rated multiple ATP bound states. Further details of the model are
given in the text where appropriate.

RESULTS

Measurement of ATP-dependent K,;,
channel activity in cardiac
membrane patches

When a patch containing K, channels is excised from
the cell, into a solution containing zero ATP, channel
activity is initially very high, with the open probability
(P;) ~ 0.95. However, the K,; channel activity does not
remain constant but decreases with time after isolation.
This phenomenon, termed rundown (Trube and
Hescheler, 1984), is illustrated in Fig. 1 A, which shows
the current in a membrane patch containing seven active
channels. At the beginning of the record, immediately
after excising the patch into the zero ATP solution, P, is
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FIGURE1 Rundown of K, channel activity in cardiac membrane

patches. (4) (top) Current (at a holding potential of 0 mV) in a
membrane patch after isolation (at arrow). Initially, seven channels are
active. The activity declines over several minutes. (B) (bottom)
Membrane current in a patch containing only one channel after
isolation from the cell (above) and the time integral of membrane
current, the slope of which is a reflection of cumulative open time
(below). The patch was isolated at the first arrow. The second arrows
mark a step change in channel open probability.
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high, but declines to a low level within 10 min of
isolation. This phenomenon seriously complicates the
determination of dwell-time distributions. However, in
patches containing a single active K, channel, such
rundown apparently occurs as a sudden decrease in
channel open probability. A convenient measure of
channel open probability is provided by the time integral
of membrane current, and as shown in Fig. 1 C, the time
integral (cumulative open time) increases approximately
linearly up to the point indicated by the arrow. Thereaf-
ter, the integral increased more slowly and discontinu-
ously. This behavior is reminiscent of the ‘moding’
behavior of other channel types (Hess, Lansman, and
Tsien, 1984). We speculate that the step change in P,
may arise from a quantal dephosphorylation of the
channel (Takano, Qin, and Noma, 1990). However, in
order to avoid the complications of such changes in
behavior in the analysis of channel activity, we have
limited our analysis of experimental data to that ob-
tained immediately after patch isolation, before the step
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change of channel behavior occurs in single channels, or
before significant rundown of multichannel patch activ-
ity had occurred. If rundown of multichannel patch
activity exceeding 15% of initial activity was detected,
then the experimental records were not used.

Steady-state nucleotide dependence
of K, channel open probability in
inside-out patches

Fig. 2.4 shows typical current records from an experi-
ment using the oil-gate technique to change rapidly the
solution bathing the intracellular surface of the mem-
brane patch. At a holding potential of 0 mV, with a
physiological K* gradient across the membrane (see
Methods), the single channel current is 1.85 pA with a
chord conductance of 23 pS (Lederer and Nichols,
1989). In zero [ATP], the maximum channel opening
probability was very high, and in this experiment the
patch contained 10 active channels. The pipette was
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FIGURE2 Steady-state ATP dependence of K, channel open probability in inside-out patches. (4) (top left) Typical current record from an
experiment using the oil-gate technique. A patch was sequentially exposed to 1, 0, 0.01, 0, 0.1, and 0.03 mM [ATP]. (B) (top right) Amplitude
histograms of the data from periods indicated together with predicted distributions from best estimates from binomial distribution of 10 identical
and independent channels (dashes). (C) (bottom left) Patch current during the periods indicated by bars in A (normalized to the current in zero
ATP) plotted as a function of [ATP] (triangles), together with the predicted open probability (from B) as a function of [ATP] (circles). The solid
line is drawn according to Equation 1 in the text with H = 1.8 and k; = 27 uM. (D) (bottom right) Average steady-state ATP dependence of channel
activity. Points show means+SEM (where SEM larger than the graphic symbols), for n = 4-18 experiments in each case. The solid lines are fitted

with H = 2.0 and k, = 25 uM.

1166 Biophysical Journal

Volume 60 November 1991



moved sequentially into 0.01, 0, 0.1, and 0.3 mM ATP.
Amplitude histograms were constructed from the data
in Fig. 24 and are shown in Fig. 2 B. There is good
agreement between the observed current amplitude
distribution at each [ATP] and that expected for 10
identical and independent channels. The ATP depen-
dence of channel opening probability obtained from
fitting the current amplitude histograms is shown in Fig.
2 C (circles) as well as the ATP dependence of the mean
patch current normalized to that measured in zero ATP
(triangles). The solid line is drawn according to the
equation:

I=1/(1 + [ATP/k]"), 0))

where I = relative current, or open probability; ATP =
[ATP]; k, = [ATP] causing half-maximal inhibition of
channel opening; H = Hill coefficient. Both sets of data
are quite well described by H = 1.8, and k;, = 27 pM. The
good agreement between the mean patch current and
open probability (calculated from fitting a binomial
distribution) suggested that the mean patch current can
provide a convenient measure of P. Although there was
some variation of k, in different patches (between 10-50
pM), the pooled data (from 4 to 18 patches per point)
was well described by k; = 25 uM and H = 2 (Fig. 2 D).

We have also measured the dependence of channel
activity on the nonhydrolyzable ATP analogue ade-
nylylimidodiphosphate (AMP-PNP; Lederer and Nichols,
1989). This dependence was well described by k;, = 60
pM and H,ppe = 2. The k; was therefore 2.4-fold
higher than the k, for inhibition by ATP.

Dependence of K, channel
dwell-time distributions on [ATP].

Dwell-time distributions were constructed from data
obtained during the first minute after patch isolation in
order to avoid the problem of contamination of the data
by channel run down, as described above. Fig. 3 4 shows
typical current records from single channel experiments.
Fig. 3 B shows typical dwell-time distributions at three
different [ATP]. Open-time distributions were con-
structed from single openings in patches containing one
to five channels. Only patches containing a single active
channel (in zero ATP) were used to measure channel
closed times. At each [ATP], at least three time con-
stants would be required to fully describe the closed-
time distribution, whereas open-time distributions could
be reasonably well described by two time constants. Fig,
3 C shows the [ATP] dependence of fitted open-time
constants. The fast open-time constant was relatively
[ATP] independent, however, the slower time constant
exhibited clear [ATP] dependence, decreasing as [ATP]
increased. The long mean open time was ~ 50% reduced

at [ATP] of 10-50 pM (Fig. 3 B). The slope factor
appeared to be less than that observed for the [ATP]
dependence of channel open probability (Fig. 2), imply-
ing that the channel closed times must also be [ATP]
dependent. This was found to be the case, as shown in
Fig. 3 C. Channel closed time clearly increased as [ATP]
increased, but the difficulty in obtaining single channel
patches precluded a more detailed analysis at this time.

Time course of channel response to a
change of [ATP]

In multichannel patches, the kinetics of the change in P,
in response to a step change (jump) in [ATP] was
examined. As the patch was moved from zero ATP to 1
mM ATP, P, decreased to low levels within 100 ms (see
Fig. 4A). When the patch was reexposed to the zero
ATP solution, several hundred milliseconds elapsed
before the channel activity was restored. It is notable
that the increase in channel activity on returning to a
zero ATP solution is not well described by a single
exponential, but instead there appears to be a delay
before the increase in channel activity takes place. As
reported by Qin et al. (1988), this delay (lag) decreased
as the preconditioning [ATP] was reduced (Fig. 4 B).
Although such a relationship might arise from an [ATP]
dependence of ATP unbinding, as suggested by Qin et
al. (1989), an alternative explanation would be that the
time course of diffusion of ATP out of the pipette was
affecting the time course of channel activity.

Qin and Noma (1988) estimated the time course of
diffusion of [ATP] to and from the membrane by
measuring the time course of patch leakage current after
a step change in the bathing [K*]. In view of the
uncertainty as to the exact pathway(s) through which the
leakage current passes, we have measured the time
course of the change in open channel current through
K, channels themselves after step changes (jumps) of
bath [K*] from 4 to 150 mM and back to 4 mM (Fig.
4 A). This current change reflects the time course of
change in electrochemical driving force for K*. In Fig.
5 B we have plotted the half-time for change in current
after a step change of ATP from zero to 1 mM (circles)
and back to zero (triangles) against the half-time of
change in current on stepping K* from 140 to 4 mM in
the same patch. Significantly, there is a correlation in
each case (r* = 0.88 and 0.93, respectively).

Using the observed relationship between steady-state
open channel current and [K*] (Cannell and Nichols,
1991), we transformed the time course of change in
current to that of [K*]). The time course of change in
[K*] was then used to estimate the distance of the
membrane from the pipette tip (L,,) having optically
measured the half-angle of taper of the pipette tip (0)
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FIGURE 4 Time course of channel response to step changes of [ATP]
and of [K*]. (4) (top) Record of patch current with steps of ATP from
zero to 1 mM and from 1 mM to zero, and of K* from 140 to 4 mM and
back to 140 mM. (B) (bottom) The dependence of t,, of current
increase (after a step to zero ATP) on prestep [ATP].

and tip radius (Ry;) after the experiment (Cannell and
Nichols, 1991). There was considerable variation in the
calculated depth of the patch from the pipette tip. In
eight experiments, the calculated patch depth varied
between 3.2 and 23 pm (7.5 = 0.7 pm, mean+SE). In
the same patches, we also applied a least-squares analy-
sis similar to that used by Qin et al. (1989), which
assumed that the time course of change in channel

current after a step from 1 mM to zero ATP could be
described by an exponential after a lag (see Fig. 6 B).
Fig. 6 C is a plot of the lag and the time constant versus
the calculated patch depth. There was clearly a depen-
dence of both the lag and the time constant on the patch
depth. In each case the time was proportional to the
square of the patch depth. The simplest explanation of
this observation would be that the time course of
diffusion of ATP out of the patch pipette was dominat-
ing the observed time course of change in channel
activity.

The delay to channel opening
is present for other
blocking nucleotides

If the delay to channel opening (lag) is due to diffusion
(as suggested by the above results), then a delay should
exist for all other blocking nucleotides. However, Qin et
al. (1989) reported that although a delay was observed
with ATP, no delay was observed on channel opening
after removal of AMP-PNP. We have reexamined the
time course of channel unblock on removal of both
AMP-PNP and ATP in the same patches. Fig. 7 4 shows
an original record of the patch current on removal of
ATP and AMP-PNP. It is clear that the time course for
both blockers is similar although the lag is somewhat
smaller when AMP-PNP is removed compared with the
removal of ATP. The results—of a—number of similar
experiments are summarized in Fig. 7 B. The half-time
for current increase on removal of ATP is proportional
to the half-time for the increase on removal of AMP-
PNP! (see page 1172). A correlation between the ¢,,, on
removal of ATP and the ¢,,, on removal of blocking doses
of ADP was also observed (data not shown). This is
exactly as expected for a diffusion-limited process,
because it demonstrates that, after removal of blocking
nucleotide, a lag before channel opening is not intrinsic
to recovery from ATP inhibition (Qin et al., 1989).

Reconstruction of the kinetics of
changes in channel open probability

Because the time course of channel opening seems to be
limited by the time course of diffusion of nucleotides out

FIGURE3 Dependence of K, channel open- and closed-time distributions on [ATP). (4) (fop left) Experimental records of single-channel
activity at indicated [ATP). (B) (bottom left and right) Typical open- and closed-time distributions at [ATP] = 0 and 100 pM. Open-time
distributions were constructed from single openings in patches containing one to five channels. At least three time constants were required to fully
describe the closed-time distribution (at ATP = 0 uM), whereas open-time distributions were reasonably well described by two time constants (at
ATP = 0 and 100 uM). In each case, the number of out-of-range unbinned events are marked at right of graph. (C) (top right) [ATP] dependence
of fitted fast (circles) and slow (diamonds) open-time constants (above), and unconditional mean closed times (below).
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(as fitted in inset) for step decrease of ATP from 1 mM to zero versus patch depth (calculated as described in Cannell and Nichols, 1990) for the

same set of data as in 4.

of the pipette, we have taken the approach described in
Cannell and Nichols (1991) in an attempt to extract the
rate constants for channel-—nucleotide interaction. As
described above (cf. Fig. 4), we measured, in the same
patch, the time course of current change after step
changes of [K*] and of [ATP] from 1 mM to zero, and
back to 1 mM. Having used the [K*]-jump data to
calculate the patch depth (see above), the time course of
change in [ATP] at the membrane ws calculated (given a
diffusion coefficient of 4.5 x 107° cm?/s as compared
with 1.83 x 10~° cm?*/s for K*; Qin and Noma, 1988).
The time course of channel opening was then simulated
by adopting various kinetic models, and kinetic parame-

ters for the models fitted to the experimental data (see
Cannell and Nichols, 1991).

In increasing complexity, the models we have consid-
ered are:

Ci—C—0 [1}
C—0—C,pp [2]

Cl

TN

c—O0 ClrpC2are (3]

\CZ

ATP

C_O_'CIATP_CIATP-ATP [4]
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Schemes 1 and 2 are the simplest schemes which
might describe the channel activity. However, these
schemes can be rejected by inspection. Scheme 1 pre-
dicts ATP-independent open lifetime and scheme 2
predicts ATP-independent closed time. Neither condi-
tion is met by the single channel data (Fig. 3). In
addition, these schemes predict a Hill coefficient of 1 in
the dose-response curve to ATP which is also not
observed (Fig. 2).

The next schemes in increasing complexity are 3 and
4. Scheme 3 and other schemes with more nonsequential
ATP binding sites all predict Hill coefficients of ~1.5.

Sequential ATP-binding sites predict higher Hill coeffi-
cients. Scheme 4 consists of sequential 2-site ATP
binding and predicts a Hill coefficient of 2, and so might
be able to explain the experimental data. However, this
model consistently predicted too small a delay to the
onset of channel opening and too slow a subsequent rise
in channel activity when attempting to fit experimental
records with a jump of [ATP] to zero. Increasing the
complexity of this model by adding further sequential
ATP binding states after C1,p o (i-€., scheme 5) would
improve the fit to the kinetic data, but would be
inconsistent with the measured steady-state ATP-
dependence of P, because such models predict Hill
coefficients greater than 2.

Consideration of the necessity to explain an ATP
dependence of P, with H ~ 2 combined with a steep
kinetic response led to the examination of scheme 6.
This scheme is derived from scheme 4, consisting of two
pairs (C1 and C2) of sequential 2-site ATP binding
steps. It is assumed that the two pairs of sites are
independent, thus the scheme appears complex due to
the various intermediate steps leading to the fully (four)
ATP-bound state. The ability of this model to fit [ATP]
step change results was not substantially decreased by
constraining all ATP binding rate constants to the one
value and all ATP unbinding rate constants to one value.
In a parameter fitting analysis, we allowed these two
parameters to be varied in the patch having the fastest
response to an [ATP] step (i.e., shortest calculated
Ly =32 pm), and the best fit simulated response,
together with the original data is shown in Fig. 7 (top).
The determined parameters (k,p,, =250 mM™ -s7},
kympor = 20s7") were then used in parameter fitting runs
with other data sets, fitting only the apparent patch
depth (L) in each case. Scheme 6 with the fixed rate
constants provided a good fit to the current response to
[ATP] steps in these patches (e.g., Fig. 7, middle and
bottom), and no consistent deviation of the simulated
response from the observed response was determined,
even though the apparent patch depth (L,;;) varied by
fivefold (from 3.2 to 18.8 pm), and the time course of
channel opening varied by at least 10-fold (Fig. 7).

Monte-Carlo simulation of
experimental data

The computer-fitted time course of channel opening
contains no stochastic noise, and such noise is a promi-
nent feature of the experimental data. We therefore
considered it important to compare qualitatively the
data that would be generated by a limited number of
channels (with the rate constants calculated above) to
the experimental data. Fig. 8 shows the simulated time
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course of channel activity on lowering [ATP] from 1 mM
to zero for patches containing 1 or 100 channels. As
shown in Fig. 9 4, Scheme 4 predicts variability in the
latency to first opening as was observed by Qin et al.
1989 (their Fig. 3). With 100 channels in the patch, the
relative amount of stochastic noise is reduced, and the
record appears very similar to the experimentally ob-
served results. Fig. 9 shows the predicted steady-state
ATP dependence of P, together with the experimentally
observed steady-state ATP dependence of channel activ-
ity. There is very good agreement between the predicted
and observed results.

Fig. 10 shows simulated single channel data (F, = 1
kHz) using Scheme 6 with the determined parameters,
together with dwell-time distributions measured from
such simulated data. The model predicts single exponen-
tial distributions of both open and closed times in the
absence of ATP, but requires two exponentials to
describe the open and closed times in the presence of
ATP. The model further predicts that both uncondi-
tional mean open and closed times will be ATP depen-
dent (Fig. 10 C).

DISCUSSION

We have measured, (a) the steady-state [ATP] depen-
dence of channel open probability, (b) the steady-state

'As shown previously, the t,,, for channel unblock depends on the
preconditioning [nucleotide] (Fig. 4 B). If the kinetics of channel
unblock are rapid as compared with the time course of diffusion, then
the channel activity will be approximated by the steady-state binding
isotherm convolved with the time course of [nucleotide] at the
membrane. Because the time course of decline of [nucleotide] can be
described by an equation:

[nucleotide] = C¥(f(¥)), 2

where C, is initial [nucleotide] and f(¢) is a function describing the
diffusion of the nucleotide out of the pipette (depending on pipette
geometry; Cannell and Nichols, 1991), then channel activity would be
described by:

Py =1/{1 + [C(f )/ K]}, &)

where k; is the concentration causing half-maximal block, and H = Hill
coefficient. Thus, the time for half unblock of the channel will depend
on both the initial concentration (C,) of the blocking nucleotide
(Fig. 4 B) and on the k; and H for the blocker. By inspection of Eq. 3, if
C, is varied in proportion to k;, for the blockers of interest, then the
half-time for channel unblock should be the same (provided H is the
same for both nucleotides). The k; for channel block by AMP-PNP is
approximately twice that of ATP, with the same Hill coefficient. Thus,
the half-time for channel unblock, on the basis of the above reasoning,
should be the same for the experiments shown in Fig. 7 (because the
initial [AMP-PNP] was chosen to be twice the initial [ATP] in each
case. The data in Fig. 7 B appears to be consistent with this prediction,
and strongly suggests that the time course of diffusion is the primary
determinant of the time course of channel unblock after nucleotide
removal.
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FIGURES8 Simulated time course of channel opening with Scheme 6.
Simulated time course of channel activity on lowering [ATP] from 1
mM to zero for patches containing 1 (below) or 100 (above) channels.
The [ATP] is lowered to zero at the first arrow. In the single channel
simulations, the first opening is marked by a second arrow.

ATP dependence of single K,;; channel dwell-time
distributions, and (c) the kinetic response to step changes
of [ATP] ([ATP] jumps), in order to develop a quantita-
tive kinetic model for cardiac K,;, channel activity. In so
doing, we have had to avoid the complications resulting
from changes in [ATP] dependence of channel activity
due to “run-down” (Trube and Heschler, 1984), and the
diffusion limitations in interpreting the results of [ATP]-
jump experiments (Cannell and Nichols, 1991).

Steady-state [ATP]-dependence
of open probability

The [ATP] dependence of open probability (P,) has
been examined in several studies. We found that the
[ATP} dependence of P, was well described by Eq. 1,
with a Hill coefficient of 2 and k; of 25 pM. Previous
studies have generally found similar for rat ventricle
(Findlay, 1988; Lederer and Nichols, 1989), but higher
values for guinea pig (Noma, 1983; Fan et al., 1990a, b
and cat ventricular cells (Cameron et al., 1988). Al-

0.5

RELATIVE CURRENT

0 1 10 100 1000
[ATP] um

FIGURE9 Scheme 6 can predict the steady-state ATP dependence of
channel open probability. Graph showing mean (+SE) steady-state
ATP dependence of channel activity (» = 4-18 in each case, redrawn
from Fig. 2). Smooth curve is prediction from Scheme 6 with rate
constants as given in the text.

though the Hill coefficient of averaged data (as in the
above studies) is usually close to 2, in agreement with
our data (Fig. 2), any variability in the k, from channel to
channel will mean that the Hill coefficient from aver-
aged data represents a lower limit of the Hill coeflicient
of individual channels. However, we have shown that,
even in a single patch containing only 10 channels, the
steady-state ATP dependence of channel activity is well
fit with a Hill coefficient of 2 and the channels appear to
be independent without evidence of nonidentical behav-
iour (Fig. 2 B and C). It therefore seems likely that the
true Hill coefficient of individual channels is very close
to 2.

Steady-state ATP dependence of
dwell-time distributions

Several studies have investigated the ATP dependence
of single K, channel dwell-times, with widely differing
results. Kakei et al. (1985) suggested that at least two
time constants were necessary to adequately describe
both the open and closed time distributions in K,
channels from guinea pig ventricular cells, each of which
appeared to be [ATP] dependent. Qin et al. (1989)
measured dwell-time distributions within bursts, and
determined single fast open and closed times which were
[ATP] independent. The interburst intervals were not
considered. However, the existence of bursts suggests
that there must be more than one time constant in the
open and closed time distributions. At depolarized
potentials, the channel dwell-time distributions will be
affected by a rapid Mg**-dependent open channel block
(Horie, Irisawa, and Noma, 1987), an observation that
may explain discrepancies between our results and those
of earlier studies. There is also some evidence for a pure
voltage (or ion flux) dependence of channel open time
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FIGURE 11 A hypothetical physical model of the K, channel that
could accommodate kinetic model Scheme 6. Channel inhibition
results from binding of ATP to one of the a subunits. A subsequent
ATP may then bind either the adjacent B subunit, stabilizing the
inhibited channel, or to the other a subunit. The fully occupied
channel would have one ATP molecule bound to each subunit.

(Zilberter et al., 1988). This phenomenon did not
appear to contribute significantly to the time course of
response to [ATP] jumps (Qin et al., 1989), but cannot
be ruled out as another influence on channel gating. We
have performed all of our experiments at a fixed voltage
and K* driving force, in order to avoid the influence of
membrane voltage or ion flux on gating. Finally, the
problems introduced by channel rundown (Fig. 1) were
not explicitly considered in earlier studies.

In the modeling of channel activity, we have included
only 1 ATP-independent closed state and 1 ATP-
independent open state (Fig. 11). This is certainly an
oversimplification; we clearly observed more than one
open and closed time in the absence of ATP, but the
available acceptable data was so sparce that it did not
warrant putting forward a more complicated model of
ATP-independent activity. A detailed description of this
ATP-independent activity was not required to explain

the steady-state, or transient, ATP dependence of P,
upon which we have concentrated.

The kinetic response to step
changes of [ATP]

By showing a correlation between the time course of
response to jumps of [K*] (which should be purely
diffusion dependent), and the apparent delay (or lag) to
channel opening on lowering [ATP] (Fig. 5), our results
strongly suggest that the lag results primarily from
diffusion-limited exit of ATP from the pipette. We
therefore generally avoided the approach (Qin et al.,
1989) of analyzing the K, channel opening kinetics in
terms of a lag and an exponential recovery of channel
activity (but see Fig. 5 B). Instead, we have sought to
deconvolve the kinetics of channel opening from the
time course of change in [ATP]. With this approach,
together with consideration of single channel data (Fig.
3), we have ruled out the simplest kinetic models
(Schemes 1 and 2) that we considered to explain the
data. With consideration of the steady-state [ATP]
dependence of channel activity (Fig. 2), we have also
excluded simple nonsequential ATP-binding schemes
such as Scheme 3. Taking our analysis of [ATP] jump
experiments into account, Schemes 4 or 6 seem to be
minimal models to explain the data. However, Qin et al.
(1989) considered that Scheme 2 could explain the data,
provided that there was also ATP dependence to the
unbinding of ATP. This latter feature was required to
explain the apparent ATP dependence of the delay to
channel opening (Fig. 4 B). Our results show that the
ATP dependence of the delay to channel opening is in
large part due to the time taken for the ATP concentra-
tion at the membrane to fall to levels where the
probability of channel occupancy by ATP becomes low
enough for channel opening to occur. Thus ATP-
dependent unbinding of ATP is not required in order to
explain the data.

A working model for K,,, channel
regulation by ATP

The model that we have examined in detail (Scheme 6)
has not previously been considered. This model is an
extension of our previous 2-site model (Scheme 4) for
channel regulation (Lederer and Nichols, 1989). The
model differs significantly from that (Scheme 2) pro-

FIGURE 10 Scheme 6 can predict single channel open- and closed-time distributions that are broadly consistent with experimentally measured
values. (4) (top) Simulated records of single channel current from Scheme 6 (f. = 1 kHz). (B) (middle left and right) Open- and closed-time
distributions for 5 min of activity at two different [ATP] (fit by one open- and one closed time at 0 ATP; two open and two closed times at 100 uM
ATP). (C) (bottom) Plot of mean open and closed times from simulated data (n = 30-120 events) as a function of [ATP).
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posed by Qin et al. (1989). Multiple ATP bound states
seems to be necessary to explain the time course of
channel activity after [ATP] steps, as well as the steep-
ness of the steady-state [ATP] dependence of channel
activity. For unknown reasons (that may include the
ionic composition of intra- and extracellular solutions,
and membrane potential), we measured much longer
open- and closed-time distributions (even with f, = 10
kHz) than Qin et al. (1989). In our model, we have
therefore chosen slower rate constants for the ATP-
independent gating which reflect the dominant dwell-
times measured in the absence of ATP (Fig. 3). These
rate constants are important for determining single
channel dwell-time distributions, but simulations showed
that they are relatively unimportant in determining the
kinetics of change in P, after [ATP] jumps (which are
primarily determined by the ATP-dependent steps).
Scheme 6 has potentially up to 12 different ATP-binding
and-unbinding rate constants. Parameter fitting with all
parameters allowed to vary was unsatisfactory because it
was found that the interdependence of the parameters
would lead to a failure of convergence in the fitting
process. We found empirically that restricting binding
and unbinding rate constants to having the same values
did not substantially affect the ability of the program to
fit the data; we were able to fit the [ATP] jump data
adequately with one ATP-binding rate constant and one
ATP-unbinding rate constant. While the determined
ATP-binding rate constant was faster than the rate
constant determined by Qin et al. (1989), the deter-
mined ATP-unbinding rate constant was almost the
same as one of the unbinding rate constants determined
by Qin et al. (1989). In view of the very different kinetic
schemes and method of analysis, this surprising result is
probably coincidental.

Considering possible physical implications of the
model, we may envisage Scheme 6 being accommodated
in, for instance, a tetrameric channel made up of four
monomers arranged in an «faf format (Fig. 11). Such
an arrangement is appealing given the presumed quater-
nary structure of other K* channels for which the
primary amino acid sequence is available (Tempel et al.,
1988; Baumann et al., 1988). When ATP binds to either
a subunit, the channel closes (or inactivates). It is not
stipulated whether the ATP molecule binds to a site
away from the pore and closes the channel by an
allosteric change in the protein conformation, or binds
in, and sterically blocks, the conducting pore itself.
There is no a priori reason to discount this possibility, as
the calculated association rate is not diffusion limited,
although because ATP is negatively charged, it seems
unlikely. A second ATP molecule is then free to bind
either to the adjacent § subunit, or to the second a

subunit. Third and fourth ATP molecules could then
bind to the remaining o subunit or § subunits.

It should be borne in mind that the present modelling
takes no account of the shift in open probability, and
ATP dependence, that occurs as a result of rundown
(Fig. 1; Trube and Hescheler, 1984; Takano et al., 1990),
phosphorylation (Takano et al., 1990), or G-protein
stimulation (Parent and Coronado, 1989; Kirsch et al.,
1990). Future work should allow us to determine whether
such shifts result from discrete changes in specific rate
constants.

In the absence of ATP, the cardiac K, channel is
gated by other nucleotides (Noma, 1983; Findlay, 1988b;
Lederer and Nichols, 1989). Of particular physiological
significance is that in the presence of ATP, the channel
activity is increased by MgGADP and MgGDP (Findlay,
1988b; Lederer and Nichols, 1989). We have qualita-
tively considered this behavior in terms of a 2-site
sequential binding model (Scheme 2; Lederer and
Nichols, 1989) by suggesting that MgADP may bind to a
site B, which stops ATP gaining access to the inhibitory
site A (Lederer and Nichols, 1989). Other nucleotides,
such as ADP, AMP, GTP (Lederer and Nichols, 1989),
as well as potassium channel opening drugs (Thuringer
and Escande, 1989; Ripoll, Lederer, and Nichols, 1990;
Fan et al., 1990qa, b) all interact with ATP to regulate the
channel activity, either by antagonizing, or agonizing the
effects of ATP. It may be that the actions of these agents
can be incorporated into the model described, by bind-
ing to one or other ATP binding site, or modifying the
ATP binding rate constants.
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