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Abstract
Salivary gland acinar cells have two types of Ca2+-activated K channels required for fluid
secretion: the intermediate conductance (IK1) channel and the large conductance (BK) channel.
Activation of IK1 inhibits BK channels including in small, cell-free, excised membrane patches.
As a first step toward understanding the mechanism underlying this interaction, we examined its
voltage sensitivity. We found that the IK1-induced inhibition of BK channels was only weakly
voltage dependent and not accompanied by alteration in BK gating kinetics. These actions of IK1
on BK channels are not consistent with a mechanism whereby activation of IK1 causes a shift of
the BK channel's voltage dependence as occurs for many BK modulatory processes. In a search
for other clues about the interaction mechanism, we noted that the N-terminus of the IK1 channel
shares some chemical features with the N-terminal regions of two BK subunits known to inhibit
BK activity by blocking the cytoplasmic end of the BK pore. Thus, we tested the idea that the N-
terminus of IK1 channels may act similarly. We found that a peptide derived from the N-terminal
region of the IK1 protein blocked BK channels. Significantly, we also found that the activation of
IK1 channels competed with block by the N-terminus peptide. Thus, the activation of IK1
channels inhibits BK channels by a mechanism that involves block of the cytoplasmic pore, not an
alteration in the voltage dependence of BK gating. The mediator of this cytoplasmic pore block
may be the IK1 N-terminus.
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Introduction
Ca2+-activated K channels shape the membrane potential of cells in response to intracellular
Ca2+ signals. In neurons such channels control the duration of action potentials and control
action potential firing rates.1 In non-excitable cells, these types of channels control a range
of physiological functions including the regulation of T-cell activation,2,3 volume regulation
in red blood cells4,5 and the control of fluid secretion.6–8 There are three classes of Ca2+-
activated K channels and these differ in several characteristics including their single channel
current levels. The founding member of the large conductance family, KCa1.1, is activated
by voltage as well as by Ca2+ ions and this big conductance (BK) channel can be associated
with various β subunits. The three small-conductance (SK) channels (KCa2.1, KCa2.2 and
KCa2.3) share considerable amino acid identity and biophysical properties. The intermediate
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conductance channel (KCa3.1 or IK1) shares only about 50% amino acid homology with the
members of the SK family9,10 and, like the SK channels and in contrast to BK channels,
their activation has no voltage dependence.

BK and IK1 channels are both expressed in a variety of tissues including salivary
glands,11–13 the colon,14–16 macrophages,17 endothelial cells,18 and vascular smooth muscle
cells.19–21 We have recently shown that activation of IK1 channels inhibits BK channels in
acinar cells from mouse and human parotid22,23 and from mouse submandibular glands.24

Muscarinic stimulation causes fairly rapid (near 0.2 or 0.3 Hz) global oscillations of Ca2+ in
these cells,25,26 and the IK1-induced inhibition of BK channels causes the activity of these
channels to be out of phase.22 The IK1-mediated inhibition of BK channels can be
recapitulated in heterologous expression systems,22 which suggests it may occur in the other
cells in which both channels coexist.

The IK1-induced inhibition of BK channels occurs in excised membrane patches (near 1–2
μm in size) suggesting a close interaction between the two channels that does not require
water-soluble intermediaries. The IK1-induced inhibition of BK channels does not alter the
BK single channel current level22 and the rapid reversibility of the inhibition during Ca2+

oscillations (see above) argues against a mechanism involving rapid insertion and removal
of BK channels from the membrane. Thus, the IK1-induced inhibition of BK channels may
involve a close interaction between the IK1 and BK channels.

As a first step toward determining the molecular mechanism underlying the IK1-mediated
inhibition of BK channels, we tested the voltage dependence of the interaction. We found
that IK1 activation inhibits BK channels with little or no voltage dependence. We also found
little or no effect of IK1 activation on BK channel gating kinetics. These two results argue
against an inhibition mechanism involving large voltage shifts of BK channel activation as
happens with many BK channel modulators. The lack of a significant effect of voltage on
the IK1-induced BK inhibition is suggestive of a mechanism whereby the activation of IK1
channels results in block of the cytoplasmic portion of the BK channel-outside of the
transmembrane electric field. In pursuing this idea we noted that it has been shown that two
BK channel β subunits (β2 and β3) produce BK inactivation by inserting their cytoplasmic
N-terminal domains into the a subunit in such a way as to inhibit ion flow through the
pore.27–30 The N-terminus of IK1 channels shares a general similarity with the N-termini of
these two BK beta subunits so may act via a similar mechanism. We found that a peptide
derived from the IK1 N-terminus was an effective open channel blocker of BK channels.
Significantly, activation of IK1 channels competed with the peptide resulting in a
significantly slowed peptide on-rate. This latter result demonstrates that the mechanism of
IK1-induced inhibition of BK channels includes events involving the cytoplasmic end of the
BK channel permeation pathway. The simplest model to account for these results is that IK1
channels are located sufficiently close to BK channels that activation of IK1 channels causes
their N-termini to insert through cytoplasmic side portals in the BK channels and so inhibit
ion permeation through the BK pore.

Results
BK channel inhibition is tightly linked to IK1 activation

As noted in Introduction, activation of the Ca2+-dependent K channel, IK1, in mouse parotid
acinar (and other) cells inhibits another type of Ca2+-sensitive K channel, the large
conductance, BK channel. An example of this behavior is illustrated in Figure 1. The
leftmost panel of the upper inserts in part A of this figure illustrates the pulse protocol used
—in this case the membrane voltage (Vm) was +50 mV. Since BK channels are activated by
voltage as well as by Ca2+, this depolarization elicited the expected time-dependent BK
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current as illustrated (Control). The 80 nM of free Ca2+ in the pipette was too low to activate
detectable IK1 current. Application of 10 μM of DCEBIO, a chemical activator for IK1,31

triggered the expected time- and voltage-independent current through these channels. The
current trace labeled (DCEBIO) was obtained after the IK1 activation reached steady state.
It is apparent that the time-dependent BK current was reduced when IK1 channels were
activated. DCEBIO has no effects on BK channels in these same types of cells from mice
with the IK1 gene ablated.22 The IK1-induced reduction of BK current was readily
reversible (Recovery): 96% of control in this example; in a total of 9 such experiments the
mean recovery was 94 ± 3% with only one recovery below 90%.

Because BK channel currents are time dependent and IK1 channel currents are not, it is
fairly easy to separate these, and get an accurate estimate of each component (see Materials
and Methods). The main part of Figure 1A shows the relative magnitudes of BK (■) and IK1
(◯) currents (at +50 mV) obtained every 6 seconds during application and every 10 seconds
during washout of DCEBIO. The reciprocal nature of the IK1/BK relationship is apparent:
as IK1 currents gradually increased as a result of DCEBIO-induced activation, BK currents
became inhibited. Washout of DCEBIO removed IK1 activation and the maxi-K currents
recovered with a time course similar to the removal of IK1 activation.

The very tight link between BK current and IK1 activation can be seen in Figure 1B where
we show the amount of BK current as a function of the IK1 current level recorded during
washout of DCEBIO. There was a strong, inverse linear relationship between these two
channel currents. The correlation coefficient for the linear fit was 0.9957. A similar analysis
was made in a total of nine experiments and the mean correlation coefficient was 0.9953 ±
0.0014 of which the two smallest values were 0.9856 and 0.9910.

Since DCEBIO and its parent compound 1-EBIO increase IK1 current by increasing the
channel open probability31–33 and not by increasing the single channel current or the number
of channels, the inverse linear relationship seen in Figure 1B means that the BK current is
inversely proportional to the IK1 channel open probability, PIK1. One simple way that such a
relationship could occur is if each BK channel is paired with one IK1 channel and the
probability that IK1 activation inhibits the BK channel is simply proportional to the IK1
channel open probability. Thus, the BK current will be proportional to the probability that
the IK1 channel is NOT activated or 1 – αPIK1, where a represents the likelihood of BK
inhibition for a given amount of IK1 activation, which predicts the simple, linear inverse
relationship that is observed.

Another example of the tight link between IK1 channels and the inhibition of BK current is
illustrated in Figure 2. In part A of this figure we show the relative magnitudes of IK1 and
BK channel currents as a function of time during application of, first, 10 μM DCEBIO and
then, in the continued presence of DCEBIO, 1 μM of the IK1 inhibitor TRAM-34.34 As in
the experiment of Figure 1, activation of IK1 channels by DCEBIO inhibited BK channel
current—in this case by 60%. Subsequent block of IK1 channels by TRAM-34 reversed the
BK current inhibition (in this case to 95% of the control value). In Figure 2B we again show
the inverse linear relationship between BK current and IK1 current during onset of DCEBIO
(■). The tight link between these two channels is emphasized by the fact that exactly the
same relationship between the currents was observed during onset and block of IK1 channel
by TRAM-34 (○). Similar results were obtained in a total of 5 such experiments with
TRAM-34 levels of 1 or 10 μM: the mean block of BK current by IK1 activation with
DCEBIO was 66 ± 6% (N = 5) and the mean BK level after IK1 block by TRAM-34 was 88
± 3% of control.
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IK1-mediated inhibition of BK channels has little voltage dependence
As a step toward understanding the mechanism underlying the IK1-induced inhibition of BK
channels, we examined this process over a range of membrane potentials. Since IK1 channel
activation has little or no voltage dependence, it might be expected that its inhibition of BK
channels might also have little or no voltage dependence. The results in Figure 3 show that
was, indeed, the case. Part A of this figure illustrates the IK1-induced inhibition of BK
channels in a parotid acinar cell at several test voltages. The inset shows raw data at several
test voltages in the absence (Control) and presence of IK1 activation by DCEBIO. As in the
data of Figure 1, large time and voltage dependent BK channel currents were recorded in the
absence of IK1 activation. DCEBIO activated the time and voltage independent IK1
currents, which caused a decrease in the time dependent BK currents. The main part of the
figure shows the voltage dependence of current recorded at the end of the test pulses. In the
absence of IK1 activation, the current (■) was strongly outward rectifying reflecting the
voltage dependence of BK channel gating. Upon IK1 activation, the current at the end of the
pulse (○) reflected the presence of IK1 currents at all voltages and an apparent reduction in
rectifying BK channel current.

The main part of Figure 3B shows the voltage dependence of just the time-dependent, BK
current components recorded before (■) and during (○) activation of IK1 channels by
DCEBIO. It is apparent that, as usual, the activation of IK1 channels caused a significant
reduction in BK current. The inset in Figure 3B shows the ratio of BK current with IK1
activated to that in control conditions. It can be seen that the IK1-induced inhibition of BK
channels occurred with very little voltage dependence.

We did a similar analysis in a total of 19 cells and in 15 of these cells the activation of IK1
produced a large reduction (58 to 92%) in BK current. The other four cells showed only
modest reductions and were omitted from the analysis. We do not know the reason for this
variability but we have recently found that the IK1-induced inhibition of BK is a steep
function of cell cholesterol35 and we speculate that cell-to-cell variations in cholesterol level
may underlie the above variability. The pooled results from the 15 cells with large
reductions in BK current are illustrated in Figure 4. Part A of this figure shows the mean BK
current (normalized to the value at +50 mV) recorded in the absence (■) and presence of 10
μM DCEBIO (○). In part B of Figure 4 we show the mean ratio of BK current values with
IK1 activated to phase of control levels. As with the particular example shown in the inset of
Figure 3B, there was relatively little and no consistent voltage dependence to the action of
IK1 activation.

IK1-mediated inhibition of BK channels does not affect BK gating kinetics
The voltage dependence of BK channel activity is also reflected in the kinetics of channel
gating. We examined the effects of IK1 activation on the time dependence of BK activation
by fitting a single exponential time function to the BK currents. This was done using 2 μM
DCEBIO to produce a smaller amount of IK1 activation because use of the higher, 10 μM
concentration often produced so much inhibition of BK current that it was difficult to get a
reliable fit over a broad voltage range. Figure 5A shows BK current-voltage relations
(pooled from 5 cells) before (■) and during IK1 activation with 2 μM DCEBIO (○). As with
the larger amount of IK1 activation (Figs. 3 and 4), the lower degree of IK1 activation
produced a simple, voltage-independent reduction of BK current—in this case a 50%
reduction (dashed line).

The inset of Figure 5B contains currents (black traces) recorded in the absence (Control) and
presence of 2 μM DCEBIO. Shown also (red) are fits of single exponential time functions to
the BK currents which are clearly accurate representations of the data. The main part of
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Figure 5B shows the voltage dependence of the time constants from these fits in control
conditions (■) and during IK1 activation with 2 μM DCEBIO (○). It is apparent from these
data that the BK current inhibition was not accompanied by any large effect on the BK
kinetics. Indeed, use of the Student's paired t-test revealed no statistically significant
difference at any voltage. Thus, even though IK1 activation caused a large change in BK
channel current, there was no associated effect on BK channel gating kinetics.

The IK1 N-terminus
As noted in Introduction, the IK1-induced inhibition of BK channels occurs in small,
cytoplasm-free inside-out patches.22 This observation and the above data showing that the
interaction was essentially voltage-independent led us to hypothesize that the inhibition
mechanism may be a direct interaction between the two channel proteins. The voltage
independent inhibition of BK current by IK1 channel activation and the lack of any
alteration in BK gating kinetics is suggestive of a simple block mechanism—a block in the
cytoplasmic end of the BK pore away from the membrane electric field. As noted in
Introduction, the N-terminal region of IK1 is similar to the N-terminal region of BK channel
β2 and β3 subunits in that it contains a high density of charged residues:

It has been suggested36,37 that the N-terminus of these inactivating BK channel β subunits
inserts through large cytoplasmic side portals in the BK protein in such a way as to inhibit
ion flow through the pore. Internal application of peptides made from these BK β subunits
produce a time dependent block of BK channel currents.27,38 If the IK1 N-terminal acts in a
similar way to these BK β subunits to inhibit BK channels, then a peptide derived from this
region should also produce a time dependent block of BK channels. The data presented in
Figure 6 shows that this expectation was met.

The IK1 N-terminal peptide and block of BK channels
Shown in Figure 6 are BK currents recorded from an inside/out patch in the absence
(Control), presence (NT peptide), and after removal (Recovery) of 25 μM of a peptide
consisting of the first 24 amino acids of the IK1 N-terminus. For each condition, four
example records in response to a 250 msec pulse to +50 mV are illustrated along with an
average of several such records (bottom traces). It is apparent from these data that there
were only a few BK channels in such membrane patches. In the absence of peptide, BK
channels activated quickly after the depolarization and current persisted for the duration of
the pulse. The bottom, average record confirms this observation. With the peptide present
BK channels still activated rather quickly but their activity was reduced at later times during
the pulse; again, this conclusion is substantiated by the mean behavior illustrated in the
lower record. That is, the IK1 N-terminal peptide produced a time dependent block of BK
channels just as do peptides made from BK β subunit N-termini27,38 (reviewed in ref. 28).
The black line in the ensemble average with the peptide is a single exponential function with
a time constant of 27 msec. In 5 similar, inside/out experiments like that illustrated in Figure
6 with 25 μM peptide, we obtained an average blocking time constant of 21 ± 3 msec. While
we did not specifically determine the peptide dissociation constant, the 25 μM concentration
used blocked a very large fraction of the current so the apparent Kd for block will be much
lower than this concentration. The steady- state block was in the range of 85%–90% with 25
μM peptide so the Kd can be estimated to be near 3 μM.
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Competition between IK1 activation and block by the N-terminal peptide
The data of Figure 6 show that a peptide of the N-terminus of IK1 inhibited BK channels.
This result is consistent with this structure being the molecular element responsible for the
IK1-induced inhibition of BK but is certainly not sufficient to confirm the hypothesis. If, as
suggested, the N-terminus of IK1 physically inhibits BK channels, then the activation of IK1
should compete with block by the exogenous peptide and slow the peptide on-rate. A
quantitative prediction of this competition can be made by considering that the BK channel
can be inhibited by IK1 activation or by the peptide in a mutually exclusive manor. Previous
work with peptides derived from the BK β2 subunit showed that the peptides block BK
channels in a bi-molecular fashion.27,38 The monoexponential nature of the time dependence
of block by the IK1 N-terminal peptide (see Figs. 6 and 7 inset) suggests a similar process
and so can be described by:

where (NP) represents the N-terminal peptide with intrinsic on and off-rates given by kon
and koff, respectively. BK and NP•BK represent the unblocked and blocked channel,
respectively.

The time dependent peptide blocking action will be described by:

(1)

where P NP•BK and PBK represent the probability that the BK channel is blocked and not
blocked by the N-terminal peptide, respectively. The relationship among the probabilities of
finding the BK channel in one of its three states is:

where PIK•BK is the probability that the BK channel is inhibited by IK1. As noted above in
the analysis associated with Figure 1B, in the absence of the peptide, PIK•BK is proportional
to the IK1 open probability so PIK•BK = αPIK. However, with the peptide present in a
mutually exclusive way,

so the relationship among the probabilities becomes:

(2)

For high peptide conditions, the koff term in Eq. 1 can be ignored and Eqs. 1 and 2 can be
solved for the time course of the peptide blocking event and this will have an apparent block
rate given by:

(3)

which predicts a linear relationship between the block rate and IK1 open probability (and
IK1 current).
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A sufficiently accurate, quantitative test of this prediction is difficult to make with the few
channels present with inside/out patches. Therefore, we used a whole-cell approach with the
peptide in the pipette. Preliminary experiments with even 75 μM peptide produced little time
dependent block even several minutes after achieving whole-cell mode-suggesting limited
cell dialysis of the peptide. Thus, we used 250 μM of the IK1 N-terminal peptide and the
experiment described in Figure 7 illustrates the results obtained.

As can be seen in the inset of Figure 7 (Control), the peptide produced a clear, time-
dependent inhibition of the BK current. The time dependent block was well described by a
single exponential function (red trace) with a time constant of 37 msec. After activation of
IK1 with DCEBIO (middle trace), the rate of peptide block was considerably slowed and the
blocking time constant was 68 msec. After removal of DCEBIO and the consequent reversal
of IK1 activation, the rate of peptide block was faster again—a 28 msec time blocking time
constant. The faster block rate after DCEBIO may reflect continued cell dialysis with the
peptide. We computed the mean peptide block rate in the absence of IK1 activation from the
Control and Washout time constants as 30 sec−1. The block rate with IK1 activated was 15
sec−1. That is, IK1 activation decreased the peptide block rate by a factor of two. Nine of ten
experiments showed a similar result with IK1 activation slowing the rate of N-terminal
peptide block by a mean factor of 2.8 ± 0.59.

The close association between IK1 activation and the peptide block rate can be seen in the
main part of Figure 7. The reduction in IK1 activation following DCEBIO removal is
sufficiently slow to determine the peptide block rate at several levels of IK1 activation. It is
clear that increased IK1 activation slowed the apparent rate of block by the N-terminal
peptide. The dashed line in the figure, which appears to be a reasonably accurate description
of the data, is reminiscent of the linear relationship between IK1 activation and BK channel
inhibition shown in Figure 1B and is what was predicted in Eq. 3 for the relationship
between the peptide block rate and the level of IK1 activation. The correlation coefficient
for this inverse linear fit was 0.946. Four of 9 such analyses yielded R values greater than
0.925 with an overall mean of 0.726 ± 0.087; all but one had p-values ≤0.064.

The results of Figure 7 show that there was clear competition between BK inhibition
produced by IK1 activation and block by the IK1 N-terminal peptide. The results of the
simple competition model account for both the linear relationship between IK1 activation
and BK inhibition (Fig. 1B) and for the linear relationship between the apparent block rate
of the exogenous N-terminal peptide and IK1 activation (Fig. 7). These results also
demonstrate that the IK1-induced inhibition of BK channels involves events in the
cytoplasmic part of the inner pore otherwise the peptide would not be able to compete with
the IK1-induced inhibition process.

Discussion
The results presented above showed a very tight link between IK1 channel activity and BK
channel current inhibition: IK1 activation with DCEBIO inhibited BK current and IK1
channel block by TRAM-34 exactly restored the inhibited BK current. Analogous to the fact
that IK1 channel activation is voltage independent the IK1-mediated inhibition of BK
channels had little or no voltage dependence. In addition IK1 activation inhibited BK
channels with no alteration in gating kinetics. We have previously shown that the BK single
channel current level was not affected.22 The moderately rapid, reversible inhibition of BK
(see Introduction) argues against a change in the number of membrane channels. Thus, we
conclude that IK1 activation produced a mostly voltage independent reduction of the BK
channel open probability.
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We also found that a peptide derived from the N-terminus of the IK1 channel was a potent,
open channel blocker of BK channels similar to the action of N-terminus peptides from BK
β2 and β3 subunits-subunits that produce an inactivation of BK channels by inhibiting ion
flux through the channel pore. Importantly, the activation of IK1 channels interfered with
BK channel block by the IK1 N-terminus peptide. This result demonstrates that the
mechanism of the IK1-induced inhibition of BK channels involves events in the cytoplasmic
part of the BK channel. The simplest model to account for all these observations is based on
what is known about BK channel inhibition by the BK β subunits (reviewed in ref. 29). In
our simple model we consider IK1 and BK channels to exist in close proximity and the
activation of IK1 channels causes its N-terminus to insert into a cytoplasmic side portal and
inhibit ion flow through the BK pore.

For this model to be viable, the IK1 N-terminal must be long enough to pass through side
portals in the large cytosolic domains that hang from the membrane embedded part of the
BK channel.39–43 The β2 and β3 amino terminal regions up to the first membrane spanning
domain are predicted to be about 46 and 35 amino acids, respectively; the IK1 N-terminus
about 25 amino acids. While the IK1 N-terminus is considerably shorter than its
counterparts in the β2 and β3 subunits, it is likely quite long enough to achieve inhibition of
the BK channel. Studies by Xia et al.44 showed that an artificial poly-Q linker of 12
glutamine residues connecting the terminal three amino acids of the β2 N-terminus to the
first membrane-spanning domain was capable of producing BK inactivation. In addition,
shortening the β2 N-terminus to only 26 amino acids was also effective. Thus, the IK1 N-
terminus appears long enough to reach sites in the BK channel capable of inhibiting current
flow.

It makes sense that a peptide of the BK β2 N-terminus inhibits BK channels since these two
proteins are physiologically relevant partners but these channels are also blocked by a
peptide made from the Shaker channel N-terminus45,46—a region, like the β subunits and
IK1 N-termini, that contains a high concentration of charged amino acids. Since maxi-K and
Shaker channels are entirely unrelated, this result suggests a certain promiscuity with regard
to maxi-K channels and strongly charged peptides. However, if the properties of block by
the IK1 peptide have more in common with those of the β2 than the Shaker peptide, that
would suggest a more specific relationship between the IK1 peptide and the maxi-K
channel. As described above, we estimated an approximate 3 μM Kd value for the IK1 N-
terminal peptide and a blocking time constant of 21 msec at 25 μM, which indicates on- and
off-rates near 2 × 106 M−1sec−1, and 6 sec−1, respectively. The estimated on-rate for the IK1
N-terminal peptide is comparable to the on-rate for block by both the β2 and the Shaker
peptide, which are roughly 3 × 106 M−1sec−1 and 6 × 106 M−1sec−1, respectively.27,38,45,46

The biggest difference (more than 100-fold) between the β2 and the Shaker peptides is in
their off rates which are roughly 0.8 sec−1 and 110 sec−1, respectively.27,38,45,46 While our
estimated off-rate for the IK1 N-terminal peptide is about 7-fold faster than the β2 peptide, it
is almost 20-fold slower than the Shaker peptide. The very slow off-rate of the β2 and IK1
peptides indicates a highly favorable binding to the BK channel—a useful prerequisite for a
physiological inhibition mechanism and consistent with the idea that the N-terminal region
of the IK1 channel that, upon activation of IK1, inhibits BK.

As shown in Results, BK channel current was a strictly inverse linear function of IK1
current activation. Likewise, the apparent on-rate for BK block by the IK1 N-terminal
peptide was inversely linearly related to IK1 activation. A simple model that included a
single IK1 channel associated with each BK channel was able to account for how BK
current and the apparent peptide on-rate can both be an inverse linear function of IK1
activation. In our previous work22 we reported a non-linear relationship between BK and
IK1 current and suggested that more than one IK1 channel was associated with each BK
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channel. We now believe that result was contaminated by incomplete series resistance
compensation and that the most likely arrangement is for one BK channel to be inhibited by
only one IK1 channel. Each tetrameric IK1 channel will have four amino terminal regions
but the distance constraints discussed above would seem to make it unlikely that all four N-
termini could be positioned close enough to the central axis of the BK channel to produce
the observed inhibition. The three dimensional orientation of the associated IK1 and BK
channels is unknown but it seems reasonable to expect that only one of the four N-terminal
regions is the active one.

Our simple model is able to account for both the inverse linear relationship between IK1
channel activation and BK current inhibition and the inverse linear relationship between the
IK1 N-terminal peptide block rate and IK1 channel activation. The overarching assumption
in this model is that the ability of the IK1 N-terminus to inhibit the BK channel is directly
related to the IK1 channel open probability. That is, whatever conformational change occurs
when the IK1 channel opens is also accompanied by a change in its N-terminus that puts it
in a position to inhibit the BK channel. Recent work strongly47,48 suggests that gating of the
IK1 (and SK) channels occurs at the level of the selectivity filter which might be seen to
question an N-terminus movement. However, it should be noted that even if IK1 gating does
indeed occur at the selectivity filter, this does not rule out additional conformational changes
in the channel protein. There is no direct data on the position of the IK1 N-terminus and
very little in other channels. However, the crystal structures of both an open and closed
conformation of the bacterial inward rectifier K channel, KirBac3.1 have been solved49 and
these reveal a movement of the N-terminal domain outward, away from the main channel
and a conformational change at its extreme terminus. This observation in no way confirms
our hypothesis but neither is there direct evidence against it—more work is necessary.

An underlying assumption in our derivation of the inverse relationship between the N-
terminal peptide block rate and IK1 activation is that the IK1 openings and closings are
much faster than the peptide block kinetics. The effective peptide blocking time constant
(from the type of experiments illustrated in Fig. 7) was about 30 msec and, as discussed
above, we estimate the off-rate to be near 6 sec−1 or an off time constant of about 160 msec.
Thus, our assumption is valid if the IK1 open and closed times with DCEBIO activation are
much faster than these values. We did not measure these kinetics in our experiments and we
are unaware of published data with DCEBIO. However, these measurements have been
made with 1-EBIO-stimulated IK1 channels.50 This work showed that IK1 channels have
two open states and channels activated with 1-EBIO have dwell times in these two states of
1 and 7 msec. Three closed times have been observed but in channels activated by 1-EBIO,
97% of the events are accounted for by two closed times of about 1.6 msec (66%) and 5
msec (31%). These values are all much faster than the peptide on- and off-rates and so
validate the assumption behind our mathematical model.

A potential argument against the idea that it is the IK1 N-terminus that physically inhibits
BK channels is the extensive work done44 on the structure-activity relationship of the BK β2
subunit. This work demonstrated a critical role for three hydro-phobic residues immediately
adjacent to the initial N-terminus methionine. This and previous work with inactivating
peptides on Shaker K channels (reviewed in ref. 51) have lead to the general conclusion that
such a hydrophobic “tail” is a requirement for any ball-and-chain inhibition mechanism.
However, a detailed comparison (Fig. 8) of many inactivating K channels and β subunits
reveals several N-termini without a strong hydrophobic end. For this analysis we used a 5-
point, color-coded hydrophobic scale employing the experimentally determined, whole-
residue interface approach described in ref. 52. As can be seen in the figure, the BK β2 N-
terminus has, perhaps, the strongest hydrophobic character and so may not be representative
of all inactivating N-termini. The IK1 N-terminus is not alone in having a strongly
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hydrophilic residue near the terminal methionine: the KV1.4 terminus, like the IK1 protein,
has a glutamate and the ShakerC and KVβ1.1 structures contain a glutamine. Significantly,
the BKβ3 protein has two neutral amino acids (threonine and alanine) and the hydrophilic
proline surrounding the very hydrophobic phenylalanine. This analysis suggests that the
rules for optimal design of inactivating/inhibiting proteins may be more complex and that
the IK1 N-terminus cannot be ruled out a priori.

While there are similarities between the inactivation of BK channels by their β subunits and
the IK1-induced BK channel inhibition, there are at least a couple of differences. Exogenous
β subunit N-terminus peptides compete with cytoplasmic blockers like TEA,27,28 but
inactivation via the native proteins does not— even with such large cytosolic blockers as
decamethonium and a 22 amino acid peptide derived from the Shaker inactivating N-
terminus.53 In contrast we showed here that IK1 activation clearly competed with block by
the IK1 N-terminus peptide. This difference could be due to different kinetics between the
various competing structures or perhaps by slightly different blocking locations of the N-
terminal regions.

Another apparent difference between the actions of the β subunits and IK1 activation is that
the β subunits produce a time dependent block of BK channel current but no such time
dependence is apparent upon IK1 activation. That is, either the N-terminal region of the
intact β subunits cannot gain final access to the BK side portals until the BK channel protein
achieves its open conformation or it is the opening of the BK channel that triggers the N-
terminal inactivation. In contrast, it appears that it is the IK1 activation that induces the
inhibition of BK channels not the opening of the BK channels. The lack of an apparent time
dependence to the IK1-induced inhibition of BK channels could be that the IK1 inhibitory
apparatus (whether the N-terminal or not) has access to its inhibitory location independent of
the state of the BK channel. Alternatively, but perhaps less likely, the kinetics of IK1-
induced BK inhibition may be so fast that no clear time dependence can be seen—analogous
to how open channel block by internal TEA has no apparent time dependence. Such rapid
block kinetics might be expected to produce a reduction in the BK single channel current
level (as does TEA) but no such reduction is seen.22 Note that one of the BK β3 isoforms
produces a very rapid BK inactivation and very flickery single channel openings.54

In summary, the results of our study have begun to reveal some of the functional molecular
properties of the BK channel inhibition produced when IK1 channels are activated. Unlike
many other modulators of BK activity that occurs through a shift of the BK voltage
dependence, the IK1-induced inhibition appeared to be an essentially voltage independent
reduction in BK channel open probability-reminiscent of a simple pore-block mechanism.
We showed that a peptide derived from the N-terminus of the IK1 channel efficiently
inhibited the current through BK channels and activation of IK1 channels competed with
block by this peptide. The similarities between the N-termini of IK1 channels and BK
channel β subunits and the similarities between our results here and the body of work on BK
channel inactivation by their β subunits lead us to suggest that activation of an IK1 channel
induces its N-terminal to enter a side portal in the cytoplasmic part of an associated BK
channel and block current flow through the central pore. Since the IK1/BK interaction can
be reconstituted in expression systems,22 a direct way to test this idea would be to truncate
or otherwise mutate the IK1 N-terminus. Unfortunately, this domain is critical for the
assembly and trafficking of IK1 channels to the surface membrane55 limiting this approach.
In the absence of such a direct approach, the specific role of the IK1 N-terminus cannot be
ascertained with certainty. Nevertheless, we have shown that the IK1-induced inhibition of
BK channels occurs at a cytoplasmically accessible site and has little or no voltage
dependence. The ability of the IK1 peptide to efficiently block BK channels with a slow off-
rate makes its N-terminus a good candidate for the inhibitory structure.
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Materials and Methods
Ethical approval

All animals were housed in a pathogen-free area at the University of Rochester and all
experiments were carried out in accordance with procedures reviewed and approved by the
local University Committee on Animal Resources. Mice were sacrificed by exsanguination
following exposure to CO2.

Parotid acinar cell preparations
Detailed descriptions of the procedures for producing single parotid acinar cells have been
previously described.22 Briefly, glands from mice (BlackSwiss × 129/SvJ hybrid) were
finely minced and digested with trypsin after which the cells were dissociated with Liberase
and, finally, plated onto 5 mm diameter glass coverslips. All dissociation solutions were
gassed continuously with 95% O2 + 5% CO2 and maintained at 37°C. The procedures for
animal handling, maintenance, and surgery were approved by the University of Rochester
Committee on Animal Resources.

Electrophysiology
Whole-cell patch clamp recordings were done at room temperature (20–22°C) with an
Axopatch 200B amplifier (Axon Instruments, Foster City, CA). Currents were filtered (at 5
kHz) by a 4-pole Bessel low-pass filter prior to being sampled by a 12 bit analog/digital
converter controlled by a personal computer. Patch pipettes were constructed from quartz
(Garner Glass Co.,). Compensation for access (series) resistance was made with the patch
clamp circuitry. This compensation is especially important in testing if the mechanism for
the reduction of BK current by IK1 channel activity is voltage-dependent (Figs. 3–5). In
these tests the mean measured access resistance (and SEM value) was 5.8 ± 0.28 MΩ (N =
35). The mean series resistance compensation was 88 ± 0.81% and the mean uncompensated
resistance was 0.69 ± 0.07 MΩ. Unless otherwise indicated, results are reported as mean ±
SEM values.

As described in the text, the total current measured is composed of time-independent current
from IK1 channels and time-dependent current from BK channels. In addition to simply
determining the total steady-state current (e.g., the current-voltage relations in Fig. 3A), we
also measured the individual IK1 and BK components. The IK1 current was measured
immediately after the settling of the capacity transient at a given test potential before BK
channels are significantly activated. The BK current was obtained as the difference between
the current at the end of the pulse and the current immediately after the capacity transient.
We have previously shown, through the use of the specific BK channel blocker, paxilline,
and with gene-ablation studies8,22 that all the time dependent current is through BK
channels.

The external solution for both whole-cell and inside/out patch recordings consisted of (in
mM): 135 Na-glutamate, 5 K-glutamate, 2 CaCl2, 2 MgCl2, 10 HEPES (pH 7.2). For whole-
cell experiments we used an internal solution that consisted of 135 mM K-glutamate, 10 mM
HEPES (pH 7.2), 10 mM BAPTA, and with CaCl2 added to establish an 80 nM Ca2+

concentration;56 see also http://www.stanford.edu/~cpatton/maxc.html). For inside/out
patches the bath (internal) solution was the same as for whole-cell experiments except that 5
mM EGTA replaced the BAPTA and, again, CaCl2 added to establish 80 nM free Ca2+. The
peptide derived from the first 24 amino acids of the IK1 N-terminus
(mggelvtglgalrrrkrlleqekr) was provided by Alpha Diagnostics International, San Antonio,
Texas. This peptide was acetylated at its amino terminal and amidated at its carboxy-
terminus and was provided at 92% purity. DCEBIO (5,6-Dichloro-1-ethyl-1,3-dihydro-2H-
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benzimidazol-2-one) and TRAM-34 ([1-(2-chlorophenyl)diphenyl)methyl]-1H-pryazol)
were obtained from Sigma Chemical Co., (St. Louis, MO).
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Figure 1.
Time course of IK1-induced inhibition of BK current. This, and all cells were patched with a
solution containing 80 nM free Ca2+. (A) Top: currents recorded with the pulse protocol
illustrated on the left with the main test potential at +50 mV. Cells were held at −70 mV; a 5
msec step to −120 mV was followed by a 5 msec return to the −70 mV holding potential.
This brief return to −70 mV serves to monitor for leak currents since −70 mV is slightly
depolarized from the K+ equilibrium potential, K channel current will be positive at this
voltage and leak current will be negative. The voltage protocol continues with a 70–100
msec pulse to the test potential followed by a step to −30 mV. The currents resulting from
this protocol are shown before (Control) during (DCEBIO) and after (Recovery) application
of 10 μM DCEBIO. Lines serve only to connect the data points and have no significance.
Calib: 0.5 nA/pF, 20 msec. Main: IK1 (○) and BK (■) current components (see Methods)
normalized to their maximum average values and shown during application (Onset) and
washout of 10 μM DCEBIO. (B) The amount of BK current at the test voltage of +50 mV as
a function of the IK1 current at this same potential. The dashed line is from the fit of a
simple linear relationship between these two parameters (see text for details).
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Figure 2.
TRAM-34 reversal of BK current inhibition. (A) Time course of relative BK (■) and IK1 (○)
current components at +50 mV recorded every 5 sec during application of, first, 10 μM
DCEBIO and then 10 μM DCEBIO + 1 μM TRAM-34 as indicated by the solid bars. (B)
The amount of BK current at the test voltage of +50 mV as a function of the IK1 current
activated during application of DCEBIO (■) and during inhibition of IK1 current by
TRAM-34 (○). The solid line is a linear fit to the data.
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Figure 3.
Test for voltage-dependence of IK1-induced inhibition of BK current. Shown in the inset are
sample patch clamp current records in the absence (Control) and presence (DCEBIO) of 10
μM DCEBIO. Calib: 0.5 nA/pF, 20 msec. Main: total current measured at the end of the
pulses to the indicated voltages in the absence (■) and presence (○) of 10 μM DCEBIO. (B)
BK current component at the indicated potentials in the absence (■) and presence (○) of 10
μM DCEBIO. Inset: ratio of BK current in the presence of 10 μM DCEBIO to the control
BK level at the indicated test voltages. All lines serve only to connect the data points.
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Figure 4.
Pooled data testing the voltage-dependence of IK1-induced BK inhibition. (A) Time
dependent BK current component at the indicated potentials in the absence (■) and presence
(○) of 10 μM DCEBIO. Mean values from 15 cells with standard error limits. The data have
been normalized to the control BK current value at +50 mV. (B) Ratio of BK current in the
presence of 10 μM DCEBIO to the control BK level at the indicated test voltages. Mean
values with standard error limits are shown. All lines serve only to connect the data points.
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Figure 5.
BK current-voltage relation and gating kinetics in 2 μM DCEBIO. (A) Time dependent BK
current component at the indicated potentials in the absence (■) and presence (○) of 2 μM
DCEBIO. Mean values from 5 cells with standard error limits. The data have been
normalized to the control BK current value at +50 mV. The dashed line is the control data
scaled by a constant factor of 0.5. (B) Inset: raw current data in response to voltage steps to
30, 50 and 70 mV in the absence (Control) and presence of 2 μM DCEBIO. The red lines are
single exponential time function fits to the data. Calib: 0.25 nA/pF, 10 msec. Main: mean
values of the fitted time constants with standard error limits at the indicated membrane
potentials in the absence (■) and presence (○) of 2 μM DCEBIO.
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Figure 6.
Time dependent block by the IK1 N-terminal peptide. Currents in response to 250 msec
voltage clamp pulses to +50 mV from inside/out patches containing a few BK channels. The
vertical panels (left to right) contain current data before (Control), during (NT Peptide), and
after removal (Recovery) of 25 μM of the IK1 N-terminal peptide. The first 4 records in
each panel are representative examples of current from a single voltage application; the
bottom record is the average of several individual records: 7, 16 and 25 for the Control, NT
peptide, and Recovery conditions, respectively. The black line in the ensemble average trace
with the NT peptide is from the fit of an exponential function to the data-see text for details.
Calib: 10 pA/25 msec for singles and 5 pA/25 msec for ensemble averages.
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Figure 7.
Peptide block rate and IK1 activation. Inset: Sample, whole-cell current records in response
to a voltage pulse to 50 mV from an experiment with 250 μM of the IK1 N-terminal peptide
in the patch pipette. Data are shown before (Control), during (DCEBIO), after (Washout)
application of 10 μM DCEBIO. The red lines are the results of single exponential time
function fits to the data with the indicated time constant values. Calib: 0.2 nA/pF, 100 msec.
Main: The peptide block rate (1/τ) as a function of the IK1 level during washout of
DCEBIO. The dashed line is a linear fit to the data.
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Figure 8.
Hydropathy analysis of the N-terminus region of several inactivating K channels and
accessory, β, peptides. The single letter amino acid code for the various N-termini are shown
in colors representing the relative hydrophobic/hydrophilic character of these amino acids
according to the scale at the bottom of the figure. This 5-point relative scale was derived
from the experimentally determined, whole-residue interface approach described in
reference 52. The figure was designed after a similar presentation in reference 51 and
includes sequence data from a similar figure in reference 44.
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