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Staurosporine Inhibits Voltage-Dependent K™ Current
Through a PKC-Independent Mechanism in Isolated
Coronary Arterial Smooth Muscle Cells

Won Sun Park,* Youn Kyoung Son,* Jin Han,7 Nari Kim,7 Jae-Hong Ko, *
Young Min Bae,} and Yung E. Earm*

Abstract: We examined the effects of the protein kinase C (PKC)
inhibitor staurosporine (ST) on voltage-dependent K* (K) channels
in rabbit coronary arterial smooth muscle cells. ST inhibited the Ky
current in a dose-dependent manner with a Ky value of 1.3 wM. The
inhibition of the Ky, current by ST was voltage-dependent between
—30 and +10 mV. The additive inhibition of the Ky, current by ST was
voltage-dependent throughout the activation voltage range. The rate
constants of association and dissociation of ST were 0.63 pM ™! 5!
and 0.92 s, respectively. ST produced use-dependent inhibition of
the Ky current. ST shifted the activation curve to more positive poten-
tials but did not have any significant effect on the voltage dependence
of the inactivation curve. ST did not have any significant effects on
other types of K* channel. Another PKC inhibitor, chelerythrine, and
PKA inhibitor peptide (PKA-IP) had little effect on the Ky current.
These results suggest that ST interacts with Ky, channels that are in
the closed state and that ST inhibits Ky channels in the open state in
a manner that is phosphorylation-independent and voltage-, time-,
and use-dependent.

Key Words: coronary arterial smooth muscle, voltage-dependent K*
channel, protein kinase C, staurosporine, electrophysiology, open
block

(J Cardiovasc Pharmacol™ 2005;45:260-269)

P rotein kinase C (PKC) phosphorylates the hydroxyl groups
of serine (Ser) and/or threonine (Thr) residues in numerous
proteins. Activation of PKC is one of the earliest events in the
cascade of signal transduction pathways that leads to a variety
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of cellular responses, including cellular growth, differentia-
tion, secretion, gene expression, and proliferation.'” In
vascular tissues, PKC can induce several important effects,
such as smooth muscle cell proliferation, reactive oxygen
species—induced cell apoptosis, contraction, and modulation of
ion channels.®® Ton channels are important targets for PKC-
mediated signaling pathways. For example, the activity of L-
type Ca*" channels and store-operated channels is enhanced
by PKC,>'® whereas ATP-sensitive K* (Karp) channels and
voltage-dependent K* (Ky) channels are inhibited by PKC."'!!2

Biochemical inhibitors have been widely used to in-
vestigate PKC-mediated signal transduction in vivo and in
vitro. One method that has been used to study the role of PKC
in cellular processes is the inhibition of PKC activity by
preincubation with cell-permeable agents that affect PKC
activity. However, the usefulness of such PKC inhibitors in
intact cells can be limited by nonspecific actions on other
proteins besides PKC. For example, calphostin C is a selective
inhibitor of PKC but blocks L-type Ca*" channels in frog
ventricular cells.'* Another PKC inhibitor, staurosporine (ST),
has been reported to inhibit muscarinic K" channels in-
dependent of PKC activity'* and to inhibit Ky 1.3 channels that
were stably expressed in Chinese hamster ovary (CHO) cells."”
Another potent PKC inhibitor, bisindolylmaleimide [BIM (I)],
which is structurally similar to ST, can block Ky1.5 channels
in CHO cells, acetylcholine-activated K™ channels in mouse
atrial myocytes, and Ky channels in rat mesenteric arterial
smooth muscle cells.'*"'® Considering the significance of PKC
in vascular function, it is essential to verify the nonspecific
actions of PKC inhibitors before experimental data can be
interpreted accurately. Therefore, in the present study we
investigated the effects of ST on the Ky current in smooth
muscle cells freshly isolated from rabbit coronary arteries. We
found that ST directly inhibited the Ky current in a voltage-,
time-, and use-dependent manner and that the actions of ST
were independent of PKC and protein kinase A (PKA) activity.
Furthermore, ST shifted the activation curve to more positive
potentials, which suggests that ST can interact with Ky chan-
nels that are in the closed state as well as inhibit Ky, channels
that are in open state.

MATERIALS AND METHODS

Cell Isolation
New Zealand White rabbits (1.5—2.0 kg) of either sex
were simultaneously anesthetized with pentobarbital sodium
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(50 mg/kg) and injected with heparin (100 U/kg) through the
ear vein. Arteries were removed and cleaned of connective
tissue in the normal Tyrode solution. The arteries were trans-
ferred to normal Tyrode solution without CaCl, (Ca*'-free
solution) for 10 minutes and then to 1 mL of Ca**-free normal
Tyrode solution containing papain (1.0 mg/mL), bovine serum
albumin (BSA, 1.5 mg/mL), dithioerythritol (DTT, 1.0 mg/mL).
After incubation for about 25 minutes, the arteries were
transferred to 1 mL of Ca*'-free normal Tyrode solution con-
taining collagenase (2.8 mg/mL), BSA, and DTT for about 20
minutes. After enzyme treatment, the arteries were transferred
to Kraft-Brithe (KB) solution. Single smooth muscle cells
were obtained by gentle trituration with a fire-polished glass
pipette, stored at 4°C, and used on the day of preparation.

Electrophysiology

Currents were recorded from single smooth muscle cells
using a whole-cell configuration'® except for recording of
Ca?"-activated K* (BK,) currents, which were recorded using
a cell-attached configuration. An Axopatch-1C amplifier
(Axon Instruments) was used for voltage clamping. The patch
pipettes were pulled from borosilicate capillaries (Clark
Electromedical Instruments, Pangbourne, UK) using a Nar-
ishige puller (PP-83, Japan). We used patch pipettes that had
a resistance of 2—3 M() for the whole-cell configuration and
5 MA) for cell-attached configuration, respectively, when filled
with the pipette solutions described below. Liquid junction
potentials between normal Tyrode and pipette solution were
offset before the G() seal formation was achieved by suction.
Seal resistances were in the range of 5 to 10 G(). Voltage
clamp and data acquisitions were performed using a digital
interface (Digidata 1200, Axon Instruments) coupled to an
IBM-compatible computer at a sampling rate of 1 —2 kHz and
filtered at 0.5 kHz for the whole-cell configuration and at
a sampling rate of 5 kHz and filtered at 1 kHz for cell-attached
configuration. All experiment parameters, such as pulse genera-
tion and data acquisition, were controlled using Patchpro soft-
ware developed by our group.

Solutions and Chemicals

The normal Tyrode solution contained (mM) 143 NaCl,
5.4 KCl, 0.33 NaH,PO,, 0.5 MgCl,, 1.8 CaCl,, 5.0 HEPES,
and 16.6 glucose, adjusted with NaOH to pH 7.4. The Kraft-
Briihe (KB) solution contained (mM) 70 KOH, 50 L-glutamate,
55 KCl, 20 taurine, 20 KH,PO,, 3 MgCl,, 0.5 EGTA, 10
HEPES, and 20 glucose, adjusted with KOH to pH 7.3. The
pipette solution for recording Ky channels contained (mM)
105 K-aspartate, 25 KCI, 5 NaCl, 1 MgCl,, 4 Mg-ATP, 10
BAPTA, and 10 HEPES, adjusted with KOH to pH 7.25. The
pipette solution for the single-channel recording of BKc,
channels contained (mM) 150 KC1, 5 HEPES, 5 EGTA, and 1
MgCl, adjusted with KOH to pH 7.4. The bath solution for the
single-channel recording contained (mM) 150 KCI, 5 HEPES,
5 EGTA, 1 MgCl,, and 3.2 CaCl, adjusted with KOH to pH
7.4. To block Kurp currents and Ca®"-activated currents, we
included 4 mM of Mg-ATP and 10 mM of BAPTA in the
pipette solution. For the recording of K xrp currents and inward
rectifier K" (Kjr) currents, the K* concentration in the bath so-
lution was increased to 140 mM, replacing Na*, for amplifying
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currents. For the recording of Krp currents, ATP concentra-
tion in the pipette solution were decreased to 0.1 mM. In all
experiments recording Ky currents, the bath solution con-
tained iberiotoxin (100 nM) to block the BK(, channel
currents. All pharmacological compounds were dissolved in
distilled water or in dimethyl sulfoxide (DMSO) to make stock
solutions, which were diluted in the normal Tyrode solution
to the concentration used. The concentration of DMSO in the
final dilution was less than 0.1%, a level at which DMSO
had no effect on the current recording. PKA inhibitor pep-
tide (PKA-IP) was purchased from Tocris Company. ST,
chelerythrine, and iberiotoxin were purchased from Sigma
Chemical Co.

Data Analysis

Origin 6.0 software (Microcal Software, Inc, North-
ampton, MA) was used for data analysis. Interaction kinetics
between drugs and channels was described on the basis of
a first-order blocking scheme, as described previously.”” The
apparent affinity constant (K,) and Hill coefficient (n) were
obtained by fitting concentration-dependence data to the
following Hill equation:

f=1/{1+(Kq/[D])"} (1)
in which f'is the fractional inhibition (/=1 — Zjye/leontor) at the
test potential, and [D] represents different drug concen-
trations.

The activation kinetics were calculated by fitting the data
to a single exponential, which was considered to be the
dominant time constant of activation.?' The time courses of the
current during inactivation were fitted to a single exponential
function for the control condition or to a double-exponential
function with the fast component regarded as the effect of
the drug. The apparent rate constants of association (k)
and dissociation (k_;) were obtained from the following
equation:

I/TD:kJrl[D]—f—k,l (28.)
Ka= k1 /kor (2b)

where Tp is the drug-induced time constant.
The experimental points were calculated as:

Normalized I = (I — I.)/(Inax — 1) (3)

where I, represents the maximal current measured, and 7,
represents a nonzero current that was not inactivated. We
eliminated this nonzero residual current by subtracting it from
the actual values.

Activation curves were fitted with the following
Boltzmann equation:

y=1/{1+exp (=(V = V1p)/k)} (4)

where k represents the slope factor, ' represents the test
potential, and V., is the voltage at which the conductance was
half-maximal. The steady-state voltage dependence of in-
activation was investigated using a 2-pulse voltage protocol;
currents were measured with a 600-millisecond test potential
to +40 mV, and 7-second preconditioning pulses were varied
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from —60 to +50 mV (in 10-mV steps) in the absence and
presence of drugs. The resulting steady-state inactivation data
were fitted with Boltzmann equation:

y=1/{1+exp (V= Vp)/k)} (5)

where V is the preconditioning potential, V., represents the
potential corresponding to the half-inactivation point, and k
represents the slope value.

To investigate the voltage dependence of the frac-
tional inhibition by a drug, we calculated the fractional inhi-
bition at each test potential above the initial potential
(—40 mV) of activation. Using the resulting data, the voltage
dependence of the fractional inhibition was fitted with
a Woodhull equation®:

J = [DJ{[D] + Kq(0)X exp (—z0FV /RT)}  (6)

where K4(0) is the apparent affinity at 0 mV (the reference
voltage), z is the charge valence of the drug, 8 is the fractional
electrical distance (ie, the fraction of the transmembrane
electric field sensed by a single charge at the receptor site), F'is
the Faraday constant, R is the gas constant, and T is the
absolute temperature. In this study, we used 25.4 mV as the
value of RT/F at 22°C.

Single-channel activities were presented as NP, where
N is the number of channels and Py, is the open probability.

Data are presented as the mean = SE of the mean.
Student # test was used for the test of significance (P < 0.05).

RESULTS

Inhibition of Ky Current by Staurosporine

Figure 1 illustrates the effects of ST on Ky currents in
rabbit coronary arterial smooth muscle cells. Under the control
conditions (Fig. 1A), the Ky current rose rapidly to a peak and
then displayed slow inactivation during a 600-millisecond
depolarizing pulse, as reported previously.”> The Ky current
was diminished in the presence of 1 uM ST (Fig. 1B). The
steady state was reached within 1 minute of switching to
a solution containing 1 wM ST. Panels C and D in Figure 1
show the peak and steady state of the current—voltage (I-V)
relationship of Ky currents in the absence and presence of ST,
respectively. The I-V relationship indicates that the magni-
tudes of both the peak and the steady-state Ky, currents were
decreased to a similar extent by ST. The washout of ST by
perfusion of drug-free solution occurred within 5 minutes,
after which the Ky current recovered to 87.1 = 0.3% (n=15) of
that under control conditions.

Differential Dose-Dependent Inhibition of Ky
Current by Staurosporine

Figure 2 illustrates the concentration dependence of the
effects of ST on the Ky, current. Examples of inhibition of the
Ky current by 0.3, 1.0, and 3.0 wM ST are presented in Figure
2A. As was illustrated in Figure 1, the inhibition of Ky, current
by ST was similar for both the peak and the steady-state Ky
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FIGURE 1. Inhibitory effects of ST on //MM ¥ /%/E
the voltage-dependent K* (Ky) cur- -
rents in rabbit coronary arterial _14' 0-155—?1%—:8.0 -6.0 _4l0 _2|0" 20 40 60 8!
smooth muscle cells. A and B, Super- 200 ms
imposed current traces were elicited -10- mV
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potential of —60 mV in steps of 20 mV 50 5
under control conditions (A) and in
the presence of 1T pM ST (B). C, w40
Current-voltage (I-V) relationships of Q /
the peak Ky currents in the absence %_ 30 - §
(O) and presence (@) of 1 uM ST (n = / *
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FIGURE 2. Concentration dependence of the inhibition of Ky
currents by ST. A, Superimposed currents were elicited by
applying 600-millisecond depolarizing pulses from a holding
potential of —60 mV to +40 mV. The traces of the currents
obtained in the absence and presence of 0.3, 1, and 3 uM ST.
The average concentration dependences of Ky current in-
hibition by ST are shown in B. The drug-induced inhibition was
measured at peak (O) and at steady state (@) and normalized
to the current in the absence of each drug. The normalized
currents were fitted with the Hill equation, which yielded
a Ky value of 1.35 = 0.42 uM and a Hill coefficient of 1.21 +
0.09 (n = 4).

current. For the steady-state inhibition, a nonlinear least-squares
fit of the Hill equation to the concentration-response data at +40
mV yielded a K, value of 1.35 = 0.42 uM and a Hill coefficient
of 1.21 = 0.09.

Voltage Dependence of
Drug-Channel Interactions

The I-V relationships for the inhibition of steady-state
Ky current according to time indicated that ST reduces the Ky,
current over the entire range of voltages at which Ky, channels
are open (Fig. 3A). To quantify the effects of voltage on the
interaction between the ST and Ky channels, the relative cur-

© 2005 Lippincott Williams & Wilkins
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FIGURE 3. Voltage dependence of the Ky current inhibition
induced by ST. A, |-V relationships (all n = 4) were obtained by
the following protocol: from a holding potential of —60 mV,
a first control step (400 milliseconds) followed by application of
staurosporine (at holding potential of —60 mV) over 1 minute
without application of step voltage, followed by a series of
steps (to the same voltage as the control one) with an interval
between steps of 6 seconds. *P < 0.05. B, Normalized
inhibition shown as relative current expressed as lywg/lcontrol
from the data shown in Figure 1D, at each potential (n = 5).
The dotted line represents the activation curve of the Ky
currents examined in this experiment under control conditions
(see Fig. 5) and shows the voltage dependence of ST. For
potentials positive to +10 mV, the voltage dependence was
fitted (solid line) with a Woodhull equation, which yielded & =
0.21 = 0.04 (n = 5).

rent (Jyrug/Iconor) Was plotted as a function of the membrane
potential (Fig. 3B). The dotted line in Figure 3B represents the
activation curve of Ky, channels under control conditions. The
Ky current was activated at about —40 mV, and the channel
conductance was fully saturated above +10 mV. In the presence
of 1 uM ST, the degree of inhibition of Ky current increased
steeply between —20 and +10 mV (Fig. 3B), which corre-
sponds to the range of voltages in which Ky channels are open.

An additional small degree of inhibition with a shallow
(but meaningful) voltage dependence was detected at the
voltages greater than +10 mV, despite the fact that Ky, channels
are fully activated at such voltages. Under the assumption that
ST interacts intracellularly with Ky, channels, we investigated
these effects by using a simple Woodhull equation (see
Equation 6 in the Methods section) to fit the data at potentials
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more positive than +10 mV. The solid line in Figure 3B
represents the fitted curve, for which the value of  was 0.21 =
0.04 in the presence of ST.

Concentration Dependence of the Time
Course of Ky Channel Inhibition

We investigated the kinetics of the inhibition of Ky
current by ST. The activation process was fitted with a single
exponential function. Under control conditions, the dominant
time constant for activation of the Ky current was 13.08 =+
0.13 milliseconds (n = 6) elicited by 600 milliseconds of
depolarizing pulses from a holding potential of —60 mV to
+40 mV. In the presence of 1 wM ST, the time constant was
13.17 = 0.21 milliseconds (n = 5), which suggests that ST did
not significantly modify the activation kinetics of Ky channels.

However, as shown in Figure 2A, in the presence of ST,
the decay in the Ky current was accelerated in a concentration-
dependent manner. The control Ky current decayed slowly and
partially, with a time constant of 1036 *= 36 milliseconds at
+40 mV (calculated by fitting a single exponential function),
which was attributed to intrinsic inactivation.?>?* Therefore,
we used a double-exponential function to fit the data at volt-
ages positive to +40 mV in the presence of ST, thereby ob-
taining 2 time constants. The time constant for the fast falling
phase was considered to represent the time constant of the
development of a drug-induced blockade of Ky, current (Tp),
whereas the time constant for the slow phase reflected partial
inactivation. In Figure 4, the reciprocal of the time constant for
the inhibition of Ky, current at +40 mV was plotted against the

1/t (s)

) ] L)
0.0 0.5 1.0 1.5 2.0 25 3.0
Concentration (uM)

FIGURE 4. Time constant of inhibition as a function of the drug
concentration. The drug-induced time constants (tp) of
apparent current decay were obtained by single- (control) or
double (in the presence of different concentrations of ST)-
exponential fitting. The reciprocals of Tp obtained were plotted
against the drug concentration at +40 mV. The solid line
represents the least-squares fit to the first-order clocking
scheme: 1/7p = k,4[D] + k_;. An apparent association rate
constant (k,;) of 0.63 = 0.05 uM’'s" and dissociation rate
constant (k_;) of 0.91 + 0.07 s for ST (n = 4) were obtained
from the slope and intercept value of the fitted line.
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concentration of ST. The straight lines represent the least-
squares fit of Equation 2a. Using this approach, we calculated
the association constant k,; as 0.63 = 0.05 uM™ s, and the
dissociation constant k_; as 0.91 = 0.07 s™'. Under the pre-
vious assumption of a first-order reaction between drug and
receptor, we calculated the apparent Ky from Equation 2b: the
derived K, value for ST was 1.45 = 0.02 wM. These results
correspond closely with the Ky value that was calculated by
fitting the concentration—response curves (Fig. 2).

Effects of Staurosporine on the Activation and
Steady-State Inactivation of Ky Channels

The voltage dependence of activation and steady-state
inactivation was evaluated to determine whether the inhibition
of Ky current by ST was caused by a shift in the activation
and/or inactivation curves. Activation curves were constructed
using the tail current in a typical 2-pulse protocol, and the data
were fitted with a Boltzmann function (Equation 4 in the
Methods section). Figure SA shows the voltage dependence of
activation under control conditions and in the presence of
1 uM ST. The application of 1 wM ST caused a significant
positive shift in the activation curve. Half-maximal activation
was shifted by +14 mV in the presence of 1 wM ST, but the
slope of the activation curve was not altered (Fig. SA). The
potential of the half-maximal activation (V) and slope value
(k) were —14.89 = 0.79 mV and 9.51 = 0.69, respectively,
under control conditions; —0.42 *+ 0.78 mVand 10.07 = 0.69,
respectively, in the presence of 1 pM ST.

ST did not shift the voltage dependence of inactivation
(Fig. 5B). After fitting to a Boltzmann equation, (Equation 5 in
the Methods section), the potential of the half-inactivation (V,)
and slope value (k) were —34.59 = 0.41 mV and 9.79 = 0.30,
respectively, under control conditions; —35.15 £ 0.28 mV and
10.84 = 0.25, respectively, in the presence of 1 uM ST.

Effects of Staurosporine on Recovery
Kinetics of Ky Channels

We investigated recovery kinetics using a double-pulse
protocol in which the interpulse interval was varied from 20
milliseconds to 7 seconds. Figure 6 shows the peak current
amplitudes normalized to the maximal peak current. The data
were fitted with a single exponential function with recovery
time constants of 856.95 = 282.61 milliseconds under control
conditions and 1315.54 = 100.02 milliseconds in the presence
of 1 pM ST.

The significant increase in the recovery times in the
presence of ST suggests that the dissociation rate of ST was
lower than the transition rate between the open and the closed
(or resting) state of the Ky, channels under control conditions,
which may suggest that the blockade of the Ky current by ST
was use-dependent.

Effects of Other Protein Kinase Inhibitors
on the Inhibition of Ky Channels
by Staurosporine

To investigate whether the inhibition of the Ky current
by ST resulted from an inhibition of PKC and/or PKA, we
tested the effects of other PKC and PKA inhibitors on the Ky,
current. Chelerythrine (3 wM), a general PKC blocker, did not

© 2005 Lippincott Williams & Wilkins
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FIGURE 5. Effects of ST on the activation and the steady-state
inactivation of Ky currents. A, Activation curves under control
conditions (O) and in the presence of 1 uM ST (®, n = 5); the
lines are the best fit of a Boltzmann function. The activation
curves were obtained from a double-pulse protocol from
a holding potential of —60 mV. The channels were activated by
the application of a short depolarizing pulse to values between
—60 and +50 mV in steps of 10 mV. The activating pulse in the
first double-pulse step of this protocol was 30-100 milli-
seconds, according to the activation time course of Figure 1.
The second pulses stepped the membrane potential to —40 mV,
and the peak value of the tail current was measured. The
normalized current amplitude was considered to be an
estimate for channel activation. *P < 0.05. B, Steady-state
inactivation curves under control conditions (O) and in the
presence of 1 uM ST (®, n = 4). The currents were activated by
a test step to +40 mV after a 7-second conditioning prepulse at
different voltages. The steady-state current amplitude in the
test pulse was normalized to the peak amplitude after
a prepulse potential. Data were fit to the Boltzmann equation,
represented as smooth lines.

T T T
-80 -60 -40

significantly alter the effects of 1 WM ST on the Ky current
(Fig. 7A). Similarly, the general PKA inhibitor, PKA inhibitor
peptide (PKA-IP, 5 uM in the pipette solution), did not
significantly alter the effects of 1 wM ST on the Ky current

© 2005 Lippincott Williams & Wilkins
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FIGURE 6. Analysis of the recovery of Ky currents from ST block.
To measure the degree of recovery, a double-pulse protocol
was applied, as shown in the inset. The first prepulse of a 250-
millisecond depolarizing potential of +40 mV from a holding
potential of —60 mV was followed by the second identical
pulse after an increase in the time interval (from 20 milli-
seconds to 7 seconds). The peak amplitude of the current
elicited by the second test pulses were plotted as a function of
the pulse interval after being normalized to the peak amplitude
of the current elicited by the first prepulses. The solid line
represents a typical example of the recovery kinetics of Ky
current obtained under control condition (O, n =4) and in the
presence of 1 uM ST (@, n = 4). The curves were obtained by
fitting the plotted data to a single exponential function,
yielding recovery time constants of 856.95 = 282.61 milli-
seconds under control condition, 1315.54 = 100.02 milli-
seconds in the presence of 1 uM ST.

(Fig. 7B). The application of chelerythrine or PKA-IP alone
had little effect on the Ky current, whereas the application of
1 M ST together with chelerythrine or PKA-IP reduced the
Ky current by 41.12 = 2.11% and 40.68 = 2.43%, respectively.
This reduction in the magnitude of the Ky current by ST in the
presence of chelerythrine or PKA-IP was not different from the
magnitude of inhibition of the Ky current by ST alone (45.6 =
2.5%; Figs. 2 and 7C). These results suggest that ST did not
inhibit Ky current via an action on PKC or PKA but that this
drug acted directly on Ky, channels. We also tested the effect of
ST on Ky currents in the absence of pipette ATP. However, as
shown in Figure 7D, the presence or absence of ATP inside the
pipette did not influence the blocking effect of ST on Ky
channels. These results suggest that the effect of ST occurs in
a phosphorylation-independent manner.

Effects of Staurosporine on Other K* Channels
Coronary arterial smooth muscle cells have several other
types of K channels, including Kapp, BKc,, and Kz chan-
nels.>>?” We tested the effects of 1 WM ST on each of the
aforementioned types of K" channels. To address the Kurp
channels, whole-cell currents were recorded at a holding po-
tential of —60 mV to minimize the activity of Ky, and BK,
channels (cell was dialyzed with BAPTA) and the concentra-
tion of intracellular ATP was lowered to 0.1 mM. To amplify
the magnitude of the K rp current, we increased the concen-
tration of extracellular K* to 140 mM and applied the Kurp
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FIGURE 7. Effects of PKC and PKA inhibitors on the ST-induced
inhibition of Ky currents. A, Current traces under control
conditions, and in the presence of 3 uwM chelerythrine, and
with the additional application of T pM ST (n = 3), with
a depolarization pulse to +40 mV from a holding potential of
—60 mV. B, Similar current traces under control conditions,
and with 5 uM PKA-IP, and with the additional application of
1 wM ST (n = 4). These results were summarized in C. D, Effects
of pipette ATP on the ST-induced inhibition of Ky currents.
Current traces in the presence (n = 4) and absence (n = 3) of
pipette ATP are obtained by depolarization pulse to +40 mV
from a holding potential of —60 mV.

channel opener pinacidil (10 wM). The effect of pinacidil
on K,rp channels is illustrated in Figure 8A. To confirm that
the pinacidil-induced current was the Krp current, we dem-
onstrated that inward current could be reversed rapidly
back to control levels by the application of the sulfonylurea
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glibenclamide (10 wM). ST had no effect on the K zrp current,
which was 10.73 = 1.25 pA/pF and 9.99 = 1.00 pA/pF under
control conditions and in the presence of 1 pM ST, respec-
tively (Fig. 8A, right panel; n = 4).

To record the K current, we used an approach similar
to that used to record the K srp current, except that we included
intracellular ATP (4 mM) to minimize the Krp current. As
illustrated in Figure 8B, ST had no effect on the Kiz current,
which was 8.98 £ 1.03 pA/pF and 8.78 = 0.92 pA/pF under
control conditions and in the presence of 1 wM ST, respec-
tively (Fig. 8B, right panel; n = 4).

The effects of ST on BK, channels were studied in the
cell-attached configuration. BK(, channel activity was not
affected by ST: thus NPy at +60 mV was 0.02296 = 0.0018
and 0.02301 = 0.0021 under control conditions and in the
presence of 1 uM ST, respectively (Fig. 8C; n = 3).

DISCUSSION

In the present study, we investigated the effects of ST on
Ky channels in rabbit coronary arterial smooth muscle cells
and found that ST inhibited Ky, channels in a voltage-, time-,
and use-dependent manner. In addition, the voltage-dependent
inactivation curves of the Ky channels were not significantly
altered by ST, whereas the activation curve was shifted toward
more positive potentials.

In the present study, ST appeared to inhibit the Ky
current directly rather than acting via PKC or PKA. The K,
value of ST (1.35 pM) was much greater than the half-
inhibition value for PKC inhibition (0.7 nM for ST?%).
Moreover, the blockade of the Ky, current in vascular smooth
muscle cells requires PKC activation'? rather than inhibition.
In addition, the selective PKC inhibitor chelerythrine (used at
3 uM in the present study; half-inhibition value of 0.66 WM??),
affected neither the Ky current under control conditions nor
the inhibitory effects of ST on the Ky current (see Fig. 7A).

The half-inhibition concentration of ST for PKA is
7 nM. In our experiments, the half-inhibition concentration of
ST for the Ky, current was 1.3 wM, which reflects a much
greater degree of inhibition than that of ST on PKA activity.
Therefore, we tested the effect of PKA on the Ky current by
applying a specific PKA inhibitor peptide (5 wM PKA-IP) but
found that inhibition of PKA affected neither the Ky, current
nor the inhibitory effects of ST (see Fig. 7B). These results
strongly suggest that ST acted directly on the Ky channels in
coronary smooth muscle cells to inhibit Ky current indepen-
dently of PKC or PKA.

In the present study, ST did not significantly alter the
activation time constant of Ky channels in coronary arterial
smooth muscle cells; this suggests that ST does not block Ky
channels in the closed or resting state in native cells from
coronary arteries. This concurs with previous reports on the
effect of ST on heterologously expressed Ky/1.3 channels'® and
also with the results of studies of the effects of BIM (I) on
Ky channels from mesenteric arteries'® and heterologously ex-
pressed Ky 1.5 channels.'® However, we found in the present
study that ST accelerated the rate of Ky current decay. The
time constant of the fast component of inactivation in the pres-
ence of 1 wM ST was 1.5-fold greater than that under control

© 2005 Lippincott Williams & Wilkins
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with ST application after amplification by
140 mM K* in the bath solution and the
application of 10 wM pinacidil. Right panel
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conditions; in the presence of 3 wM ST, the time constant was
3-fold greater than the control value. These results suggest that
ST may have blocked the pore of Ky channels that were in the
open state.

Choi et al"® found that ST acted on Ky/1.3 channels in CHO
cells independent of PKC and PKA. In that study, ST did not
affect the peak amplitude of the Ky /1.3 current but enhanced the
rate of current decay in a concentration-dependent manner.
However, our data showed that ST inhibited both the peak
amplitude of Ky currents and the steady-state current in freshly
isolated coronary arterial smooth muscle cells. This difference
between the results obtained in the present study and those of
Choi et al"® might be caused by the use of different model

© 2005 Lippincott Williams & Wilkins

systems (CHO cells versus freshly isolated coronary arterial
smooth muscle cells).

The inhibitory effects of ST on the Ky current were
clearly voltage dependent. Within the voltage range of Ky
channel activation, the inhibition of Ky current by ST in-
creased greatly, thus providing strong evidence that a Ky
channel must be open for it to be inhibited by ST. Moreover,
there was a shallow voltage dependence for inhibition by ST in
the voltage range at which Ky channels are activated fully.
Woodhull* explained this phenomenon by means of a simple
model. According to the Woodhull model, if a positively
charged drug moves into the transmembrane electric field from
the inside, then inhibition should increase on depolarization
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because of the electrostatic repulsion between the positively
charged drug and the membrane depolarizing potential. This
would occur in the voltage range at which channels are in the
open state and may also occur in the voltage range at which
channels are activated fully. The pK, of ST is ~10, which
means that in physiological solutions (pH ~7.4) ST exists
mainly in a positively charged form. Therefore, the value of
8 = 0.21 for the voltage dependence of the apparent K4 of ST
can be interpreted to indicate that the positively charged
amine senses about 20% of the electrical field. This interpre-
tation has been proposed in previous studies with antiarrhythmic
agents®**?! or with TEA,** which reported § values.

ST includes 5-aromatic-ring motifs and protonated am-
monium ions, which may constitute the key features of ST that
allow this drug to block Ky channels. Previous reports have
suggested that protonated ammonium ions inhibit Ky channels
only after the channel activation gates have opened and that
hydrophobic interactions between the drugs and channels
determine the stability and affinity of binding.****73¢ At a
physiological pH, ST has protonated tertiary ammonium ions,
which would facilitate an association with a K" coordinating
site within the channel cavity.>’~*

Although ST did not affect the voltage dependence of
Ky channel inactivation, effects of ST on the voltage depend-
ence of activation were noticeable: ST shifted activation to
more positive potentials, which is different from other reports
on the effects of ST. These results suggest that ST changed the
voltage sensitivity of Ky channels, which implies ST can
interact with the Ky channel while it is in the closed state
(which resembles the effect of 4-AP on Ky channels*) as well
as blocking the cavity of Ky channels that are in the open state.

In conclusion, in the present study we found that ST
directly inhibited the Ky current in rabbit coronary arterial
smooth muscle cells. Therefore, caution is required when
using ST (which inhibits PKC) in functional studies of modu-
lation of ion channels by protein phosphorylation.
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