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ABSTRACT

Channels formed by coassembly of the KCNQ1 (KvLQT1) sub-
unit and the minK subunit underlie slowly activating cardiac
delayed rectifier (I in the heart, whereas two other members
of the KCNQ channel family, KCNQ2 and KCNQ3, coassemble
to underlie the M current in the nervous system. Because of
their important physiological function, KCNQ channels have
potential as drug targets, and an understanding of possible
mechanisms that would enable tissue-specific targeting of
these channels will be of significant value to drug development.
In this study, we examined the role of the minK subunit in
determining the response of KCNQ1 channels to blockade by
the cognitive enhancer XE991. Coexpression with minK mark-
edly decreased the sensitivity of KCNQ1 to blockade by XE991.
When measured at the end of a 500-ms step, XE991 blockade

of the KCNQ1+minK current had a K value of 11.1 = 1.8 uM,
approximately 14-fold less sensitive than the block of the
KCNQ1 current (K, = 0.78 = 0.05 uM). In addition, XE991
reduced activation and deactivation time constants and caused
a rightward shift in the activation curve of KCNQ1+minK, but
affected none of these parameters for KCNQ1 alone. Also,
XE991 block of KCNQ1+minK, but not of KCNQ1, was time-
and voltage-dependent. We conclude that the presence of
minK in the |, channel complex gives rise to differential sen-
sitivity of KCNQ and I, channels to blockade by XE991. Our
results have implications for drug development by demonstrat-
ing the important potential role of accessory subunits in deter-
mining the pharmacological properties of KCNQ channels.

The KCNQ potassium channels have recently emerged as a
family of channels with important physiological functions.
Members of the family contribute to several key potassium
currents in the heart and nervous system, and mutations in
the KCN@ genes are closely related to several human genetic
diseases. In coassembly with the minK (KCNE1) accessory
subunit, the KCNQ1 (KvLQT1) channel subunit underlies
the cardiac slowly activating cardiac delayed rectifier (Ix,)
current (Barhanin et al., 1996; Sanguinetti et al., 1996), a
slowly activating and deactivating delayed-rectifier potas-
sium current that contributes to the repolarization of the
cardiac action potential. Mutations in the KCNQ1 (KvLQT1)
gene cause delayed cardiac action potential repolarization
and a prolonged QT interval in the ECG, resulting in a
congenital cardiac disorder known as long QT syndrome that
can lead to ventricular arrhythmias and sudden death (Wang
et al., 1996). Two new members of the KCNQ family, KCNQ2
and KCNQ3, have been recently identified (Biervert et al.,
1998; Charlier et al., 1998; Singh et al., 1998). Unlike
KCNQ1, which is predominantly a cardiac channel, these two
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channels are present exclusively in the nervous system. We
have shown previously that the KCNQ2 and KCNQ3 channel
subunits coassemble to form heteromultimers that underlie
the M current (Wang et al., 1998), a voltage-gated potassium
current that plays a critical role in regulating neuronal ex-
citability in the nervous system (Brown, 1988; Yamada et al.,
1989; Wang and McKinnon, 1995).

Because of their important physiological functions, KCNQ
channels have clear potentials as drug targets. In particular,
the potentials of the neuronal KCNQ channels as drug tar-
gets are demonstrated by the recent development of a class of
chemical compounds represented by linopirdine and the
newer analog XE991. These compounds are potent blockers
of cloned KCNQ channels (Wang et al., 1998) and the native
M current in a variety of neurons (Costa and Brown, 1997;
Lamas et al., 1997; Schnee and Brown, 1998, Wang et al.,
1998). These compounds have been shown to have cognitive
enhancing effects, and they act by increasing the stimulus-
evoked release of a number of neurotransmitters in the cen-
tral nervous system (Aiken et al., 1996; Zaczek et al., 1998).
It has been suggested that blockade of the M channel under-
lies, at least in part, the enhancement of transmitter release
by these drugs (Kristufek et al., 1999).

ABBREVIATIONS: |, slowly activating cardiac delayed rectifier; G, conductance; G,,,,., maximum conductance.
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However, because the KCNQ channels have generally sim-
ilar pharmacological profiles, a potential problem in the de-
velopment of drugs that target neuronal KCNQ channels is
that the cardiac KCNQ1 (KvLQT1) channel, which together
with the minK subunit underlies the native I, may also be
affected. The need for neuronal specificity is underscored by
the finding that adverse blockade of I, can prolong cardiac
action potential duration and cause acquired forms of long
QT syndrome (Roden and George, 1996). In this study, we
tested the role of the minK accessory subunit in determining
the sensitivity of Ik, channels to these cognitive enhancing
drugs. Using the blockade by the cognitive enhancer XE991
as a case study, we have shown that incorporation of the
minK regulatory subunit in Ix, channels confers a lower
sensitivity of the channel complex to XE991, providing a
molecular basis for the differential sensitivity of KCNQ and
Ik, channels to XE991.

Materials and Methods

Preparation of KCNQ1 and minK cRNA. The human KCNQ1
c¢DNA (a generous gift from Dr. M. T. Keating, University of Utah,;
Wang et al., 1996) was linearized with EcoRI, and cRNA was tran-
scribed using SP6 RNA polymerase. The minK ¢cDNA (originally
obtained from Dr. S. Nakanishi, Kyoto University, Japan; Takumi et
al., 1988) was linearized with Notl, and cRNA was transcribed using
T7 RNA polymerase.

Expression in Xenopus Oocytes. Oocytes were prepared from
mature female Xenopus laevis as described previously (Wang et al.,
1997). Frogs were anesthetized in ice water containing 0.1% solution
of Tricaine. Defolliculation was performed by incubation for 2 h in 2
mg/ml collagenase (type VIII, Sigma, St. Louis, MO) in Ca®"-free
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OR2 oocyte medium with gentle agitation. Oocytes were stored in
ORS3 solution [50% L-15 medium (Life Technologies, Gaithersburg,
MD), 1 mM glutamine, 15 mM Na-HEPES (pH 7.6), 0.1 mg/ml
gentamicin] at 18°C. Oocytes were injected with 35 ng of KCNQ1
cRNA or a 50:1 ratio of KCNQ1 and minK ¢cRNAs (17.5 and 0.35 ng,
respectively) using a microdispenser and a micropipette with tip
diameter of 10 to 15 um. Injected oocytes were incubated at 18°C for
24 to 48 h before analysis.

Oocytes were voltage-clamped using a two-microelectrode voltage
clamp (TEV 200, Dagan, Minneapolis, MN). Intracellular electrodes
were filled with 3 M KCl and had resistances of 0.5 to 3 MQ. The
standard extracellular recording solution (OR2 solution) contained
85 mM NaCl, 2 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, and 5 mM
Na-HEPES (pH 7.6). Data collection and analysis were performed
using pCLAMP software (Axon Instruments, Foster City, CA).
XE991 was obtained from DuPont Pharmaceuticals (Wilmington,
DE) and dissolved in 0.1 N HCI as a 10-mM stock solution.

Data Analysis. Group data are presented as mean = S.E. Statis-
tical tests of drug effects were performed using paired, two-tail
Student’s ¢ tests unless otherwise indicated. A ¢ value giving P < .05
was considered to be significant.

Results

To test the hypothesis that the minK accessory subunit
modulates the effect of XE991 on I, channels, voltage-clamp
recordings were made from Xenopus oocytes injected with
KCNQ1 cRNA alone or with KCNQ1 and minK ¢cRNAs in a
50:1 weight ratio. The basic biophysical properties of the
expressed KCNQ1 and KCNQ1+minK channels were similar
to those described previously (Barhanin et al., 1996; Sangui-
netti et al., 1996) (Fig. 1A). The KCNQ1 current is a delayed
rectifier that activates relatively rapidly and exhibits weak
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Fig. 1. The KCNQ1 and KCNQ1+minK (Ik,) channels have differential sensitivity to blockade by XE991. A, expression of the KCNQ1 (left) and
KCNQ1+minK (right) channels in Xenopus oocytes. Recordings show current responses to voltage steps from a holding potential of —80 mV over a
range of —60 to +40 mV in 20-mV increments. Tail currents were recorded at —50 mV. B, effect of 3 uM XE991 on the KCNQ1 and KCNQ1+minK
currents. Currents were recorded in response to 500-ms voltage steps from a holding potential of —80 to 0 mV. C, dose-response curves for XE991
blockade of KCNQ1 and KCNQ1+minK currents measured at the end of 500-ms depolarizing steps as shown in B. Data points are averages from six
and seven oocytes and were fitted with the Hill equation with K, values of 0.78 and 11.1 uM for blockade of the KCNQ1 and KCNQ1+minK currents,

respectively, and Hill coefficient of unity. Error bars = S.E.M.
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rectification at positive voltages caused by rapid inactivation.
Deactivation of the current at —50 mV was slow and pre-
ceded by an initial phase of recovery from inactivation. Co-
expression of minK with KCNQ1 channels resulted in a cur-
rent with considerably slower activation and deactivation
kinetics than those of the KCNQ1 channels alone. Activation
of the KCNQ1+minK channel was sigmoidal and did not
reach steady state even during prolonged depolarizing volt-
age steps.

The native Ig, in cardiac myocytes has slow activation
kinetics and is activated toward the end of the plateau phase
of cardiac action potentials, which are typically several hun-
dred milliseconds in duration in human. For this reason, a
relatively short (500 ms) depolarizing step to 0 mV was
initially used to test the sensitivity of the KCNQ1l and
KCNQ1+minK (Ix,) channels to XE991. Bath application of
3 uM XE991 significantly reduced the KCNQ1 current am-
plitude (Fig. 1B), consistent with the previously described
high sensitivity of KCNQ channels to blockade by XE991
(Wang et al., 1998). In contrast, the effect of the same con-
centration of XE991 on the KCNQl+minK current was
markedly smaller. When measured at the end of the 500-ms
step, XE991 blockade of the KCNQ1+minK current has a K
value of 11.1 + 1.8 uM (n = 7), which is greater than 14-fold
less sensitive than the block of the KCNQ1 current (K, =
0.78 = 0.05 uM, n = 6; Fig. 1C). By comparison, the K
values for XE991 block of KCNQ2 and KCNQ2+KCNQ3
channels are 0.7 and 0.6 uM, respectively (Wang et al., 1998).

The dose-dependent block of the KCNQ1+minK current by
XE991 was characterized further using a 4-s depolarizing
step (Fig. 2A). The longer step revealed that the blockade of
the current is strongly time-dependent, with the percentage
of blockade increasing over time, as shown in Fig. 2B. The
time dependence of XE991 blockade of KCNQ1+minK is also
reflected in the Kj-step duration relationship (Fig. 2C), in
which the K, value decreases from 13.3 = 1.9 uM at 300 ms
to84 =13 uM at1sto 5.0 08 uMat4ds((n =17).In
marked contrast, the K, value for block of the KCNQ1 cur-
rent has little time dependence (0.76 = 0.06 uM at 200 ms
and 0.84 = 0.08 uM at 2 s; n = 6) and is significantly lower
than that of the KCNQ1+minK current at all time points
tested (Fig. 2, C and D).

One possibility is that the XE991 sensitivity of the two
channels appeared different because KCNQ1+minK acti-

A B

vates extremely slowly, and the drug blockade is not at
steady state for the time period tested. Indeed, the Kj,-time
curve for the KCNQ1+minK current shown in Fig. 2C ap-
parently had not reached steady state at 4 s. To test this
hypothesis, a prolonged 40-s step was used. At the end of the
depolarizing step, the blockade of KCNQ1+minK by XE991
was close to steady state, and the K, value was estimated to
be 3.9 = 0.4 uM (n = 3; data not shown), not significantly
lower than that observed at 4 s. This suggests that the lower
XE991 sensitivity of the KCNQ1+minK channel is probably
not simply attributable to the slow kinetics of the channel
activation and blockade.

The time dependence of the XE991 block of the
KCNQ1+minK current is possibly attributable to a change in
activation kinetics of the current in the presence of the drug.
Application of XE991 significantly increased both the rate of
activation and deactivation of the KCNQ1+minK current as
shown in Fig. 3A, in which the outward and tail currents in
the presence of 3 uM XE991 were normalized to those in
control. The effect of XE991 is dose-dependent (Fig. 3B).
Activation of KCNQ1+minK can be described by the second
power of a single exponential function, and the time constant
was 1.28 * 0.20 s in control and was decreased to 0.94 *
0.18 s and 0.84 = 0.15 s in the presence of 3 and 10 pM
XE991, respectively (P < .01, n = 4). For deactivation of the
current, which can be approximated by a single exponential,
the time constant was 1.64 = 0.32 s in control and was
decreased to 1.04 + 0.22 s and 0.84 = 0.17 s in the presence
of 3 and 10 uM XE991, respectively (P < .05, n = 4). In
contrast, the effect of XE991 on the kinetics of the KCNQ1
current was much smaller (Fig. 3C). Activation of the
KCNQ1 current is biphasic, and to simplify data analysis and
presentation, the half-rise time for 2-s depolarizing steps was
used as a measurement of the activation rate. Application of
1 and 3 uM XE991 did not cause any significant change in the
average half-rise time of activation and the time constant of
deactivation of the KCNQ1 current (P > .5; Fig. 3D).

Association with the minK subunit altered the voltage
dependence of the block of the KCNQ1 channel by XE991.
Figure 4A shows the K, values for XE991 block measured at
the end of 2-s depolarizing steps to various voltages. The
blockade of KCNQ1 current by XE991 is essentially voltage-
independent for the voltage range tested, whereas the block-
ade of the KCNQ1+minK current shows a weak voltage
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Fig. 2. Comparison of time dependence of XE991 block of KCNQ1 and KCNQ1+minK channels. A, dose-dependent block of the KCNQ1+minK current
by XE991. Currents were in response to 4-s voltage steps to 0 mV from a holding potential of —80 mV. B, time dependence of the block of
KCNQ1+minK by 10 uM XE991, for the experiment shown in A. Percentage of blockade of the current was calculated for each time point and plotted
as a function of time. C. K,-time relationships for the XE991 blockade of KCNQ1 and KCNQ1+minK currents. Data points are averages from six and
seven oocytes for KCNQ1 and KCNQ1+minK currents, respectively. Error bars are =S.E.M.
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dependence, with a lower affinity at positive voltages. We
also examined the effect of XE991 on the activation curves of
the KCNQ1 and KCNQ1+minK current. Coexpression with
minK shifted the average midpoint for the conductance-volt-
age curve of the KCNQ1 channel to a more positive potential
by 18.3 mV and decreased the slope factor by 2 mV (Fig. 4B),
similar to previously described results (Sanguinetti et al.,
1996). Because of the large difference in KCNQ1 and
KCNQ1+minK channels’ sensitivity to XE991, a concentra-
tion that causes half-blockade was used for each current.
Application of 1 uM XE991 had a small but significant effect
on the conductance-voltage curve of the KCNQ1 current
(midpoint, —18.0 = 0.6 and —19.9 * 0.3 mV in control and
XE991, respectively; P < .01, n = 5; Fig. 4B). In contrast,
application of 5 uM XE991 shifted the midpoint of the isoch-
ronal (4 s) activation curve of the KCNQ1+minK current by
8.6 mV in the positive direction, from 0.3 = 2.4 mV to 8.9 *
3.0 mV (P < .05, n = 5; Fig. 4B). This shift was in the
direction opposite to that observed for the KCNQ1 channel.

Tonic currents in cardiac myocytes, including I, are acti-
vated repeatedly by the rhythmic activity of the heart. There-
fore, the use dependence of drug actions must be investigated
in pharmacological studies of cardiac ionic currents and their
molecular clones. For this reason, the effect of XE991 was
tested on the KCNQ1 and KCNQ1+minK currents activated
repetitively at 1 Hz by a 250-ms depolarizing step to 0 mV
from a holding potential of —80 mV, a protocol designed to
mimic the activation of I, in cardiac myocytes. Some accu-
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mulation of activation of currents was observed, especially
for KCNQ1+minK, which quickly reached steady state. Fig-
ure 4C shows four consecutive superimposed traces in control
and in the presence of 3 uM XE991 for the KCNQ1 and
KCNQ1+minK currents. The effect of XE991 on the two
currents was markedly different and was similar to that
described in Fig. 1B, suggesting that there is little accumu-
lation of block by XE991 for the KCNQ1+minK channel
under these conditions.

Discussion

The native cardiac Ik, channels are formed by the coas-
sembly of the pore-forming KCNQ1 subunits with the minK
accessory protein. This study tested the hypothesis that
KCNQ and Iy, channels have differential sensitivity to the
cognitive enhancer XE991 and has shown that the minK
subunit confers the lower sensitivity of I, (KCNQ1+minK)
to XE991. When studied using a 500-ms depolarizing step,
the KCNQ1+minK channel was 14- to 18-fold less sensitive
to XE991 blockade than were KCNQ1 and neuronal KCNQ
channels (Wang et al., 1998). Other characteristics of XE991
blockade of the KCNQ1+minK channels were also different.
XE991 blocks KCNQ1+minK in a voltage- and time-depen-
dent manner, whereas XE991 blockade of KCNQ1 was pri-
marily voltage- and time-independent. The activation and
deactivation kinetic properties of the KCNQ1+minK chan-
nel, but not those of KCNQ1, were altered significantly in the
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Fig. 3. Effect of XE991 on the gating properties of the KCNQ1 and KCNQ1+minK channels. A, effect of 3 uM XE991 on the activation and deactivation
kinetics of the KCNQ1+minK current. Recordings show current responses to voltage steps from —80 to 0 mV. Tail currents were recorded at —60 mV.
Activation of the current (left) and tail current (right) in the presence of 3 uM XE991 (*) were normalized to the respective control currents. B, effect
of 3 and 10 uM XE991 on the activation and deactivation time constant of the KCNQ1+minK current. Activation in response to a 4-s step to 0 mV
was fitted with the second power of a single exponential and deactivation at —60 mV was fitted with a single exponential. C, effect of 1 uM XE991
on the activation (left) and deactivation (right) kinetics of the KCNQ1 current. Protocols are the same as described for A. D, effect of 1 and 3 uM XE991
on the activation half-rise time in response to 2-s depolarizing steps to 0 mV and deactivation time constant of the KCNQ1 current measured at —60
mV. Data points are averages from four oocytes in both B and D. Error bars are =S.E.M.
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presence of XE991. These results suggest that the minK
subunit has an important role in regulating the interaction
between the I, channel complex and XE991. Such an effect
of the minK subunit may allow the cardiac Ik, and neuronal
KCNQ channels to be differentially affected by XE991. Al-
though no published clinical assessment of XK991 is avail-
able, linopirdine, a close analog of XE991, seems to act in a
tissue-specific manner. When evaluated in patients, linopir-
dine enhanced neurotransmitter release while causing no
significant adverse changes in cardiac function, including
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Fig. 4. A, comparison of voltage dependence of XE991 block of KCNQ1
and KCNQ1+minK channels. K}, values for XE991 block were measured
at the end of 2-s depolarizing steps to various voltages from a holding
potential of —80 mV. Data points are averages from four and seven
oocytes for KCNQ1 and KCNQ1+minK, respectively. B, effect of XE991
on the conductance-voltage relationships of KCNQ1 and KCNQ1+minK
channels. Tail currents were measured in control and in the presence
XE991 at —50 mV after depolarizing steps from —80 mV to various
voltages for 2 and 4 s for KCNQ1 and KCNQ1+minK, respectively, and
were normalized to the maximum tail current. Data points are averages
from five oocytes for both KCNQ1 and KCNQ1+minK and were fitted
with the equation: G/G,,,, = 1/(1 + exp(V — V) )/k,)), where V_, the
midpoint for activation, was —18.0 and —19.9 mV, and %,, the slope
factor, was —13.4 and —12.5 mV for control and in the presence of 1 uM
XE991, respectively, for KCNQ1. V, was 0.3 and 8.9 mV, and %, was
—15.2 and —15.1 mV for control and in the presence of 5 uM XE991,
respectively, for KCNQ1+minK. Error bars are =S.E.M. C, effect of 3 uM
on the KCNQ1 and KCNQ1+minK currents in response to repetitive
stimulation. Currents were in response to 250-ms voltage steps from a
holding potential of —80 to 0 mV at 1 Hz. Four consecutive superimposed
traces in control and in the presence of 3 uM XE991 are shown for the
KCNQ1 and KCNQ1+minK channels.

changes in the ECG (Pieniaszek et al., 1995; Rockwood et al.,
1997).

Linopirdine blocks the M channel (KCNQ2+KCNQ3) by a
direct interaction with the channel protein rather than
through a second messenger-mediated pathway (Costa and
Brown, 1997; Lamas et al., 1997). Presumably the closely
related compound XE991 blocks the KCNQ1 and
KCNQ1+minK by the same mechanism. As a result of the
pronounced time dependence of the KCNQ1+minK blockade,
the difference in affinity for XE991 of the KCNQ1 and
KCNQ1+minK channels is most significant when examined
using relatively short steps and decreases over time. The
time dependence of the KCNQ1+minK blockade can be sim-
ply explained by an open-channel block with a slow on-rate
for drug binding. However, such a mechanism is inconsistent
with an increased rate of deactivation of the channel in the
presence of XE991. Also, there is no cumulative blockade
when the current is stimulated repetitively. Although the
analysis of the blockade of the KCNQ1+minK is complicated
by the extremely slow activation rate and the lack of steady-
state activation, we believe that the apparent time depen-
dence of blockade is secondary to the change in channel
gating properties. The mechanism by which XE991 alters the
gating properties of the KCNQ1+minK channel, but not of
KCNQ1, is unknown. It may involve allosteric interactions
between XE991 and the KCNQ1 channel at a site that is
modified in the presence of minK.

The modulatory effect of minK on I, drug sensitivity
reported here is not unique for blockade by XE991. It has
been shown previously that coexpression of minK subunits
with KCNQ1 channels decreases the effect of other drugs,
including clofilium and a benzodiazepine, R-L3, on the chan-
nel (Yang et al., 1997; Salata et al., 1998). Interestingly, it
also has been shown that compared with the KCNQ1 chan-
nel, the KCNQ1+minK channel has higher affinity for sev-
eral antiarrhythmic drugs (Busch et al., 1997). Therefore,
association with the minK subunits appears to affect the
general pharmacological profile of the KCNQ1 channel, and
these intriguing interactions between minK and KCNQ1 sub-
units may make it possible to develop drugs that can selec-
tively target either the neuronal or cardiac KCNQ channels.

The significance of this study goes beyond the interactions
between KCNQ channels with minK. A previous study has
shown that the presence of the B-1 accessory subunit alters
the block of the cardiac sodium channel by lidocaine (Mak-
ielski et al., 1996). Recently, it was suggested that MiRP1, a
minK-related peptide with one putative transmembrane do-
main, coassembles with the HERG potassium channel to
form the rapidly activating cardiac delayed rectifier channel
Ix,, and it has been shown that coexpression with MiRP1
affects the block of the HERG channel by the methanesulfo-
nanilide E4031 (Abbott et al., 1999). Taken together, these
findings and our results have implications for drug develop-
ment by demonstrating that the pharmacological profile of an
ion channel is not only determined by the properties of the
pore-forming a-subunits, but also can be influenced by the
accessory or regulatory subunits with which the a-subunits
coassemble. As a case study, our results also show that the
tissue specificity of drugs can be achieved by taking advan-
tage of the presence of accessory channel subunits in addition
to targeting channels restricted to a certain tissue type.
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