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SUMMARY

The interaction of quinidine with a cloned human cardiac potas-
sium channel (HK2) expressed in a stable mouse L cell line was
studied using the whole-cell tight-seal voltage-clamp technique.
Quinidine (20 um) did not affect the initial sigmoidal activation
time course of the current. However, it reduced the peak current
and induced a subsequent decline, with a time constant of 8.2
+ 0.8 msec, to 28 + 6% of control (at +60 mV). The concentra-
tion dependence of HK2 block at +60 mV yielded an apparent
Ko of 6 um and a Hill coefficient of 0.9. The degree of block was
voitage dependent. Block increased from 0.60 + 0.09 at 0 mV
t00.72 £+ 0.06 at +60 mV with 20 um quinidine and from 0.39 +
0.20 to 0.48 + 0.16 with 6 um. Paired analysis in seven experi-
ments with 20 um quinidine indicated that the voltage-dependent

increase in block was significant (difference, 12 + 4%; p <
0.001). This voltage dependence was described by an equivalent
electrical distance 6 of 0.19 + 0.02, which suggested that at the
binding site quinidine experienced 19% of the applied transmem-
brane electrical field, referenced to the inner surface. Quinidine
reduced the tail current amplitude and slowed the time course
relative to control, resulting in a “crossover” phenomenon. These
data indicate that 1) the charged form of quinidine blocks the
HK2 channel after it opens, 2) binding occurs within the trans-
membrane electrical field (probably in or near the ion permeation
pathway), and 3) unbinding is required before the channel can
close.

Quinidine is a widely used antiarrhythmic agent. It slows
conduction and prolongs action potential duration, mainly by
blocking cardiac Na* and K* channels, respectively (1-4).
Several studies have shown that quinidine interacts mainly
with the activated or open state of cardiac Na* channels (5, 6).
However, the mechanism of block of K* channels is not firmly
established, although there is evidence indicating that block of
a slow component of delayed rectification is mainly due to open
state interactions (7, 8). The presence of multiple overlapping
ionic currents in native cardiac myocytes complicates the study
of drug-channel interactions. A combination of ion substitution
and pharmacological dissection is required to eliminate all but
the current of interest (8, 9). This procedure is valuable but
limited, e.g., the use of divalent cations to block Ca** currents
may modify gating properties of K* channels, and for the study
of time-dependent drug-channel interactions it is required that
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any agent used in the subtraction procedure be devoid of any
time-dependent effects. In order to elucidate mechanisms of
ion channel block quantitatively, it is, therefore, necessary to
study drug-channel interactions in a system without contami-
nating currents. The expression of cloned cardiac K* channels
in tissue culture cells provides such a system. We have taken
advantage of this system to study the interaction of quinidine
with HK2, a K* channel cloned from human ventricle.
Several K* channels have recently been cloned from rat and
human heart (10, 11). Although the 605-amino acid HK2 chan-
nel was cloned from a human ventricular cDNA library, North-
ern blot analysis suggests that it is much more abundant in
atrium relative to ventricle (11). The RK4 channel (alterna-
tively designated Kv1) cloned from rat heart (10) and brain
(12) appears to be the rat equivalent of this human channel.
The HK2 and RK4 channels are 86% identical overall, with
96% identity within the central core region containing the six
membrane-spanning domains. HK2 is functionally similar to
this rat channel, in that it has delayed rectifier properties,
displays some degree of slow inactivation and activates positive
to —30 mV, with time constants ranging from 40 msec at —20
mV to 2 msec at +50 mV (12). RK4 mRNA is expressed at
equivalent levels during all stages of rat heart development
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(13), suggesting that this channel is crucial to cardiac function.
Native currents similar to RK4 and HK2 have been recently
described in rat atrial myocytes (14), suggesting that this chan-
nel may have an important role in the control of action poten-
tial duration and repolarization in native cardiac membranes.
Interestingly, a K* channel cloned from human insulinoma
cells is nearly identical to HK2 in both amino acid sequence
(96% overall identity) and kinetic properties (15).

The HK2 channel was stably expressed in mouse L cells, and
the mechanism of block by quinidine was studied using the
whole-cell voltage-clamp technique. Under the experimental
conditions used in this study, no contaminating voltage-acti-
vated currents were observed. Quinidine interacts primarily
with the open state of the HK2 channel, and quinidine must
dissociate from the channel before it can close. The voltage
dependence of this open-channel block indicated that quinidine
acts from the inside and moves about 19% into the membrane
electrical field to reach its binding site. Despite obvious kinetic
differences, quinidine blocks this human cardiac K* channel in
a manner similar to the block of the Drosophila Shaker channel
by internal TEA (16). This suggests that TEA and quinidine
receptors are adjacent or identical structures. This work pro-
vides topological information to guide molecular strategies to
identify the receptor site, because it suggests that the interac-
tion occurs with membrane-spanning domains at or near the
TEA binding site.

Materials and Methods

Transfection and cell culture. The Sphl-EcoRV fragment (base
pairs 161-2059) of the HK2 ¢cDNA (11) was blunted with Klenow and
subcloned in the EcoRV site of pMSVNeo (17). This vector contains a
dexamethasone-inducible murine mammary tumor virus promotor con-
trolling transcription of the inserted cDNA and a gene conferring
neomycin resistance driven by the SV40 early promotor. The HK2-
pMSVNeo construct contained only 22 and 59 base pairs of the 5° and
3’ untranslated sequence, respectively. The cDNA-containing expres-
sion vector was transfected into mouse Ltk™ cells as described previ-
ously (18). After 24 hr, selection with 0.5 mg/ml G418 (a neomycin
analog) was initiated for 2 weeks or until discrete foci formed. Individ-
ual foci were isolated, maintained in 0.25 mg/ml G418, and screened
for HK2 mRNA by Northern analysis. Each of 10 cell lines examined
for HK2 mRNA were positive. The two of these lines with the highest
levels of HK2 mRNA were chosen for further study. Both lines had
equivalent HK2 channel expression, as determined by current density
in whole-cell voltage clamp. One of the lines was chosen for further
detailed analysis.

Transfected cells were cultured in Dulbecco’s modified Eagle medium
supplemented with 10% horse serum and 0.26 mg/ml G418, under a
5% CO, atmosphere. The cultures were passed every 3-5 days, using a
brief trypsin treatment. Before experimental use, subconfluent cultures
were incubated with 2 uM dexamethasone for 24 hr. The cells were
removed from the dish with a rubber policeman, a procedure that left
the vast majority of the cells intact. The cell suspension was stored at
room temperature and used within 12 hr for all the experiments
reported here. However, 24 hr of incubation at room temperature did
not yield significantly different results. Trypsin treatment of the cells
before use was avoided, because the HK2 channel has six potential
tryptic cleavage sites on its presumed extracellular face (11).

Electrical recording. Micropipettes were pulled from Radnoti
borosilicate glass and were heat polished. They were filled with “intra-
cellular” solution (see below) and connected to the headstage of an
Axopatch-1A patch-clamp amplifier. All currents were recorded at room
temperature. The current records were sampled at 3-10 times the anti-
alias filter setting, stored on the hard disk of an IBM-PCAT for
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subsequent analysis, and archived on optical disk. Data acquisition and
command potentials were controlled by a versatile custom-made pro-
grammable stimulator. Gain, filter frequency, and temperature were
stored with each record. To ensure voltage-clamp quality, microelec-
trode resistance was kept below 3.5 MQ; average resistance was 2.0 +
0.6 MQ (n = 14). The microelectrodes were gently lowered onto the
cells, and gigaohm seal formation (16 + 9 GQ; range, 6-33 GQ) was
achieved by suction. After seal formation, cells were lifted from the
bottom of the perfusion bath and the membrane patch was ruptured
with brief additional suction. The capacitive transients elicited by
symmetrical 10-mV steps from —80 mV were recorded at 50 kHz
(filtered at 10-20 kHz) for subsequent calculation of capacitive surface
area, access resistance, and input impedance. Resting potential was
recorded in current-clamp mode and checked intermittently throughout
the experiment. Thereafter, capacitance and series resistance compen-
sation were optimized, and 80% compensation was usually obtained.
With an average current of 2.5 nA at +50 mV, no significant voltage
errors due to series resistance are expected with the electrodes used,
and this was confirmed by the calculated R,. The low capacitance (19
+ 2 pF) enabled fast clamp conttol (r ~ 100 usec before compensation
and 7 ~ 40 usec after compensation).

Solutions. The intracellular pipette filling solution contained (in
mMm) 110 KCl, 10 HEPES, 5 K,BAPTA, 5 K,ATP, and 1 MgCl;, and
was adjusted to pH 7.2 with KOH, yielding a final intracellular K*
concentration of 145 mM. The bath solution contained (in mm) 130
NaCl, 4 KCl, 1.8 CaCl;, 1 MgCl,, 10 HEPES, and 10 glucose and was
adjusted to pH 7.35 with NaOH. To obtain higher extracellular K*
concentrations, equimolar substitution of KCl for NaCl was used.
Quinidine was added from a stock solution of 10 mM (quinidine gluco-
nate; Eli Lilly, Indianapolis, IN).

Pulse protocols and analysis. After control data were obtained,
bath perfusion was switched to drug-containing solution. Drug infusion
or removal was monitored with test pulses from —80 mV to +50 mV,
applied every 30 sec until steady state was obtained (within 10-15
min).

The holding potential was —80 mV unless indicated otherwise. In
drug-free conditions, repriming kinetics of HK2 (deactivation and
recovery from slow inactivation) were sufficiently fast to allow for pulse
trains at 0.5 Hz without decrement of the current. In the presence of
20 uM quinidine, a pulse frequency of 0.1 Hz could be used without
“use-dependent” accumulation of block (with 250-msec depolariza-
tions). Therefore, the cycle time for any protocol was 0.1 Hz or slower
(with the exception of specific pulse trains).

The protocol to obtain current-voltage (I-V) relationships and acti-
vation curves consisted of 250-msec pulses that were imposed in 10-
mYV increments between —80 and +60 mV, with additional interpolated
pulses to yield 5-mV increments between —30 and +10 mV (activation
range of HK2). The “steady state” I-V relationships were obtained by
measuring the current at the end of the 250-msec depolarizations.
Between —80 and —40 mV, only passive linear leak was observed; least
squares fits to these data were used for passive leak correction. Deac-
tivating ‘tail’ currents were recorded at —30 or =50 mV. The activation
curve was obtained from the tail current amplitude immediately after
the capacitive transient or from the amplitude of the exponential fit to
its time course. Both gave similar results in controls. All measurements
were done by a custom-made analysis program that recognized the
protocol identifier and applied the appropriate analysis procedure for
each protocol to extract I-V relationships, peak currents, activation
curve etc. For steady state curves, raw data points were averaged over
a small time window (2-5 msec). Peak currents were obtained from the
best second-order polynomial fit to the raw data points, using a moving
window of 10-20 msec, as used previously for analyzing In, (6). Raw
tracings shown in this paper are leak subtracted, as described above,
and digitally filtered at 1 kHz in the frequency domain after Fourier
transformation.

Activation curves were fitted with a Boltzmann equation
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in which s represents the slope factor and E, the voltage of 50%
activation (or inactivation). The time course of tail currents and slow
inactivation were fitted with a sum of exponentials, and activation
kinetics were fitted to an equation of the form (1 — A X exp(—t/7,))",
with n = 4 (19, 20). The curve-fitting procedure used a nonlinear least-
squares (Gauss-Newton) algorithm; results were displayed in linear
and semilogarithmic format, together with the difference plot. Good-
ness of the fit was judged by the x? criterion and by inspection for
systematic nonrandom trends in the difference plot.

A first-order blocking scheme was used to describe drug-channel
interaction (see Discussion); apparent affinity constant, Kp, and Hill
coefficient, ny, were obtained from fitting of the fractional block, f, at
various drug concentrations, [D], to:

1

= T+ oD

(2)
and apparent rate constants for binding (k) and unbinding (I) were
obtained from solving:

k-[D] + | = M(=1/75) (3a)

’-i =Kp (3b)
in which A is the inverse of the time constant of block development,
8. The validity of this approach is addressed in the Discussion.

Voltage dependence of block was determined as follows: leak-cor-
rected current in the presence of drug was normalized to matching
control, to yield fractional block at each voltage (f = 1 — Lginidine/Lcontro)-
The voltage dependence of block was fitted to

(D]

I= D1+ kg

4)
where z, F, R, and T have their usual meaning and é represents the
fractional electrical distance, i.e., the fraction of the transmembrane
electrical field sensed by a single charge at the receptor site. Kp
represents the affinity at the reference voltage (0 mV).

Statistical methods. Results are expressed as mean + standard
deviation. ANOVA was used to compare the effect of quinidine with
control; p < 0.05 was considered significant.

Results

Dose-dependent and reversible block. Fig. 1 shows re-
cordings of potassium current through HK2 channels expressed
in mouse L cells. Under control conditions (Fig. 1A), the HK2
current rose rapidly, with a sigmoidal time course, to a peak
and then declined slowly (slow and partial inactivation). Out-
ward tail currents were observed upon repolarization to —50
mV. Activation time constants ranged from 40 msec at —20 mV
to 2 msec at +60 mV.

Fig. 1, B, C, and D, shows the effect of sequential application
of 6, 20, and 60 uM quinidine, respectively. Quinidine reduced
the outward potassium current in a dose-dependent manner,
and this effect was reversible. Fig. 1E shows that the current
was restored to 85% of control in 20 min after return to control
solution. Induction of block after switching of perfusion pro-
gressed with a time constant of 3-4 min, which was about 5
times slower than the effect of changing extracellular K* con-
centration at similar flow rates. This suggested an intramem-
brane or intracellular site of action and, therefore, 20 min of
equilibration were allowed before assessment of drug effects.
Quinidine not only reduced the current but also altered the
time course of the current during depolarization. The potassium

E

Fig. 1. Reduction of HK2 current by quinidine. Currents are shown for
depolarizations from —80 mV to voitages between —30 and +60 mV in
steps of 10 mV; tail currents were obtained at —50 mV. A-E, control, 6
uM, 20 um, and 60 uM quinidine, and wash out (20 min), respectively.
After addition of quinidine, the current at the end of the depolarization
(250-msec |-V) was reduced in a dose-dependent manner at all voitages.
The effects were largely reversed after 20 min of wash out. Cell capaci-
tance, 20 pF. Vertical calibration, 2 nA (=100 pA/pF); horizontal bar, 100
msec. Data filtered at 2 kHz (four-pole Bessel) and digitized at 10 kHz;
digital leak subtraction and additional digital filtering at 1 kHz.

current initially activated as in control but subsequently de-
clined markedly. This decline occurred much more quickly and
to a greater extent than the slow inactivation observed in
control. Analysis of this time course of block (see below, Fig.
5) indicated that a steady level is achieved within 250 msec,
whereas slow inactivation was limited over this time. Therefore,
the reduction of the HK2 current at the end of a 250-msec
depolarization was used as an index of block (f = 1 — Lyinidine/
Iontrat). In the experiment shown in Fig. 1, the K* current at
+50 mV was reduced to 68%, 29%, and 5% of control after
application of 6, 20, and 60 uM quinidine, respectively.

Fig. 2 shows pooled data from 12 experiments for the concen-
tration dependence of block observed during depolarization to
+60 mV. Block averaged 28 + 6% (n = 2) at 2 uM, 48 *+ 15%
(n=23)at 6 uM, 72 + 6% (n = 8) at 20 uM, and 91 + 3% (n =
4) at 60 uM. A nonlinear least-squares fit of the concentration-
response equation (eq. 2) (see Materials and Methods) to the
individual data points yielded an apparent K, of 6.24 uM and
a Hill coefficient of 0.89. This fit is represented by the solid
line in Fig. 2. The dashed line illustrates a fit to the same data
with the Hill coefficient fixed at 1; the apparent K, was similar.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

Fractional Block
!

0 i
1 10
Quinidine [ uM 1]
Fig. 2. Concentration dependence of quinidine-induced block of HK2.
Reduction of current (relative to control) at the end of depolarizations to
+60 mV was used as index of block. Data are mean + standard deviation
from a total of 14 experiments. —, Fit with equation 1/(1 + (Ko/[D]/™);
- - -, for comparison, the fit for a Hill coefficient of 1.
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This Hill coefficient close to unity suggests that binding of one
quinidine molecule/channel is sufficient to block potassium
permeation.

Voltage-dependent block. Fig. 3A shows the effect of 20
uM quinidine on the steady state current-voltage (I-V) relation-
ship for this K* channel. The I-V relationship in control was
almost linear for depolarizations positive to +10 mV; the sig-
moidicity between —30 and +10 mV reflected the voltage de-
pendence of channel gating. In the presence of quinidine, the
curve displayed a moderate downward curvature positive to 0
mV. This is indicative of more extensive block at the larger
depolarizations. To quantitate this voltage dependence, the
relative current Iguinidine/Icontt Was plotted as a function of
voltage (Fig. 3B). Block increased steeply between —30 mV and
0 mV, coinciding with the voltage range of channel opening
shown by the dashed line in Fig. 3B. These data suggest that
quinidine binds primarily to the open state. Between 0 mV and
60 mV, block continued to increase with a more shallow voltage
dependence, despite the fact that all channels are open over
this voltage range. With 20 uM, block increased from 0.60 +
0.09 at 0 mV to 0.72 £+ 0.06 at +60 mV (n = 8), and with 6 uM
from 0.39 + 0.20 at 0 mV to 0.48 + 0.16 at +60 mV (n = 3).
ANOVA of the results with 20 uM quinidine indicated that the

A B

IV 250 msec 1
-

nA Activatioin —__

Control

Quinidine

......
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increase in block between 0 and +60 mV was statistically
significant (ANOVA, p = 0.03 with values for 0, +30, and +60
mV); a paired comparison between block at 0 mV and +60 mV
yielded p < 0.001.

It is unlikely that this shallow voltage dependence was due
to channel gating, because HK2 activation had reached satu-
ration over this voltage range (Fig. 3B), with time constants of
10 msec or less. Quinidine is a base and has a tertiary amine
group with pK, = 8.9. At the intracellular pH of 7.2, quinidine
is, therefore, present predominantly in the charged form. The
voltage dependence of block could, therefore, be due to the
effect of the transmembrane electrical field on the interaction
between the quinidine ion and the channel receptor; if quinidine
reaches the receptor from the inside, then channel block is
expected to increase in a voltage-dependent manner, according
to the Boltzmann relationship, [D]/([D] + Kb X exp(—=zéFE/
RT)) (eq. 4 in Materials and Methods). The parameter § in this
equation represents the fractional electrical distance, i.e., the
fraction of the membrane electrical field sensed by a single
charge, at the receptor site. The solid line in Fig. 3B represents
the fit of this equation to the data points positive to 0 mV
(solid symbols), with a fractional electrical distance § = 0.18
for this experiment. In seven experiments with 20 uM quinidine,
the average value for § was 0.19 + 0.02.

The voltage dependence of block was similarly obtained in
experiments with 2, 6, and 60 uM quinidine. The average value
for block at 0 mV, +30 mV, and +60 mV at each concentration
is shown in Fig. 4. The solid line for 20 uM quinidine was
calculated from eq. 4 with § = 0.19 and apparent K, = 6.24 uM
(from Fig. 2). This equation predicts the voltage dependence
for the other concentrations without additional free parame-
ters. The solid lines in Fig. 4 indicate that the predicted voltage
dependence corresponded very well to the experimental results
obtained for 2, 6, and 60 uM quinidine.

Concentration dependence of time course of channel
block. If quinidine can only access its receptor if the channel
is in the open state, then inhibition of the potassium current
would only develop as channels start to open, and block devel-
opment should be visible if the blocking rate is slower than the
opening rate. If the blocking rates were faster, or if quinidine
blocked other states, the current would be expected to be simply
scaled down. Fig. 5 shows a superposition of the tracings
obtained at +60 mV in control and with 6, 20, and 60 uM
quinidine. In control, the K* current reached its peak at 10

Fig. 3. Voitage dependence of
HK2 block by quinidine (20 um). A,
Current-voitage relation (250 msec
isochronal) in control and with
drug. B, Relative current (/qunane/
loowa) from data in A. - - -, Acti-
vation curve for this experiment.
Block increased steeply between
=20 mV and 0 mV (4), the voitage
range of activation of HK2. Posi-
tive to 0 mV, a continued but more
shallow voitage dependence was
observed (@). This voltage de-
pendence was fitted with eq. 4
(see Materials and Methods) and
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Fig. 4. Voitage and concentration dependence of HK2 block. The relative
current obtained at 0, +30, and +60 mV id displayed as mean + standard
deviation for the indicated concentrations. Paired analysis indicated that
the voitage dependence of block was significant (see text). The solid line
for 20 um was calculated from eq. 4, with ters: 6 = 0.19
(obtained from seven experiments with 20 um) and Kp = 6.2 um (from
Fig. 2). The solid lines for the other concentrations are the predictions
from eq. 4, with these values for 5 and K, (i.e., no free parameters).

msec and then declined slowly, with a time constant of 156
msec. In the presence of quinidine the peak was smaller and
was reached at earlier times. The subsequent time course dis-
played an additional exponential component superimposed on
the slow inactivation. The time constants of the fast component
were 14, 8, and 4 msec for 6, 20, and 60 uM quinidine, respec-
tively. This extra component was at least 10 times faster than
the slow inactivation for quinidine concentrations of 6-60 uM.
Therefore, this time constant (7u.c) Was considered to be a
reasonable approximation of the drug-channel interaction ki-
netics (see Discussion). Fig. 5B shows the plot of 1/7.cx versus
drug concentration for data obtained from four experiments;

A B 500 -

Sec™

250 4

the straight line is the least squares fit to the relation 1/75 = k
X [D] + L. Slope and intercept for the fitted relation yielded an
apparent association rate k = 4.5 X 10® M~! sec™! and dissocia-
tion rate | = 34 sec™’. This yielded an apparent K, = l/k = 7.5
uM for these experiments, in close agreement with the value of
6.2 uM (all experiments).

In 20 uM quinidine, the fast time constant averaged 8.4 +
1.1,8.1 + 2.2, and 8.2 + 0.8 msec at +40 mV, +50 mV, and +60
mV, respectively (n = 8). The differences among these values
were not statistically significant. In the presence of quinidine,
the slow time constant was slightly faster than in control, but
the difference was either not significant or barely significant
(0.04 < p < 0.25 at voltages between +30 and +60 mV).

Time course of tail currents. At —50 mV, the potassium
current deactivated completely, with a time constant of ap-
proximately 40 msec. This time constant reflects mainly the
virtually irreversible closing of the channel. If quinidine only
blocks the open channel, then dissociation of quinidine from
the blocked channel results in an open channel (which subse-
quently could close). Blocked channels are not conducting, and
the conversion to open channels should, therefore, result ini-
tially in a rising phase of the tail current; subsequently, the tail
current should display a slower decline because some fraction
of the open channels become blocked again, rather than closing
irreversibly. Fig. 6 shows the superposition of the tail currents
obtained at —50 mV after a 250-msec depolarization to +50 mV
under control conditions and in the presence of 6 and 20 uM
quinidine (results from two different experiments are shown).
In control, the tail declined with a time constant of 35 msec
(Fig. 6A) and 51 msec (Fig. 6B). After exposure to quinidine,
the amplitude was reduced and the time course altered. In 20
uM the tail current displayed a definite rising phase, reaching
a peak after 29 msec; in 6 uM the effect was similar but less
pronounced. The subsequent decline of the tail current was
slower than in control (r = 52 and 177 msec for 6 and 20 uM
quinidine, respectively), resulting in the “crossover” phenome-
non in both panels of Fig. 6. Similar results were obtained in
the other experiments.

Fig. 5. Kmetm of block induc-
tion. A, tracings
for steps from —80 mV to +50
mV are shown for control and
6, 20, and 60 um quinidine. In
the presence of quinidine, the
current activated initially as in
control (inset) but reached a
o lower peak and subsequently
g declined more quickly. Calibra-
tion: horizontal, 100 msec; ver-
tical, 2 nA. Inset, first 25 msec.
B, Rate of block as function of
concentration. The time con-
stant of the quinidine-induced
fast component (75) was ob-

k-[D]+1

1/7'9 =

k = 45 - 10° M'sec™ tained from biexponential fits to

1= 34 sec” the falling phase of the tracings

in A. The inverse of 7 is plotted

) T | versus concentration. For a
20 60 first-order blocking scheme, a

linear relation is expected: 1/
= k X [D] + I. The solid line
epresents the linear fit, from
which the apparent binding and
unbinding rate constants were
obtained.

Quinidine [uM]
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Discussion

This investigation into the mechanism of quinidine block of
the HK2 potassium channel is the first pharmacological study
of a human cardiac K* channel expressed in permanently
transfected mammalian tissue culture cells. Under the experi-
mental conditions used in this study, voltage-gated K* currents
were only observed in the HK2-transfected mouse L cells. This
tissue culture system has several advantages over the commonly
used oocyte expression system; 1) a clonal cell line ensures
reproducible results and avoids problems with variability in
oocyte quality and 2) the L cells are mammalian cells and their
plasma membrane, therefore, more closely resembles that of
the cardiac myocyte.

Quinidine produces time-dependent block of the open
HK2 channel. The antiarrhythmic agent quinidine displayed
state-, time-, and voltage-dependent interactions with this hu-
man cardiac potassium channel. The data presented in this
paper indicate that quinidine binds to the open state of the
channel because 1) the initial time course of activation was not
modified (Fig. 5), 2) block mainly occurred after channel open-
ing (Figs. 1 and 5), and 3) block increased sharply in the voltage
range of channel activation (Fig. 3B). Therefore, we will inter-
pret the results with reference to the following kinetic state
diagram for the channel:

4a 3a 2a a k-[D]
C=2C=C=C=0 = OB
B 268 36 48 I

{
I

This scheme is similar to those used for the related Shaker
and RCK1 channels (19, 20). Upon depolarization, the channel
opens rapidly (C—C—C—C—0) and then slowly inactivates
(O—-I). Channel opening was fast (7, ~ 2 msec at +50 mV). A
component of partial slow inactivation could be resolved on the
time scale of the tracings shown in this report; the time con-
stant was around 150 msec.

A simple way to incorporate the interaction of quinidine into
the state diagram is to assume that quinidine binds to the open
state of the channel, as indicated in scheme A. Because acti-
vation is fast, positive to 0 mV, this system functionally reduces

Scheme A
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/

o Fig. 6. Tail current crossover. A, 6 um quini-

+ dine; B, 20 um quinidine. Tail currents were
obtained at —50 mV, after a 250-msec depo-
larization to +50 mV. Calibrations: horizontal,
100 msec; vertical, 100 pA (A) and 50 pA (B).
Inset, same tails in semilogarithmic format. The
tail current in control is the largest tracing,
which deactivated the most quickly. Arrow,
crossover of tracing in quinidine with the con-
trol tracing.

.............

to a three-pool model (I=0=0B). In the presence of quinidine,
the ‘inactivation’ became biexponential, as expected for this
model. The quinidine-induced extra component of inactivation
had a time constant that was much faster than that of slow
inactivation; therefore, this fast time constant can be consid-
ered to represent the interaction of quinidine with the open
state (0==0B), 75 = 1/(k X [D] + ).

We recognize that the assumption that the fast component
represents the O0==0B transition does not hold at small depo-
larizations (below 0 mV), where activation is much slower, or
at low drug concentrations, in which case the time constant of
block may be similar to that of inactivation. In these cases
scheme A is still valid, but extraction of the binding and
unbinding rates is more complex (it requires the full analytical
solution of the three-pool model). Therefore, data on 2 uM
quinidine were not incorporated in Fig. 5.

Based on this model, the apparent binding and dissociation
rates for quinidine were calculated to be k = 4.5 X 10*® gsec™!
M~ and | = 34 sec”’, respectively (Fig. 5). The binding rates
can also be derived from the apparent K, (6.2 uM), and the
average value of the time constant of block in 20 uM quinidine
(8.1 msec). This yielded k = 4.7 X 10*® sec™* M~ and | = 29
sec”), i.e., both methods yield similar values.

Open-channel block not only affects the time course of the
current during depolarization but also can modify the tail
current. Upon repolarization, channel deactivation is fast and
virtually irreversible (483> a). If a large fraction of the channels
are blocked (OB) and the unbinding rate [ is fast enough, then
the tail may display a rising phase reflecting the OB—O un-
blocking. Subsequently, the tail should deactivate more slowly
than in control, because a fraction of the unblocked channels
become blocked again; the latter depends on the relative values
of k X [D] and 48. Therefore, this model predicts for the tail
currents, in the presence of quinidine, 1) an initial rising phase
and 2) a slower deactivation. Fig. 6 shows that a rising phase
was prominent with 20 uM quinidine (tail reached peak around
25 msec), but less so with 6 uM. With both concentrations, the
crossover is obvious. Therefore, the results for the tail currents
provide additional support for the proposed open-state block
mechanism of quinidine.

Fig. 7 shows the result of a mathematical simulation of the
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4a 3a 2a a k’
cgcgcagcCa o oQ
B 2B 38 48 |

1
0 250 500
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Fig. 7. Model simulation of quinidine-HK2 interaction. The open-channel
block model (scheme A) was used with the following rate constants: at
+50mV,a=400sec™’, B =1sec”',k=5um"'sec™’, and/ =30 sec™";
at-50mV,a=0.1sec”’,8=7sec™, k=275 um™' sec”', and / = 55
sec™'. For depolarization, simulations for control and for 6, 20, and 60
uMm quinidine are displayed; for the tails, control and 20 um quinidine are
shown. Arrow, crossover. Currents for step and tail were scaled to reflect
the difference in driving force. Simulations were done using a standard
Runge-Kutta method with variable step size.

effects of 20 uM quinidine, based on this open-channel block
model (scheme A). The voltage dependence of the drug-channel
interaction was incorporated, but inactivation was omitted for
simplicity. Activation was modeled with four independent gat-
ing units (corresponding to the tetramer structure of the chan-
nel) (see also Refs. 19-21), with rate constants reproducing
activation and tail kinetics in control. Incorporation of the
experimentally obtained values for k and ! rate constants re-
produced the experimental observations of both block induction
and tail current morphology. Both in the experimental record-
ings (Fig. 5) and in the model, the peak current is suppressed
about 50% at 20 uM. In the model, this is due solely to the
open-channel interaction and is not attributable to preexisting
block, because the simulation started with all channels in the
drug-free rested state and incorporated only open-channel
block. Thus, the major features of the block of HK2 by quini-
dine may be explained by the open-channel block model, with
a voltage-dependent component due to the ammonium ion
behavior of quinidine at physiological pH. This model is similar
to the model originally proposed by Armstrong (22) for the
interaction of quaternary ammonium derivatives with neuronal
K* channels.

Open-channel block is voltage dependent. Drugs that
interact predominantly with the open state of the channel can
do so by moving into the ion-conducting pore. If a positively
charged drug moves into the membrane electrical field from
the inside, then block should increase upon depolarization
(according to eq. 4). This should happen even over the voltage
range where all channels are open. With a pK, of 8.9, quinidine
is predominantly charged at physiological pH. Figs. 3 and 4
show that HK2 block by quinidine was indeed voltage depend-
ent. The 6 = 0.19 value for the voltage dependence of the
apparent Kp, can, therefore, be interpreted to indicate that
quinidine moves about 20% into the membrane electrical field
to reach the receptor and block ion current (or, more precisely,
that the positively charged amine senses that fraction of the
electrical field). An alternative explanation for the voltage

dependence of quinidine block could be that the drug binding
site is allosterically linked to the channel voltage-sensing ap-
paratus and that, due to some property of the receptor, k and |
would change as a function of voltage. This explanation is
unlikely for two reasons. First, the observed voltage dependence
of block was measured over a voltage range where the channels
are maximally activated. Second, the magnitude of the voltage
dependence is similar to that measured for TEA, a compound
likely to bind in the ion pore (16).

The voltage dependence of the apparent Kp, implies that &
and/or | are voltage dependent (k = ko X e***FE/2RT | = | x
e %FE/2RT) Therefore the time constant for block (75) should
also be voltage dependent. However, with the value § = 0.19,
the calculated voltage dependence of 75 is shallow and results
in a <1-msec difference over the voltage range +30 to +60 mV.
This would be difficult to detect, and most likely explains why
experimentally we did not observe significant differences in 75
between +40 and +60 mV.

Does quinidine block closed channels? The applicability
of model A does not disprove the possibility of closed-channel
block. The reduction of the maximum peak current attained
during depolarization in the presence of quinidine could be
considered a measure of rested-state block. However, block
observed at the time of the peak includes 1) rested-state block,
2) true open-state block developed before the time of the peak
(Fig. 7), and 3) block of intermediate activated, but noncon-
ducting, states (23).

It has been argued that internal TEA block of squid K*
channels is independent of channel state (24). The state dia-
gram for such interaction is shown as scheme B (in schemes B
and C, k’ = k X [D]). If quinidine blocks the HK2 channel in
this manner, irrespective of channel state, then true rested-
state block is expected. With the voltage dependence of quini-
dine action, block at =80 mV is expected to be less than at +50
mV but still substantial. The observed voltage dependence of
the apparent K, predicts approximately 50% block at —80 mV
for 20 uM quinidine (see Fig. 4). Compared with the open-
channel block model (scheme A), this would result in 1) a
similar steady state level of block at depolarized potentials but
2) a much larger depression of the initial current than observed
in the experimental records and 3) no component of block
coinciding with channel activation (open symbols in Fig. 3). In
addition, this model allows relief of block bypassing the open
state, i.e., it does not produce tail crossover (24). Based on the
results available for HK2, this state-independent block model
is unlikely unless the affinity for the rested state differs more
than expected from the voltage dependence. (If a much lower
rested-state affinity is assigned, then the model is no longer
st‘a)ge independent but becomes a general modulated receptor
model.)

4a 3a 2a a
C=2C=2C=2C=0
B 28 38 48

e Uk Uk Uk Uk  SchemeB
4a 3a 28 a
B=B=B=B=8B
B 28 3p 48
4a 3a 2a a
D=D;A,=D;A; =D,A; =A,
B 28 38 48
Mk U2k 113k’ 14k’ SchemeC
3a 28 a
D;B =D,A,B=D,;A,B=A;B
B 28 38
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An intermediate model, which deserves consideration in light
of the four-fold symmetry of the channel (21), is shown as
scheme C. Here it is assumed that each of the four subunits
contains a separate receptor. This receptor is available for
interaction with quinidine when the subunit is activated (A)
and, if any of the subunits bind quinidine, ion permeation is
prevented. In this model, true rested-state (D,) block does not
exist, but block of the intermediate partially activated channel
(DsA; — D,As) occurs, in addition to block of the open state
(A=A:B). The time course of block in this model depends on
the exact kinetic model of channel gating but qualitatively
resembles the open-channel block model for block induction.
The steady state block level is similar to that of the open-state
model (scheme A), but the initial depression of the peak current
is higher at high drug concentrations (but not as extensive as
in scheme B). However, scheme C can produce recovery from
block without channel opening and does not necessarily result
in a crossover. More detailed experiments focusing on the
recovery kinetics and block development at intermediate poten-
tials are needed to determine the possible contribution of
partially activated-state block. An extension of this model
would be to allow up to four quinidine molecules to bind to the
channel (one per subunit). This would produce even more
pronounced differences in recovery from block between
schemes A and C.

Structural implications for receptor topology. A first
implication from this study is that the binding site for quinidine
appears to be located on the channel itself and not on some
associated subunit. Only the HK2 channel coding sequence was
transfected; therefore, any subunit that could be associated
with the channel in native cells is absent in the expression
system (unless the fibroblasts happen to have an appropriate
subunit).

The observed voltage dependence of block strongly suggests
that the binding site is within the transmembrane electrical
field. Therefore, the interaction of quinidine is expected to
occur on membrane-spanning or intramembrane segments of
the channel. HK2 displays a high degree of homology with
Drosophila Shaker (Sh), especially in the transmembrane seg-
ments (95% identity in segments S4-S6). In the Shaker K*
channels, the ion-conducting pore has recently been localized
to amino acids 431-449 (16, 25, 26). The amino acid sequence
462-480 of HK2 (Fig. 8) is identical to this “pore” sequence of
Shaker, with the exception of the last amino acid (arginine in
HK2, threonine in Shaker). Mutations on either end of the ion
pore in Shaker alter the affinity for TEA (T441S for internal
and T449Y for external TEA). Interestingly, irternal TEA
block of ShB has a voltage dependence described by a fractional
electrical distance of 0.15 (16). This suggests that internal TEA
moves about 15% into the transmembrane electrical field. The
T441S mutation reduces affinity for internal TEA and is,
therefore, assumed to be located near or at the TEA binding
site 15% into the electrical field. The functional similarity
between quinidine block of this human cardiac K* channel and
the quaternary ammonium block of the Shaker channels and
the high structural similarity of the ion pores suggest that the
T472 residue (equivalent of T441 Sh) in HK2 may be involved
in quinidine binding. The hypothesis that T472 is involved in
quinidine block will be tested directly using point mutations.

Although mutations of the neighboring pore amino acids of
ShB did not alter internal TEA sensitivity (16), these residues
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Fig. 8. Possible binding site for quinidine in the HK2 pore. One subunit
is shown, with the putative amino acid sequence superim-
posed. The internal threonine residue (arrow at T472) involved in TEA
block (in Shaker K* channels) is shown about 20% into the bilayer. Q,
quinidine; +, its charged amine function. The drug is shown occluding
the inner pore mouth; arrow (H) above Q, additional hydrophobic binding
to other adjacent parts of the HK2 channel. Four of these subunits are
assumed to form the functional HK2 channel.

may be involved in binding the hydrophobic domains of quini-
dine (logP = 2.4) (23) and thus may be responsible for the
enhanced affinity of quinidine, relative to TEA. The apparent
affinity of the HK2 channel for quinidine is ~6 uM at +60 mV
or ~9 uM at 0 mV, whereas the affinity of ShB for internal
TEA is 700 uM (16). Various K* channels tend to have a higher
affinity for quaternary ammonium compounds with longer alkyl
side chains or aromatic rings (for review, see Ref. 27). For
example, the affinity of squid K* channels for tetrapentyl
ammonium is 10-fold higher than that for TEA. The increase
in affinity with more hydrophobic side chains indicates that
binding of these agents is stabilized by hydrophobic interac-
tions. In preliminary experiments, we have also observed that
the affinity of HK2 for tetrapentyl ammonium and for the class
III agent clofilium is below 1 uM. The micromolar affinity of
HK2 for quinidine thus suggests that the receptor consists of
an area for electrostatic interactions and one or more domains
for hydrophobic interactions (Fig. 8).
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NOTE ADDED IN PROOF

Under the recently proposed nomenclature for cloned K* channels (Chandy,
K. G. Simplified gene nomenclature. Nature (Lond.) 352: 26, 1991 (scientific
correspondence)), the HK2 and RK4 channels would be classified as human
cardiac Kv1.5 and rat cardiac Kvl.5, respectively (based on 86% homology
between both).
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