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ABSTRACT 4-Aminopyridine (4-AP) binds to potassium channels at a site or sites in the inner mouth of the pore
and is thought to prevent channel opening. The return of hKvl.5 off-gating charge upon repolarization is acceler-
ated by 4-AP and it has been suggested that 4-AP blocks slow conformational rearrangements during late closed
states that are necessary for channel opening. On the other hand, quinidine, an open channel blocker, slows the
return or immobilizes off-gating charge only at opening potentials (>—25 mV). The aim of this study was to use quini-
dine as a probe of open channels to test the kinetic state of 4-AP-blocked channels. In the presence of 0.2-1 mM
4-AP, quinidine slowed charge return and caused partial charge immobilization, corresponding to an increase in
the K of ~20-fold. Peak off-gating currents were reduced and decay was slowed ~2- to 2.5-fold at potentials nega-
tive to the threshold of channel activation and during depolarizations shorter than normally required for channel
activation. This demonstrated access of quinidine to 4-AP-blocked channels, a lack of competition between the
two drugs, and implied allosteric modulation of the quinidine binding site by 4-AP resident within the channel.
Single channel recordings also showed that quinidine could modulate the 4-AP-induced closure of the channels,
with the result that frequent channel reopenings were observed when both drugs were present. We propose that
4-AP-blocked channels exist in a partially open, nonconducting state that allows access to quinidine, even at more

negative potentials and during shorter depolarizations than those required for channel activation.

KEY WORDS:

INTRODUCTION

4-Aminopyridine (4-AP)! blocks many different voltage-
gated K* channels in a variety of tissues including neu-
rons (Ulbricht and Wagner, 1976; Yeh et al., 1976),
lymphocytes (Choquet and Korn, 1992), skeletal mus-
cle (Gillespie and Hutter, 1975), and heart muscle
(Kenyon and Gibbons, 1979; Simurda et al., 1989; Cas-
tle and Slawsky, 1993). Block by 4-AP is mediated by its
cationic form from the intracellular face of the channel
(Kirsch and Narahashi, 1983; Choquet and Korn, 1992;
Kirsch et al., 1993; Bouchard and Fedida, 1995). 4-AP
can bind to either open (Wagoner and Oxford, 1990;
Choquet and Korn, 1992; Kirsch and Drewe, 1993) or
closed (Yeh et al., 1976; Thompson, 1982; Kehl, 1990)
channels and can also be trapped within deactivating
channels at hyperpolarized potentials (Choquet and
Korn, 1992; Kirsch and Drewe, 1993; McCormack et al.,
1994; Bouchard and Fedida, 1995; Rasmusson et al.,
1995). Trapping of 4-AP may occur by protection of the
drug binding site by the activation gate (Kirsch and
Drewe, 1993) so that it cannot be washed out with a
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drug-free solution when the channel is closed. Binding
of 4-AP is also thought to be mutually exclusive to both
fast (Campbell et al., 1993; Castle and Slawsky, 1993;
Stephens et al., 1994) and slow inactivation (Castle et
al., 1994; Fedida et al., 1996). It has also been recently
shown to prevent slow gating charge immobilization as-
sociated with C-type inactivation (Fedida et al., 1996).
The study of K* channel gating currents can give im-
portant additional information on the state depen-
dence of drug action on the channels. K* channel clo-
sure is characterized by a slowed return of gating
charge after channel opening (Taglialatela and Stefani,
1993; Stefani et al., 1994) manifested as a reduced peak
and slowing of the decay of the gating current wave-
form upon repolarization (Perozo et al., 1993; Stefani
et al,, 1994). To explain the slowing, models of gating
include either additional slow transitions that carry lit-
tle charge, before the open state that delays charge re-
turn after opening (Taglialatela and Stefani, 1993; Be-
zanilla et al., 1994; Zagotta et al., 1994b) or a more con-
certed rearrangement of subunits as a final step to
channel opening, reversal of which slows charge return
on repolarization (Bezanilla et al., 1994; McCormack et
al., 1994; Stefani et al., 1994). 4-AP accelerates the time
course of Shaker K* channel off-gating currents (Mc-
Cormack et al., 1994; Bouchard and Fedida, 1995), and
this has been interpreted as a prevention of the late
slow steps in channel activation gating that lead to
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opening (McCormack et al, 1994; Bouchard and
Fedida, 1995). This could then reduce or prevent pre-
dominantly open state-dependent inactivation (Camp-
bell et al., 1993; Castle et al., 1994; Fedida et al., 1996).

Quinidine is an antiarrhythmic drug that blocks car-
diac Na* channels to alter action potential duration
and slow conduction (Colatsky, 1982; Clarkson and
Hondeghem, 1985; Slawsky and Castle, 1994) and
blocks repolarizing cardiac K* channels to prolong ac-
tion potential duration (Colatsky, 1982; Imaizumi and
Giles, 1987; Slawsky and Castle, 1994; Wang et al.,
1995). These antiarrhythmic actions correspond to its
class Ia and class III properties. When expressed in het-
erologous systems, RHK1 (Yatani et al., 1993), Kv1.2
(Tseng et al., 1996) in Xenopus oocytes, and hKvl.5
channels expressed in mouse L cells (Snyders et al.,
1992; Yeola et al., 1996) or in HEK cells (Fedida, 1997)
are all blocked by quinidine. Quinidine is suggested to
bind only to open channels and either has extremely
low affinity or is unable to bind to closed channels
(Snyders et al., 1992; Slawsky and Castle, 1994; Clark et
al., 1995). Evidence for open channel block has been
acceleration of K* current inactivation without effects
on activation or on the steady state voltage dependence
of inactivation (Kehl, 1991; Slawsky and Castle, 1994;
Clark et al., 1995), and the slowing of deactivation tail
currents, which suggests that quinidine has to dissoci-
ate before channels can close (Yatani et al., 1993; Yeola
et al., 1996; Fedida, 1997). Detailed studies of quini-
dine-induced block of hKvl.5 show that block is most
likely mediated at an intracellular site within the inter-
nal mouth of the channel through a combination of a
charge-based block and hydrophobic interactions (Sny-
ders et al., 1992; Snyders and Yeola, 1995; Yeola et al.,
1996). Gating currents indicate that quinidine rapidly
blocks only open hKvl.5 channels with a marked slow-
ing of off-gating charge or gating charge immobiliza-
tion, with little evidence for closed channel block even
at high concentrations (Fedida, 1997).

Here we attempt to use quinidine, a known open
channel blocker, to probe the state dependence of 4-AP
binding in hKv1.5. Our investigation is centered on gat-
ing current measurements and the clear difference in
action between 4-AP and quinidine. The data indicate
that the 4-AP-blocked channels undergo slowing of gat-
ing charge return by quinidine, and this effect occurs
even at potentials negative to the threshold of channel
opening. Additional data from single channels strongly
suggest that quinidine has access to channels that have
4-AP bound or trapped in them. We propose that 4-AP
holds the channel in a conformation that is noncon-
ducting but allows quinidine access even at potentials
at which it is normally excluded. A preliminary report
of this work has been published previously (Chen and
Fedida, 1996).

MATERIALS AND METHODS

Cells and Solutions

HEK-293 cells were transiently transfected with hKvl.5 cDNA in
PRC/CMYV, using LipofectACE reagent (Canadian Life Technol-
ogies, Bramalea, Ontario, Canada) in a 1:10 (wt/vol) ratio.
Transfectants were detected using the phOx system (Invitrogen
Corp., San Diego, CA) as described previously (Fedida, 1997). To
record gating currents, patch pipettes contained 140 mM N-methyl-
Dp-glucamine (NMDG), 1 mM MgCl,, 10 mM HEPES, 10 mM
EGTA, adjusted to pH 7.2 with HCI. The bath solution contained
140 mM NMDG, 1 mM CaCl,, 1 mM MgCly,, 10 mM HEPES,
10 mM dextrose, adjusted to pH 7.4 with HCL. In cell-attached
patches, to record ionic currents, pipettes contained 135 mM
NaCl, 5 mM KCI, 1 mM MgCl,, 2.8 mM sodium acetate, 10 mM
HEPES, adjusted to pH 7.4 with NaOH. The bath solution con-
tained 135 mM KCI, 1 mM MgCl,, 10 mM HEPES, 10 mM dex-
trose, pH adjusted to 7.4 with KOH. 4-Aminopyridine was dis-
solved in distilled water at a stock concentration of 500 mM and
pH-adjusted to 7.4 using HCI. Quinidine (sulfate salt) was dis-
solved in distilled water at a stock concentration of 5 mM. Exper-
iments using 0.5 or 1 mM quinidine used bath solution at a stock
concentration of 10 mM. 4-AP and quinidine had no effect on
the measured pH of extracellular or intracellular solutions. All
chemicals were from Sigma Chemical Co. (St. Louis, MO).

Electrophysiology

Current recording and data analysis were done using an Axo-
patch 200A amplifier and pClamp 6 software (Axon Instruments,
Foster City, CA). Patch electrodes were fabricated using thin-
walled borosilicate glass (World Precision Instruments, Inc., Sara-
sota, FL). After sylgarding and fire polishing, pipettes used to
measure current had resistances of 1.0-2.5 M() when filled with
control filling solution. Mean series resistance was 6.8 £ 0.5 MQ)
(n = 29) and mean capacitance was 13.4 = 1.0 pF. Leakage and
capacitative currents were subtracted on-line using a P/6 protocol
(Zagotta et al., 1994b). The absence of ionic current at negative
membrane potentials in HEK cells allowed faithful leak subtrac-
tion of data. The passive membrane characteristics have been
described in detail when we reported a mean capacity transient
decay time constant of 55.0 ps (Chen et al., 1997). Capacity com-
pensation and leak subtraction were routinely used, but series
resistance compensation was only rarely used. No difference be-
tween results with and without R; compensation was observed. Gat-
ing current data were sampled at 100-330 kHz and low pass fil-
tered at 10 kHz. Single channel data were sampled at 5 kHz and
low pass filtered at 1 kHz. All experiments were performed at 22°C
and cells were superfused continually at a flow rate of 1-2 ml/min.
All Q,y measurements were obtained by integrating the off-gat-
ing currents until current waveforms decayed to the baseline. Sig-
nificant differences between groups of data were tested using Stu-
dent’s ¢ test or ANOVA where appropriate, and a value of P <
0.05 was deemed statistically significant.

RESULTS

Does 4-AP Occlude the Effects of Quinidine on
Gating Currents?

In K* channels, it is well established that 4-AP speeds
Q. movement (McCormack et al., 1994; Bouchard and
Fedida, 1995) and quinidine slows the return of Q.
(Fedida, 1997). It is thought that 4-AP speeds Q,¢ and
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blocks K* channels by preventing a final conforma-
tional rearrangement before channel opening (McCor-
mack et al., 1994). On the other hand, quinidine is an
open channel blocker that only binds to channels at
potentials positive to the threshold potential of activa-
tion (Snyders et al.,, 1992; Clark et al., 1995; Fedida,
1997). This has the opposite effect to 4-AP in that the
return of gating charge is slowed more as quinidine im-
pedes closing and channels tend to reblock (Fedida,
1997). The obvious difference in the effects on Q. of
these two drugs allowed us to use quinidine as a probe
to test whether 4-AP prevented channel opening and
therefore could occlude the action of quinidine. To ob-
tain data shown in Fig. 1, cells were held at =100 mV in
the presence of 1 mM 4-AP and given a 12-ms depolar-
izing pulse to +40 mV to activate the channels and
move all gating charge. These gating currents are iden-
tical to those observed previously in the presence of
4-AP in both Shaker K* channels (McCormack et al.,
1994) and in hKvl.5 (Bouchard and Fedida, 1995). Ig,,
represents the movement of gating charge as channels
progress towards the open state, whereas, upon repo-
larization, Ig.y represents the return of gating charge
as the channels deactivate. In the presence of 1 mM
4-AP, Ig. reaches a peak rapidly and decays rapidly.
These gating currents are unlike those seen without
4-AP, which have a slow component of gating charge re-
turn that results in a reduction in peak Ig.s and slowing
of the decay, on repolarization from potentials positive
to the threshold of channel activation (Stihmer et al.,
1991; Perozo et al., 1992; Stefani et al., 1994; Zagotta et
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al,, 1994a). Channel opening and the associated slow
transitions are thought to be prevented by 4-AP (Mc-
Cormack et al., 1994; Bouchard and Fedida, 1995),
which accounts for the rapid rise in Ig.s to peak and
subsequent rapid decay to baseline.

After washing on different doses of quinidine while
pulsing at a rate of 0.5 Hz, a steady state was eventually
reached, usually after 1-2 min. In Fig. 1, the steady
state trace in 4-AP plus quinidine is superimposed over
the trace in 4-AP alone in all panels. 4-AP speeding of
gating charge movement caused a rapid rise and subse-
quent decay of Ig,s while conserving the amount of
charge moved (McCormack et al., 1994; Bouchard and
Fedida, 1995). Fig. 1 A shows little effect after addition
of 10 uM quinidine, with the labeled arrow indicating
the dose of quinidine and the peak Ig.; With the addi-
tion of 50 and 100 M quinidine (Fig. 1, Band (), an
obvious dose-dependent decrease in the peak Ig.; was
evident. At higher doses of quinidine up to 1 mM (Fig.
1, D-F), a slight increase in the rate of decay of the Ig,,
became apparent, and peak Ig,¢ was further reduced,
but the most striking action of quinidine was to further
slow the time course of Ig., decay. At higher doses,
there was also the appearance of a positive current
“notch” at the beginning of the Ig,; that reflects the
slow charge return induced by quinidine. It appeared
that in 4-AP plus quinidine, Ig, ¢ waveforms were slowed
in a manner similar to that of control without any drugs
(Chen et al., 1997; Fedida, 1997), but not to the extent
seen in quinidine alone (Fedida, 1997). For example,
100 uM quinidine alone reduced peak Ig,; almost to
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FIGURE 1. On- and off-gating
currents (Ig,, and Ig,;) from
hKvl.5 during 12-ms depolariza-
tions to +40 mV from a holding
potential of —100 mV in the
presence of 1 mM 4-aminopyri-
dine (4-AP). Superimposed are
traces from the same cells after
addition of different doses of
quinidine until achievement of a
steady state response. (A-F) Doses
of quinidine (10, 50, 100, 200,
and 500 pM, and 1 mM) are la-

1 mM 4-AP

/M {W

< +1 mM

Quinidine beled with arrows pointing to the
peak of Ig.y. In D-F arrows
pointing to Ig,, indicate a dose-

} dependent acceleration of the
"{ mM 4-AP decay to the baseline.



zero (Fedida, 1997). So it appeared that in the pres-
ence of 4-AP, when the channels were depolarized to
potentials at which they should be fully open, the ef-
fects of quinidine on Ig,¢ were still present, but some-
what attenuated.

This partial protection of channels from the full ac-
tion of quinidine by 4-AP was not restricted to high
4-AP concentrations. In Fig. 2, the effect of changing
the 4-AP concentration on the effect of 200 uM quini-
dine is shown. Preexposure of cells to 4-AP at concen-
trations from 1 mM down to 50 uM (Fig. 2, A-D) had
quite similar effects. As the 4-AP concentration was low-
ered, there was some minor slowing of the return of
off-gating current in 4-AP alone, but the cells were still
largely protected from the charge-immobilizing actions
of 200 uM quinidine when it was added. The effect of
quinidine was to slow the return of off-gating charge
such that time to peak Ig,; was slowed and its ampli-
tude was reduced ~50%. Not only could relatively low
concentrations of 4-AP protect the channels from the
full effects of quinidine, but 4-AP could apparently re-
verse the actions of quinidine added first. This effect is
shown in Fig. 2 E. Here the cell was exposed to 10 uM
quinidine alone, which reduced Ig,; markedly, as
shown by Fedida (1997). Subsequent addition of 100 uM
4-AP reversed this reduction in Q,yand produced a
rapid Ig.; waveform.

When compared with control data with only 4-AP
present (Fig. 3 A, V), experiments with 50 uM (@), 200
pM (M), and 1 mM 4-AP (V) plus quinidine showed
that apart from slowing Ig,, doses greater than 10 puM
quinidine caused a small dose-dependent reduction in
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the returning gating charge; that is, a degree of Q,;im-
mobilization. The normalized fractional block of Q.
f= (1 — Q./Q,,) was fit with the function:

f=max/[1+ (K,/[D]) ], (1)

where max is the fitted maximum level of block (~0.2
in each case), K; is the concentration at which there is
a half‘maximal effect, [D] is the quinidine concentra-
tion, and ny is the Hill coefficient. The K, for quini-
dine in the presence of 1 mM 4-AP was calculated to be
144 pM and ny was 1.01. At 200 uM 4-AP, K, for quini-
dine was 141 pM, and at 50 pM 4-AP, the K, was 67 pM.
In comparison, with quinidine alone, the K, was 7.2 *
1.6 uM and the 7y was 0.84 = 0.21 at a depolarization
of +60 mV (Fedida, 1997). The K, for quinidine in the
presence of 200 uM or 1 mM 4-AP is ~20X greater than
with quinidine alone, while the 7y remains relatively
unchanged (~1). The slopes of the dose-response rela-
tions in quinidine and 4-AP suggests that a single bind-
ing site exists for quinidine and that cooperativity is not
an important factor in the binding of quinidine to the
channel, either in the absence or presence of 4-AP. At
50 uM 4-AP the K; was much lower, but still it should
be noted that at all concentrations of 4-AP studied the
maximum immobilization of charge was ~20%. The ra-
tio of the maximum rate of charge returned, compared
with the rate of on-gating charge movement (peak
Ig.¢/Ig,,) in 1 mM 4-AP alone is shown in Fig. 3 B (V)
to be ~2, but with increasing doses of quinidine (V),
the ratio decreased from 2.1 at 10 pM (n=1) t0 0.72 *
0.02 at 1 mM quinidine (n = 4). In 50 uM 4-AP alone,
the off-gating charge movement was not so accelerated

200 pA

-<— +200 uM
Quinidine

100 uM 4-AP Ficure 2. Off-gating currents

from hKvl.5 after depolariza-
tions to +40 mV from a holding
potential of —100 mV in the
presence of varying concentra-
tions of 4-AP from 1 mM to 50
wM, as indicated (A-D). Super-
imposed are traces from the
same cells after addition of 200
M quinidine in the steady state.
(E) On- and off-gating currents
from a cell that was initially ex-
posed to 10 uM quinidine, and
then 100 wM 4-AP in addition.

<—— 100 uM 4-AP
+10 uM Quinidine
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Ficure 3. (A) Fractional reduction (1 — Q.4/Q,,) of gating
charge (mean = SEM) in paired cells exposed to 1 mM (V, V),
200 pM (M), and 50 uM (@) 4-AP before (open symbols) and after
(filled symbols) addition of 10-1,000 pM quinidine (n = 4-7 in each
case). Gating charge was measured from the integration of Ig as in
Fig. 1 until complete decay to baseline up to 12 ms for Q,,, and 18
ms for Q.. Solid lines for the quinidine data are fits from a Hill
equation (Eq. 1) giving Ky’s of 144 uM (1 mM 4-AP, ny = 1.01,
max = 0.22), 141 pM (200 uM 4-AP, nyy; = 1.21, max = 0.19), and
67 uM (50 pM 4-AP, nyy = 0.92, max = 0.21). (B) Ig.4/Ig,, for the
same paired cells exposed to 1 mM (V) or 50 uM (@) 4-AP, before
(open symbols) and after (filled symbols) addition of quinidine as in A.
(C) Mean time constant of off-gating current decay (7.4) for the
same cells in 1 mM (V) or 50 uM (@) 4-AP, before (open symbols)
and after (filled symbols) addition of quinidine. *Significant differ-
ence between corresponding 4-AP and quinidine data points (P <
0.05, Student’s unpaired ¢ test).
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as in 1 mM 4-AP, so that the Ig,4/Ig,, ratio was ~1.6
(O). At this concentration of 4-AP, there was a more
marked reduction of the ratio in the presence of quini-
dine that was apparent at concentrations as low as 10 uM
(@). Fig. 3 C shows the dose dependence of the time
constant of decay of Ig.,s (T,4). In the paired controls
with 50 pM or 1 mM 4-AP (V), the T4 was ~0.4 ms and
significantly increased with the addition of quinidine
(@, ¥) in doses above 10 pM, reaching 1.23 = 0.08 ms
in 1 mM quinidine. This increase in 7. reflects the
dose-dependent slowing in the decay of Ig ,«to baseline
(Figs. 1 and 2).

At potentials at which channels were fully activated,
quinidine exposure in the presence of a range of 4-AP
concentrations resulted in a significant slowing in the
return of gating charge on repolarization associated
with a reduction in peak Ig.4/Ig,,, and 15-20% immo-
bilization of returning charge. These effects of quini-
dine are significant but, in the presence of 4-AP, chan-
nels appear protected from the larger effects of quini-
dine alone (Fedida, 1997). At 50 uM, near the K; for
4-AP alone, somewhat more Q, g immobilization in the
presence of low concentrations of quinidine was noted
(Fig. 3 A). Apart from this, little difference in the ac-
tion of quinidine was seen across a 20-fold concentra-
tion range of 4-AP. This finding suggested that quini-
dine and 4-AP were not competing for the same bind-
ing sites on hKvl.5. Rather, the data suggested that at
potentials at which the channels should be fully acti-
vated, both 4-AP and quinidine could access binding
sites on the channel, and that the presence of 4-AP al-
losterically modulated the quinidine site such that its
effectiveness at charge immobilization was reduced.

The Voltage Dependence of Quinidine Action in 1 mM 4-AP
Is Changed

Quinidine has been shown to affect hKvl.5 ionic cur-
rents between —30 and 0 mV (during channel open-
ing), suggesting an affinity for the open state (Snyders
etal., 1992). In confirmation of this, quinidine has also
been shown to slow Ig.s only at potentials positive to
—25 mV (Fedida, 1997). If 4-AP prevented channel
opening, we would expect quinidine’s effects to be fully
prevented—which was not seen (Figs. 1 and 2). At least
two possibilities exist that could explain these observa-
tions: (a) significant numbers of channels can tran-
siently escape 4-AP block, open, and are then blocked
by quinidine; or (b) channels with 4-AP bound exist in
a conformationally “open” but blocked state that does
not allow ion conduction, but that allows quinidine ac-
cess to its binding site. We have tested the two hypothe-
ses by examining gating current waveforms at different
potentials, with a particular emphasis at potentials
where the channel should not be open; that is, negative
to the activation threshold at ~—25 mV. Fig. 4 A shows
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gating current data collected during 9-ms depolarizing
pulses to between —100 and +60 mV. Transient Ig,,
can be seen during depolarizations positive to —70 mV
that peak rapidly and decay more quickly during larger
depolarizations, similar to those seen in Shaker K* chan-
nels expressed in Xenopus oocytes (Perozo et al., 1992;
Stefani et al., 1994). Ig in the presence of 4-AP were
uniformly fast after pulses across the entire potential
range and decayed rapidly at —100 mV. This seems to
negate the first hypothesis as Ig. data in the presence
of 4-AP, which represent the behavior of a large popu-
lation of channels, do not show any Ig.s slowing after
pulses to positive potentials (which would be evidence
for channels having opened) compared with pulses
negative to the opening threshold. When 100 uM quin-
idine was added (Fig. 4 B), the same voltage protocol
showed that Ig,, remained relatively unchanged, but
that peak Ig,+ decreased and decayed more slowly, as
seen in the single pulse experiments (Figs. 1 and 2). Su-
perimposed in Fig. 4 B (dotted line) is the gating current
during the pulse to +60 mV, with 1 mM 4-AP alone for
comparison (Fig. 4 A).

The voltage dependence of the rate of decay of Ig,,
(Ton) In 4-AP before (V) and after (V) addition of quin-
idine is shown in Fig. 4 C. The 1,, could only be mea-
sured at potentials =—70 mV after the appearance of
Ig. In 4-AP, the 7,, at =70 mV was 1.77 = 0.05 ms and
increased to a maximum of 3.14 * 0.13 ms at —10 mV,

1T mM 4-AP +
100 uM Quinidine

FIGURE 4. Voltage dependence
of Ig,, and Ig.; of hKvl.5 during
continuous exposure to 1 mM
4-AP, in the absence and pres-
ence of 100 uM quinidine. (A)
Cells were depolarized in the
presence of 1 mM 4-AP from
—100 to +60 mV for 9 ms in 20-
mV steps. (B) Steady state Ig
f from the same cell as in A after
¥ addition of 100 uM quinidine.
Data from the +60-mV trace in A
is included for comparison (dot-
ted line). (C) Mean 7,, for depo-
larizations to between —70 and
+70 mV and from paired cells
(=SEM, n = 4) in 1 mM 4-AP be-
fore (V) and after (V) addition
of quinidine. An asterisk adja-
cent to each point in the pres-
ence of quinidine plus 4-AP indi-
cates a significant difference
from the corresponding data
point in 4-AP alone (P < 0.05,
Student’s unpaired ¢ test).

followed by a voltage-dependent decrease to 0.67 *
0.07 ms at +70 mV as Ig,, decayed faster. The curve
with quinidine was similar in shape and had few signifi-
cantly different points. The differences appeared to
correspond with a small leftward shift of ~10-15 mV.
If slowing of the decay of Ig.4 is an important indica-
tor of the action of quinidine, the voltage dependence
of this effect can tell us the potentials at which the drug
can access 4-AP-blocked channels. The slowing of the
decay time constant of Ig,; (T, at five different
voltage prepulses (—60, —40, —20, 0, and +40 mV) is
shown on an expanded time scale, normalized and su-
perimposed in 1 mM 4-AP before and after the addi-
tion of 100 wM quinidine (Fig. 5, A-E). The data are
noisy at —60 mV, but at all potentials that occur nega-
tive to (—60, —40 mV), at (—20 mV), and more positive
(0 and +40 mV) to the threshold for channel activa-
tion, the currents with quinidine decayed much more
slowly than in 4-AP alone. The voltage dependence of
T (Fig. 5 F) showed a striking difference in 4-AP be-
fore (V) and after (V) quinidine over the entire volt-
age range. In 4-AP alone, the 7,4 showed a very slight
increase from 0.48 * 0.03 ms at a prepulse of —70 mV
to 0.53 %= 0.02 ms at +70 mV. However, after addition
of quinidine, the 7,; was dramatically slowed ~2-2.5-
fold with a larger voltage-dependent increase from 0.90 +
0.05 ms at —70 mV to 1.17 = 0.03 ms at +70 mV. The
fact that significant slowing occurred throughout the
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voltage range suggests that, in the presence of 4-AP,
quinidine has access to the channels even at potentials
where the channels would normally be closed.

The effects of quinidine with 4-AP on gating charge
were examined by integrating both Ig,, and Ig of the
data traces from Fig. 4, A and B. These integrals are
shown in Fig. 6, A and B as Q,, movement for depolar-
izations from —100 mV to between —80 and +60 mV in
20-mV steps, and as Q. for return of gating charge
upon repolarization to —100 mV. In Fig. 6 A, in 1 mM
4-AP, Q,, and Q. both increased more rapidly and
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eventually saturated at ~1.4 pC with larger depolariza-
tions. The Q,integrals shown here are similar in size and
shape to those previously recorded in the presence of
permeant K™ and Cs* (Chen et al., 1997). When 100 pM
quinidine was added to the same cell (Fig. 6 B), Q,, be-
haved similarly in its rise and saturation at 1.4 pC.
However, Q, did not have the same properties in quin-
idine, compared with 4-AP alone. Instead, the rise time
was slower and the amount of charge saturated at
~1.26 pC. The +60-mV trace from the 4-AP data (Fig.
6 A) is included for comparison (Fig. 6 B, dotted line).
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izations to between —100 and +70 mV. Data (=SEM) are from paired cells (n = 4) in 1 mM 4-AP before (V) and after (V) addition
of quinidine. Quinidine plus 4-AP data have also been normalized to the maximum peak Q¢ in 4-AP alone (H). Boltzmann fits gave a V5
of —18.2 = 1.6 mV and kof 12.4 = 0.2 mV or valence (z) of 2.06 * 0.03 ¢, (V) and a V5 of —31.9 = 0.9 mV and kof 13.5 = 0.3 mV or z of
1.89 £ 0.04 ¢, (¥, W). (D) Mean Q, 4/ Q,,, for the same depolarizations and from the same paired cells as in Cin 1 mM 4-AP before (V) and
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difference from the corresponding data point in 4-AP alone (P < 0.05, Student’s unpaired ¢ test).

Compared with 4-AP alone (Fig. 6 C, V), mean normal-
ized Q.4 data from depolarizations up to +70 mV in
10-mV steps show a leftward shift in the voltage depen-
dence of charge movement in the presence of quini-
dine plus 4-AP (V). The Q4 in quinidine plus 4-AP was
normalized to Q. in 4-AP alone (M) and the resulting
Q. #V Boltzmann curve was shifted left ~13 mV, show-
ing earlier saturation to ~90% of the level in 4-AP
alone (Fig. 6 C, solid lines). The valence (z) decreased
slightly from 2.06 = 0.03 to 1.89 = 0.04 ¢, after addition
of quinidine (n = 4). Fig. 6 D shows the voltage depen-
dence of the Q. 4/Q,, ratios from —70 to +70 mV.
Since the amounts of charge moved at more negative
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potentials were very small, the ratios varied more as evi-
denced by larger error bars. There was a trend for a re-
duction in Q,x/Q,,, over the entire potential range, but
this was only significant positive to —20 mV, near the
threshold of channel activation. Depolarizations posi-
tive to —20 mV showed that, at most, ~10% of Q. is in-
hibited, and this amount of fractional charge block for
1 mM 4-AP with 100 uM quinidine is in agreement with
data obtained from the single-pulse dose-response
curve in Fig. 3 A. Although the charge block did not
seem to be complete until more positive potentials, the
leftward shift of the Q,V curve in Fig. 6 C, along with
measurements of 7, (Fig. 4), all suggest that quinidine

Quinidine Modulates 4-Aminopyridine Block of hKv1.5



has an effect on gating charge movement throughout
the voltage range in the presence of 1 mM 4-AP.

The Time-dependence of Charge Return Is Slowed

in Quinidine

In Shaker K* channels, Ig g has a slowed decay and de-
creased peak with longer depolarizing prepulses up to
8 ms (Bezanilla et al., 1994; Zagotta et al., 19944). This
time-dependent slowing is prevented by the addition of
4-AP and return of Q,; remains fast for depolarizations
up to ~350 ms (McCormack et al., 1994; Fedida et al.,
1996). Ig,, and Ig.y are shown for a depolarization to
+60 from —100 mV for varying lengths of time in the
presence of 1 mM 4-AP (Fig. 7 A). The first pulse was
0.45 ms long, and subsequent pulses were incremented
by 0.60 ms. Superimposition of the data traces showed
consistent Ig,, and reflected the full recovery of gating
charge between the pulses at a frequency of 0.5 Hz.
Peak Ig. increased at short depolarizations, saturating
after ~2 ms and decay of Ig.,; remained fast for all
pulses. After addition of 100 wM quinidine to the same
cell (Fig. 7 B), Ig,, was similar, but Ig,; showed a large
difference in both the peak and rate of decay. Off-gat-
ing currents showed a blunted peak and slowed decay
even for the shortest depolarizations, and after ~2 ms,
a notch appeared at the moment of repolarization,
which was absent in 4-AP alone. Mean data for peak

1 mM 4-AP

O

300 pA
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Ig, ¢ normalized to maximum peak Ig,, showed that be-
fore addition of quinidine (Fig. 7 C, V), the ratio in-
creased after the first prepulse of 0.45 ms and saturated
after 2 ms at a value of ~2.0. When quinidine was
present (Fig. 7 C, ¥), normalized Ig.; was always less
than in 4-AP alone, and saturated at ~0.8 after 2 ms.
This suggested that quinidine was able to affect (reduce
the peak) Ig.s very rapidly, and this effect was main-
tained for depolarizations up to 8 ms duration. The de-
cay rate of Ig & was significantly slowed at all depolariza-
tion durations tested in the presence of quinidine. In
Fig. 7 D, single exponential fits of Ig.; showed that in
4-AP alone (V), T,g was ~0.4 ms. In contrast, addition
of quinidine (V) significantly slowed 7,4 ~2.5-fold to
~1.0 ms. Similar to the voltage-dependent effects of
quinidine in the presence of 4-AP, the time-dependent
effects consisted of a relative reduction in the peak Ig.
and slowing of 7, by ~2-2.5-fold. These changes de-
velop during the briefest depolarizations and saturated
after a depolarizing prepulse to +60 mV of ~2 ms in
length.

By contrast, inhibition of charge movement (Q,y) in
the presence of quinidine plus 4-AP takes time to be-
come established. Fig. 8, A and B, show superimposed
Q. and Q¢ for the data in Fig. 7, A and B. In 1 mM
4-AP alone, the Q,, and Q, rose rapidly and saturated
after a +60-mV prepulse of ~3 ms in length. After addi-
tion of 100 uM quinidine, similar Q,, and Q, are evi-

Ficure 7. Time dependence of
Ig,, and Ig,¢in 1 mM 4-AP in the
absence and presence of 100 uM
{ quinidine. (A) Ig are superim-

TTTTTTT]TTTTFTTTT posed to show homogeneity dur-
). v ing depolarizations from —100
Y. g dep
T 4 to +60 mV in 1 mM 4-AP. Pulses

were given at a frequency of 0.5

LU e v S Hz with a duration ranging from
Z;“Iﬂn!m!ﬂﬁiﬁ' 0.45 to 7.05 ms in 0.6-ms incre-
Y ments. (B) Marked changes in Ig
x were apparent after addition of
! 100 pM quinidine to the same
cell using the same protocol as in
A. (€) Mean (*=SEM) Ig.,; nor-
malized to maximum Ig,, in 1
mM 4-AP before (V, n = 4) and
- after (¥, n = 4) addition of qui-
nidine. (D) Mean (£SEM) 7. af-
ter increasing prepulse duration
from the same cells as in Cin 1
mM 4-AP before (V) and after
(V) addition of quinidine. In C
and D, all points in the presence
of quinidine plus 4-AP, except
for the first point in C, are signifi-
cantly different from the corre-
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dent, although the rise of Q4 was slower, and satura-
tion also occurred after a prepulse of ~3 ms duration.
Mean data for Q¢ normalized to maximum Q,, (Fig. 8
C) show that in quinidine plus 4-AP (V), Qg saturated
after a prepulse of 2.35 ms at ~90% of maximum Q,,,,
compared with 100% saturation in 4-AP alone (V).
Measurements of Q 4/Q,, (Fig. 8 D) show that charge
was conserved in 4-AP throughout (V), but there was a
significant time-dependent loss of Q. in quinidine
plus 4-AP (V) after a prepulse >1.05 ms. The maxi-
mum loss of charge reached ~10% at a prepulse of
7.05 ms, which agrees with data obtained from single-
pulse dose-response experiments (Fig. 3 A), and with
depolarizations >—20 mV (Fig. 6 D). Quinidine seemed
to exert an immobilizing effect on Q. very rapidly
(~1-2 ms) in the presence of 4-AP that did not occur
in 4-AP alone. However, quinidine had immediate ef-
fects (<1 ms) in reducing peak Ig 4 (Fig. 7 C) and slow-
ing 1. (Fig. 7 D).

Quinidine Has Access to a Single Channel Blocked by 4-AP

The data so far suggests that 4-AP-blocked channels are
accessible to quinidine at all potentials and times stud-
ied, even those at which the channel is normally closed.
From this we hypothesized that, at the single channel
level quinidine might be able to convert the essentially
silent behavior known to occur in 4-AP (McCormack et
al., 1994) to a flickering type of block seen with quini-
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dine (Yatani et al., 1993; Tseng et al., 1996). hKv1.5 sin-
gle channels have a high P, (Fedida et al., 1993; Philip-
son et al., 1993), so it was relatively simple to identify
single channel patches from the appearance of a single
opening level. Control data from such a patch are
shown in Fig. 9 A. Cells were depolarized in high (135
mM) bath [K*] and pipettes contained 5 mM [K*].
Patches were held at —80 mV and given a depolarizing
pulse of +60 mV for 800 ms at 0.5 Hz. Control traces in
Fig. 9 A are shown after subtraction of blank traces to
eliminate capacity transients. Single channel openings
occurred in bursts of varying duration and within bursts,
the channel was mostly open with frequent, brief clos-
ings. An ensemble average of 74 sweeps from the same
cell is shown in Fig. 9 Bwith a dotted line indicating the
baseline and the voltage protocol below to indicate the
timing of the pulse. During addition of 1 mM 4-AP to
the bath (Fig. 9 C), the channel displayed decreased
openings, eventually becoming completely silent in the
steady state. When averaged, 75 sweeps show that the
average current in 4-AP could not be distinguished
from the baseline. After addition of 100 pM quinidine
to the same cell, representative traces in the steady state
show that the single channel openings reappeared (Fig.
9 E). The channel open time was greatly reduced within
bursts and closing events were prolonged. Sweeps with
no openings were rare compared with 4-AP alone. An
ensemble average of 80 sweeps is shown in Fig. 9 I The
average current was ~50% of the control average cur-

Ficure 8. Time dependence of
Qunand Q¢ in 1 mM 4-AP in the
absence and presence of 100 uM
quinidine. (A) Q was measured
by integrating the Ig from Fig. 7
A and are superimposed to show
L homogeneity during depolariza-
tions from —100 to +60 mV in
L 1 mM 4-AP. (B) Steady state Q
movement from Fig. 7 B after ad-

L1 dition of 100 pM quinidine. (C)

2 3 456 7 8 Mean (=SEM) Q¢ normalized to
Time (ms) maximum Q,, at —100 mV after
depolarization to +60 mV for

0.45-7.05 ms in 1 mM 4-AP before
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addition of quinidine. (D) Mean
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Q,it/ Qpn for the same depolariza-
tion duration and from the same
cells as in Cin 1 mM 4-AP be-
fore (V) and after (V) addition
of quinidine. In C and D, an as-
terisk adjacent to each point in
the presence of quinidine plus
4-AP indicates a significant differ-
ence from the corresponding
data point in 4-AP alone (P <
0.05, Student’s unpaired ¢ test).



rent (Fig. 9 B). Similar results with 4-AP and quinidine
were obtained in four other single channel patches.
Clearly, the addition of quinidine, in the continued pres-
ence of 4-AP, resulted in channel reopening and the
adoption of a “flickering” open channel block behavior.

Open- and closed-dwell time histograms in control
and in the presence of 4-AP and quinidine are shown in
Fig. 10. In control, both were fit with a single exponen-
tial function and values of 1.42 * 0.01 and 0.40 = 0.12
ms were obtained for mean open and closed times, re-
spectively. In 1 mM 4-AP and 100 puM quinidine, mean
open time was reduced to 0.61 = 0.07 ms (Fig. 10 C).
This may be compared with the effect of 100 uM quini-
dine alone where the mean open time was reduced to
0.26 = 0.12 ms. However, the closed-time histogram was
wellfit by a double exponential with two mean closed
times of 0.47 £ 0.11 and 3.82 * 0.02 ms (Fig. 10 D). The
first closed time likely corresponds to the closed state
observed in control, which had a similar mean closed
time. The second closed time was approximately eight
times longer than the control closed time. Similar ef-
fects on shortening mean open time and lengthening
closed events have been recently observed with intracel-
lularly applied quinidine on single Kvl.2 channels ex-
pressed in Xenopus oocytes (Tseng et al., 1996).

DISCUSSION
The Acceleration of Charge Return

Until recently, only 4-AP was known to prevent the off-
charge slowing that accompanies K* channel opening
(McCormack et al., 1994; Bouchard and Fedida, 1995).
This action of 4-AP was strong evidence that 4-AP
blocked channels by preventing a final transition be-
fore the open state. Now, at least three processes are
known to accelerate charge return in K* channels. In
Shaker K channels, external Ba®* speeds Ig.s and ac-
celerates the return of gating charge upon repolariza-
tion (Hurst et al., 1996, 1997). Hurst et al. (1996, 1997)
suggest that Ba?" destabilized the open conformation
to accelerate the return of gating charge. Recently, we
have shown that permeant monovalent cations also
speed Ig. and return of gating charge (Chen et al,,
1997). Internal 4-AP increases the decay rate of Ig.,
thereby enhancing return of gating charge (McCor-
mack et al., 1994; Bouchard and Fedida, 1995). McCor-
mack et al. (1994) hypothesized that 4-AP prevented
channels from opening and noted a 10-15% decrease
in Q. in the presence of the drug. Here, in the pres-
ence of 4-AP we have shown that quinidine, a known
open-channel blocker, can still slow the decay of off-

Figure 9. Cell-attached patch
recordings from hKvl.5 with 5
mM [K*] solution in the pipette
and 135 mM [K*] in the bath so-
lution to depolarize the cell. (A)
10 representative control sweeps

- + . .
1 mM 4=AR in a one-channel patch, showing

A Control C 1 mM4-AP 100 M Quinidine openings after an 800-ms depo-
WSO A . il - m"‘lm.hwmul ‘' WW»WMWWmu larizing pulse from —80 to +60
AT N AN e o ) L oMLl mV. Data were sampled at 5 kHz
' u ’ o and filtered at 1 kHz, and pulses

. were given at a frequency of 0.5

e T TR Hz. (B) The ensemble average of

74 sweeps showing an average

Atk current over the baseline (dotted

RN, s T VSR N, TR TS line) and a voltage pulse protocol

below. (C) 10 sweeps from the

same patch as A during wash in

Wiimibanst apistotigpmont of 1 mM 4AP using the same

ek MM st protocol. (D) The ensemble aver-

< age of 75 sweeps showing little

WMMWJ‘”MWM IS deviation from the baseline (dot-

200 ms ted line). (E) 10 sweeps from the

F same patch after addition of 100

n=80 WM quinidine using the same

protocol showing reopening of

K the channel and characteristic

2 open channel block. (F) The en-
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semble average of 80 sweeps
showing an average current be-
tween control and 1 mM 4-AP rel-
ative to the baseline (dotted line).
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togram with a 7 of 0.40 = 0.12
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togram shows a T of 0.61 = 0.07
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gating currents (Figs. 1 and 2), prevent full charge re-
turn in 4-AP-blocked channels (Figs. 3 and 6 D), and
cause the reappearance of currents from silent single
channels (Fig. 9).

Since quinidine is known to only block open chan-
nels (Snyders et al., 1992; Clark et al., 1995; Fedida,
1997), the 4-AP-blocked channels must be able to exist
in a conformationally open, nonconducting state that
allows quinidine access. Quinidine binds to this state
with a lower affinity (Ky = 144 pM, Fig. 3 A) compared
with quinidine alone (K; = 7.2 uM; Fedida, 1997) with
a small nonsignificant change in the Hill coefficient
(ng = 1.01 with 4-AP present, Fig. 3 A), from 0.84 *
0.21 (Fedida, 1997) in quinidine alone. These differ-
ences indicate a parallel shift in the quinidine sensitiv-
ity in the presence of 4-AP of ~20-fold, and suggest a
change in the affinity of the quinidine binding site.
100 pM quinidine also reduced peak Ig  (Figs. 4 D and
7 C), and shifted the voltage dependence of 7,, (Fig. 4
C). Most importantly, quinidine decreased 7,;~2.5-fold
(Figs. 5 Fand 7 D) in the presence of 1 mM 4-AP at all
potentials studied. The slowing was also observed after
shorter depolarizations than in quinidine alone (Fedida,
1997). These two results suggest that 4-AP-blocked chan-
nels are vulnerable to quinidine block at more negative
potentials and at earlier times than the limits set by the
threshold potentials (~25 mV) and the activation time
to opening (~1 ms) required for the action of quini-
dine alone (Fedida, 1997).
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Quinidine slows Ig,; decay at all times and potentials
(Figs. 1, 2, 5, and 7), which indicates access to the channel
when it should be closed. Additional evidence for an ac-
tion of quinidine at potentials negative to the channel
opening threshold were negative shifts in the potential
dependence of charge movement (Q 4V, Fig. 6 C) and
the decay rate of Ig,, (7,,, Fig. 4 C). The direction of these
shifts and their relatively small magnitude (<10 mV)
suggest quinidine access to a region of the channel
where it can exert charge screening effects, which are
not seen in the presence of quinidine alone (Fedida,
1997). To obtain further evidence for quinidine access
to 4-AP-blocked channels, we performed single channel
experiments (Figs. 9 and 10). The effects of 1 mM 4-AP
at +60 mV on the single channels was a change from
bursts of channel opening with a high P, to a complete
loss of conduction with a failure to reopen or conduct at
steady state. The addition of 100 wuM quinidine, while
keeping the concentration of 4-AP constant, led to char-
acteristic flickering open-channel block with only a few
blank sweeps. There was a reduction in mean open time
to <50% and the addition of a second mean closed
time that was approximately eight times longer than the
closed time also observed in control currents. Recovery
from 4-AP block was not observed before addition of
quinidine, which suggested that quinidine was also able
to change the state of 4-AP-bound channels, and allow
them to open. The addition of the second mean closed
time could reflect the presence of a 4-AP- and quini-
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dine-blocked state from which return to the open state
is possible, but approximately eight times slower than in
the unblocked state.

Immobilization of Charge

There are several situations where the return of gating
charge is slowed or immobilized. The first example of
charge immobilization observed was associated with
open channel block by the inactivation domain in chan-
nels exhibiting N-type inactivation (Armstrong and Be-
zanilla, 1977; Bezanilla et al., 1991; Demo and Yellen,
1991). Quaternary ammonium ions such as TEA (tetra-
ethylammonium) also cause open channel block of K*
channels internally and prevent the conformational clos-
ing of the channel (Armstrong, 1971). It was shown that
internally applied TEA slows return of gating charge
(Bezanilla et al., 1991; Stihmer et al., 1991). The action
of quinidine on hKv1.5 channels results in gating charge
immobilization (Fedida, 1997), similar to that seen with
open channel block by internal TEA and the N-type in-
activating peptide (Armstrong and Bezanilla, 1977; Beza-
nilla et al., 1991; Stithmer et al., 1991). In the presence of
4-AP, quinidine had a partial charge immobilizing effect
(at doses >50 uM), which caused a parallel shift in the
dose-response relation compared with quinidine alone
(Fig. 3 A; compare with Fedida, 1997). The voltage de-
pendence of charge return showed a leftward shift of
~13 mV in the Q,~V curve when normalized to values in
both 4-AP and quinidine (Fig. 6 C), and significant im-
mobilization of up to 20% of gating charge was observed
positive to —20 mV (Fig. 3 A). The time dependence of
charge return with quinidine plus 4-AP showed that nor-
malized Q.4 was reduced by ~10% (Fig. 8 C) and devel-
opment of significant immobilization took ~1 ms (Fig. 8
D). In 1 mM 4-AP, the gating currents showed a reduc-
tion of peak Ig (Figs. 3 Band 7 C) and slowing of T
(Figs. 3 C, 5 F, and 7 D) at quinidine doses higher than
10 pM, and at all potentials and prepulse lengths studied.
However, the partial charge-immobilizing effects of quini-
dine were both voltage (Fig. 6, Cand D) and time (Fig. 8,
C and D) dependent and did not reach the full effect in
the presence of 4-AP (Fig. 3 A; compare with Fedida,
1997). Interestingly, the conditions for quinidine-induced
charge immobilization in the presence of 4-AP coincided
with the threshold (~25 mV) and onset (~~1 ms) of chan-
nel activation. This suggests that there could be coupling
between full channel opening and the ability of quini-
dine to immobilize charge, perhaps through improved
access or stronger binding to the channel.

Molecular Determinants of 4-AP Trapping, and Binding Sites
of 4-AP and Quinidine

Many studies have reported the phenomenon of 4-AP
trapping in K* channels. 4-AP binds to closed (Yeh et
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al., 1976; Thompson, 1982; Kehl, 1990) or open (Wag-
oner and Oxford, 1990; Choquet and Korn, 1992)
channels. It remains trapped in the channels at hyper-
polarized potentials with relief of block after wash out
occurring upon subsequent depolarization (Choquet
and Korn, 1992; Kirsch and Drewe, 1993; McCormack
et al., 1994). Trapping of blockers in channels was first
proposed for quaternary ammonium compounds (Arm-
strong, 1971). By transplanting regions of Kv3.1 into the
less 4-AP-sensitive Kv2.1, the cytoplasmic halves of the
S5 and S6 transmembrane segments were determined
to be important for 4-AP binding and were also impli-
cated in forming part of the inner mouth of the pore
(Kirsch et al., 1993). The actual site of 4-AP binding
was thought to be guarded by the activation gate struc-
ture, which would trap the 4-AP in the closed channel
(Kirsch and Drewe, 1993). The differences in the Sb
segment are at positions 434, 435, and 439 (using
hKvl.5 numbering) and in the S6 segment at 507, 510,
512, and 514. The equivalent residues in hKvl.5 show
more sequence homology with Kv3.1 than Kv2.1 and, as
expected, the ICy, for hKvl.5 (50 wM; Bouchard and
Fedida, 1995) is similar to Kv3.1 (100 pM; Kirsch et al.,
1993), and quite different from Kv2.1 (18 mM; Kirsch
etal., 1993).

In a mutational study of Kvl.5, two sites were found
to increase or decrease affinity for quinidine when they
were changed (Yeola et al., 1996). These residues at po-
sitions 507 and 514 would occur on the same side of
the a-helical S6 segment, separated by two turns. Quini-
dine open channel block is thought to involve both
electrostatic and hydrophobic components (Snyders et
al., 1992; Snyders and Yeola, 1995). As such, substitu-
tions with greater hydrophobicity at position 507 in-
creased affinity for quinidine. It is important to note
that these two sites are also two of the four sites in the S6
segment that are implicated for differential 4-AP sen-
sitivity in Kv2.1 and Kv3.1 (Kirsch et al., 1993). This
strongly suggests that these two drugs have binding sites
close to one another at the inner mouth of the K* chan-
nel pore. Our data supports this idea as the parallel-
shifted dose-response curve of fractional charge block
in quinidine plus 4-AP (Fig. 3 A) suggests allosteric
modification of the quinidine site by the presence of
4-AP; the single channel data (Figs. 9 and 10) suggest
quinidine modification of 4-AP binding to the channel.

Recently, it has been shown through the use of Kv2.1
and Kv3.1 chimeras that the cytoplasmic end of the S5
segment (with the same residue differences as for 4-AP
sensitivity) plays an important role in the rate of the
open to first closing transition (Shieh et al., 1997). This
part of S5 could be a part of the structural component
of an activation gate or lid. Another recent study has
discovered the ability of a point mutation in Shaker K*
channels at site 470 (508 in hKvl.5) in the S6 trans-



membrane segment to confer the ability to trap the
organic blockers decyltriethylammonium (C,,) and tetra-
ethylammonium (Holmgren et al., 1997). They deter-
mined that the region in S6 near residue 508 is nor-
mally covered by the activation lid when the channel is
closed. This site (508) is within the stretch of eight
amino acids that contain the sites implicated for both
4-AP (507, 510, 512, and 514) and quinidine binding
(507 and 514). Therefore, on a molecular level, the
mechanism for 4-AP trapping and binding of both 4-AP
and quinidine may be mediated by the same region of
eight amino acids that represents two full turns of the S6
a-helix. 4-AP trapping also likely involves the cytoplasmic
end of S5, which may form part of the activation lid.

Quinidine Access to 4-AP-blocked Channels

We propose a physical model (Fig. 11) where the acti-
vation lid normally shuts the channel when it is closed
at potentials negative to the threshold of channel open-
ing (A). When the lid opens, quinidine is allowed ac-
cess to the channel and can reach its binding sites (Fig.
11 B). The bound quinidine must dissociate before al-
lowing the activation lid to close the channel. This re-
sults in delayed channel closing and characteristic
crossover of deactivating tail currents (Snyders et al.,
1992; Fedida, 1997). 4-AP binds to sites that are likely
covered by the activation lid and exposed when the
channel opens (Fig. 11 C). When the channel closes,
4-AP remains bound to the channel and is trapped
within. The activation lid now cannot shut completely,
because the 4-AP molecule might occupy some of the
sites that the lid normally covers. Incomplete closure of
the activation lid could be an explanation for our ob-
servations that quinidine has access to 4-AP-blocked

A C

INSIDE

J
e )

channels earlier in time and at potentials negative to
the threshold of channel opening (Fig. 11 C). There
was an obvious slowing of the rate of decay of Ig,q at
subthreshold potentials, and earlier than expected
compared with the onset of quinidine action without
4-AP. The presence of trapped 4-AP in the channels
seems to allow quinidine access and provides the basis
for our model of the 4-AP-blocked channel in a quini-
dine-sensitive but nonconducting state, analogous to
the “tense” state proposed by McCormack et al. (1994).
Since quinidine binding is voltage dependent and is in-
creased at more depolarized potentials (Snyders et al.,
1992; Clark et al., 1995; Fedida, 1997), quinidine affin-
ity would be expected to be reduced at potentials nega-
tive to the threshold of activation. In addition, access to
quinidine could be restricted by the partially closed ac-
tivation lid and could be enhanced at potentials where
the activation lid would open fully (Fig. 11 D). These
two reasons may explain why significant charge immo-
bilization of quinidine in the presence of 4-AP did not
seem to occur at potentials negative to the threshold of
activation and took ~1 ms to develop. Thus, the volt-
age-dependent increase in affinity of quinidine or the
opening of the activation lid could allow for greater as-
sociation of quinidine to the 4-AP-blocked channel at
positive potentials. This increased affinity or enhanced
access of quinidine could then confer its charge-immo-
bilizing action. Our gating current observations that
quinidine affinity was greatly reduced in 4-AP, coupled
with the single channel observations that reopenings
were virtually nonexistent in 4-AP alone but were facili-
tated by the addition of quinidine, strongly support the
idea that modification of both quinidine and 4-AP
binding occurred when both drugs were present at the
inner mouth of the channel (Fig. 11 D).

FIGURE 11. A schematic diagram of the physical
interactions between quinidine, 4-AP, and hKv1.5.
(A) Normal channel closing is shown by the acti-
vation gate swinging from open (solid) to shut
(dotted). (B) Open channel block by quinidine re-
sults in a quinidine-blocked state, impeding the
activation lid from closing the channel and slow-
ing channel deactivation. (C) 4-AP has access to
open channels and can keep the channels in a
nonconducting 4-AP-blocked state when 4-AP is
trapped within the channel. 4-AP-trapped chan-
nels prevent complete closing of the activation lid
(dotted) and allow quinidine access to its binding
site, which is close to that of 4-AP. (D) 4-AP and
quinidine can coexist at binding sites within the
inner mouth of the channel. Allosteric modula-
tion of quinidine binding by the presence of 4-AP,
and vice-versa, occurs. This reduces the apparent
K, for quinidine ~20-fold and allows reopening
of silent channels in the presence of high concen-
trations of 4-AP.
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Conclusion

Using quinidine as a probe of open channels, our results
suggest that 4-AP-blocked channels actually allow access
to quinidine at potentials and times when the channel
should be closed. The simplest explanation of this result
is that 4-AP actually holds the channel in an open, but
nonconducting state. However, at this point, we cannot
tell whether the channel is in a conformationally open
but nonconducting state or if trapping of 4-AP holds
the internal vestibule of the channel partially open—

enough to allow quinidine binding, but not enough to
allow ion conduction past narrower, deeper parts of the
K* channel pore. The latter explanation is more consis-
tent with the fast off-gating currents on repolarization
(McCormack et al., 1994), supporting the idea of a slow
final opening transition that carries little charge. The
fact that 4-AP trapping and binding of both 4-AP and
quinidine may all be mediated by the same region at the
inner vestibule is also important for understanding the
structure of K* channels and the precise mechanism of
action of ion channel blockers and therapeutic drugs.
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