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SUMMARY

We characterized the action of verapamil and N-methyl-vera-
pamil on current through the delayed-rectifier potassium chan-
nel Kv1.3 mouse (mKv1.3). The whole-cell and inside-out con-
figuration of the patch-clamp technique was used to examine
the channel properties after injection of in vitro transcribed
cRNA into rat basophilic leukemia cglls. The action of verapamil
on current through mKv1.3 channels could be separated into an
acceleration of the rate of current decay during depolarizing
pulses and a reduction of steady state peak current when
applied either extracellularly or intracellularly. Both effects were
greatly reduced when the membrane-impermeable N-methyl-
verapamil was applied extracellularly, but it affected current
through mKv1.3 channels similar to verapamil if applied to the
intracellular side of the membrane. Mutations in the outer ves-
tibule of the mKv1.3 channel did not change the ability of
verapamil to accelerate the mKv1.3 current decay during de-
polarizing pulses, whereas the reduction of the steady state

peak current by verapamil applied either extracellularly and
intracellularly and by N-methyl-verapamil applied intracellularly
was decreased ~25-fold in all three cases. Substances known
to interact with an extracellular site of the channel (e.g., extra-
cellularly applied tetraethylammonium or kaliotoxin) did not
compete with extracellularly applied verapamil on blocking
steady state peak current, whereas intracellularly applied tet-
raethylammonium, which is known to interact with an intracel-
lular site of the channel, was able to reduce the effect of
extracellularly applied verapamil on blocking steady state peak
current, suggesting competition for a common binding site
between verapamil and intracellularly applied tetraethylammo-
nium. The results from the competition experiments as well as
from the mutations in the outer vestibule of mKv1.3 are com-
patible with the idea that verapamil applied extracellularly
moves through the membrane to reach its internal binding site
on the mKv1.3 channel.

The voltage-gated K* channel mKv1.3 is a member of the
Shaker-related K* channel family and plays an important
role in T lymphocyte activation (1-3). The “classic” voltage-
gated K* channels are thought to have six transmembrane-
spanning segments (S1-S6), and the amino and carboxyl
termini are located intracellularly. The S4 segment contains
major parts of the voltage sensor, whereas the region be-
tween segments S5 and S6 is thought to be part of the ion
conduction pathway and is therefore called the pore region
(4-9). It has been shown that the previously described n-type
K* channel is predominant in T lymphocytes (1-3) and is a
homologue to Kv1.3 (10, 11). T cell activation can be inhibited
by Kv1.3 channel blockers such as TEA and 4-aminopyridine
(1, 2). Other very potent blockers of Kv1.3 and related volt-
age-gated K* channels are the peptide toxins charybdotoxin,
margatoxin, and KTX (12-15). Nifedipine, diltiazem, and
verapamil, originally known as potent L-type Ca?* channel

- blockers, are also able to block Kv1.3 (3, 10) and therefore

inhibit the T cell activation (1, 2).
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To map amino acid residues in the outer vestibule of the
mKvl.3 channel, the peptide toxins were used to obtain in-
sight into the topology of the pore region (16). To confirm and
extend these findings, we used the Ca?* channel antagonist
verapamil and its derivative, N-methyl-verapamil. Because
of the smaller dimensions of these compounds compared with
the peptide toxins and their well-defined structures, they
seemed to be good tools with which to localize additional
residues that act as drug- but not toxin-binding sites at the
pore region of the channel. Recently, DeCoursey (17) showed
that on the n-type K* channel endogenously expressed in rat
alveolar epithelial cells, verapamil blocked potently only if
applied from the outside in the neutral form by partitioning
into the membrane. Based on these findings, we wanted to
localize the binding site of verapamil on the mKv1.3 channel
exogenously expressed in RBL cells by using mutations in the
pore region. Also, if contact amino acid residues for vera-
pamil could be identified, it should be possible in future
examinations to obtain more-detailed structural information
regarding the pore region. For our initial study, we used
mutations at the outer vestibule of Kv1.3 that have been

ABBREVIATIONS: mKv1.3, mouse Kv1.3; KTX, kaliotoxin; RBL, rat basophilic leukemia; TEA, tetraethylammonium; EGTA, ethylene glycol
bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; FITC, fluorescein isothiocyanate.
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proved to be part of the extracellular binding site for TEA
(18) as well as several scorpion toxins (16).

We investigated the actions of verapamil and N-methyl-
verapamil (D575) on current through mKv1.3 and a H404T
mutant channel in the whole-cell mode and in the inside-out
patch configuration with application of the drugs to the inner
and outer portions of the channel. Some of the results have
been reported in preliminary form (19, 20).

Rauer and Grissmer

Materials and Methods

Cells. All experiments were carried out on single RBL cells (21).
Cells were obtained from the American Type Culture Collection
(Rockville, MD). The cells were maintained in a culture medium of
Eagle’s minimal essential medium supplemented with 1 mM L-glu-
tamine and 10% heat-inactivated fetal calf serum in a humidified,
5% CO, incubator at 37°. Cells were plated to grow nonconfluently
onto glass 1 day before use in injection and electrophysiological
experiments.

Solutions. The experiments were done at room temperature (21—
26°). Cells measured in the whole-cell configuration were normally
bathed in mammalian Ringer’s solution containing 160 mM NaCl, 4.5
mM KCl, 2 mm CaCl,, 1 mm MgCl,, and 10 mm HEPES adjusted to
pH 7.4 with NaOH, with an osmolarity of 290-320 mOsM. Measure-
ments in the inside-out patch configuration were done in a bath
solution containing 164.5 mM K-aspartate, 1 mm CaCl,, 2 mm MgCl,,
10 mM HEPES, and 10 mM EGTA adjusted to pH 7.2 with KOH, with
an osmolarity of 290-320 mOsM. A simple syringe-driven perfusion
system was used to exchange the bath solutions in the recording
chamber. '

The internal pipette solution for the whole-cell recordings con-
tained 134 mM KF, 1 mm CaCl,, 2 mm MgCl,, 10 mmM HEPES, and 10
mM EGTA, adjusted to pH 7.2 with KOH, with an osmolarity of
290-320 mOsM. The pipette solution for the inside-out patch mea-
surements contained normal Ringer’s solution, as described above.

Chemicals. Verapamil was purchased from Sigma-Aldrich Che-
mie (Deisenhofen, Germany) as (*)-verapamil hydrochloride.
N-Methyl-verapamil was generously provided by Drs. Raschack and
Paul of Knoll Pharmaceuticals (Ludwigshafen, Germany) as N-meth-
yl-verapamil hydrochloride. TEA was purchased from Fluka Chemie
(Buchs, Germany) as tetraethylammonium chloride. KTX was pur-
chased from Latoxan (Rosans, France).

TEA and KTX were dissolved in mammalian Ringer’s solution.
The phenylalkylamines were dissolved in dimethylsulfoxide (Fluka)
to make stock solutions from which final dilutions were made. The
stock solutions were stored at 4° and protected from light. The final
dimethylsulfoxide concentrations diluted in the external or internal
Ringer’s solutions were <0.1%.

Electrophysiology. Experiments were carried out using the
whole-cell or the inside-out patch recording mode of the patch-clamp
technique (22). Electrodes were pulled from glass capillaries (Clark
Electromedical Instruments, Reading, UK) in two stages, coated
with Sylgard (Dow Corning, Seneffe, Belgium), and fire-polished to
resistances measured in the bath of 2.5-4 MQ). Membrane currents
were recorded with an EPC-9 patch-clamp amplifier (HEKA Elek-
tronik, Lambrecht, Germany) interfaced to a Macintosh Quadra
840AV computer running acquisition and analysis software (Pulse
and PulseFit). Capacitative and leak currents were subtracted using
the P/8 procedure. Series resistance compensation (80%) was used if
the current exceeded 1 nA. The holding potential in all experiments
was —80 mV. For drug screening, the voltage was usually stepped
from —80 to +40 mV for 200 msec every 30 sec before, during, and
after application of the compounds.

Expression. pSP64T plasmids (23) containing the entire coding
sequence of the mKv1.3 wild-type gene and the sequences for the
mutant channels H404T and G380H (a generous gift from Dr. K. G.
Chandy, University of California, Irvine, Irvine, CA) were linearized

with EcoRI and transcribed in vitro with the SP6 Cap-Scribe System
(Boehringer-Mannheim Biochemica, Mannheim, Germany). The re-
sulting cRNA was phenol/chloroform purified and could be stored at
—75° for several months.

The cRNA was diluted with a fluorescent FITC-dye (0.5% FITC-
Dextran in 100 mM KCI) to a final concentration of 1 ug/ul. RBL cells
were injected with the cRNA/FITC solution filled in injection capil-
laries (Femtotips) using an Eppendorf microinjection system (Micro-
manipulator 5171 and Transjector 5246). In the visualized cells,
specific currents could be measured 3-6 hr after injection.

Results

To initially characterize the effect of verapamil on the
voltage-gated K* channel mKv1.3, we measured mKv1.3 cur-
rents in the presence and absence of 20 uM verapamil. The
result of such an experiment is shown in Fig. 1. It shows the
control mKv1.3 wild-type current in the absence of verapamil
(Fig. 1A, trace 1). The current increased rapidly on depolar-
ization, reached a peak within 8 msec, and then decreased
again with a time constant of ~230 msec (Table 1). This
current decay, the C-type inactivation, is typical for n-type
K* channels and the homologue mKv1.3 (1-3, 10, 11). Trace
2 is the first trace obtained in the presence of 20 uM vera-
pamil, and all the following traces were also recorded in
verapamil. It is obvious that the application of 20 uM vera-
pamil has two effects: (a) an acceleration of the current decay
during the depolarization and (b) a reduction in the peak
current amplitude from trace to trace until the peak current
amplitude has reached a new steady state value. Both effects
are in agreement with earlier reports (24). The acceleration
of current decay may reflect the rate at which open K*
channels are blocked by verapamil (24) (for more details, see
below), whereas the reduction in peak current amplitude to a
new steady state value might reflect accumulation of block
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Fig. 1. Effect of extracellularly applied verapamil on currents through
mKv1.3 wild-type channels. A, Currents were elicited by 200-msec
depolarizing voltage steps from a holding potential of —80 to +40 mV
every 30 sec. Currents were recorded (trace 7) before and (traces 2-10)
after external application of 20 um verapamil. Current traces 7-10,
constant current properties with a steady state peak current. B, Time
course of peak current reduction by verapamil. Normalized peak cur-
rents obtained from the record shown in A and similar records were
plotted against time. Arrow, bath solution was changed to a bath
solution containing 20 um verapamil. Time constants of peak current
reduction (r,,) were obtained through fitting with a single-exponential
function (smooth line) to the data. Data points, normalized peak current
of at least three independent experiments; bars, mean *+ standard
deviation. At 200-msec voltage-step duration (M), 7., = 31 + 7 sec. In
similar experiments, at 20-msec voltage-step duration (&), 7., = 53 *
2.5 sec.
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TABLE 1

Biophysical properties of mKv1.3 wild-type, H404T mutant, and
G380H mutant K* currents in RBL cells injected with the mKvi.3
wild-type, H404T, and G380H cRNA

All values were obtained from at least seven independent experiments and are
given as mean * standard deviation. Values for the cumulative inactivation were
obtained by determining the peak current after the end of 10 pulses (200 msec)
from —80 to +40 mV at 1 Hz.

mKv1.3 wild-type  H404T mutant  G380H mutant

Activation

Ve (MV) -28+3 -24+5 -25+6

K 61 7*x2 6x1

Tm (Msec) 4+1 4+2 4+2
Deactivation

7, at —60 mV (msec) 35 =*7 4 *+9 39+8
Inactivation

7, at 40 mV (msec) 227 *+ 45 ~1000 >1000
Cumulative inactivation 265 98 + 2 98 +2

current left (%)

during repeated pulses, as suggested by Jacobs and DeCour-
sey (24). To quantify this accumulation of block, we plotted
the peak current amplitude before and during application of
verapamil as a function of the time during the experiment, as
shown for 20 uM verapamil in Fig. 1B. The reduction in peak
current amplitude is almost independent of the duration of
the pulse [compare 200-msec pulse duration (l) with 20-msec
pulse duration (A)] as long as the interpulse interval is con-
stant (30 sec). This indicates that the reduction in the peak
current amplitude in the presence of verapamil is due to an
accumulation of block during the interpulse interval and not
an effect of verapamil to accelerate C-type inactivation. This
observation is in agreement with the results of Jacobs and
DeCoursey (24), who concluded from the single-exponential
time course of current decay in the presence of all concentra-
tions of verapamil that the time course of current decay
during application of verapamil reflects the rate at which
open K* channels are being blocked.

To further quantify the accumulation of verapamil block on
current through mKv1l.3, we investigated the effect of differ-
ent concentrations of externally applied verapamil in the
whole-cell configuration. In Fig. 2A (top trace), the applica-
tion of verapamil leads to a dose-dependent block of the
steady state peak K* currents (bottom traces) determined as
in Fig. 1. The steady state peak current is reduced to 42% at
a verapamil concentration of 10 uM. Normalized steady state
peak currents are plotted against the applied verapamil con-

A B
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centrations in Fig. 2B (smooth line, expected dose-response
curve if one verapamil molecule binds reversibly to one chan-
nel). This curve yields a dissociation constant K, value of 8
uM for the accumulated block of the mKvl.3 current with
externally applied verapamil. This value is in agreement
with K; values from other examinations on Kv1.3 channels
expressed either exogenously in Xenopus laevis oocytes or
mammalian cells (10, 25) or endogenously in mouse and
human T lymphocytes (25, 26).

To obtain further insight into the location of the binding
site for verapamil, mutations were introduced into the
mKv1.3 K* channel. A schematic model of the putative pore
region with flanking regions is shown to illustrate the posi-
tion of the mutations (Fig. 3; the introduced mutations
H404T and G380H are highlighted). The properties of these
mutations in respect to the verapamil block should further
elucidate the verapamil-interactive site on the channel.

The H404T current without verapamil shows slower C-
type inactivation compared with the current through the
wild-type channel (Fig. 4A, top trace, and Table 1). Also, the
mutant G380H current shows slower C-type inactivation (see
Table 1) and is as slow as that for H404T (data not shown).
The changes in inactivation and other properties for these
mutations have been described previously (16, 27). Vera-
pamil accelerated the current decay of the H404T mutant
channel with no significant accumulation of block during the
interpulse interval (Fig. 4A). This was also true when the
pulse duration was reduced from 200 to 20 msec (Fig. 4B)
(i.e., the second trace after application of verapamil reached
steady state peak current). In addition, block of the mutant
H404T channel was dose dependent, and like the wild-type
mKv1.3 channel, the current decay was accelerated with
higher concentrations of verapamil. In contrast to the wild-
type current, the concentration of verapamil that produced a
peak current reduction to 50% of the control current was
100-330 uM (Fig. 5A). In Fig. 5B, the normalized peak cur-
rents are plotted against the applied verapamil concentra-
tion. A fit to the data (Fig. 5B, smooth line) indicates that one
verapamil molecule binds reversibly to one mutant channel,
as seen for the mKv1.3 wild-type channel, with a dissociation
constant K; value for verapamil to block the steady state
peak current of the mutant H404T channel of 195 uM. This
was ~25-fold higher than the K, value for verapamil for the
accumulated block of the mKvl.3 wild-type channel. The

Internal Phenylalkylamine Action on Kv1.3 Channeis

Fig. 2. Effect of extracellularty applied verapamil on
steady state peak current through wild-type mKv1.3
channels. A, Currents were elicited by 200-msec depo-
larizing voitage steps from a holding potential of —80 to
+40 mV every 30 sec in the absence and presence of
increasing concentrations of verapamil. Shown are steady
state peak currents in the different solutions. The applied
concentrations (in uM) are shown at each current trace. B,
Dose-response curve for verapamil to block steady state
peak current through mKv1.3 channels. Data points, nor-
malized current (lnoem = contro) from at least three
independent experiments obtained by the indicated drug
concentration. Mean * standard deviation is indicated
when it exceeds the size of the symbol. Smooth line was

Lenad v T rvreT

Ty
1 10 100

~ fitted to the measured data points (I,om = 1/{1 + (toxin}/
1000 K )} and indicates a K value for verapamil of 8 um.
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Pore region mKv1.3

S6

Fig. 3. Schematic model of the K* channel mKv1.3 pore region of the
a subunit. The amino acid sequence of the S5 segment, the putative
pore segment, and the S6 segment are displayed. Highlights, positions
of the two mutated amino acids G380 and H404. The derived mutations
G380H and H404T are indicated.

dissociation constant K, value obtained for the G380H mu-
tant was 208 uM (data not shown). This shows that the
exchange of the external amino acids at positions 404 and
380 led to an alteration of the verapamil effect, although the
affinity of verapamil to block the open channels seemed to be
barely affected by the H404T mutation, as can be judged by
a comparison of the current decay time constants in the
presence of different verapamil concentrations.

This comparison is shown in Fig. 6. It can be seen that the
current decay time constant 74..,, of current through the
wild-type channel seemed to be 3-4-fold faster in the pres-
ence of similar verapamil concentrations compared with
Taecay Of current through the H404T mutant channel. This
apparent difference, however, might reflect the differences in
intrinsic inactivation of the two channels (see Table 1), indi-
cating that the open-channel block by verapamil in both
channels was similar. The accumulation of block during the
interpulse interval, however, can occur in the wild-type but
not the mutant channel, suggesting that changes of amino
acids in the outer vestibule have an effect on verapamil
action.

To confirm this hypothesis of an external binding site and
to exclude an internal binding site, we examined the effect of
internally applied verapamil on the mKv1.3 wild-type chan-
nel. Verapamil was applied to the internal side of the cell via
the pipette solution in the whole-cell configuration (Fig. 7A).
It is obvious that there is neither a peak current reduction
nor a significant faster current decay when verapamil is
applied internally at a concentration of <1 mM. The first
pulse (Fig. 7A) recorded after whole-cell configuration was
reached shows the normal mKv1.3 current, and the second
pulse, which was recorded 10 min later, shows no significant
change in current properties. Verapamil applied internally
through the pipette in the whole-cell configuration appar-
ently cannot block the wild-type current. This result is in
agreement with the results of DeCoursey (17). This apparent
lack of internally applied verapamil on current through
mKv1.3 seemed to confirm our hypothesis of an external

binding site of verapamil. Experiments with bath application
of verapamil in inside-out patches, however, disproved this
hypothesis (Fig. 7B). Wild-type current without verapamil
(Fig. 7B, top trace) in an inside-out patch had properties that
were quite similar to those of the current in the whole-cell
configuration. The addition of 10 uM verapamil to the bath
solution was sufficient to block approximately half of the
mKvl.3 wild-type steady state current (Fig. 7B, bottom
trace). The time course of the development of this block was
similar to that shown in Fig. 1 (data not shown). With 10 um
verapamil applied to the bath, there not only was a peak
current reduction but also a faster current decay. This effect
is comparable to the current decay acceleration caused by
extracellular application of verapamil in the whole-cell con-
figuration. The experiment indicates that verapamil is able
to reach a binding site when applied to the bath in an inside-
out patch. This last result is in contrast to the results ob-
tained in investigations with the application of verapamil
through the patch pipette in whole-cell configuration in
which no effect could be seen on the mKv1.3 current.

To elucidate these conflicting results, N-methyl-verapamil,
a verapamil derivative, was used to determine whether ve-
rapamil acts from the inside or the outside on the mKv1.3
wild-type channel. Due to an additional methyl group at the
central nitrogen, this derivative lost the ability to become
protonated and was permanently charged. For N-methyl-
verapamil, it is nearly impossible to pass biological mem-
branes (28). If this verapamil derivative acts on the same site
as verapamil, it should be possible to distinguish the blocking
effects that verapamil could cause if it passes the membrane
to reach its binding site. In a first step, the affinity of N-
methyl-verapamil on the mKv1.3 wild-type channel had to be
determined. Extracellularly applied N-methyl-verapamil on
mKv1l.3 channels in the whole-cell configuration was able to
block half of the wild-type currents with a K, value of ~1 mm
(Fig. 8A). The current decay of the blocked current was only
a little faster than that without drug. N-Methyl-verapamil
applied extracellularly is a very weak blocker and >100-fold
less potent as verapamil applied externally. These data are
in agreement with the results of DeCoursey (17) and could be
explained in one of two ways. First, this verapamil derivative
has a lower affinity to the binding site due to its structural
changes, or, second, it could not reach an internal binding
site due to the membrane impermeability of N-methyl-vera-
pamil. To distinguish between these two possibilities, we
applied N-methyl-verapamil either through the patch pipette
in the whole-cell mode (25 uMm, Fig. 8B) or by changing the
bath solution in an inside-out patch (10 um, Fig. 8C). The two
experiments gave similar results. The mKvl.3 current
showed a significant current reduction and a faster current
decay in the presence of N-methyl-verapamil on the intracel-
lular site. The two effects (blocking and acceleration of the
current decay) were comparable to the effect of verapamil
applied extracellularly (whole-cell) and intracellularly (in-
side-out patch) (Figs. 1A and 7B, respectively). N-Methyl-
verapamil applied to the intracellular side of the membrane
seemed to be as potent as verapamil. These results indicate
the existence of (a) an external and an internal binding site
for verapamil in which N-methyl-verapamil is able to bind to
only the internal site or (b) just one internal binding site for

verapamil and N-methyl-verapamil with nearly the same

affinity for both compounds.
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Fig. 4. Effect of extracellularly applied verapamil on currents through H404T mutant channels. A, Currents were elicited by 200-msec depolarizing
voltage steps from a holding potential of —80 to +40 mV every 30 sec. Currents were recorded (trace 7) before and (traces 2-10) after external
application of 600 um verapamil. Traces 3-10, constant current properties with a steady state peak current. B, Time course of peak current
reduction by verapamil. Normalized peak currents obtained from the record shown in A and similar records were plotted against time. Arrow, bath
solution was exchanged to a bath solution containing 600 um verapamil. Time constants of peak current reduction () were obtained by fitting
with a single-exponential function (smooth line) to the data. Data points, normalized peak current of at least three in experiments; bars,
mean * standard deviation. At a 200-msec voltage-step duration ((J), 7., = 7.2 * 0.5 sec. In similar experiments, at a the 20-msec voltage-step

duration (4), 7., = 8.1 *+ 1.1 sec.
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A comparison of these results on the wild-type currents
with the effect of verapamil and N-methyl-verapamil on mu-
tant H404T currents could help to elucidate the location of
the binding site. The effects of verapamil and N-methyl-
verapamil on the mutant channel H404T were examined
(Fig. 9). First, verapamil was applied to the bath solution on
an inside-out patch (Fig. 9A). Verapamil (100 uM) in the bath
solution led to a peak current reduction of approximately one
third with a similar time course of peak current reduction, as
shown in Fig. 4 for verapamil applied extracellularly in the
whole-cell configuration on H404T currents (data not shown).
The mutant H404T current decay was much faster in the
presence of the drug and was similar to the current decay
seen for externally applied verapamil to the mutant H404T
current in the whole-cell configuration (Fig. 5A). From sev-

Fig. 5. Effect of extracellularty applied ve-
rapamil on steady state peak current
through mutant mKv1.3 H404T channels.
A, Currents were elicited by 200-msec de-
polarizing voltage steps from a holding po-
tential of —80 to +40 mV every 30 sec in

steady state peak currents in the different
solutions. The applied concentrations (in
uM) are shown at each current trace. B,
Dose-response curve for verapamil to
block steady state peak current through
mutant H404T channels. Data points, nor-
malized cument (o = wmu)
from at least three independent experi-
ments obtained by the indicated drug con-
centration. Mean * standard deviation is
indicated when it exceeds the size of the
symbol. The smooth line was fitted to the
measured data points (I,om = 1/{1 + (tox-
inyK,)} and indicates a K, value for vera-
pamil of 195 um.

100 1000

eral experiments, we obtained a dissociation constant K,
value of ~185 uM for verapamil to block steady state current
through mutant H404T channel when applied in the bath
solution on an inside-out patch. This was nearly the same
concentration as obtained for externally applied verapamil in
the dose-response experiments (Fig. 5). Verapamil blocked
the mutant H404T current on an inside-out patch with sim-
ilar K; and current decay values as verapamil applied extra-
cellularly in the whole-cell configuration. The effect of N-
methyl-verapamil on the H404T current and a comparison
with the effect on wild-type currents should yield more infor-
mation regarding the binding site of these compounds. The
membrane-impermeable N-methyl-verapamil was applied
extracellularly in the whole-cell configuration (Fig. 9B). The
current (Fig. 9B, top trace) without drug showed the typical
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Fig. 6. Comparison of the current decay time constants (74..4,) Of the
) mKv1.3 wild-type and ((J) H404T mutant channel with different
verapamil concentrations. T, was obtained by fitting the current
dmymadngle—exponenﬂalknctlontothedmoatapolns Taecay
at different concentrations of verapamil from at least five independent
experiments; plotted against the externally applied concentration of
verapamil. Bars, mean * standard deviation.

A
B
Inside-out
control
10 uM verapamil

Fig. 7. Effect of intraceliularty applied phenylalkylamines on steady
state peak current through wild-type mKv1.3 channels. Currents were
elicited by 200-msec depolarizing voltage steps from a hoiding poten-
tial of —80 to +40 mV every 30 sec. A, Intemal application of verapamil
in the whole-cell configuration with 1 mm verapamil in the pipette
solution. The first current trace was measured immediately after whole-
cell configuration was reached. The second current trace was mea-
sured 10 min after the first trace. B, Application of 10 um verapamil to
the bath solution in an inside-out patch. Bottom trace, recorded 120
sec after verapamil application to the bath solution (steady state block).
Block was reversible after wash-out.

slow inactivating mutant H404T current properties (Fig. 4A,
top trace), and 1 mM N-methyl-verapamil blocked the steady
state peak current only very weakly, with a little accelerated
current decay (bottom trace). The dissociation constant K,
value for N-methyl-verapamil to block steady state current
was ~9 mM, and therefore N-methyl-verapamil was ~50-fold
less potent than extracellularly applied verapamil. To test

1 mM N-Met-Verapami|

25 uM N-met-verapamil |

control

10 uM N-Met-Verapamil;

Fig. 8. Effect of N-methyl-verapamil on steady state peak current
through wild-type mKv1.3 channels. Currents were elicited by 200-
msec depolarizing voltage steps from a holding potential of —80 to +40
mV every 30 sec. A, External application of 1 mm N-methyl-verapamil to
the bath solution in the whole-cell configuration. Bottom trace, steady
state current block 4 min after drug application. B, Intemal application
of N-methyl-verapamil in the whole-cell configuration with 25 um N-
methyl-verapamil in the pipette solution. Top trace, measured after
whole-cell configuration was reached. Bottom trace, measured 5 min
after top trace. C, Application of 10 um N-methyi-verapamil to the bath
solution in an inside-out patch. Bottom trace, recorded 120 sec after
verapamil application to the bath solution (steady state block). Block
was reversible after wash-out.

the potency of N-methyl-verapamil intracellularly, 200 um
N-methyl-verapamil was applied to the bath solution in an
inside-out patch (Fig. 9C). The applied concentration blocked
~60% of the mutant steady state peak current and acceler-
ated the current decay. These are the same effects as extra-
cellularly and intracellularly applied verapamil on the mu-
tant H404T currents (Figs. 5A and 9A). Taken together,
verapamil blocked the mutant H404T current applied extra-
cellularly and intracellularly on an inside-out patch with the
same affinity, whereas the membrane-impermeable N-meth-
yl-verapamil blocked the mutant H404T current only on an
inside-out patch but with nearly the same K, value as vera-
pamil.

A comparison of the results with verapamil and N-methyl-
verapamil on the mKv1.3 wild-type channel and the mutant
H404T channel strongly supports the hypothesis that there
is only one internal verapamil-binding site, which shows the
same affinity for verapamil and N-methyl-verapamil and the
same increased K, value for verapamil and N-methyl-vera-
pamil in the H404T mutant as in the wild-type.
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Verapamil 100 uM;

B
control
N-Met-Verapamil imM,,

c

N-Met-Verapamil 200.M;

Fig. 9. Effect of verapamil and N-methyl-verapamil on steady state
peak current through the mutant channel H404T. Currents were elicited
by 200-msec depolarizing voltage steps from a holding potential of —80
to +40 mV every 30 sec. A, Application of 100 uM verapamil to the bath
solution in an inside-out patch. Bottom trace, after steady state block
was reached (60 sec after drug application to the bath). B, External
application of 1 mm N-methyi-verapamil in the whole-cell configuration.
The steady state block was reached 4 min after drug application. C,
Application of 200 um N-methyl-verapamil to the bath solution in an

.inside-out patch. Bottom trace, steady state blocked current (reached

60 sec after drug application). All blocks were reversible after wash-out.

If this hypothesis of an internal binding site is correct,
drugs or compounds that are known to block mKv1.3 from
the outside (e.g., TEA, or KTX,) would not be expected to
compete with verapamil at their external binding site,
whereas drugs that are known to block mKvl.3 from the
inside (e.g., TEA,) would be expected to compete with vera-
pamil if these compounds share the same internal binding
site. In the first case, the efficacy of verapamil block should
be independent of the presence of TEA, or KTX,, whereas a
competition for the same site should reduce the efficacy of
verapamil block in the presence of TEA,. In our competition
experiments, we used 25 uM verapamil, which should reduce
the steady state peak current by ~70% if no competition
occurs (Fig. 2). In Fig. 10A, 16 mm TEA, was applied extra-
cellularly in the whole-cell configuration to the mKv1.3 wild-
type channel. The current was significantly reduced (to 42%)
and shows the typical slowed current decay (Fig. 10A, middle
trace) (29). The addition of 25 uM verapamil to the 16 mm
TEA, containing extracellularly applied solution led to an
additional steady state current reduction of ~70% of the
TEA, reduced current (Fig. 10A, bottom trace). This steady
state current reduction is to be expected if the drugs act on

Internal Phenylaliylamine Actien on Kv1d Ghannels 1631

different binding sites (see above). A similar experiment with
KTX, and verapamil is shown in Fig. 10B. Extracellularly
applied KTX, (1 nM) reduced the control current to ~456%
(Fig. 10B, middle trace). The addition of 25 uM verapamil to
the 1 nM KTX -containing extracellular solution led to a
steady state current reduction of ~73% of the KTX reduced
current (Fig. 10B, bottom trace). This steady state current
reduction caused by verapamil is also independent of the
presence of KTX, (Fig. 1A). There was no competition of
verapamil, with either TEA, or KTX,, at the external binding
site of these compounds. To examine the postulated internal
binding site of verapamil, 200 uM TEA, was applied intracel-
lularly via the pipette solution in the whole-cell configura-
tion. The mKv1.3 wild-type current reduced by the applied
TEA, concentration is shown in Fig. 10C (top trace). Extra-
cellular application of 26 uM verapamil with 200 uM TEA, led
to a steady state current reduction of ~37% of the TEA,
reduced current (Fig. 10C, bottom trace). This steady state
current reduction is much weaker, which would be expected
if verapamil acts independent of the presence of TEA,, indi-
cating that internal TEA; might compete for the same bind-
ing site with extracellularly applied verapamil. These results

mm‘ﬁn

A»eomrol

16MMTEA o | m

16 MM TEA o
+25]LMV‘|’°|w
B control
s
28 me
1“Mm° r\\
1M KTX o
vy
C
200 uM TEA |
200 UM TEA | 500 pA
+25 M Ver o zIT.‘n.
-—t =

Fig. 10. Interaction of verapamil with KTX and TEA on the wild-type
mKv1.3 K* channel. Currents were elicited by 200-msec depolarizing
voltage steps from a holding potential of —80 to +40 mV every 30 sec.
A, Effect of 16 mm extemnally applied TEA alone (middle) and in com-
bination with 25 uM extemally applied verapamil. B, Effect of 1 nm
extemally applied KTX alone (middle) and in combination with 25 um
externally applied verapamil. C, Effect of 200 um intraceliulary applied
TEA alone (top) and in combination with 25 um extemnally applied
verapamil (bottom). All experiments were done in the whole-cell con-
figuration. Internal TEA was applied through the patch pipette.
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provide further evidence that verapamil is passing through
the membrane to reach its internal binding site on the
mKvl.3 wild-type channel.

Discussion

To localize the site on the voltage-gated K* channel
mKvl.3 that is responsible for the investigated accumulation
of the phenylalkylamine block, we investigated the effect of
extracellularly and intracellularly applied verapamil and its
quaternary derivative N-methyl-verapamil on K* steady
state peak currents in RBL cells exogenously expressing the
mKv1.3 channel.

Comparison with other channels. Electrophysiological
studies on L-type Ca®* and n-type K* channels showed that
externally applied verapamil is able to block these channels,
but different investigations with D575 and other quaternary
phenylalkylamines have yielded different opinions regarding
the N-methyl-verapamil effect on these channel types. For
L-type Ca®?* channels, it has been shown that phenylalky-
lamines bind to amino acid residues in S6 of the fourth
domain of the a subunit (30; for a review, see Ref. 31). The
binding site for phenylalkylamines seems to be localized at
the internal site of the channel (32, 33), but recent investi-
gations favor an external binding site for verapamil (34). On
n-type K* channels in rat alveolar epithelial cells, DeCour-
sey (17) showed that extracellularly applied verapamil must
partition into the membrane to reach its binding site and
block the current. He could not see a comparable blocking
effect of intracellularly applied verapamil and quaternary
gallopamil (D890) on K* currents in these cells. Based on
these findings, we performed experiments with phenylalky-
lamines showing that extracellularly applied verapamil is a
potent blocker of mKv1.3 steady state peak currents (Fig. 1),
whereas the blocking potency of N-methyl-verapamil applied
extracellularly was ~100-fold weaker than verapamil (Fig.
8A). These findings are comparable to results obtained by
DeCoursey (17) on n-type K* channels and to results of
investigations on L-type Ca?* channels (32).

Effect of mutations on the outer vestibule. The intro-
duction of a mutation at the amino acid H404 and at the
amino acid G380, located at the outer portion of the vestibule
of the mKv1.3 wild-type channel (Fig. 3), resulted in a much
lower potency to accumulate block with extracellularly ap-
plied verapamil on the mutant steady state peak current
compared with the wild-type (Fig. 5). The open-channel block
was quite similar between the wild-type and the H404T
mutant (Fig. 6). Determination of the steady state peak cur-
rent reduction by verapamil yielded a K, value that was
25-fold higher for the mutant (Fig. 5). This reflects qualita-
tively the influence of the accumulation on the steady state
peak current reduction caused by the wild-type. The exter-
nally located amino acid residue H404T mutant affected the
blocking properties of the investigated phenylalkylamines
through a loss of the ability to accumulate block of peak
currents. The effect of extracellularly applied N-methyl-ve-
rapamil on the mutant H404T current was shifted to lower
potencies in a comparable manner (Fig. 9B). These findings
initially suggested that an extracellular binding site for ve-
rapamil was responsible for block accumulation due to the
alteration of the accumulation affinity when responsible res-
idues on the outside were exchanged, as shown for the H404T

and G380H mutants. Other possible interpretations of the
mutation effects are discussed below.

Intracellular application of phenylalkylamines.
When we applied verapamil intracellularly via the pipette
(=1 mM), the compound was ineffective in blocking the
mKvl.3 current; this seemed to be further evidence for an
external binding site and was comparable to observations
with intracellularly applied phenylalkylamines via the pi-
pette made by DeCoursey (17) on n-type K* channels and by
Wegener and Nawrath (34) on L-type Ca?* channels. How-
ever, these findings were in contrast to previous studies on
L-type CaZ* channels, in which verapamil or other tertiary
phenylalkylamines applied intracellularly via the patch pi-
pette were potent current blockers. Because of these contrary
results with Ca®* channels and due to the possibility that
tertiary phenylalkylamines can diffuse easily through biolog-
ical membranes, whereas quaternary phenylalkylamines are
not able to cross membranes, we performed experiments
using inside-out patches to elucidate the possibility that the
obtained results were dependent on the membrane perme-
ability of the investigated phenylalkylamines. Surprisingly,
using inside-out patches, we found the same blocking efficacy
of internally applied verapamil on mKv1.3 steady state peak
currents compared with externally applied verapamil (Fig.
4B). This is in contrast to our (current report) and other (17,
34) investigations with intracellularly applied verapamil via
the pipette in which no blocking effect was obtained. One
possible explanation for this discrepancy is that pipette-ap-
plied verapamil may diffuse more rapidly through the mem-
brane into the bath solution than it can accumulate to effec-
tive concentrations in the cell on the internal binding site of
the channel. This hypothesis was described in detail by De-
Coursey (17) and would account for the ineffectiveness of
verapamil applied through the pipette. Another, perhaps ad-
ditional, possibility is that verapamil has the ability to dif-
fuse through intracellular membranes into organelles and
other cellular structures or to bind unspecifically to mem-
branes of these compartments, thereby diminishing the ef-
fective intracellular concentration of applied drug.

Additional evidence for these two possibilities comes from
experiments in which N-methyl-verapamil was applied ei-
ther via the pipette in the whole-cell configuration (Fig. 8B)
or through bath application in an inside-out patch (Fig. 8C),
showing nearly the same effects on reducing wild-type steady
state peak currents as verapamil applied extracellularly in
whole-cell (Fig. 1) or intracellularly on inside-out patches
(Fig. 7B). A simple explanation for this effect of N-methyl-
verapamil applied via the pipette is its membrane imperme-
ability, so it is not possible for this compound to diffuse
through or bind to membranes, a mechanism postulated for
verapamil. N-Methyl-verapamil can accumulate to active
concentrations in the cell when applied through the patch
pipette and reaches its internal binding site.

It is therefore possible that in some cell types, tertiary
phenylalkylamines applied through the patch pipette could
have no or little effect compared with externally applied
phenylalkylamines. This was the case for RBL cells exog-
enously expressing mKv1.3 (current report), for rat alveolar
epithelial cells endogenously expressing Kv1.3 (17), and for
rat ventricular myocytes endogenously expressing L-type
Ca?* channels (34). In other cell types, possibly lacking those
intracellular organelles, there might not be a difference for
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phenylalkylamines applied via the patch pipette compared
with external application, as was the case for cat heart ven-
tricular trabeculae (32) and guinea pig ventricular heart cells
(33), endogenously expressing L-type Ca%* channels. There-
fore, tertiary phenylalkylamines applied through the pipette
could show the above behavior and would have no or less
effect compared with externally applied phenylalkylamines,
as shown by DeCoursey (17) and Wegener and Nawrath (34)
and in the current report, or they can reach effective concen-
trations and are able to block ionic currents, as described by
other investigators for L-type Ca%* channels (32, 33).
Verapamil and N-methyl-verapamil. N-Methyl-vera-
pamil applied intracellularly in an inside-out patch of the
wild-type channel and the H404T mutant was able to block
steady state peak currents with comparable potency to vera-
pamil (Figs. 8C and 9C). It had previously been shown that
intracellularly applied quaternary phenylalkylamines were
able to block L-type Ca2* currents, even if they had no such
effect when applied externally (32, 33). Due to the membrane
impermeability of quaternary phenylalkylamines, they
would have only very limited access to an putative internal
binding site if applied externally; that would explain the low
potency of extracellularly applied N-methyl-verapamil on the
mKvl.3 wild-type channel as well as on the H404T mutant.
Due to the same blocking efficiency of verapamil and N-
methyl-verapamil at the internal site of the mKv1.3 channel,
the low blocking efficiency of externally applied N-methyl-
verapamil could be explained by a low intrinsic concentration
and not by a lower affinity for an assumed external binding
site caused by the structural changes of the quaternary de-
rivative. A model can be postulated for drug access to an
internal binding site, as follows. Externally applied vera-
pamil (pK = ~8.5) must first become uncharged to pass the
membrane and then reach the internal binding site, where it
binds in its active form. This model is quite similar to models
postulated for the internal action of externally applied local
anesthetics on Na* channels (35) and the action of externally
applied 4-aminopyridine on n-type K* channels (36).
Competition experiments. The above results strongly
support the hypothesis of an internal binding site for vera-
pamil and N-methyl-verapamil on the mKv1.3 channel. Fur-
ther evidence for this model comes from competition experi-
ments that we performed with verapamil and well-defined
external and internal mKv1.3 channel blockers. We could
show that externally applied KTX as well as externally ap-
plied TEA,, both of which are compounds that are not able to
pass biological membranes and that have been shown to
interact with amino acids on the outer mouth of the K*
channel vestibule (16, 18), do not compete with externally
applied verapamil for the same binding site. The blocking
and accumulation effect of verapamil was as potent as it was
without the simultaneous application of these drugs (Fig. 10,
A and B). In contrast, internally applied TEA, led to a much
lower potency of steady state block accumulation with extra-
cellularly applied verapamil, whereas the open-channel block
was unaffected. The reduced accumulation potency would not
have been expected if verapamil block accumulation of
mKvl.3 steady state peak currents is independent of the
presence of TEA, (Fig. 10C). From these results, we conclude
that externally applied verapamil passes through the mem-
brane and competes with intracellularly applied TEA, for the
same site or portions of the same site responsible for accu-
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mulation and therefore shows less potent accumulation ef-
fects than when applied alone. This observation is further
evidence for the postulated internal binding site responsible
for the accumulation of block of verapamil and N-methyl-
verapamil.

External mutations affecting an internal binding
site? The much lower blocking effect of verapamil on the
H404T and G380H mutant steady state peak currents indi-
cates a strong influence of these mutations, localized at the
outer vestibule, on the verapamil binding site, which is re-
sponsible for accumulation of block. Both the experiments on
inside-out patches with verapamil and N-methyl-verapamil
and the competition experiments clearly indicate an internal
binding site. How could we explain that mutations at the
outer vestibule of the channel alter the block accumulation
potency of phenylalkylamines on an internally localized bind-
ing site in such a way? One has to conclude that the muta-
tions affect not only structures in the local environment of
the external mutations but also channel structures farther
from these mutations. Those structural changes could even
extend to the internal site of the pore region. Another mech-
anism by which the channel might show structural changes
is through a change in the C-type inactivation. However,
evidence has accumulated that the time course of C-type
inactivation occurs on structures localized externally on the
outer mouth of the pore. For example, externally applied
TEA competes with the C-type inactivation (27, 37), and
externally elevated concentrations of K* and Ca%* alter C-
type inactivation (25, 38). However, there also is evidence
that the C-type inactivation occurs not only on structures of
the external vestibule but also on structures deeper in the
pore and in the S6 segment. It could be shown that mutations
at positions T449 (equal to position H404 in mKv1.3) and
A463 (located in S6) in the Shaker channel, lacking n-type
inactivation (39), and the mutation A413V (located in S6) in
the Kv1.3 channel (40) affect the C-type inactivation. The
P-type inactivation, perhaps another related inactivation
process, could be produced by a mutation deep in the pore
(41). Therefore, it can be imagined that larger portions of
channel structures must undergo conformational changes
during the C-type inactivation compared with only externally
localized amino acid structures. The investigated mutations
H404T and G380H show a slower C-type inactivation com-
pared with the mKv1.3 wild-type. However, a more pro-
nounced effect of these two mutations can be observed during
recovery from this type of inactivation, as can be seen by a
change in the “use dependence” property of mKv1.3 (Table 1).
The change in this property might be connected to the inabil-
ity of verapamil block to accumulate during the interpulse
interval and must be envisioned as a conformational change
occurring at the intracellular side of the channel. Therefore,
it is possible that mutations that led to strong alterations of
the recovery from C-type inactivation, like H404T and
G380H in the mKv1.3 channel, affect not only structures in
the local external environment of the mutations, such as
those described above, but also channel structures farther
from these mutations. Such structures, perhaps portions of
the C-type inactivation mechanism or portions of the mech-
anism responsible for recovery from inactivation, could ex-
tend even to the internal site of the pore region. Our data
indicate the possibility that mutations on the outer vestibule

Internal Phenylalkylamine Action on Kv1.3 Channels
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of the mKvl.3 pore can alter an internal binding site of
phenylalkylamines.

Taken together, we demonstrated that (a) verapamil and
N-methyl-verapamil, a tertiary and a quaternary phenylal-
kylamine, bind to an internal binding site on the mKv1.3

. channel with high potency; (b) the blocking potency of these

phenylalkylamines when applied externally depends on their
membrane permeability and is very low for the quaternary
N-methyl-verapamil (D575) and the charged verapamil; and
(c) the internal binding site, which is responsible for accu-
mulation of steady state peak current block, is probably
affected by single-point mutations localized in the outer part
of the mKv1.3 pore region.
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