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Abstract
The ectopic overexpression of the voltage-dependent Eag1 (Kv10.1) K+ channel is associated with the cancerous phenotype in
about 70% of human cancers and tumor cell lines. Recent reports showed that, compared with the canonical Shaker-related Kv
family, Kv10.1 presents unique structural and functional properties. Herein, we report the interaction of the class III anti-
arrhythmic compound amiodarone with Kv10.1. Using whole-cell patch clamp, we found that amiodarone inhibits Kv10.1
channel conductance with nanomolar affinity. Additionally, and interestingly, we also report that amiodarone inhibits the char-
acteristic Cole-Moore shift of Eag1 channels. Our observations are interpreted considering the structural-functional characteris-
tics of these channels. We conclude that amiodarone possibly binds with high affinity to the voltage sensor module, altering the
gating of Kv10.1.
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Introduction

The human potassium channel Kv10.1, a member of the Eag
family of ion channels [22, 38], is particularly notable because
of its participation in the cancerous phenotype of several types
of tumors. The undoubted, but not yet well understood, role of
Kv10.1 in cancer pathology was first strikingly demonstrated
by Walter Ster StStnd Luis Pardo, who found that CHO (or
HEK) mammalian cells stably expressing Kv10.1, but not
other K+ channels, acquire the hallmark characteristics of can-
cerous cells. Moreover, they demonstrated that transplantation

of Kv10.1-expressing cells to immunosuppressedmouse leads
to the rapid growth of massive tumors [24]. In agreement with
the latter, it is now know that Kv10.1 is ectopically
overexpressed in about 70% of human tumors and cancerous
cell lines and that channel inhibition reduces tumor growth
[12, 23, 25].

Potassium channels present the defining property of
sharply selecting K+ over Na+, the most abundant cation in
the extracellular medium. However, in spite of this unifying
characteristic, K+ channels are highly variable regarding
molecular structure and gating mechanisms [39]. In partic-
ular, recent reports demonstrate that the tumor-related,
voltage-dependent Kv10.1 (Eag1) channel displays struc-
tural and functional characteristics that differ from those
common to canonical KcsA and Shaker-related Kv chan-
nels. Some of these differences are as follows [40]: (a)
Eag1 presents an extended and glycosylated extracellular
S5–S6 connecting loop, where sugar chains surround the
pore in positions that may hinder the binding of peptide
toxins which, in contrast, commonly bind to canonical K+

channels; (b) along its full length, the Kv10.1 pore diameter
is rather uniform and smaller than that of a hydrated K+ ion.
In other words, Kv10.1 lacks the conspicuous widening, or
central cavity, located below the selectivity filter of KcsA
and related canonical K+ channels [7, 18, and Figure 5A of
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40]. The central cavity is the place where many hydrophobic
cations, as some anti-arrhythmic compounds, block the pore
of canonical K+ channels; (c) even in the absence of a cova-
lent link between voltage sensor and pore domains, Kv10.1
is capable of undergoing voltage-dependent activation gat-
ing [20, 35]. In summary, in Kv10.1, communication be-
tween voltage sensor movement and pore opening is differ-
ent, and not yet well understood, as compared with canon-
ical, Shaker-related, Kv channels.

Another well-known functional hallmark of Kv10.1 is
the presence of both a conspicuous delay for current surge
[4] and the development of a markedly sigmoidal time
course of current flow, observed upon channel activation
from hyperpolarized resting membrane potentials [e.g.,3,
28, 29, 31, 32]. The latter part of this combined kinetic
phenomenon is attributed to the presence of a rate-limiting
step linking the passage from deep-closed states, where
channels dwell at hyperpolarized potentials, to states near
the final open state [e.g., 29, 31, 32]. Although, as pointed
out by Hoshi and Armstrong [14], the term Cole-Moore
shift properly applies only to the initial lag of current
activation [4], it is a widespread practice to call the
above-mentioned combined kinetic phenomenon as the
Cole-Moore shift of Kv10.1.

Considering the above, it is clear that pharmacological
studies of Kv10.1 are a pertinent approach to point out partic-
ular functional characteristics that may arise from the structur-
al particularities of Kv10.1, and to discover drugs that may be
useful in the treatment of tumor development. Regarding the
former, it is pertinent to consider that the structural constrains
mentioned above may prevent binding of peptide toxins, for
example, scorpion toxins to the Kv10.1 pore, and therefore,
pharmacological studies carried out with non-peptide com-
pounds of clinical use can become instrumental.

Herein, we report the effects of amiodarone [17], a
class III anti-arrhythmic compound, on Kv10.1 channels.
Amiodarone (hereafter referred to as Ad) exerts an overall
high-affinity inhibitory effect on the Kv10.1 K+ conduc-
tance, at concentrations smaller than those employed clin-
ically to treat cardiac arrhythmias [17]. Additionally, and
interestingly, Ad also inhibits the so-called characteristic
Cole-Moore shift of Kv10.1.

Materials and methods

Cell culture

HEK293 cells stably expressing the Kv10.1 channel [10] were
kept in culture at 37 °C in a humidified 5%CO2 atmosphere in
DMEM/F12media supplemented with 10% FBS and contain-
ing zeocin (300 μatmosphere in DMEM/F12 media supple-
mented with 10% FBS and containing24 h after being plated

on glass coverslips, as previously reported [10]. HEK293-
Kv10.1 cells were kindly provided by Dr. Luis A. Pardo and
Walter Stvided

Electrophysiological recordings

Macroscopic currents were recorded under whole-cell patch
clamp with either Axopatch 1D (Axon Instruments) or
HEKA-EPC10 (HEKA Instruments) amplifier. Currents were
filtered with the built-in filters of the amplifiers and sampled
with either a Digidata 1322A interface (Axon Instruments) or
the built-in interface of the HEKA amplifier fulfilling the
Nyquist criteria. Electrodes were made of borosilicate glass
(KIMAX51) pulled to a 1–1.5-M.5silicate glass (KIMAX51)
pulled to a 1 built-in interface of theensated with the built-in
circuits of the amplifiers. Eighty percent series resistance com-
pensation was always applied. Experiments were conducted at
room temperature, as previously reported [10].

Solutions

The extracellular solution contained (in mM) the following: 5
KCl, 2 CaCl2, 157 NaCl, 10 HEPES-Na, pH 7.2. External
solutions containing higher [K+] (> 5 mM) were prepared by
iso-osmolarly replacing NaCl by KCl. The intracellular solu-
tion contained (in mM) the following: 90 KF, 30 KCl, 2
MgCl2, 10 EGTA, 10 HEPES-K, pH 7.2. Amiodarone
(Sigma-Aldrich, St. Louis, MO) stocks were dissolved
DMSO (dimethyl sulfoxide) (Sigma-Aldrich, St. Louis, MO)
and kept in the freezer. Before the experiments, Ad was dis-
solved in the extracellular solution at the desired concentra-
tion. Final [DMSO] was always less than 0.01% (v/v). DMSO
tested alone at the highest V/V ratio used in the study did not
affect Kv10.1 channels (not shown). The external solution
was applied with a gravity-driven perfusion system.

Data analysis

Results are expressed as mean ± SEM of at least four inde-
pendent experiments at each condition. Currents analysis was
carried out using Clampfit 10.6 (Axon Instruments) and
Pulsefit (HEKA Instruments). Statistical significance was
evaluated with either the unpaired t-test or the extra-sum-of-
squares F-test, using GraphPad Prism version 5.00 (GraphPad
Software). Curve fitting was carried out with Pulsefit and
Sigmaplot 10.

The differential equations of the kinetic models in Fig. 4
were solved with the built-in Runge-Kutta numerical integra-
tion method and fitted to the experimental traces with the least
squares algorithm, of Mathematica 9 (Wolfram).
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Results

Inhibition of K+ conductance by Ad

Upon addition to the extracellular solution, Ad affects
the K+ conductance of Kv10.1 channels, in a manner
that depends of the time window under observation
and the holding potential (HP), from which channels
are activated. First, we will present a high-affinity Ad
inhibition of the K+ conductance, which is observed
applying depolarizing pulses long enough to fully acti-
vate the channels.

Ad inhibition of K+ conductance is illustrated in Fig. 1a,
which compares K+ currents (IK) recorded in control condi-
tions (left panel), against IK recorded after perfusion an extra-
cellular solution containing 1 μrecorded after perfusion an
extracIK was activated by 1-s pulses from − 50 to + 50 mV
applied in 10-mV increments from the HP of − 70 mV. Notice
that upon Ad addition, IK reaches maximum or peak ampli-
tude, and thereafter decays exponentially to a final, steady-
state current amplitude. The Ad-induced decay phase of IK
during activation pulses will be referred to as apparent or
induced inactivation. The plot of IK measured at pulse end
as a function of voltage of the traces in panel a (Fig. 1b)
indicates that inhibition by Ad is voltage-dependent, since
the difference between IK in control and Ad-containing solu-
tion varies with voltage (see below).

Figure 1c shows the concentration dependence of current
inhibition by Ad at + 40 mV, a voltage that fully activates IK
under our recording conditions (see later). The points are the
average fractional current inhibition at pulse end, obtained
from experiments as in Fig. 1a, at the indicated [Ad] (see
figure legend). The line is the least squares fit of the data with
a Hill equation with Hill number nH = 0.91 and Kd = 203 nM,
a half-inhibition concentration about one order of magnitude
lower than the therapeutic [Ad] (1–3 μM, a half-inhibition
concentration ab [17]. The inset shows the expected linear
(r = 0.98) double reciprocal plot of the points (inset). These
results indicate either that Ad binds to a single site or that it
binds to more than one site but in a non-cooperative, indepen-
dent manner [5].

As noted above, a conspicuous feature of Ad inhibition is
the appearance of a noticeable decay phase of IK during
sustained depolarization, or apparent inactivation. A drug-
induced inactivation was first analyzed in the hallmark obser-
vations of Clay Armstrong, regarding the block of the squid
K+ channel by internally added TEA and TEA-derivative ions
[1]. Armstrong concluded that the pore activation gate had an
intracellular location and that TEA and derivative ions entered
the pore, blocking K+ conduction only after the activation gate
opened, hence producing, depending on their rate of associa-
tion, a time-dependent reduction of IK, or apparent inactiva-
tion. The site of internal TEA ions open-pore slow blockage
was later identified as the wide central cavity of the pore, and

Fig. 1 Amiodarone inhibition of
Kv10.1. a Left panel: control IK
elicited by activating pulses from
− 40 to + 50 mV, applied in 10-
mV steps, HP = − 70 mV. Right
panel: IK recorded after perfusing
an extracellular solution
containing 1 μrecordb I–V plot of
the traces in (a); currents were
measured at pulse end. c
Fractional channel inhibition vs.
[Ad]. IK fractional inhibition was
assessed as f = 1 − (IAd / IC),
where IAd is IK at the end of + 40-
mV pulses, at the indicated [Ad],
and IC is the corresponding
control IK. The line is the fit of the
points with a Hill equation with
nH = 0.91, and Kd = 203 nM.
Inset: double reciprocal plot of the
points. The straight line is the
least squares fit of the points (r =
0.98)
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the activation gate as the S6 intracellular bundle crossing of
canonical K+ channels [7, 13, 18].

Regarding the above, it is pertinent to recall that
communication between voltage sensor and pore mod-
ules of Kv10.1 is different from that in canonical K+

channels and that additionally, the Kv10.1 structure does
not show a pore widening, which could be identified as
equivalent to the central cavity of canonical K+ channels
[7, 18, 40]. Hence, the question arises of whether the
decay phase of IK means that Ad acts as a slow open-
pore blocker, similar to intracellular TEA derivatives on
the squid K+ channel. The observations shown hereafter
were aimed to gain insight into this question.

First, we compared the voltage dependencies of the frac-
tional channel inhibition exerted by Ad and current activation.
As shown in Fig. 2a, Ad inhibition at depolarized potentials
presents a voltage dependency qualitatively similar to the
channel’s chord conductance. This suggests that, in this volt-
age range, current inhibition is somehow coupled to or facil-
itated (see below) by the activation of the channels. Thereafter,
to further characterize the relationship between Ad inhibition
and channel activation, we compared the chord conductance
of control vs. of Ad-modified channels. The data presented in
Fig. 2b demonstrate that Ad shifts the conductance curve to
the left (V1/2(control) = − 2 mV; V1/2(Ad) = − 19 mV; two-
tailed t-test P= 0.688), inducing only a minor change on the
slope of the curve (z(control) = + 1.7; z(Ad) = + 1.3; two-tailed
t-test P < 0.05). Thus, somehow Ad shifts considerably the
activation-gating equilibrium towards the open state, exerting
only a minor change on the effective voltage sensitivity of the
channels (see below and BDiscussion^).

It is known that open-pore blocking compounds may hin-
der the closing of the activation gate of K+ channels [e.g., 1,
13]. Hence, in order to get further insight on whether Ad-
induced inactivation arises from an open-pore block mecha-
nism, we compared deactivation tail currents of control and
Ad-modified channels. Taking into account the possibility that
we could record tail currents only from channels that were not
inhibited by Ad, we apply a high (10 μurrents of control and
Ad-modified channels. Taking into account the possibility that
we could record tail currents only from channels that were not
inhibited by Ad, we apply a h

Figure 3a illustrates superimposed control IK elicited by
40-mV pulses of increasing duration applied from the HP of
− 70 mV. Notice the inward tail currents recorded at the repo-
larization potential of − 140 mV. As expected, tail current
kinetics of unmodified channels do not vary with the pulse
duration. The traces in Fig. 3b illustrate a similar recording of
Ad-modified channels on the same cell. The first activation
pulse had duration short enough (20 ms) to allow the corre-
sponding inward tail current to be recorded before a signifi-
cant decay of outward IK took place. As expected, tail current
amplitudes decrease, as the apparent open-sate inactivation
develops during the activating pulse. More importantly, the
tail current kinetics remains constant independently of the
pulse duration, that is, regardless of the extent of apparent
inactivation attained during the pulse and equal to that of
control unmodified channels.

The above is best illustrated in Fig. 3c which displays,
superimposed, normalized tail currents recorded either under
control conditions (after a 200-ms activating pulse) or in the
presence of Ad (after the indicated pulse durations). Notice

Fig. 2 Voltage dependence of Kv10.1 inhibition. a Comparison of the
voltage dependence of Ad fractional inhibition ([Ad] = 1 μr) vs. control
chord conductance, as indicated. Ad fractional inhibition was calculated
as in Fig. 1 (closed circles). The normalized chord conductance was
assessed as G(Vm) / Gmax = I(Vm) / (Vm − VK), where I(Vm) is IK at
Vm potential, VK is the K+ equilibrium potential (in this case −80 mV),
andGmax is the maximalG value. bComparison of the normalized chord

conductance of control (open circles) vs. Ad-modified channels (closed
circles). In the case of Ad-modified channels, I(Vm) is the peak or
maximal current at voltage Vm. The lines are the fit of the points with a
Boltzmann equation: G/Gmax = 1/[1 + exp(−(zF/RT)*(Vm − V1/2)],
where F, R, and T have their usual meaning; V1/2 is the half activation
voltage: V1/2(control) = − 2 mV; V1/2(Ad) = −19 mV; and z is the apparent
valence: z(control) = +1.7, z(Ad) = +1.3. [Ad] = 1 μ1
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that Ad does not hinder current deactivation. The latter is
quantified in Fig. 3d which shows deactivation time constants
of both control and Ad-modified channels, obtained by fitting
a single exponential curve to tail currents as a function of
repolarization potential (see figure legend).

These observations suggest that apparent inactivation may
not arise from an open-pore block of Kv10.1, but further in-
formation regarding inhibition onset and recovery from inhi-
bition (inactivation) is needed in order to support this proposal
(see below and BDiscussion^).

Regarding the latter, we wondered if Ad inhibits the chan-
nels once the K+ permeation gate is open, as expected from a
strict open-pore blockage mechanism. The strong inhibition
seen shortly after delivering the activation pulses (Fig. 1a)
already suggested that this may not be the case.

To gain some insight into this matter, we considered a
simplified model which takes into account that IK activation
from a depolarized holding potential (− 70mV, as in Fig. 1a) is
well fitted by a single exponential time course of the form
IK = IK,max(1−exp(−t/Ta)), where IK,max is the maximal value
of IK. This is illustrated in Fig. 4a which shows the fit of a
normalized representative IK with a time constant Ta of 7.2 ms
at + 40 mV (R2 = 0.97). Operationally, this behaves as if there
was a single closed state C in the activation pathway. This is
because at – 70-mV resting potential, channels dwell in late

closed states, which are not connected by rate-limiting con-
stants [29], and when a sufficiently depolarized voltage is
applied, they are traversed towards the final open state fast
enough as to operationally behave as a single closed state C.
This can be represented by the following simplified scheme:

C→O
ra

ð1Þ
with ra = 1 / Ta.

Under these conditions, the Ad-induced inhibition I, or
apparent inactivation, follows a single exponential time course
with time constant of 127 ms = 1 / ri (black trace in Fig. 4b),
where ri is a pseudo-first-order rate constant. Therefore, if Ad
inhibition proceeds only after the K+ permeation gate opens,
the following simplified scheme should apply:

C→O
ra

↔ l
ri

rv
ð2Þ

The fitted reverse constant rv (0.1 × 10−2 (1/ms)) allows the
observed average steady-state IK inhibition of ~ 80% at pulse
end.

Figure 4b compares IK recorded in the presence of Ad
against IK predicted by Scheme 2 (see B (see ted by
hmethods^thodsLIN). Note that the observed peak IK (black

Fig. 3 Deactivation tail currents
in the presence of Ad. a
Representative superimposed
control IK recorded in the same
cell, applying a + 40-mV pulse of
varying duration. Repolarization
potential at the end of each pulse
was − 140 mV. b Superimposed
IK recorded as in (a) but in the
presence of 1 μbut inc Inward tail
currents at − 140 mV recoded in
the indicated conditions. HP = −
70 mV. d Deactivation time
constants vs. Vm. Time constants
were obtained by fitting a single
exponential function to tail
currents. There is no difference
between control tails and those in
the presence of Ad (F-test, P =
0.962)
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trace) is significantly smaller than that predicted by Scheme 1
(red trace). This suggests that, in contrast to an open-pore
blockage mechanism, Ad inhibition starts before the K+ con-
duction gate opens.

We tested the above prediction assessing the near steady-
state Ad-induced inactivation elicited by long-lasting pre-
pulses of varying amplitude, applying the standard two-
pulse protocol, commonly employed to study the steady-
state inactivation of channels.

Mechanism of amiodarone-induced apparent
inactivation

Upon prolonged depolarizations, the current through wild-
type Kv10.1 channels may just present just a subtle decrement
(supplementary Fig. 1; BDiscussion^) [e.g., 3, 9, 34, and ref-
erences therein cited]. Therefore, we shall consider the results
of the two-pulse protocol applied only to Ad-modified chan-
nels. Figure 5a shows representative IK recordings obtained by
applying 1-s pre-pulses from − 140 to + 30 mV given in 10-
mV increments, to activate and inhibit (inactivate) IK, follow-
ed by a test pulse to + 50 mV, to assess the state of the
channels.

The average non-inactivated (non-inhibited) current frac-
tion, as a function of the pre-pulse potential, from experiments
as in panel a, is shown in Fig. 5b (see figure legend).
Interestingly, notice that Ad inhibition starts at potentials neg-
ative to the Kv10.1 current activation threshold (~ − 50 mV).
This is best seen in Fig. 5c, where the fraction of non-inhibited
channels (closed symbols, data from Fig. 5b) is plotted along
with the Kv10.1 control chord conductance (open symbols).
This last observation is in agreement with the prediction of the

simple model of Fig. 4 and shows that, contrary to a strict
open-pore blockade mechanism, Ad somehow inhibits a frac-
tion of the channels at voltages where the K+ conduction path-
way is closed (see BDiscussion^).

On the other hand, it is also clear (Fig. 5c) that the non-
inhibited channel fraction drops more steeply at potentials
positive to ~ − 50 mV (where K+ conductance activates), than
at more negative potentials. That is, although Ad does inhibit
Kv10.1 at voltages where K+ conduction pathway is closed,
the activation of the K+ conductance further facilitates inhibi-
tion. This leaves the question open of whether the steeper
inhibition observed at voltages positive to − 50 mV in
Fig. 5b might arise from Ad block of the open K+ permeation
pathway. To address this question, we studied the rate of re-
covery from Ad-promoted inactivation in near physiological
(5 mM) as well as in elevated extracellular [K+] (50 mM).

Recovery from Ad-promoted inactivation was examined
by applying a pair of + 40-mV pulses separated by a variable
time interval during which Vm was held at either – 70- or
– 140-mV recovery potentials. The representative traces in
Fig. 6a, b show that unexpectedly, with 5 mM Ko+, the extent
of recovery attained after a 2-s interval at − 140 mV was
smaller than that attained at the recovery potential of −
70 mV. The latter is best seen in Fig. 6e which shows the time
course of recovery at both potentials. Note that recovery is
slower at − 140 mV. The lines are the fit of the data with single
exponential functions with time constants Tr(− 70 mV, 5
Ko+) = 1 s, and Tr(− 140 mV, 5 Ko+) = 2 s.

The above result could be considered as suggestive of
open-pore block as the mechanism of the increased inactiva-
tion observed at Vm↔− 50 mV in Fig. 5b, because if that was
the case, an increase of the drug affinity at hyperpolarized

Fig. 4 Assessment of Ad inhibition from the open state. a Normalized
representative control IK at + 40 mV (noisy black trace, IK from Fig. 1),
HP = − 70 mV. The red line is the least squares fit of IK with an
exponential function IK = 1−exp(−t/Ta), as contained in the kinetic
Scheme 1 (see text), Ta = 7.2 ms. b Comparison of IK at + 40 mV

recorded in the presence of 1 μV recorded in the IK under the
hypothesis that Ad-induced inactivation proceeds only from the open
state (kinetic Scheme 2, text). The observed IK (noisy black trace, IK from
Fig. 1) shows a peak value clearly smaller than that predicted by
this hypothesis (red trace)
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potentials and/or a possible trapping of the drug within the
pore could cause the slower recovery observed in Fig. 6e at
− 140 mV.

In order to test the above possibility, we studied the effect
of increasing the external [K+] on recovery rate. The traces in
Fig. 6c vs. Fig. 6d illustrate that when cells are bathed in
50 mMKo+, recovery after a 2-s interval at − 140 mV is again
smaller than that at − 70mV. The latter is best shown in Fig. 6f
which compares the time course of recovery at both potentials.
The lines are the single exponential fit of the data with time
constants that, remarkably, are quite similar to those obtained
with only 5 mM Ko+, namely, Tr(− 70 mV, 50 Ko+) = 0.9 s,
and Tr(− 140 mV, 50 Ko+) = 2.1 s.

In summary, increasing ten times [Ko+] does not change
the rate of recovery, neither at − 70 (P = 0.7122) nor at −
140 mV (P = 0.9265), and regardless of [Ko+], recovery is
slower at the more negative potential, where the driving force
for inward K+ current is bigger.

The slow rates of inactivation (Fig. 4) and recovery
(Fig. 6), as compared to control deactivation rates (Fig. 3),
bring out the implication that even in the case that inactivation
was the result of pore block, this would not affect the channels

deactivation rate assessed in the presence of Ad, as was shown
in Fig. 4. However, the lack of effect of K+ on recovery from
inhibition clearly supports the proposal that Ad-promoted in-
activation is not the consequence of pore block [1].

In summary, the above results (a) demonstrate that Ad in-
hibition is reversible and (b) support the proposal that Ad
inhibition of K+ conductance, that is Ad-induced or -
facilitated inactivation, is not due to a pore blockage mecha-
nism, because in that case recovery in 50 mM Ko+ should
have been faster, not identical, than that in 5 mM Ko+, and it
should have been accelerated, not slowed down, by the more
negative recovery potential [1]. We conclude that collectively
the data in Figs. 4, 5, and 6 are not compatible with an open-
pore block as the underlying mechanism of the Ad-induced
apparent inactivation.

Amiodarone inhibits the Cole-Moore shift of Kv10.1

Interestingly, besides its inhibition of the K+ conductance, we
observed that Ad also inhibits the so-called characteristic
Cole-Moore shif t of Kv10.1 (BIntroduction^ and
BDiscussion^). This is illustrated in Fig. 7a, which shows a

Fig. 5 Ad inhibition following
prolonged pre-pulses. a IK evoked
by a constant + 50-mV/0.1-s
pulse following 1-s pre-pulses
from − 140 to + 50 mV, applied in
10-mV increments, as indicated.
Time between pair of pulses was
20 s. HP = − 70 mV. b Non-
inactivated (non-inhibited)
fraction vs. pre-pulse potential,
from four independent
experiments as in a. The non-
inhibited fraction was assessed as
I(Vpre-pulse)/Imax, where
I(Vpre-pulse) is the peak or
maximal IK at the test + 50-mV
pulse, following a 1-s pre-pulse of
the indicated potentials, and Imax
is the maximal IK. c Comparison
of non-inhibited channel fraction
(closed circles) vs. chord
conductance (open circles) at the
indicated Vm. Ad inhibition starts
from potentials at which K+

permeation is closed
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family of superposed IK recordings obtained by a test pulse to
+ 30mV, from holding potentials (HP) ranging from − 70 to −
140 mV in steps of 10 mV. Notice that unmodified control
Kv10.1 currents present their characteristic holding potential

dependency; that is, instead of superimposing to each other,
the initial activation surge of currents, evoked by the + 30 mV
activation potential, but from different HPs, spans an easily
perceptible time window, in which IK evoked from more

Fig. 6 Recovery from Ad-induced inactivation. a IK evoked by a pair of
+ 40-mV pulses separated by a 2-s interval at − 70 mV, with the cell
bathed in 5 mM Ko+ solution containing 1 μsolution containing 1ed in
5ctivation. ch Kn (closed circles) vs. chord conductance (open circles) at
the indicated Vm. Ad. There is no difference between control tails and
those in the presence20 s. b As in (a) but the recovery potential was −
140 mV. c As in (a) (recovery potential = − 70 mV) but with the cell
bathed in 50 mM Ko+ solution containing 1 μsolutid As in (c) but
recovery potential was − 140 mV. e Extent of IK recovery in 5 mM Ko+

as a function of the time between pulses, from experiments as in (a) and
(b), as indicated. The extent of IK recovery Rec was assessed as
Rec = [Ipeak,2-Iend,1] / [Ipeak,1-Iend,1], where Ipeak,2 and Iend,2 are

peaks IK and IK at pulse end, evoked by the second + 40 mV/0.25 s,
respectively; and Ipeak,1 and Iend,1 are peaks IK and IK at pulse end,
evoked by the first + 40-mV/0.5-s pulse. The lines are the least squares fit
of the points with a function of the form Rec = 1−exp(−t/Tr), with time
constants Tr(−70 mV, 5 Ko+) = 1 s, and Tr(−140 mV, 5 Ko+) = 2 s,
respectively. f As in (e) but [Ko+] = 50 mM. The lines are the fit of the
points with Tr(−70 mV, 50 Ko+) = 0.813 s, and Tr(−140 mV, 50 Ko+) =
2.1 s. g Comparison of recovery kinetics at either − 70 (open symbols) or
− 140 mV (closed symbols), with either 5 or 50 mM [Ko+], as indicated
(see text). Rising external K+ does not enhance recovery from Ad-
induced inactivation (F-test P (− 70 mV, 5 vs. 50 Ko+) = 0.712; F-test P
(− 140 mV; 5 vs. 50 Ko+) = 0.997)
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negative HPs is shifted to the right and activates more slowly.
In contrast, the time window over which the initial IK spreads
is noticeably narrowed in Ad-modified channels (Fig. 7b).
This demonstrates that Ad inhibits the holding potential de-
pendency or Cole-Moore shift, of Kv10.1 currents.

The reduction of the Cole-Moore shift by Ad yields a par-
adoxical result: in spite of its overall inhibitory effect on the
K+ conductance, it also facilitates channel activation from
hyperpolarized potentials. That is, the initial IK surge of Ad-
modified channels may exceed that of unmodified channels,
depending on the holding potential from which the currents
are activated. This is illustrated in Fig. 8a. Here, IK, recorded
from the same cell before (black traces) and in the presence of
Ad (1 μ recorded from, is shown superimposed. IK was elic-
ited by test pulses to + 30 mV from the indicated HPs, repo-
larization potential − 70 mV in all cases. Notice that when
channels are activated from HPs more negative than ~ −
90 mV, IK of Ad-modified channels transiently exceeds con-
trol IK. This is quantified in Fig. 8b, where the time spent to
reach 50% of the maximal current amplitude (T1/2) is plotted
against HP both for control (closed circles) and Ad-modified
channels (open circles). Note the faster activation rate of Ad-
modified Kv10.1 currents at all HPs more negative than −
90 mV.

Discussion

The recently reported structure of the tumor-related Kv10.1
(rKv10.1) channel shows that the structural array of the exter-
nal pore vestibule may hinder the binding of peptide toxins, as
scorpion toxins [34]; therefore, it is important to study Kv10.1
interaction with non-peptide compounds of clinical use, as
amiodarone.

Amiodarone, as other class III anti-arrhythmic drugs, inter-
acts with several K+ conductances [e.g., see 2, 16, 17, 19, 26,
27, 36, 37, 41]. Even for a particular conductance, the reported
affinities for Ad vary amply among different authors, likely
because of the variety of biological preparations and

experimental conditions employed. In ventricular myocytes
of rabbit, it was found that Ad inhibits IKr (ERG) with a
50% inhibition concentration of 2.8 μ(ERG) with IKs

(KvLQT1/minK) was unaffected even at 300 μ(KvLQT1/
minK) was unaffected even, the same authors found that Ad
inhibited HERG with a lower 38-μthe same au [16]. Other
authors have reported a 50% inhibition concentration for
HERG channels expressed in HEK cells of 0.8 μ O [41] and
2.8 μ2. [19], and values as high as 9.8 μ a [19], and values as
[30]. Additionally, Ad inhibits the KATP channel of sarcolem-
ma with a 50% inhibition concentration of 0.35 μchannel of
sarcolemma with a 50%ATP channel of mitochondria [27].
Besides, Ad also inhibits the small-conductance Ca++-activat-
ed channel SK2 with a 50% inhibition concentration of
2.7 μac [36].

In spite of this ample target spectrum, herein, we reported
that Ad inhibits Kv10.1 with high nanomolar affinity; hence,
Ad significantly affects Kv10.1 at concentrations smaller than
the therapeutic plasma concentrations used to treat cardiac
arrhythmias (1–3 μM) [17]. This suggests that either amioda-
rone or similar, structurally related, compounds have the po-
tential of being useful drugs against tumors involving Kv10.1
ectopic overexpression.

Moreover, although Kv10.1 inhibition hinders tumors de-
velopment, it is also known that its tumorigenic role is not
totally abolished upon inhibition of the K+ flow through the
channel [12, 23thr]. This suggests that compounds capable of
inhibiting K+ flux and altering the conformational changes of
Kv10.1 channels, as we have shown here to be the case for
amiodarone, might be of major interest in the quest to find
drugs to treat cancer.

Regarding the above, it is interesting to mention that ob-
servations using relatively elevated [Ko+] and mutant chan-
nels suggest that setting the voltage sensors in pre-activated
states could inhibit the cellular proliferation induced by
Kv10.1 [6, 12, 23–25]. Hence, the capability of Ad to inhibit
both the K+ conductance and the Cole-Moore shift of the
channels makes this or related compounds particularly inter-
esting to treat Kv10.1-expressing tumors (see below).

Fig. 7 Ad inhibition of the Cole-
Moore shift of Kv10.1.
Representative IK at + 40 mV
evoked from the indicated
membrane potentials in control
(left panel) and Ad-modified
channels (right panel), [Ad] =
1 μVevoked from th inhibition of
the Cole-Moore shift of the
channels
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Amiodarone inhibition of the K+ conductance

The most conspicuous effect of Ad on Kv10.1 channels is the
induction of a significant apparent inactivation, which inhibits
K+ flow in a voltage-dependent manner. Frequently, an appar-
ent inactivation is the result of a slow open-pore blockade of
the channels [1]. However, the opposite is not necessarily true,
as an apparent current inactivation does not by itself imply an
open-pore block mechanism. The latter must be kept in mind
particularly with regard to Kv10.1 channels, where communi-
cation between voltage sensor and pore modules follows a
different mechanism than that in Shaker-related Kv channels,
and in which the pore does not have the significant widening
or central cavity of canonical K+ channels [20, 35, 40].

In the case of amiodarone, we found that the simplified
model in Fig. 4 hinted that Ad reduction of the peakK+ current
was too strong to be accounted for by an open-pore block

mechanism. In agreement with the latter, the observations in
Fig. 5 demonstrated that indeed Ad inhibits IK at potentials at
which the K+ permeation pathway is closed. This demonstrat-
ed that, in contrast to an open-pore block mechanism, Ad
inhibition is not strictly coupled to the opening of the
Kv10.1 pore.

The question remained of whether a component of Ad in-
hibition, namely, the open-sate apparent inactivation observed
at Vm> −50 mV, might be due to open-pore blockade. In this
regard, we found that a tenfold increase of [K+]o (from 5 to
50 mM) did not affect at all the rate of recovery from apparent
inactivation. Moreover, we observe that even in the presence
of a highly external [K+], hyperpolarized HPs slow recovery
from inactivation, instead of accelerating it as would be the
case if inactivation were the result of an open-pore blockade
mechanism. Therefore, the observations in Figs. 5 and 6 indi-
cate that there is no evidence to support open-pore blockage as

Fig. 8 IK initial surge of control
vs. Ad-modified channels. a IK
activated by a + 40-mV pulse
applied from the indicated
membrane potentials. Black
traces: control IK; red traces: IK
through Ad-modified channels.
Membrane voltage was clamped
at the indicated membrane
potentials 2 s before delivering
the + 40-mVactivating pulse. In
all cases, repolarization potential
was − 70 mV. b Activation half-
time (T1/2) vs. pre-pulse potential
in control vs. Ad-modified
channels, as indicated, measured
from experiments as in (a),
[Ad] = 1 μ [ T1/2 is the time it
takes IK to reach 50% of its peak
amplitude
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the main mechanism of Ad-promoted apparent inactivation of
Kv10.1 and that pore opening and/or the fully activated posi-
tion of the voltage sensor simply facilitates inactivation devel-
opment whatever its actual mechanism (see below).

It has been reported that upon prolonged depolarizations,
the K+ current through Kv10.1 channels may undergo a subtle
decrement, and it is known that deletions of the protein N-
terminal end yield channels that inactivate fast [9, 33, 34] (see
below). These observations bring out the possibility that Ad-
promoted inactivation might be the result of potentiation of
the subtle wild-type Kv10.1 current decrement that has been
reported.

Amiodarone reduction of the Cole-Moore shift
of Kv10.1 channels

Kv10.1 channel activation acquires both an initial lag or time
shift for current surge and a markedly sigmoidal time course,
as the holding or resting potential becomes more negative
(BIntroduction^ntroduct).

The initial lag for current surge was first studied by Cole
andMoore (1961) in their classical review of the Hodgkin and
Huxley model of the squid K+ channel. Since then, this initial
time shift, common to voltage-dependent channels, is referred
to as the Cole-Moore shift, and it has been associated with the
presence of multiple closed states. As the resting potential
becomes more negative, the channels dwell in deeper closed
states, hence the lag for current surge [4, 14, 43].

In the case of Kv10.1 channels, it is a widespread practice
to use the term Cole-Moore shift in a relaxed manner includ-
ing in it both the time shift of current surge (the Cole-Moore
effect proper) and the sigmoidal kinetics of current activation
that develops at negative holding potentials. In this work, we
have followed this widespread practice.

The sigmoidal kinetics of the Kv10.1 current elicited from
hyperpolarized potentials is attributed to the presence of a
rate-limiting step connecting the passage from deep closed
states to states near the final open conformation of the protein
[e.g., 25g., .

Here, we reported that Ad inhibits the so-called Cole-
Moore shift of Kv.10.1, in the sense mentioned before. This
effect clearly demonstrates the involvement of the voltage
sensor domain on Ad-induced modification of Kv10.1.
Hence, based on this and on our formerly mentioned observa-
tions, we hypothesize that Ad binds to the voltage sensor
module and/or to a region that interacts with this domain
(e.g., the PAS domain), and thus modifies the voltage-
dependent gating of the channels (see below).

Whatever the case, it is clear from Fig. 8 that Ad accelerates
the rate-limiting transition that connects deep closed states
with closed states near the open state. Operationally, this
would be equivalent to set the voltage sensor in a pre-

activated state, from which the K+ permeation pathway can
open more easily.

It is interesting to note that an equivalent hypothesis was
put forward in a study regarding the individual participation of
S4 segments in the activation of Shaker channels [8]. Similar
to the effects of Ad on Kv10.1, such study showed that
charge-neutralizing mutations reduced the Cole-Moore shift,
moving to the left the conductance-voltage relationship. The
authors of that study hypothesized that the introduced muta-
tions set the individual S4 voltage-sensing segments in a pre-
activated state [8].

It is worth to mention that we recently published [10, 11]
that mibefradil, a water-soluble compound up to a 30-mM
concentration (in contrast to amiodarone which is water-insol-
uble), exerts similar effects on Kv10.1 channels than those
reported here for Ad. In the case of mibefradil, we hypothe-
sized that it modifies Kv10.1 gating by binding to the S1–S4
voltage sensor module [10, 11]. It is intriguing why two dif-
ferent compounds having so markedly different water solubil-
ity exert effects so qualitatively similar on Kv10.1.

Although the voltage sensor domain strictly comprises the
S1–S4 module, in the case of Eag1 channels, evidence indi-
cates the additional participation of the intracellular N-
terminal PAS domain (Per-Arnt-Sim domain) on the voltage-
dependent gating of these proteins e[.g., 15, 21, 33, 36, 40].

In this regard, it has been shown that deletion of the PAS
domain, N-terminal amino acids, inhibits the Cole-Moore ef-
fect, shifts the conductance-voltage relationship to the left, and
induces an inactivation gating on the channels. The mecha-
nism by which these several effects are produced is not yet
well understood, but it has been shown that it involves the
interaction between the PAS N-terminal region and the S4
segment of the proteins [15, 33]. It turns out that the main
difference among the effects produced by PAS domain dele-
tions and Ad interaction with the Kv10.1 channels is that the
reported deletions slow down the channel deactivation rate
[33], whereas Ad does not.

Although, and as expected, the effects of PAS deletions are
quantitatively different from those here reported for amioda-
rone, it seems reasonable to hypothesize that amiodarone may
bind either to a hydrophobic region of Kv10.1 PAS domain or
to the S1ble to hypo sensor module of the channels, in any
case producing the effects on gating here reported.

Finally, we showed that, as a consequence of the reduction
of the Cole-Moore shift, the current through Ad-modified
Kv10.1 channels can indeed initially surpass IK of unmodified
channels, depending on the HP. Therefore, the question arises
of whether this transient current enhancement would affect the
possible usefulness of amiodarone regarding the role of
Kv10.1 in cancer pathology. Clearly, Ad reduction of the
Cole-Moore shift does not undermine its possible utility
against Kv10.1-expressing tumors, because the initial IK ac-
celeration occurs only when channels activate from
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hyperpolarized potentials, whereas most if not all non-neural
cells in which ectopic overexpression of Kv10.1 is associated
with a cancerous phenotype are likely to have comparatively
depolarized resting membrane potentials [42].
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