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Blockade of HERG Channels Expressed in Xenopus laevis Oocytes by
External Divalent Cations
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ABSTRACT We have investigated actions of various divalent cations (Ba®*, Sr?*, Mn®*, Co®*, Ni®", Zn?*) on human
ether-a-go-go related gene (HERG) channels expressed in Xenopus laevis oocytes using the voltage clamp technique. All
divalent cations inhibited HERG current dose-dependently in a voltage-dependent manner. The concentration for half-
maximum inhibition (K;) decreased at more negative potentials, indicating block is facilitated by hyperpolarization. K; at 0 mV
for Zn2*, Ni?*, Co?*, Ba%*, Mn?*, and Sr?* was 0.19, 0.36, 0.50, 0.58, 2.36, and 6.47 mM, respectively. The effects were
manifested in four ways: 1) right shift of voltage dependence of activation, 2) decrease of maximum conductance, 3)
acceleration of current decay, and 4) slowing of activation. However, each parameter was not affected by each cation to the
same extent. The potency for the shift of voltage dependence of activation was in the order Zn*" > Ni?* = Co®* > Ba®* >
Mn?* > Sr2*, whereas the potency for the decrease of maximum conductance was Zn®** > Ba®* > Sr** > Co?* > Mn?™.
The kinetics of activation and deactivation were also affected, but the two parameters are not affected to the same extent.
Slowing of activation by Ba®?* was most distinct, causing a marked initial delay of current onset. From these results we
concluded that HERG channels are nonselectively blocked by most divalent cations from the external side, and several
different mechanism are involved in their actions. There exist at least two distinct binding sites for their action: one for the

voltage-dependent effect and the other for reducing maximum conductance.

INTRODUCTION

The human ether-a-go-go related gene (HERG), has re-
cently been found to encode a voltage-gated K™ channel
with properties nearly identical to a cardiac delayed rectifier
K" current, I, (Sanguinetti et al., 1995; Trudeau et al.,
1995). I, plays a fundamental role in cardiac excitability by
contributing to repolarization and thereby regulating action
potential duration (Noble and Tsien, 1969; Sanguinetti and
Jurkiewicz, 1991). In sinoatrial node cells of the heart, the
decay of I, also contributes to pacemaker depolarization
(Brown et al., 1976; Brown and DiFrancesco, 1980; Irisawa
et al., 1993). Tissue distribution study shows that the erg-
related gene is abundant in a wide variety of tissues, sug-
gesting that it plays an important role in other tissues
(Wymore et al., 1997). The functional role of HERG chan-
nels in noncardiac tissues is not yet fully understood. Re-
cently, it has been shown that HERG encodes an inward
rectifying K* channel () in a variety of tumor cell lines,
and a role of /iy in neoplastic transformation and cell
proliferation was suggested (Arcangeli et al., 1997; Bianchi
et al., 1998). The same group had previously observed that
in neuroblastoma cells resting membrane potential (Vrggr)
is much lower and varies widely (—40—-10 mV) compared
to normal cells, and found that the scattering of Vypgr
correlates with the scattering of the voltage dependence of
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I (Arcangeli et al., 1995). These results indicate that the
biophysical property of I is responsible for determining
the characteristic feature of Viypgr-

Although HERG belongs a family of voltage-dependent
K™ channels, its electrophysiological characteristics are
quite distinct from those of other voltage-dependent K*
channels. A fully activated current-voltage relationship
shows strong inward rectification, and its mechanism has
been investigated by many authors, showing that it is attrib-
utable to a rapid voltage-dependent inactivation mechanism
(Shibasaki, 1987; Smith et al., 1996; Spector et al., 1996).
However, the activation mechanism has not been investi-
gated widely, but was considered in general not to be
different from that of other voltage-dependent channels.
Recent studies have shown that the voltage dependence of
the HERG channel activation is affected sensitively by the
concentration of external Ca®>* and Mg?*. The same obser-
vation had been made for /i, in sinoatrial cells (Ho et al.,
1996), and for /; in neuronal cells (Faravelli et al., 1996).
From these reports it can be proposed that the high sensi-
tivity of the voltage dependence of activation to external
Ca®" and Mg?" is one of characteristic features that distin-
guish the HERG channel from classical inward rectifier
channels. Ho et al. (1998) interpreted this effect by using a
voltage-dependent block model originally proposed by
Woodhull (1973), and suggested that the voltage depen-
dence of HERG in physiological conditions is mainly de-
termined by the voltage dependence of the channel block by
Ca’*, rather than by the intrinsic gating whose voltage
dependence lies at very negative potentials (Zou et al.,
1997). However, it has still not been determined whether
this effect is specific to Ca>* and Mg? ™. In the present study



1960 Biophysical Journal

we investigated the effect of various divalent cations (Ba®",
Sr**, Mn?*, Co?*, Ni**, Zn®>") on the activation of HERG,
and found that all of them modify HERG channel activation,
but with different characteristics. We have evaluated vari-
ous possible mechanisms in the Discussion.

METHODS

Expression of HERG in oocytes

Complementary RNA of HERG was synthesized by in vitro transcription
from 1 pg of linearized cDNA using T7 mMessage mMachine kits (Am-
bion, Austin, TX) and stored in 10 mM Tris-HCI (pH 7.4) at —80°C. Stage
V-VI oocytes were surgically removed from female Xenopus laevis
(Nasco, Modesto, CA) anesthetized with 0.17% tricaine methanesulfonate
(Sigma). Following suture, frogs were allowed to recover in isolation in a
tank. Theca and follicle layers were manually removed from the oocytes by
using fine forceps. Oocytes were then injected with 40 nl cRNA (0.1-0.5
ng/ul). After injection, oocytes were maintained in modified Barth’s
solution containing (in mM): 88 NaCl, 1 KCl, 0.4 CaCl,, 0.33 Ca(NO,),,
1 MgSO,, 2.4 NaHCO,, 10 HEPES (pH 7.4), supplemented with 50 ug
ml~! gentamicin sulfate. Currents were studied 2—7 days after injection.

Solutions and voltage clamp recording
from oocytes

Ringer’s solution contained (in mM): 96 NaCl, 2 KCI, 0.5 CaCl,, and 5
HEPES (pH adjusted to 7.4 with NaOH). The concentrations of BaCl,,
NiCl,, SrCl,, MnCl,, CoCl,, NiCl,, and ZnCl, were varied as indicated in
each experiment without changing the concentration of other chemicals.
Currents were measured at room temperature (21-23°C) with a two-
electrode voltage clamp amplifier (Warner Instrument, Hamden, CT).
Electrodes were filled with 3 M KCI and had a resistance of 2—4 M(} for
voltage-recording electrodes and 0.6—1 M() for current-passing electrodes.
Stimulation and data acquisition were controlled with Digidata and
pCLAMP software (Axon Instruments, Foster City, CA).

RESULTS

HERG currents (/;zrg) expressed in Xenopus oocytes were
recorded in 2 mM [K*], Ringer’s solution. External Ca**
concentration was kept at 0.5 mM, since nonselective leak
conductance of oocytes increases if divalent cations are
totally absent. Throughout the experiments, the holding
potential was adjusted between —60—80 mV to obtain the
minimum leak current, but the repolarization potential was
made constant at —60 mV. As shown in Fig. 1 4, depolar-
izing pulses from a holding potential of —70 mV induced
time-dependent increases of outward /;;prg. The amplitude
of outward /jzrg was measured at the end of a 5-s pulse
(1) and plotted against test potentials in Fig. 1 B. [ grew
larger as the membrane was depolarized, and then decreased
progressively with further depolarization due to rapid inac-
tivation of HERG current, resulting in a bell-shaped I-V
relationship with its peak at —30 mV. On repolarizing to
—60 mV, outward tail currents (/,;;) developed (Fig. 1 A4).
The amplitude of /,; increased progressively as increasing
the amplitude of depolarizing pulses. The amplitude of 7,
was normalized relative to the amplitude obtained at +20
mV test pulse, and plotted against the test potential in Fig.
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1 C (filled squares). Continuous curves were drawn by
fitting the data with the Boltzmann equation, and half-
activation voltages (V/;,,) were obtained. We considered that
this plot can represent the voltage dependence of HERG
channel activation, although a 5-s pulse was not enough to
induce a steady state activation, especially at potentials near
threshold where the time course of activation was very slow.
When a longer pulse (10 s) was applied, V', slightly shifted
to the left, but the shift caused by prolonging the pulse
duration was not >5 mV. We considered this error as
acceptable, and used 5-s pulses throughout the subsequent
experiments.

When Ba®" was added to the bath solution, the ampli-
tudes of HERG current decreased in a dose-dependent man-
ner. The effect of various concentrations of [Ba®*], on I, is
demonstrated in Fig. 1 B. As [Ba®"], was progressively
increased, the / -V relationship shifted to the right and the
amplitude of I, decreased. The decrease of I, by Ba>* was
voltage-dependent: 0.5 mM Ba®" reduced I by 80.5 =
4.3% at —40 mV, 67.6 = 7.1% at —30 mV, 51.6 = 8.6%
at —20 mV, and 31.4 = 9.6% at —10 mV (n = 5). [ at
more positive potentials was not significantly affected by
increasing Ba>", but a slight increase was observed. Since
HERG current was mostly inactivated at this potential (Fig.
2), we regarded this effect as not being due to the change of
HERG current, but to a gradual increase of nonspecific leak
current during the course of experiments.

The I,;-V curve, which is generally regarded as repre-
senting the voltage-dependent activation property of HERG
current, was also significantly affected by [Ba”*], (Fig. 1
C). It shifted progressively to the right as [Ba®" ], increased,
and the maximum /,,; obtained after large depolarization
was also reduced very significantly. These results indicate
that as [Ba®"], is increased, larger depolarization is needed
for the activation of HERG channel, and the fully activated
conductance induced by a sufficient depolarization is also
reduced.

To examine whether the change of maximum /; repre-
sents the change of maximum conductance of HERG cur-
rents, fully activated current-voltage relationships were ob-
tained by using a double-pulse protocol: a varying level of
test pulses following the prepulse to +20 mV, which is
given to induce a full activation (Fig. 2). The amplitude of
the current at the beginning of test pulses was measured at
its peak when inactivation was removed, but deactivation
had not yet progressed. The fully activated current-voltage
relationship showed a strong inward rectification with a
negative slope conductance, which is a well-known charac-
teristic of HERG channels caused by rapid inactivation
(Smith et al., 1996; Spector et al., 1996). The increase of
[Ba®*], decreased the fully activated conductance in a dose-
dependent manner. There was no shift in fully activated I-V/
relationships and no change in reversal potentials.

For further analysis, the chord conductance was obtained
from the fully activated current-voltage relationship. It was
normalized to the maximum slope conductance at each
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Effect of external Ba®>" concentration on HERG currents elicited by depolarizing voltage pulses. (4) Superimposed current traces elicited by

depolarizing voltage pulses (5 s) in 10-mV steps (top panel) from a holding potential of —70 mV in 0 mM (middle panel) and in 1 mM [Ba*>"], (bottom
panel). [K*], is 2 mM. (B) Plot of the steady-state current measured at the end of depolarizing pulses against the pulse potential in different external [Ba®*],
(obtained from the same cell shown in 4. (C) Plot of the normalized tail current measured at its peak just after repolarization. Similar observations from
three more cells. Symbols in B and C: 0 mM (H), 0.05 mM (@), 0.5 mM (A), 1 mM (V¥), 2.0 mM (#), 5 mM (+). Lines in C are the fits to the Boltzmann

equation, y = 1/{1 + exp((—V + V,,)/dx)} (V,,, from left to right; —43.1 mV, —41.8 mV, —25.5 mV, —21.9 mV, —14.0 mV, —8.1 mV).

concentration of [Ba”]o, and plotted in Fig. 2 B. This could
be an estimation of inactivation, and ¥/, in the absence of
Ba?" was —49.2 mV. This value agrees well with previous
reports (—49 mV in Sanguinetti et al., 1995; —45 mV in
Wang et al., 1997). It was shifted slightly to the right by
increasing [Ba®"],, and V,,, at 1 mM [Ba?*], was —45.5
mV. At higher concentrations of Ba®", rapid block by Ba**
prevented the accurate measurement of the fully activated
current at high negative potential, and curve-fitting was not
appropriate. However, it could be noticed that data points
were not far from the curve for | mM Ba®", suggesting that
the effect of Ba>* on inactivation is not as prominent as that
on activation.

In Fig. 3, the dose-response relationship of Ba®" block
was analyzed. The relative amplitude of /,;, in the presence
of Ba®" in respect to the maximum I in the absence of
Ba?" was regarded as the fraction of unblocked channels (y)
in the presence of Ba’" at the steady state. The dose-
response relationship for the effect of [Ba**], on y was
obtained at each test potential, and plotted in Fig. 3 4. It

could be fitted by the Hill equation as follows:
y = 1/(1 + [Ba*>"]¥K,) (1)

Since n for the best fit was between 0.8 and 1.3, we fixed n
at 1. The concentration for half-maximum inhibition, Kj,
was voltage-dependent. K; at 0 mV was 0.59 mM (obtained
from the mean of four cells) and it decreased e-fold by 15.1
mV hyperpolarization (Fig. 3 B), suggesting that Ba®"
block is facilitated by hyperpolarization.

The other important feature was observed in the effect of
Ba?" on current kinetics. In Fig. 4 4, current traces evoked
by depolarization to —20 mV from the holding potential of
—80 mV at various [Ba®"], are shown on a different scale
to compare the time course easily by adjusting each trace to
have the same amplitude. The effect of Ba’" on current
onset was strikingly prominent. Application of 0.05 mM
Ba?" induced profound slowing of current activation. Fur-
thermore, the current onset showed a significant delay,
resulting in a sigmoid time course. Interestingly, further
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FIGURE 2 Effect of Ba>* (4, B) and Mn** (C, D) on the fully activated current-voltage relationship and the inactivation curve. (4) Inset: Superimposed
current traces (lower traces) elicited by various level of test pulses ranging from —110 to +20 mV following the prepulse to +20 mV for 5 s (upper traces).
Peak currents measured in the beginning of test pulses were plotted against the test pulse potential in various concentrations of Ba>*. Similar observations
in three more cases for Ba®*. (B) Plot of the normalized chord conductance measured from the data shown in 4. Inactivation curves were obtained by fitting
data to the Boltzmann equation. ¥, , and slope factor (in mV) were —49.2 and 18.9 in 0 mM Ba?* (left curve); —45.5 and 23.0 in 1 mM Ba?* (right curve).
(C) Same protocol as in 4 with various [Mn**],. (D) Same protocol as in B with various [Mn**],. Continuous curves are for 0 mM Mn>* (lefi) and 2.5

mM Mn?* (right).

increase of [Ba®"], produced only a little more effect. This
effect is demonstrated in the plot of the reciprocal of the
time constant of current activation at various [Ba®"], and
various potentials (Fig. 4 B). The time course did not fit well
with a single exponential function, suggesting that several
steps may be involved in channel opening in the presence of
Ba’*, but the time constant was obtained using single
exponential fitting in order to present the change of time
course by [Ba?*], in a simple manner. However, the decay

rate was generally well-fitted with a single exponential. It
was proportionally increased by increasing [Ba’"], as
shown in Fig. 5 4. The relationship between [Ba”*], and the
decay rate (see Fig. 10 A) shows that the data are fitted with
a straight line. The decay rate was plotted over wide poten-
tial range in Fig. 5 B, showing that it is exponentially
increased by hyperpolarization.

We then tested the effect of another divalent cation be-
longing to the alkali metal, Sr**, on ;g using the same
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FIGURE 3 Dose-response relationship (4) and voltage dependence of K;
(B) for Ba®*. (4) Data obtained from four cases using the same protocol as
shown in Fig. 1 C were averaged and plotted against [Ba®*], for different
potentials (=30 mV (O), —20 mV (@), —10 mV ([J), and 0 mV (H)), and
the curves were drawn by fitting with the Hill equation. Concentrations for
half-maximum inhibition (K;) from left to right: 0.06, 0.15, 0.34, and 0.59
mM, respectively. (B) Semilogarithmic plot of the concentration of
Ba?* for half-inhibition (K,) against the membrane potential. K; was
obtained from the dose response curve shown in 4 at different poten-
tials. Lines drawn by a least-square fitting. K; decreased e-fold for 15.1 mV
hyperpolarization.

experimental protocol. In Fig. 6 A, superimposed current
traces activated by depolarization to —20 mV from the
holding potential, —60 mV, were demonstrated. When
[Sr**], was increased progressively, the amplitudes of
Iiere decreased, but in contrast to the effect of Ba?™, the
rate of current activation was hardly affected by increasing
[Sr**],. The amplitude of tail currents recorded upon repo-
larization was reduced by increasing [Sr**],, but with little
change in the time course of current decay. The plot of
I,i-V curves (Fig. 6 B) showed that V,,, shifted to the right
and maximum /,,;, was decreased by the increase of [Sr**],,.
The decrease of maximum /,;; was more significant than
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the shift of V,, when compared with the effect of
[Ba®"],. This result may suggest that shift of the voltage
dependence and decrease of maximum conductance are
independent phenomena.

We then tested divalent cations that belong to transitional
metals Mn?", Ni**, Co?", and Zn?". In Fig. 7 4, superim-
posed current traces evoked by depolarization to —20 mV
from the holding potential of —80 mV at various [Mn**],
were demonstrated. Not only the amplitude of current, but
also the speed of current activation decreased. However,
contrary to the effect of Ba®", initial delay of current onset
was not observed. Alternatively, the tail current obtained at
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FIGURE 4 Effect of Ba>* on kinetics of current onset. (4) Current traces
evoked by depolarization to —20 mV from the holding potential of —80
mV at 0 mM, 0.05 mM, and 1 mM [Ba®"], on a different scale. Note the
prominent initial delay in the presence of Ba®". (B) Current activation was
fitted to a single exponential function, and the reciprocal of time constant
was plotted against test potential. Mean = SE obtained from four cells.
[Ba?*],: 0 mM (M), 0.05 mM (@), 1 mM (O). Amplitude (nA) at —40,
—30, —20, —10, 0, 10, and 20 mV were 0.86 = 0.27, 1.21 * 0.51, 1.21 =
0.43, 0.9 = 0.34, 0.55 = 0.21, 0.29 % 0.11, and 0.08 = 0.03 for 0 mM
Ba®"; 2.89 + 1.48,2.44 = 0.97, 1.65 = 0.59, 1.11 * 0.51, 0.67 = 0.33,
0.51 = 0.22, and 0.29 *+ 0.11 for 0.05 mM Ba®*; 0.45 = 0.16, 0.88 *
0.44, 1.13 = 0.68, 1.22 = 0.79, 0.92 * 0.73, 0.63 % 0.54, and 0.4 = 0.33
for 1 mM Ba®".
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FIGURE 5 Effect of Ba®>" on kinetics of current decay. (4) Superim-
posed current traces recorded on repolarization to —60 mV after 5-s
depolarizing pulses to +40 mV at different [Ba>"],. (B) Current decay was
fitted with single exponential functions and the reciprocal of the time
constant was plotted against voltage at various [Ba®"],. Symbols: 0 mM
(M), 0.05 mM (@), 0.5 mM (A), 1 mM (V), and 2.0 mM (#).

—60 mV after 5-s depolarization to +20 mV showed sig-
nificant acceleration dose-dependently, but without a
change in amplitude (Fig. 7 B). I .-V relationship obtained at
various [Mn®"]_ is shown in Fig. 7 C. It shifted to the right
and the amplitude of I, decreased as [Mn®"], was in-
creased. The decrease of I, by Mn** was also voltage-
dependent: 1 mM Mn?" reduced I, by 90.3 + 8.1% at —50
mV, 66.7 £ 5.0% at —40 mV, 48.3 = 3.2% at —30 mV, and
324 * 3.7% at —20 mV (n = 4). K, of Mn?>" obtained
using the same method shown in Fig. 3 4 at 0 mV was 2.36
mM, indicating that Mn®>" is ~4 times less potent than
Ba’*. It decreased e-fold by 14.7 mV hyperpolarization,
showing that voltage dependence is similar. /,;-V curve
also shifted progressively to the right, indicating that larger
depolarization is needed for the activation of HERG channel
as [Mn?*], increases (Fig. 7 D). However, the amplitude of
the tail current evoked by large depolarization was hardly
affected. It was reduced a little only at high concentration.
This result suggests that Mn®" hardly affected the maxi-
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mum conductance, and this was confirmed in the experi-
ment obtaining the fully activated current shown in Fig. 2 C.
Contrary to the effect of Ba®", the effect of [Mn”>*], on
fully activated current was very small. The effect of Mn**
on the inactivation was examined in the same way described
for the Ba®" effect, and the result is shown in Fig. 2 D. One
mM Mn?" caused a 3.2 mV shift, and 2.5 mM Mn?* caused
a 8.2 mV shift in inactivation.

In Fig. 8, the effect of Zn®" is demonstrated. An increase
of [Zn*"], decreased the current amplitude very signifi-
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FIGURE 6 Effect of external Sr** on current activation. (4) Superim-
posed current traces elicited by depolarizing voltage pulses (5 s) to —20
mV from the holding potential of —60 mV in 0 mM, 0.5 mM, 1 mM, and
5 mM [Sr**],. (B) Plot of the normalized tail current measured at its peak
just after repolarization from various level of depolarizing pulses. Obtained
by same protocol shown in Fig. 1. Similar observations from two more
cells. Symbols: 0 mM (H), 0.5 mM (@), 1 mM (A), 2.5 mM (V¥), and 5 mM
(#). Lines in B are the fits to the Boltzmann equation. V,,, from left to
right; —38.6 mV, —35.8 mV, —33.9 mV, —30.3 mV, —28.4 mV).
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FIGURE 7 Effect of Mn?*. (4) Superimposed current traces elicited by depolarizing voltage pulses (5 s) to —20 mV from the holding potential of —80
mV in 0 mM, 0.5 mM, 1 mM, and 5 mM [Mn>*],. (B) Superimposed current traces recorded on repolarization to —60 mV after the pulse at +20 mV for
5's. (C) Plot of the steady-state current measured at the end of depolarizing pulses (same protocol shown in Fig. 1) against the pulse potential in different
external [Mn?"],. (D) Plot of the normalized tail current measured at its peak just after repolarization. Similar observations from three more cells. Symbols
in Cand D: 0 mM (H), 0.2 mM (@), 1 mM (A), 2.5 mM (V), 5 mM (#), 10 mM (+). Lines in C are the fits to the Boltzmann equation. V;,, from left
to right; —39.4 mV, —29.2 mV, —22.2 mV, —13.2 mV, —6.4 mV, 1.4 mV.

cantly (Fig. 8, 4 and C). Initial delay of current onset, which
was the characteristic feature of the effect of Ba®>*, was not
significant in Zn>". In the inset of Fig. 8 4, currents acti-
vated at —10 mV at various [Zn>"], were normalized and
superimposed to compare the time course, showing a small
decrease of activation rate by increasing [Zn”>*],. However,
the effect on the rate of current decay was very significant,
and the amplitude of maximum /,,;; was also greatly reduced
by Zn?" (Fig. 8 B). Therefore, the increase of [Zn®'],
resulted in a right shift of the activation curve along with a
decrease of maximum conductance (Fig. 8 D). K; of Zn** at

0 mV was 0.19 mM, indicating that Zn>" is the most potent
among all divalent cations tested in the present study.
Effects of Ni?* and Co?" were also examined using the
same experimental protocols. The effects of Co®" were
similar to those of Mn?": voltage-dependent block with a
shift of activation, but with little effect on maximum con-
ductance. K; of Co?™ at 0 mV was 0.5 mM, which is about
as potent as Ba®". The effect of Ni*" was similar to that of
Zn?": shift of activation along with a moderate decrease of
maximum conductance. K, of Ni** at 0 mV was 0.36 mM,
which is more potent than Ba®", but less than Zn*".
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FIGURE 8 Effect of Zn**. (4) Superimposed current traces elicited by depolarizing voltage pulses to —20 mV from the holding potential of —80 mV
in 0 mM, 0.02 mM, 0.1 mM, and 0.2 mM [Zn**],. (B) Superimposed current traces recorded on repolarization to —60 mV after the pulse at +40 mV for
5 s. (C) Plot of the steady-state current measured at the end of depolarizing pulses (same protocol shown in Fig. 1) against the pulse potential in different
external [Zn*>*],. (D) Plot of the normalized tail current measured at its peak just after repolarization. Similar observations from three more cells. Symbols
in B and C: 0 mM (H), 0.02 mM (@), 0.1 mM (A), 0.2 mM (V). Lines in C are the fits to the Boltzmann equation. V; , from left to right; —38.2 mV, —37.7

mV, —28.2 mV, —17.7 mV.

To demonstrate the different effects of various cations on
various parameters reflecting gating mechanisms of the
HERG channel, we summarize the above results in the next
two figures. For the parameter reflecting the effect on the
voltage dependence of the channel, the shift of half-maxi-
mal activation voltage (AV,) is presented (Fig. 9 4). The
effects of Sr>* was the weakest of all; Mn?" and Ba®" are
next. Zn’", Ni*", and Co?" are the most potent in their
effect on shifting the voltage dependence of activation.

Contrary to the effect on V5, the potency of various ions
for decreasing maximum conductance shows the difference

in order. The relative magnitude of the maximum conduc-
tance (g,,,, in the presence of X*>*/g__ in the absence of
X?*) was obtained by dividing maximum tail currents (/,,;
at +40 mV) in the presence of testing divalent cations by
those in the absence of testing ions. This parameter was
plotted against the concentration of various divalent cations
in Fig. 9 B. Concentrations for half-maximum inhibition of
maximum conductance, K, were obtained by fitting the data
with Eq. 1, and they were 0.26 mM, 1.4 mM, 6.4 mM, 15.6
mM, and 72.8 mM for Zn’>", Ba®>", Sr**, Co?", and Mn?*,
respectively. The discrepancy of potency order for decreas-
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FIGURE 9 Effect of various divalent cations on the shift of the current
activation (4) and on the decrease of maximum conductance (B). (4)
Concentrations of ions on the x axis in log scale. Shift of |, on the y axis.
Symbols indicate the mean of V,,, shift: Sr** (@, n = 2), Mn** (W, n =
4), Ba** (144, n = 6), Ni** (¥, n = 2), Co** (A, n = 2), and Zn** (O,
n = 5). Solid straight line: simulation result obtained from Fig. 11 4,
assuming k;(0) of 0.068. Dotted line: simulation result assuming k,(0) of
0.34. Broken curve: simulation result assuming surface charge effect when
charge density is 1/1 nm? (B) Inhibition of maximum conductance was
obtained from the ratio of maximum tail current in the presence of test
cations at varying concentrations to that in the absence of test cations.
Continuous lines obtained by fitting with the Hill equation. K;: 0.26 mM
for Zn>* (O, n = 4). 1.4 mM for Ba*>* ((J, n = 4), 6.4 mM for Sr** (@,
n =2),15.6 mM for Co** (A, n = 2), and 72.8 mM for Mn>** (l, n = 4).

ing maximum conductance and for shifting voltage de-
pendence indicates that they are modulated via different
mechanisms.

In Fig. 10 the rate of current decay (obtained at —60 mV)
and current activation (obtained at —20 mV) are plotted
against divalent concentration. For comparison, the data
obtained from the same cell is demonstrated. The decay rate
was proportionally increased by increasing the concentra-
tion of divalent cations, and the data were well-fitted with
straight lines. The steepness was in the order Zn** >
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FIGURE 10 Effect of various divalent cations on the kinetics of current
activation (4) and current decay (B). Obtained from one cell. (4) Current
decay obtained at —60 mV was fitted with a single exponential function.
The reciprocal of the time constant was plotted against the concentration of
test cations. Straight lines are the best fits for each ion. The slopes are 14.9,
4.8,0.29, and 0.05 mV for Zn>*, Ba*>*, Mn>*, and Sr*™, respectively. (B)
Current activation evoked by the depolarization to —20 mV was fitted with
a single exponential function. The reciprocal of the time constant was
plotted against the concentration of test cations.

Ba’" > Mn?" > Sr** (Fig. 10 4). However, the activation
rate decreased with increasing concentration of divalent
cations, but the effect on activation and deactivation was not
equal: effects of Zn>* and Mn?* on current activation were
similar, whereas Zn®" induced a much greater effect on
current deactivation than Mn?",

DISCUSSION

We have shown that all divalent cations tested in the present
study inhibit HERG current in a dose-dependent manner.
The effects are manifested as follows: 1) decrease of current
amplitude, 2) shift of voltage dependence of activation, 3)
acceleration of deactivation, 4) slowing of activation, and 5)
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decrease of maximum conductance. These effects had also
been observed in our previous study investigating Ca>* and
Mg?* (Ho et al., 1996, 1998). The present study, however,
has revealed that each parameter is not affected by each
cation to the same extent, implying that the underlying
mechanism is not a single process, but that several different
pathways are involved in inhibiting HERG channels by
divalent cations. Fig. 9 clearly demonstrates that the effect
on V,,, and that on g, . is not equal, suggesting that two
parameters are controlled by different mechanisms. These
results might suggest the existence of at least two different
binding sites: one for modulating the maximum conduc-
tance and one for modulating voltage-dependent gating. Fig.
10 demonstrates that the effect on activation and that on
deactivation are not equal, implying that effect of divalent
cations on current kinetics does not result from a simple
shift of voltage dependence of gating.

Divalent cations have been one of the classical tools used
to investigate gating and permeation of K™ channels (Hille,
1992). Three mechanisms have been proposed to explain
various aspects of actions of divalent cations: 1) surface
charge theory, 2) voltage-dependent block theory, and 3)
gating modifier theory. Although the results of the present
study suggest that various mechanisms are involved in
action of external divalent cations on the HERG channel, a
simple scheme of the voltage-dependent block model,
which has been used widely, especially to describe a volt-
age- and time-dependent block of various K* channels
(Armstrong, 1971; Hagiwara et al., 1978; Standen and Stan-
field, 1978; French and Shoukimas, 1985), can still explain
major important features of the actions of divalent cations
on HERG channels. Since the effect of Ba>* has the most
complicated features, we examine whether Ba®* effects can
be reproduced using this model. Since the inactivation pro-
cess was little affected by Ba®" (Fig. 2), we did not consider
the inactivation process in the following simulation. The
effect of Ba>* producing channel blockade is described as
follows:

ki[Ba?*]o
Channel + Ba’* =——= Channel — Ba** (Blocked)
k-1
») (1=

In this model, acceleration of current decay on repolariza-
tion is viewed as a manifestation of channel blockade by a
blocking particle. Thus, the binding rate constant, &, can be
obtained from the time constant of current decay from the
following equation.

7! =Fk[Ba*], + k_, ()

The linear relationship between divalent concentrations and
the rate of current decay (Fig. 10) agree well with this
assumption of one-to-one binding. From the slope of this
plot, k, can be calculated. The binding rate constant as a
function of voltage can also be obtained by fitting the result
in Fig. 5 B in the presence of 1 mM Ba?". The unbinding
rate constant, k_(V), was obtained from the result of Fig. 4
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B by fitting the activation rate in the presence of 1 mM
Ba’*. k,(V) and k_ (V) can be expressed as follows:

(V) = 0.068*exp(—V/17) 3)
k_ (V) = 0.6*exp(V/20) (4)

We then calculate the fraction of unbound channel (y) at
steady state from k,(¥) and k_, (V) in the presence of various
concentrations of Ba®" using the following equation:

Y= k—l/(kl[BaH]o + k) &)

To obtain the fraction of open channels among total chan-
nels (Po), the fraction of open channels in the absence of
Ba’" (z) was multiplied to y; z was obtained from the
activation curve in the absence of Ba®" (Fig. 1 C, filled
squares), and it is expressed as follows:

z(V) = 1/(1 + exp[(—V — 41)/8.1)] (6)

The simulated curves of Po in different concentrations of
Ba’" are shown in Fig. 11 4. The effect of [Ba’"], on
calculated Po appears to be similar to that on the voltage
dependence of tail currents shown in Fig. 1 C. The shift of
V,,» by increasing [Ba®"], is obtained from these curves,
and the relationship is plotted as a solid line in Fig. 10 4.
The result agrees well with the experimental data (open
squares), suggesting that the effect of Ba?" on the voltage
dependence of the HERG channel results mainly from the
voltage-dependent blockade.

Zn*" caused faster decay. According to the result shown
in Fig. 10 B, k, is about five times larger than that of Ba**
(Fig. 10 4). The effect of the increase of &, by five times on
the shift of V,,, is tested using the above model. The result
is illustrated as a dotted line in Fig. 9 4, showing that it
agrees reasonably well with the experimental data. How-
ever, the effect of Mn®" on V,, is more profound than
expected from the above model. k, for Mn?" is about five
times smaller than that for Ba®", but ¥, , shifts to a similar
extent as Ba®". The effect of Co>* and Ni** on ¥, , is also
more profound than expected, since the decay rate was not
faster than Ba”*, but produced larger effects on V,,, shift.
Such discrepancy may suggest that other mechanisms are
contributing to the effect of these ions on the voltage de-
pendence of the HERG channel. In this respect, the surface
charge effect should be considered in addition to the volt-
age-dependent blockade.

The surface charge theory was proposed to explain the
channel blockade by divalent cations when it is accompa-
nied by a shift of the voltage dependence of channel acti-
vation (Green and Andersen, 1991; Hille, 1992). The shift
of gating of various ion channels has been described by the
Gouy-Chapman-Stern theory (Gilbert and Ehrenstein, 1969;
Hille et al., 1975; Campbell and Hille, 1976; Ohmori and
Yoshii, 1977), and we used the same equation to predict the
relationship between the external ionic concentration of
species i (C;) and the outer surface potential (i) in our
experimental conditions. When the charge density remain-
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FIGURE 11 Simulation of the effect of [Ba®>*], on HERG channel
activation based on the voltage-dependent block model. (4) Simulation
result of the voltage dependence of channel opening (Po) obtained by
assuming k,(0) of 0.068. Inset: Rate constant of block at various [Ba**],
calculated by Eq. 3. (B) Superimposition of current traces and simulated
results. Current traces are same as in Fig. 4 4. Simulated curves at 0 mM
Ba®": z(1) = 1.672 — 0.664 exp(—#0.378) — 0.859 exp(—#/2.101). Un-
block rate (y(£)) at 0.05 mM and 1 mM Ba?* was calculated from the time
constant obtained from Egs. 3 and 4: y(f) = 0.952 — 0.924 exp(—1/4.315)
at 0.05 mM. y(f) = 0.5 — 0.499 exp(—#2.27) at 1 mM. Curves are
calculated as Po(f) = y(?) - z(¢). Current magnitude is in an arbitrary scale.

ing unneutralized in control conditions is assumed to be one
negative charge per nm?, we could obtain a theoretical curve
(shown as a broken line in Fig. 9 4), which is reasonably
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close to the Sr** data. It is difficult to infer at present that
this value is realistic for the HERG channel, but the previ-
ous studies for Na® and Ca’* channels reported similar
values: surface charge densities calculated from the shift of
sodium channel activation by external divalent cations were
1/nm? in frog nodes of Ranvier (Hille et al., 1975), and 1/0.9
nm? in the tunicate egg cell (Ohmori and Yoshii, 1977).
Therefore, the shift of voltage dependency (V,,,) by Sr**
may be explained by a nonspecific charge-screening effect.
In general, binding affinity of transitional metals for surface
negative charge is higher than that of alkali metals, in the
order of Ba®", Sr** < Mg®" < Ca?" < Mn?" < Co*",
Ni?* < Zn**. So, the surface charge effect is expected to be
greater for transitional metal ions, causing a greater shift of
V. The result showing that transitional metal ions produce
the shift of V, , larger than expected from the direct channel
blocking effect may well be accountable by the additional
surface charge effect.

The time course of current onset is also affected by
external divalent cations (Fig. 10 B). The effect of Ba®" is
remarkable, and only a low concentration (0.05 mM) causes
marked slowing (Fig. 4 4), suggesting that the unblock rate
is very slow for Ba®". This finding may suggest that Ba**
binds to a site somewhere on the channel protein to stabilize
a conformational state of the pore so that unblock is de-
layed. A sigmoid onset of current with a significant initial
delay is characteristic of Ba®>". To test whether such a
characteristic time course is explained by the above model,
we simulated the current traces in the same experimental
condition shown in Fig. 4 using the simple Hodgkin-Huxley
formulation. Activation at —20 mV in the absence of Ba**
was well-fitted by a double-exponential function, and the
effect of Ba>* was reproduced by multiplying the unblock
process. The result is illustrated in Fig. 11 B, showing a
good agreement with the experimental result shown in Fig.
4 A. A low concentration of Ba?" (0.05 mM) results in a
sigmoid onset of current to a similar degree observed in the
experiment. This result shows that current activation in the
presence of Ba®" is mainly determined by the unblock rate.
On the contrary, the effect of other divalent cations on the
activation kinetics differs from that of Ba®". The increase of
other divalent cations caused a gradual decrease of the rate
of current onset, but the slowing is not as prominent as
observed in Ba®*, suggesting that unblock rate is not very
slow.

Another advantage of the voltage-dependent block model
is to give the information about the location of the binding
site in the electrical field, the so-called fractional electrical
distance (6). According to the original Woodhull’s model
(1973), it is represented by the voltage dependence of the
dissociation constant, K, and can be expressed as follows:

Kp(E) = Kp(0) exp(z8EF/RT) (7)
We could obtain 6 of the binding site by fitting the slope of

K; in Fig. 3 B to Eq. 5. The slope was 15.1 mV for e-fold
change. This value is not greatly different from the value
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obtained from k,(V) (17 mV for e-fold change: Eq. (3)),
showing a good agreement between steady-state data and
kinetic data. The fractional electrical distance (8) was cal-
culated to be 0.64 — 0.71, suggesting that the binding site is
located deep inside the channel. The voltage dependence of
Ky, was also obtained for other divalent cations. Mn?* data
(14.7 mV) in the present study (data not shown), Ca>* (18.7
mV), and Mg?" (15 mV) data in the previous study (Ho et
al., 1998) did not show a large difference among ion spe-
cies. This result may suggest that they share the same
binding site. At present, however, the structural background
of divalent cation binding sites of HERG channels is not
known. The information about other channels that are
blocked by external divalent cations in a voltage-dependent
way might give some clue. Voltage-dependent block by
external divalent cations was well-investigated in cyclic
nucleotide-gated (CNG) channels both in functional and
molecular levels. An acidic glutamate in the P region of the
CNG channel (Root and MacKinnon, 1993; Eismann et al.,
1994) was identified as a critical blocking site, and it was
also shown that the same residue is responsible for external
proton block (Root and MacKinnon, 1994). However, in the
HERG gene, there is no negatively charged amino acid in
the pore region (Warmke and Ganetzky, 1994). The NMDA
channel is also known to be blocked voltage-dependently by
external Mg2+ (Nowak et al., 1984; Mayer et al., 1984), and
it is recently shown that substitution of asparagine residues
located at the narrow constriction of the channel (especially
the N + 1 site in the NR2A-subunit) strongly attenuates the
block (Wollmuth et al., 1998). This possibility should be
investigated in future studies.

A gating modifier theory should also be considered as a
possible mechanism. This theory has been proposed to
explain the effects of divalent cations when they are not
sufficiently explained by surface charge theory, because
activation and deactivation are not equally affected (Spires
and Begenisich, 1992, 1994). This possibility cannot be
excluded, but it is difficult to make a general model to test
this possibility.

The three models described above mainly explain the
voltage-dependent effect: shift of V,,, and change of kinet-
ics. In this paper we could not propose a proper model for
the decrease of maximum conductance. In the case of Ca**
channel and Na™ channels, a decrease of conductance by
divalent cations was explained by the surface charge theory,
since neutralizing surface negative charge by external cat-
ions can cause a decrease of the effective concentration of
permeating ions near the channel pore, and thus an apparent
decrease of conductance (Ohmori and Yoshii, 1977). How-
ever, the decrease of maximum conductance of HERG
current cannot be explained by this theory, since HERG
current was recorded as an outward current, and outward
currents would not be reduced by the decrease of the effec-
tive concentration of a permeating ion from the external side
of the membrane. From the result shown in Fig. 9, it was
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only suggested that the conductance and the voltage depen-
dence of the HERG channel are controlled by different sites
by divalent cations.
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