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ABSTRACT We have studied the functional effects of extracellular Cd2� on human ether-à-go-go-related gene (HERG)
encoded K� channels. Low concentrations (10–200 �M) of extracellular Cd2� increased outward currents through HERG
channels; 200 �M Cd2� more than doubled HERG currents and altered current kinetics. Cd2� concentrations up to 200 �M
did not change the voltage dependence of channel activation, but shifted the voltage dependence of inactivation to more
depolarized membrane potentials. Cd2� concentrations �500 �M shifted the voltage dependence of channel activation to
more positive potentials. These results are consistent with a somewhat specific ability of Cd2� to destabilize the inactivated
state. We tested the hypothesis that channel inactivation is essential for Cd2�-induced increases in HERG K� currents, using
a double point mutation (G628C/S631C) that diminishes HERG inactivation (Smith, P. L., T. Baukrowitz, and G. Yellen. 1996.
Nature (Lond.). 379:833–836). This inactivation-removed mutant is insensitive to low concentrations of Cd2�. Thus, Cd2� had
two distinct effects on HERG K� channels. Low concentrations of Cd2� caused relatively selective effects on inactivation,
resulting in a reduction of the apparent rectification of the channel and thereby increasing HERG K� currents. Higher Cd2�

concentrations affected activation gating as well, possibly by a surface charge screening mechanism or by association with
a lower affinity site.

INTRODUCTION

The human ether-à-go-go-related gene K� channel (HERG)
is a member of the EAG family of voltage-gated K� chan-
nels (Warmke and Ganetzky, 1994) and has been identified
as the molecular basis for the rapid delayed rectifier K�

current in human heart (IKr) (Sanguinetti et al., 1995).
Mutations in HERG cause one form of the congenital long
QT syndrome (LQT2) (Sanguinetti et al., 1995, 1996), and
pharmacologic block of HERG K� channels in heart can
result in QT prolongation and arrhythmias (acquired LQT)
(Roy et al., 1996; Choy et al., 1997; Rampe et al., 1997).
HERG K� channels display rapid inactivation gating, which
causes an apparent inward rectification of the current-volt-
age relationship (Trudeau et al., 1995; Sanguinetti et al.,
1995; Smith et al., 1996; Spector et al., 1996; Schönherr and
Heinemann, 1996). The unusual kinetics of HERG gating
make separation and description of specific gating proper-
ties difficult. We recently found that extracellular Ca2� can
modulate the voltage dependence of HERG channel activa-
tion independently of inactivation (Johnson et al., 1999).
The ability to separately modify the voltage dependence of
activation with Ca2� adds to the mounting evidence that,
unlike Shaker K� channels, HERG inactivation gating has
intrinsic voltage dependence distinct from that of activation
(Wang et al., 1996; Zou et al., 1998). It was previously
shown that another inorganic divalent cation, Cd2�, modu-
lates cat ventricular IK and rabbit ventricular IKr (Follmer et

al., 1992; Paquette et al., 1998). In both cases the voltage-
dependent activation of the currents is shifted to more
depolarized potentials, while the maximal current level was
paradoxically increased. We therefore studied the response
of cloned HERG channels to extracellular Cd2� in order to
determine whether these channels can be modulated by
Cd2�, and if so, to determine the biophysical nature of the
interaction. The present study illustrates that low concen-
trations of extracellular Cd2� modulated voltage-dependent
HERG inactivation independently of channel activation.
Thus, there appear to be at least two distinct divalent cation
interaction sites on the extracellular face of HERG chan-
nels; one that modulates activation, and another that mod-
ulates inactivation.

MATERIALS AND METHODS

Plasmid cDNA constructs

The HERG cDNA, obtained from Dr. Mark Keating (University of Utah),
was ligated into the pSI mammalian expression plasmid (Promega, Mad-
ison, WI). The CD8 antigen gene in the EBO-pcD Leu-2 vector was kindly
provided by Dr. Richard Horn (Jefferson Medical College). CD8 is a
human T lymphocyte surface antigen and was used to visually identify
transfected cells using CD8 antibody-coated polystyrene microbeads. The
HERG G628C/S631C mutant cDNA was a gift of Dr. Gary Yellen (Har-
vard University).

Cells

Chinese hamster ovary K1 (CHO-K1) cells were obtained from the Amer-
ican Type Culture Collection (Rockville, MD) and maintained in HAMS
F-12 media (GibcoBRL, Grand Island, NY) supplemented with 1 mM
L-glutamine and 10% heat inactivated fetal bovine serum (GibcoBRL) in a
humidified, 5% CO2 incubator at 37°C.
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Transfection

CHO-K1 cells were co-transfected with the HERG and CD8 plasmids in a
ratio of 4:1. Transfection was accomplished using the Lipofectamine
transfection reagents and method (GibcoBRL). Immediately before patch
clamping, cells were labeled with commercially prepared microbeads con-
jugated to CD8 antibodies (DynaBeads from Dynal, Oslo, Norway) to
identify transfected cells. Cells that displayed CD8 on their surface bound
DynaBeads, indicating successful transfection (Jurman et al., 1994).

Solutions

The intracellular recording solution for all experiments was (in mM): 110
KCl, 5 K2ATP, 5 K4BAPTA, 2 MgCl2, 10 HEPES, pH 7.2. The control
extracellular recording solution was (in mM): 145 NaCl, 4 KCl, 1.8 CaCl2,
1 MgCl2, 10 HEPES, 10 glucose, pH 7.35. Cd2� solutions were made by
adding an appropriate amount of 1 M aqueous CdCl2 solution to the control
extracellular solution.

Electrophysiology

HERG channel function was studied with the whole-cell patch clamp
technique (Hamill et al., 1981). Cells were studied 36–60 h after trans-
fection, and all experiments were done at room temperature (23–25°C).
Recordings were made using an Axopatch 200A patch clamp amplifier in
conjunction with a Digidata 1200 interface (Axon Instruments, Foster City,
CA). Patch pipettes were fabricated from Radnotti (Monrovia, CA) 1.2-mm
outside diameter starbore capillary glass using a Flaming/Brown micropi-
pette puller (model P-97, Sutter Instruments Co., Novato, CA). Patch
pipette resistances were 1–2 M�. Cell and pipette capacitances were nulled
and series resistance was compensated �85% before recording. Data were
acquired using pCLAMP programs (version 6.03, Axon Instruments). All
raw current recordings are shown with the bottom of the current scale bar
indicating zero current.

Data analysis

Data were analyzed and plotted using a combination of pCLAMP, Origin
(Microcal Software, Northampton, MA), and SigmaPlot (Jandel Scientific,
San Rafael, CA) software. Half-maximal voltages (V1/2) and slope factors
(kv) of activation and inactivation were determined by fitting the data with
a Boltzmann function of the form Imax/(1 � exp([V � V1/2]/kv), where Imax

is the limiting amplitude. Time constants (�) of inactivation and deactiva-
tion were determined by fitting the data with a single exponential equation:
A � exp(�t/�) � C, where A is an amplitude term, t is time, and C is a
constant.

RESULTS

Fig. 1 shows two families of HERG K� currents from the
same transiently transfected CHO-K1 cell, one in control
solutions and another in 200 �M external Cd2�. Depolar-
izing voltage clamp steps result in currents that appear to
inwardly rectify due to voltage-dependent fast inactivation
(Smith et al., 1996; Spector et al., 1996; Schönherr and
Heinemann, 1996). Repolarization to �50 mV results in the
large tail currents that are characteristic of HERG. These tail
currents are the result of rapid recovery of channels inacti-
vated by the preceding test pulse (rising phase) followed by
a slow return of channels to the rested closed state (falling
phase). Surprisingly, 200 �M Cd2� enhanced HERG out-
ward currents at most tested membrane potentials. This

concentration of Cd2� also significantly decreased the time
constant of current decay at �50 mV from 1.23 � 0.27 s to
0.47 � 0.11 s (paired t-test p � 0.05, n � 4). As mentioned
above, the rate of tail current decay is reflective of the rate
of channel closure related to the activation/deactivation
process, but the complexity of HERG gating introduces the
need for caution in interpreting the meaning of observed
current time dependences. Because we observed an increase
in the rate of decay of the tail currents, we examined the
time course of current onset to determine whether Cd2� was
affecting the activation process.

Fig. 2 B shows the time dependence of HERG current
development at �20 mV in control solutions and in 200 �M
Cd2� measured by an envelope of tail currents. This enve-
lope of tails test provides the best method for separating the
time course of current activation from inactivation (Wang et
al., 1997a). In contrast to the altered rate of tail current
decay, the time course of channel activation at �20 mV was
unchanged by 200 �M Cd2�. These data suggest several
possibilities: 1) Cd2� blocks the channel in a time-depen-
dent fashion at negative but not at positive membrane po-
tentials (this could explain the acceleration of the tail cur-
rent decay, but would not account for increased outward
currents); 2) activation and deactivation are distinct pro-
cesses affected differentially by Cd2�; or 3) Cd2� does not
really affect the activation/deactivation process at all, but
alters the tail current decay by some indirect mechanism.

In order to understand how extracellular Cd2� enhanced
HERG currents we examined the voltage dependence of
channel activation in different concentrations of external
Cd2� using the voltage clamp protocol in Fig. 1. Figs. 3 and
4 show the results of paired experiments where measure-
ments in each Cd2� concentration were normalized to the
control peak tail current value in the same cell (see legends
to Figs. 3 and 4). In Fig. 3 data are presented that demon-
strate that 10 �M extracellular Cd2� significantly enhanced
HERG currents during positive test potentials (paired Stu-
dent’s t-test values �0.05 for voltages between �20 mV
and �60 mV). Increasing the Cd2� concentration to 100 or

FIGURE 1 Cd2� enhances HERG K� currents. HERG currents recorded
from the same cell in the absence (A) or presence (B) of 200 �M Cd2�. The
voltage clamp protocol is shown at the top left. The membrane potential
was held at �80 mV. A test step to potentials between �70 and �70 mV
was then followed by repolarization to �50 mV.
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200 �M caused even greater increases in HERG current. In
200 �M Cd2� HERG K� current at �20 mV was increased
by 2.2 � 0.3-fold compared to control (p � 0.05, n � 6),
and currents at �70 mV were increased 2.8 � 0.4-fold (p �
0.005). Peak tail current amplitudes upon repolarization to
�50 mV were also increased (1.29 � 0.11-fold, p � 0.05).
External Cd2� �200 �M did not change either the slope
factor (kV) or the half-maximal voltage (V1/2) of HERG
activation as determined from the tail current voltage rela-
tionship (Fig. 3, right side). The slope factors of the tail
current-voltage relationship were 9.4 � 0.4 mV in control
solution and 8.8 � 0.5 mV in 200 �M Cd2�. The V1/2 was
�4.9 � 2.9 mV in control solution and �3.6 � 3.8 mV in
200 �M Cd2� (see Fig. 5).

Fig. 4 shows a summary of data in which higher concen-
trations of external Cd2� were applied to HERG-expressing
cells. Increasing the Cd2� concentration from 0.5 to 10 mM
produced concentration-dependent rightward shifts in the
V1/2 of activation (Fig. 4). This increase in the potential
required to open the channels resulted in decreased HERG
currents at some potentials. However, at very positive volt-
ages, where the open probability of the Cd2�-treated cells is
higher, currents in the presence of Cd2� remain larger than
the same cell control currents. Thus, Cd2� had two distinct
effects on HERG currents. At low concentrations (10–200

�M), Cd2� enhanced HERG currents without shifting the
voltage dependence of activation. Higher concentrations of
Cd2� (0.5–10 mM) shifted the voltage dependence of chan-
nel activation to more depolarized potentials.

Fig. 5 illustrates the Cd2� concentration dependence of
the shift of HERG voltage dependence of activation. The
difference between the half-maximal voltage of current ac-
tivation in control and Cd2� solutions was determined by
paired tail current measurements in the same cells (see
legend). Cd2� concentrations of from 10 to 200 �M had no
significant impact on the V1/2 of activation (p � 0.05).
However, raising Cd2� to 0.5 mM shifts the V1/2 of activa-
tion �14.4 � 3.1 mV (p � 0.05), and further increases of
the Cd2� concentration lead to still larger shifts in the
voltage dependence of activation. This indicates that 200
�M approaches a threshold concentration beyond which
Cd2� affected HERG activation gating.

FIGURE 2 The rate of HERG activation is not affected by 200 �M
Cd2�. An envelope of tails protocol illustrated at the top of (A) was used
to determine the rate of activation. Cells were held at �80 mV before a step
of variable duration to �20 mV. The membrane potential was then stepped
to �120 mV and the peak inward current was measured. A typical
recording in control conditions is shown at the bottom of (A). Peak current
measurements were normalized by dividing all currents by the current after
a 5-s prepulse and then averaged. These averaged current values were then
plotted against the duration of the prepulse to �20 mV (B). The values in
(B) are averages of paired measurements from four cells. Error bars
represent standard error of the mean. The smooth curve in (B) is a
two-exponential fit [y � A1 � exp(�t/�1) � A2 � exp(�t/�2) � C] to the
control data.

FIGURE 3 Voltage dependence of activation in low extracellular Cd2�.
Current-voltage relationships were generated with the voltage clamp pro-
tocol in Fig. 1. The protocol is shown at the top left of this figure, and the
symbols above it indicate the times at which the current was measured for
the curves below. Circles (left side) indicate the current measurement was
made at the end of the step to the test potential. Squares (right side) indicate
the peak tail current after repolarization to �50 mV. Filled symbols
indicate control extracellular solution. Open symbols indicate Cd2� solu-
tion. The Cd2� concentrations labeled on the left apply also the tail current
measurements on the right. In each case the average values shown come
from paired measurements in several cells (n � 3 in 10 �M; n � 5 in 100
�M; n � 6 in 200 �M). Current in each cell was normalized to the
maximal tail current in control conditions before averaging. Error bars
indicate standard error of the mean and are shown for each point.
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The shift in the voltage dependence of activation caused
by high concentrations of Cd2� could be due to nonspecific
screening of membrane surface charges or to Cd2� binding
to the channel at a relatively low-affinity site. Enhancement
of HERG currents by low Cd2� concentrations cannot be
explained by nonspecific changes in the membrane electri-
cal field through charge screening, since this would cause
the voltage dependence of activation to be shifted to more
depolarized potentials and thus would reduce, not increase,
K� currents. Figs. 3 and 5 show that 200 �M Cd2� is the
highest tested Cd2� concentration that did not shift the
voltage dependence of channel activation; therefore, we
further explored the mechanism of Cd2� potentiation at this
concentration. A simple mechanism by which Cd2� could
increase HERG currents is to decrease the probability that
the channels inactivate. To test whether Cd2� changed the
rate of HERG inactivation, we used a three-step voltage-
clamp protocol (Smith et al., 1996; Spector et al., 1996;
Wang et al., 1996). Channels were activated and inactivated
by a prepulse to �70 mV, allowed to rapidly recover at
�100 mV, and then the rate of channel inactivation was
observed during the third step to the test potential. A mono-
exponential fit of the inactivating K� currents was used to
estimate a time constant for inactivation (see Methods). The

time constants derived from paired experiments in zero and
200 �M Cd2� are plotted versus the test potential in Fig. 6
B and show that Cd2� significantly increased the time
constants of channel inactivation in the same range of
membrane potentials where the currents are increased (Fig. 3).

Fig. 7 B shows the effect of 200 mM Cd2� on the voltage
dependence of channel open-inactivated distribution (“inac-
tivation availability”). Another three-pulse voltage clamp
protocol was used to make these measurements (see legend)
(Smith et al., 1996; Spector et al., 1996). The dynamic
nature of HERG currents precludes direct measurements of
“steady state” inactivation, but the data shown approximate
a voltage dependence of the distribution of channels be-
tween open and inactivated states. A 3-s step to �70 mV
fully activates and inactivates the channels. The second step
to the test potential then allows some fraction of the chan-
nels to recover from inactivation. The instantaneous current
after the third step to �30 mV allows measurement of the
fraction of channels that have recovered from inactivation
during the preceding test step. Currents were normalized to
the maximum current value for each cell to allow averaging
between cells (paired measurements, nine cells). Cd2� (200
mM) shifted the voltage dependence of channel availability
(determined by a Boltzmann fit) by �21 � 5 mV. The
half-maximal voltage of availability (V1/2) was �90.6 � 2.6
mV in control solution and �69.2 � 5.4 mV in 200 �M
Cd2�. This indicates that at any given membrane potential,
channels were less likely to be inactivated when 200 �M
Cd2� was present in the external solution. The slope factors
of the availability relationships were unchanged (control �
�29.0 � 1.3 mV, 200 �M Cd2� � �31.4 � 1.8 mV;
p � 0.2).

If the observed increases in HERG K� current caused by
Cd2� result from relief of channel inactivation, then what

FIGURE 4 Voltage dependence of activation in high extracellular Cd2�.
Current-voltage relationships created as in Fig. 3 (see legend), except with
higher concentrations of extracellular Cd2� (n � 4 in 0.5 mM; n � 4 in 1
mM; n � 2 in 10 mM).

FIGURE 5 The data used to generate the peak tail current-voltage rela-
tionships on the right of Figs. 3 and 4 were used to determine the change
in the V1/2 of activation in different concentrations of Cd2�. A Boltzmann
equation (see Methods) was fit to the peak tail current-voltage relationship
in control and Cd2�-containing solutions. The V1/2 determined in this
manner for control solution was then subtracted from the V1/2 measured in
Cd2� solution (V1/2 in Cd2� � V1/2 in control). The difference between the
V1/2 values was plotted versus the Cd2� concentration. The smooth curve
was generated using a logistic equation with an IC50 of 1.25 mM. Error
bars indicate the standard error of the mean.
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happens in channels that do not inactivate? To explore this
question, we examined HERG channels containing the dou-
ble point mutation G628C/S631C. These mutations are in
the predicted outer pore of HERG and result in channels
with severely impaired inactivation (Smith et al., 1996). Fig.
8, top left shows that, unlike wild-type HERG (see Fig. 1),
these mutant channels give rise to currents without visible
inactivation. Note that in these records the mutant lacked the
large tail currents caused by recovery from inactivation in
wild-type HERG records. Fig. 8, top right and bottom show
that 200 mM Cd2� did not cause large increases in the
mutant channel currents (8 � 7% increase at �20 mV, p �
0.35; compared to 123 � 27% in wild-type HERG, see Fig.
3). In addition, Cd2� no longer significantly increased the
decay of the tail currents upon repolarization (30 � 5 ms at
�100 mV in control and 21 � 3 ms in 200 �M Cd2�, p �
0.05) in the G628/S631C mutant channel. These data indi-
cate that the change in the rate of tail current decay seen in
wild-type channels most likely did not result from time- and
voltage-dependent block of the channel. The ability of Cd2�

to increase HERG K� current appeared critically dependent

upon channel inactivation, and both the increase in current
and the accelerated rate of current decay were lost when
inactivation was removed. A slight Cd2�-induced increase
may be noted in the mutant channel currents (Fig. 8). The
most likely explanation for this minor effect is that the
mutant channel is not absolutely inactivation-free. This
would not be surprising, because many mutations in inac-
tivating K� channels can disrupt the inactivation process
without completely destroying it (Hoshi et al., 1991; Zou et
al., 1998). If the channel retains a small amount of fast
inactivation, and the remaining inactivation is still fast rel-
ative to channel activation, the current amplitude would be
slightly decreased without visible inactivation. Cd2� relief
of the residual inactivation would result in a slight current
increase.

DISCUSSION

Divalent cations are well known to associate with nonspe-
cific negative charges on the cell surface and change the
membrane potential perceived by integral membrane pro-
teins such as K� channels (Frankenhaeuser and Hodgkin,
1957; Hammerland et al., 1994; Elinder et al., 1996). Nev-
ertheless, the effects of Cd2� on the rapid delayed rectifying
K� current of cardiac myocytes (IKr) cannot be explained by

FIGURE 6 Voltage dependence of the rate of inactivation. The voltage
clamp protocol at the top of (A) was used to measure the voltage depen-
dence. The membrane potential was held at �80 mV before stepping to
�60 mV for 2 s to activate the channels. A 12.5-ms step to �100 mV then
allows recovery from inactivation before stepping to the test potential
between �100 mV and �60 mV. Representative current traces in control
conditions are shown at the bottom of (A). Note that the time scale bar in
(A) applies only to the portion of the record after the break. (B) A
monoexponential equation (see Methods) was used to fit the current
inactivation, and the resulting time constants were plotted versus the test
membrane potential. The points in (B) are averages from eight paired cells
with error bars representing the standard error of the mean shown for each
point. A paired Student’s t-test was use to compare differences between
means. Significant differences from control are marked along the abscissa
(� � p � 0.05; � � p � 0.001).

FIGURE 7 Apparent voltage dependence of channel availability. The
voltage clamp protocol is shown at the top of (A). A typical family of
currents in control conditions is shown at the bottom of (A). The membrane
potential was held at �80 mV before a 3-s step to �90 mV to fully activate
the channels. A 12.5-ms test step to potentials between �60 mV and �110
mV was then followed by a step to �30 mV. The peak current observed
immediately after stepping to �30 mV was then plotted versus the test
potential below in (B). Control conditions are indicated by the filled circles.
Open circles indicate 200 �M Cd2�. The curves obtained in this way from
nine paired cells were normalized to the peak value (�110 mV for control,
�100 mV for Cd2�) before averaging. Error bars indicate the standard
error of the mean. The dashed line represents the control curve shifted by
�20 mV.
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either block or simple shifts alone. In cat and rabbit cardiac
myocytes, Cd2� shifts the voltage dependence of activation
of IKr to more depolarized potentials. Nonetheless, Cd2�

increased the current evoked at very positive potentials
(Follmer et al., 1992; Paquette et al., 1998). A shift in the
voltage dependence of activation to more depolarized po-
tentials results in fewer open channels and therefore cannot
explain the increase in K� current caused by Cd2�. Both
Follmer and colleagues (1992) and Paquette et al. (1998)
postulated that the increase in IKr caused by Cd2� might be
explained by inhibition of IKr rectification.

For any K� channel, the magnitude of the macroscopic
ionic current is determined by the electrochemical driving
force for K�, the number of channels, the single channel
conductance, and the open probability of the channel. Open
probability is determined by the competing activation and
inactivation processes. In HERG channels both processes
are voltage-dependent (Wang et al., 1996; Zou et al., 1998;
Johnson et al., 1999). Fig. 3 shows that low concentrations
of extracellular Cd2� have a unique effect on HERG K�

currents. Unlike IKr in cat and rabbit heart, HERG currents
show no shift in the voltage dependence of activation until
Cd2� concentrations above 200 �M are used, but current is
still enhanced. The Cd2�-induced increase is most apparent
at positive membrane potentials, where inactivation be-
comes a primary determinant of channel open probability.
This observation can be explained if the equilibrium be-
tween the open and inactivated states has been shifted to

favor the open state. Therefore, current enhancement is
greatest at membrane potentials where inactivation is most
prominent. If the mechanism of Cd2� interaction with the
channel was generalized charge screening, other divalent
cations would have a similar ability to cause this increase in
K� current (Gilly and Armstrong, 1982). In fact, other
divalent cations, such as Ca2� (Ho et al., 1998; Johnson et
al., 1999), Mg2� (Po et al., 1999), Ba2� and Zn2� (Ho et al.,
1999) decrease, not enhance, HERG currents, further
strengthening the idea that the Cd2� effect is unique and
specific. In addition to the increase in K� currents, we
observed that tail current decay upon repolarization was
accelerated by 200 �M Cd2� (Fig. 1). This occurs despite
the fact that neither the voltage dependence nor the time
dependence of activation is affected by 200 �M Cd2� (Figs.
2, 3, and 5). This apparent paradox can be explained using
the simple model shown below.

Closedª Openª Inactivated

(Scheme 1)

The linear model above requires that inactivated channels
must first return to the open state before deactivating to the
closed state. Though clearly an oversimplification of real
channel behavior, this model captures the essential features
required for discussion. How can changes in inactivation
affect the apparent rate of deactivation (tail current decay)?
Cd2� destabilization of the inactivated state results in fewer
inactivated channels. If a larger proportion of the channels
is immediately available to deactivate from the open to the
closed state (because they need not first return to the open
state from the inactivated state, or because they do so more
rapidly), the rate of current decay upon repolarization will
be increased. This tail current acceleration is analogous to
the “tail current cross-over” phenomenon previously seen in
other K� channels where application of open channel block-
ers or inactivation peptides cause slowing of tail current
decay (Armstrong, 1971; Zagotta et al., 1990). In Scheme 1
the inactivated state corresponds to the blocked state of such
a model. For example, an open channel blocker slows the
tail current decay kinetics because the channel tends to first
unblock to the open state before returning to the closed
state. Cd2�-induced relief of HERG inactivation is analo-
gous to reducing block, and thus the tail current decay
becomes faster despite the fact that the actual reaction rate
constants of the deactivation process remain unchanged.

We have used simple mathematical models that recapit-
ulate the key features of HERG gating to show that altering
the rate constants for inactivation can cause increased cur-
rent and accelerated tail current decay upon repolarization,
similar to the actual results of exposing HERG to Cd2�.
Two simple models were tested: a three-state model, as
represented by Scheme 1 (model data not shown), and a
five-state model (Fig. 9) represented in Scheme 2.

Closedª Closedª Closedª Openª Inactivated

(Scheme 2)

FIGURE 8 A mutant HERG channel with impaired inactivation does not
respond normally to Cd2�. Paired current recordings measured from the
same cell in control (top left) and 200 �M Cd2� (top right) solutions. The
voltage clamp protocol is shown at the top right. The membrane potential
was held at �80 mV before stepping to a test potential between �70 and
�50 mV for 1 s. At the end of the test step the potential was stepped to
�100 mV. The voltage dependence of channel activation was observed by
measuring the current level at the end of the test step and plotting these
values versus the test membrane potential (bottom). Three cells were
tested, each in both conditions. Currents from each cell were normalized to
the current level at �50 mV in control solution for that cell. Filled circles
indicate control solutions, and open circles indicate 200 �M Cd2�. Error
bars indicate the standard error of the mean.
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The model represented in Fig. 9 was previously published
(Johnson et al., 1999) and represents a slight modification of
that originally published by Wang et al. (1997a). Fig. 9
shows that a simple shift on the voltage dependence of the
rate constants between the open and inactivated states (with
no change of the rates between closed states or between
closed and open states) reproduces the primary changes
seen in upon addition of Cd2� to HERG. Simulated outward
currents become larger, the rate of tail current decay is
accelerated (Fig. 9, A and B), and the inactivation availabil-
ity curve is shifted to more positive potentials (Fig. 9 D).
The half-maximal voltage of activation in the simulated
voltage-dependent activation curve is unaffected, but max-
imal tail current amplitudes increased (Fig. 9 C). Indepen-
dent of the models, the hypothesis that the increased rate of
HERG tail current decay after repolarization is a result of
inhibition of inactivation is also supported by the fact that

Cd2� does not speed tail current decay upon repolarization
in the inactivation-impaired channel (G628C/S631C).

Higher concentrations of Cd2� (0.5–10 mM) shift the
voltage dependence of activation (Figs. 4 and 5), but inhi-
bition of inactivation is still present at these levels of ex-
tracellular Cd2� because sufficiently strong depolarizations
continue to induce currents that are larger than those in
control solution (Fig. 4). The shift of the activation voltage
dependence by high concentrations of Cd2� could be a
result of the divalent cation screening diffuse negative
charges on the membrane surface, or could be mediated by
a second, lower-affinity, Cd2� site.

HERG K� currents are sensitive to the concentration of
extracellular K�. Increasing extracellular K� increases out-
ward currents (opposite the prediction of the Nernst equa-
tion) and slows channel inactivation (Sanguinetti et al.,
1995; Wang et al., 1997b; Yang et al., 1997). This leads to
the question of whether Cd2� might interact at the same site
as K� to facilitate current increase. However, in many
respects, the effects of these two ions on HERG currents are
quite different. Though elevated extracellular K� clearly
slows the rate of HERG inactivation, Wang et al. (1997b)
showed that the reduction in channel inactivation induced
by extracellular K� did not account for the current increase
seen. Furthermore, elevating K� does not accelerate the rate
of HERG current tail current decay (Sanguinetti et al., 1995;
Wang et al., 1997a, b) in contrast to Cd2�. This implies that
the action of K� is complex, possibly involving multiple
mechanisms. Unlike K�, all of the effects of low concen-
trations of Cd2� can be explained by simple inhibition of
channel inactivation. The differences in the effects of K�

and Cd2� make it unlikely that these ions interact with an
identical and unique site on the channel.

CONCLUSIONS

We conclude that low concentrations of extracellular Cd2�

reduce the probability that HERG K� channels reside in
inactivated states, thereby leading to more open channels
and increased K� currents. Higher concentrations of Cd2�

cause depolarizing shifts of the voltage dependence of chan-
nel activation. The ability to modulate HERG inactivation
by an extracellular ligand suggests a novel approach for
enhancement of cardiac K� currents. It is conceivable that
drugs targeting this site could be useful in treating condi-
tions where underexpression or block of this current (e.g.,
the congenital or acquired long QT syndrome) lead to
arrhythmias.
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FIGURE 9 Simulation of Cd2� action on HERG potassium channels
using the five-state model (C 7 C 7 C 7 O 7 I) described in Johnson
et al. (1999), where C indicates a closed state, O the open state, and I the
inactivated state. The model parameters for the simulated control currents
were the same as previously described (Johnson et al., 1999). The effect of
200 �M Cd2� was simulated by imposing a �30 mV shift solely on the
voltage dependence of the rate constants that govern the transition between
open (O) and inactivated (I). The experimental protocols simulated are
analogous to data in Figs. 1, 3, and 7. (A) Simulated K� currents during
voltage clamp steps to various membrane potentials (voltage protocol
shown in inset) followed by step to �50 mV to measure decaying tail
currents. (B) Same protocol as in (A) except the voltage dependence of the
inactivation rate constants (O to I) was shifted to simulate the presence of
Cd2�. Note the increase in outward K� current and the increased rate of tail
current decay. (C) Tail current amplitude plotted as a function of prepulse
potential (compare to Fig. 3, bottom right). The filled symbols represent the
control condition and the open symbols indicate the voltage-shifted rate
constants that occur with 200 �M Cd2�. The maximum current was
increased, but no shift in the voltage dependence of these tail currents was
observed, similar to the experimental data. (D) The pulse protocol was
identical to that in Fig. 7. A prepulse to �70 mV was simulated for 3 s
followed by a 12.5-ms step to various potentials (compare to Fig. 7)
followed by a step to �30 mV. The peak K� current during the third step
is plotted as a function of potential during the 12.5-ms step. The effect of
Cd2� was simulated as in the other panels and is reflected by a �20 mV
shift in this relationship, similar to the experimental observation.
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