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Abstract
Reactive species oxidatively modify numerous proteins including ion channels. Oxidative
sensitivity of ion channels is often conferred by amino acids containing sulfur atoms, such as
cysteine and methionine. Functional consequences of oxidative modification of methionine in
hERG1 (human ether à go-go related gene 1), which encodes cardiac IKr channels, are unknown.
Here we used chloramine-T (ChT), which preferentially oxidizes methionine, to examine the
functional consequences of methionine oxidation of hERG channels stably expressed in a human
embryonic kidney cell line (HEK 293) and native hERG channels in a human neuroblastoma cell
line (SH-SY5Y). ChT (300 µM) significantly decreased whole-cell hERG current in both HEK
293 and SH-SY5Y cells. In HEK 293 cells, the effects of ChT on hERG current were time- and
concentration-dependent, and were markedly attenuated in the presence of enzyme methionine
sulfoxide reductase A that specifically repairs oxidized methionine. After treatment with ChT, the
channel deactivation upon repolarization to −60 or −100 mV was significantly accelerated. The
effect of ChT on channel activation kinetics was voltage-dependent; activation slowed during
depolarization to +30 mV but accelerated during depolarization to 0 or −10 mV. In contrast, the
reversal potential, inactivation kinetics, and voltage-dependence of steady-state inactivation
remained unaltered. Our results demonstrate that the redox status of methionine is an important
modulator of hERG channel.
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1. Introduction
Human ether à go-go related gene (hERG) K+ channels mediate the rapidly activating IKr
current in cardiac myocytes and play a pivotal role in the termination of the cardiac action
potential [1–4]. Defects in the hERG1 gene or pharmacological interventions that alter the
hERG1 channel properties can give rise to inherited (long QT-syndrome 2) or acquired
cardiac arrhythmias, respectively [3,5–7]. In addition to their importance in the heart, hERG
channels are also important for neuronal function; the variants hERG2 and hERG3 in
particular are expressed in neuronal tissue where they may take part in regulation of cellular
excitability [8]. Both in a cardiac and a neuronal environment, hERG channels are exposed
to a variety of reactive species (RS), such as reactive oxygen and nitrogen species, which are
generated continuously as an inevitable consequence of normal aerobic cellular metabolism.
In addition, some pathophysiological conditions may dramatically increase the exposure of
the channels to RS. For example, reperfusion following ischemia in cardiac or cerebral
tissues creates a burst of excess RS, which can adversely affect a variety of cell functions,
including electrical excitability. Indeed, cardiac arrhythmia is a common complication of
ischemia-reperfusion injury that creates excess RS [9–11].

RS readily modify cysteine residues in ion channel proteins, causing marked functional
changes. For example, N-type “ball and chain” inactivation of selected mammalian K+

channels is altered by oxidation of conserved cysteine residues in the ball domain [12]. In
addition, auxiliary β-subunits of voltage-dependent K+ channels also contain such RS-
sensitive cysteine residues, resulting in redox-dependent inactivation of the α-β-subunit
channel complexes [13]. Similarly, functional properties of hERG1 channels also have been
suggested to be altered by RS [14–17], potentially in a cysteine- [15] or a histidine-
dependent manner [17].

Cysteine is very susceptible to RS-mediated modification, but all other amino acids can be
oxidized. Also readily oxidized is methionine (Met); addition of an oxygen atom to the
sulfur moiety results in methionine sulfoxide (MetO) that exhibits physicochemical
properties dramatically different from those of Met [18]. Protein oxidation at Met residues
often results in loss of function [19]. Met oxidation is also relevant for the regulation of
cellular excitability as suggested by previous studies on ion channel function. For example,
oxidation of a critical Met residue in the N-terminal inactivation domain of the Drosophila
ShC/B K+ channel disrupts its fast inactivation [20]. Oxidation of a single Met residue in the
S6 segment near the channel pore also alters a distinct inactivation process, P/C-type
inactivation, in ShB channels [21]. Another K+ channel robustly regulated by Met oxidation
is the large-conductance Ca2+-activated K+ channel, in which oxidation of specific Met
residues in the cytosolic C-terminal domain dramatically increases the channel activity [22,
23].

Unlike oxidation of other amino acid residues, oxidation of Met to MetO is reversed by the
action of the enzyme methionine sulfoxide reductase (MSR) [24]. Because MetO occurs in
two epimeric configurations (Met-S-O and Met-R-O), two specific MSR enzymes for their
reduction exist: MSRA and MSRB, respectively [24]. These enzymes are physiologically
coupled to the thioredoxin/thioredoxin reductase system (19) but in vitro the enzymes
exhibit robust catalytic activity in the presence of dithiothreitol (DTT) [25]. Both types of
MSRs are strongly expressed in kidney and liver, but there is also considerable expression in
the cardiovascular system and the brain where MSRA may play a role in age-associated
functional changes [26].

Despite the increasing evidence that oxidation of Met and its repair by MSRs modulate ion
channel function and cellular electrical excitability, whether oxidation of Met has any
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functional consequence in hERG1 channels with fast P/C-type inactivation [27, 28] is not
known. Thus we investigated if these K+ channels undergo functional changes in response to
treatments that promote Met oxidation. We used chloramine-T (ChT) as a Met-preferring
oxidant [20–24] and studied its effect on recombinant hERG1 channels expressed in
mammalian cells with and without recombinant bovine MSRA in the cytosolic solution. We
report here that Met oxidation potently inhibits hERG1 channels and that exogenous MSRA
protects the channels against the oxidative damage.

2. Materials and Methods
2.1. Culture of HEK 293 Cells

The HEK 293 cells stably transfected with wild-type (WT) hERG1 cDNA (U04270) [29],
have been described previously [30]. Cells were maintained at 37°C in Minimal Eagle
Medium (MEM) supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, 2
mM Lglutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 0.2 mg/ml
geneticin (Invitrogen, Carlsbad, CA, USA) and passaged weekly to avoid >80% confluence.
For electrophysiological recordings, the cells were harvested from the culture dish by
trypsinization, washed twice with standard MEM, and maintained in culture medium at
room temperature for use on the same day [31].

2.2. Culture of SH-SY5Y cells
The human neuroblastoma cell line SH-SY5Y was obtained from the German Collection of
Microorganisms and Cell Cultures (DMSZ, Braunschweig, Germany). SH-SY5Y cells were
maintained in 250-ml culture flaks (Greiner, Frickenhausen, Germany) in Dulbecco’s
modified Eagle’s medium (GIBCOBRL, Karlsruhe, Germany) containing 10% fetal calf
serum at 37°C in a humidified atmosphere with 5% CO2. Cells were passaged every 4–5
days. For electrophysiological recordings, the cells were harvested as described for HEK
293 cells.

2.3. Electrophysiology
hERG currents in HEK 293 cells were recorded at 37°C using the whole-cell patch-clamp
technique (Axopatch 200A, MDC, Sunnyvale, CA, USA). Cells were voltage-clamped with
pipettes fabricated from borosilicate glass capillaries (initial resistances of 1.5–2.7 MΩ).
Series resistance compensation (75–80%) was used in all experiments. Currents were
filtered at 2–5 kHz and digitized at 5–10 kHz. PCLAMP 8 software (MDC) was used to
generate voltage-clamp protocols and to acquire data as described previously [31]. Giga seal
was well maintained in our experiments with HEK 293 cells and leak current was small and
stable. Therefore, no leak subtraction was performed. HEK 293 Cells with unstable seal or
holding current were excluded. hERG current in SH-SY5Y cells was activated at 22°C with
a 1-sec pulse to +50 mV at an interval of 10 sec. Since SH-SY5Y cells express various types
of ion channels, the tail current at −120 mV was used to characterize the endogenous hERG
current. For data obtained from SH-SY5Y cells (Fig. 2) a p/n leak correction procedure was
applied

2.4. Solutions and Drugs
HEK 293 cells were superfused with a HEPES-buffered Tyrode solution containing (in
mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 5 glucose, 20 HEPES (pH = 7.4, adjusted with
NaOH). The pipette solution for HEK 293 cells contained (in mM): 125 K aspartate, 20
KCl, 10 EGTA, 1 MgCl2, 5 MgATP, 5 HEPES (pH = 7.3, adjusted with KOH). For SH-
SY5Y cells, the external solution contained (in mM): 110 NaCl, 40 KCl, 2 MgCl2, 2 CaCl2,
10 HEPES, pH 7.4 and the internal solution contained (in mM): 130 KCl, 2.56 MgCl2, 10
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EGTA, 10 HEPES, pH 7.4. ChT (Sigma, St. Louis, MO. USA) was prepared fresh before
each experiment and used within 5 hours. Cells were treated with ChT using two perfusion
protocols: long perfusion procedure in which bath chamber was continuously perfused with
ChT-containing solution for 4 to 5 min (Fig. 1) and short perfusion procedure in which the
bath chamber was perfused for 1 min with ChT-solution followed by a wash-out period of 3
to 4 min (Figs. 3–8). In some experiments, the wash-out period lasted for more than 10 min.
Recombinant bovine MSRA (bMSRA) was purified from E. coli as described previously
[20, 22].

2.5. Data analysis
Data were digitized online with a DigiData 1200 interface (MDC) and stored for later
analysis. The digitized data were analyzed with pCLAMP8 and ORIGIN software
(OriginLab, Northampton, MA, USA). Results are expressed as mean ± S.E.M. Paired or
unpaired Student’s t-test was used as appropriate to evaluate the statistical significance of
differences between two group means, and ANOVA followed by Dunnett’s post-hoc test
was used for multiple groups. Differences were considered statistically significant at P <
0.05.

3. Results
3.1. Effects of ChT on hERG K+ current

Depolarization to 0 mV from the holding potential of −80 mV activated hERG K+ current
and repolarization to −50 mV elicited a slowly-decaying outward tail current in HEK 293
cells. Application of the oxidant ChT to the extracellular medium progressively decreased
the amplitudes of tail current at −50 mV (Fig. 1). With 300 µM ChT, a near complete
inhibition was obtained within 3 to 4 min perfusion and with 100 µM ChT, the currents
decreased more slowly. These results demonstrate the effect of ChT on hERG current is
time- and concentration-dependent. Extended treatment with ChT (long perfusion procedure,
see Materials and Methods) essentially rendered the channel non-functional as evidenced by
a near complete inhibition of hERG current in HEK 293 cells. ChT at 300 µM also showed
similar inhibitory effect on native hERG current in SH-SY5Y neuroblastoma cells (Fig. 2).

ChT at concentrations of ≤10 mM preferentially oxidizes Met to MetO in various proteins
and MSRA can at least partially repair MetO to Met in the presence of DTT [23,24]. If the
inhibition of hERG current (Figs. 1, 2) involves Met oxidation, MSRA may antagonize the
inhibitory effect of ChT. This prediction was tested by including purified recombinant
bMSRA in the recording pipette. In this subset of experiments, hERG currents in HEK 293
cells were recorded using the same voltage protocol as described in Fig. 1, but ChT was
applied to the cells using the short perfusion procedure (1 min wash-in followed by 3 to 4
min wash-out, see Materials and Methods). The catalytic cycle involving MSRA requires an
electron source such as the reducing agent DTT. The presence of DTT (4 mM) in the
recording pipette had no effect on the control hERG current (data not shown) and did not
interfere with the strong inhibitory effect of ChT (300 µM) (Fig. 3A, B, D). However, when
bMSRA (15 µg/ml) was present in the pipette solution in addition to DTT, the decline of
hERG current by ChT was significantly slower and the extent of inhibition by the oxidant
was considerably smaller (Fig. 3C, D). The observation that MSRA antagonized the
inhibitory effect of ChT suggests that Met oxidation is at least partially responsible for the
hERG current inhibition.

3.2. Effect of ChT on hERG channel activation
The activation time course of hERG current was examined by using an envelope of tails
protocol [31], and was well described by a single exponential function both before and after
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treatment (short perfusion procedure) with ChT (Fig. 4). ChT application slightly increased
the activation time constant (τ) of hERG current at +30 mV (17.0 ± 1.1 vs 20.1 ± 0.8 ms, n =
7, P = 0.014) (Fig. 4A, B). In contrast, the time constant of hERG current activation at 0 mV
was decreased significantly by ChT treatment (τ = 46.2 ± 9.6 vs 83.4 ± 11.6 ms, n =6, P <
0.05) (Fig.4C, D). The time constant of hERG current activation at −10 mV was also
decreased by ChT (112 ± 14 vs 196 ± 34 ms, n = 5, P < 0.05) (traces not shown). These
results indicate that the effect of Met oxidation (induced by ChT) on hERG current
activation kinetics is voltage-dependent, with activation slowed at high voltages such as +30
mV and accelerated at low voltages such as 0 or −10 mV.

To examine the effect of Met oxidation on the voltage dependence of hERG current
activation, we determined the mid-point activation voltage (V1/2) and slope factor by fitting
the current-voltage results obtained from tail currents at −60 mV with a Boltzmann function
(Fig. 5). In this set of experiment designed to obtain the steady-state activation curve, the
repolarization pulse (−60 mV) was proceded by a 3-sec depolarizing step (−60 to +40 mV,
in 10-mV increments, Fig. 5B). Representative recordings obtained before (control) and
after treatment with ChT (short perfusion procedure) are shown in Fig. 5A and B,
respectively. Both activation (from −30 to +40 mV) and tail currents are dramatically
decreased by ChT (Fig. 5C, D). The slope factor was increased by ChT (5.5 ± 0.8 vs 6.2 ±
0.3 mV, n = 9, P = 0.005) but the V1/2 (−28.7 ± 1.0 vs −29.8 ± 0.8 mV, n = 9) was not
altered (P > 0.05) (Fig. 5D).

3.3. Effect of ChT on voltage dependence and kinetics of hERG channel inactivation
A three-pulse protocol (Fig. 6A) was used to assess the time course of the inactivation of
hERG channel [30,31]. Following a 500-ms pulse to +60 mV to allow the channels to fully
activate and inactivate, a 2-ms pulse was applied to −100 mV to remove inactivation. Test
pulses to potentials ranging from −20 to +60 mV were then applied to induce channel
inactivation. The inactivating currents were fitted by a single exponential function, and such
analyses showed that the inactivation time constants were not significantly changed by ChT
over the range of −20 to +60 mV (Fig. 6B; n = 5, P > 0.05).

ChT also failed to alter the voltage dependence of steady-state inactivation of hERG
channels (Fig. 6C, D). After a 1-sec pulse to +20 mV, the membrane potential was clamped
to various test voltages for 20 ms to allow inactivation to relax to a steady state. The 20-ms
test pulse was followed by a return step to +20 mV. At negative test potentials, the current
declined because channel closing occurred through deactivation. Thus, peak current
amplitudes at the return step (+20 mV) were corrected for channel closing by applying a
correction factor, which was the ratio of the peak tail amplitude of the test pulse (indicated
by “a” in the control of panel C) over the current amplitude at the end of the test pulse
(indicated by “b” in the control of panel C). The correction factor was calculated for each
test pulse at negative potentials where the current declined because of channel closure. The
corrected current at the return step (+20 mV) was plotted as a function of voltage of the 20-
ms test pulses to obtain the steady-state inactivation curve [27,31,32]. Peak current
amplitudes at the return step to +20 mV were prominently decreased by ChT (300 µM),
consistent with the results presented thus far. The voltage dependence of inactivation was
quantified by using a Boltzmann function (Fig. 6D). The V1/2 values before and after ChT
treatment were −78.1 ± 5.1 and −84.1 ± 5.3 mV, respectively, and the difference was not
significant (n = 6, P = 0.345). The slope factor value did not change either (29 ± 2.0 vs 30.0
± 2.2 mV, n = 6, P = 0.916).
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3.4. Effect of ChT on deactivation kinetics of hERG channels
Treatment with ChT (short perfusion procedure) accelerated the overall time course of the
tail current recorded at −60 mV (Fig. 7A, B). Double exponential fits of the tail currents
revealed that the acceleration was associated with an increase in the fractional amplitude
(Fig. 7C) and a decrease in the time constant (Fig. 7D) of the fast component. The time
constant of the slow component remained unaltered by ChT (Fig. 7D) although the
fractional amplitude of the slow component was decreased (Fig. 7C). Time course of the tail
currents at −100 mV was also accelerated, with both slow and fast time constant decreased
significantly (slow τ: 20.8 ± 2.5 vs 29.9 ± 1.8 ms, P < 0.01; fast τ: 4.1 ± 0.3 vs 7.1 ± 0.4 ms,
P < 0.01)

3.5. Effect of ChT on hERG channel ion selectivity
To examine if ChT affected ion selectivity of the hERG channel, we measured the reversal
potential of hERG current before and after exposure to ChT (300 µM) for 1 min in our
standard recording solutions (containing primarily Na+ and K+). Both the hERG activation
and tail currents were suppressed by ChT (Fig. 8) but the reversal potential was not
significantly changed. The average reversal potentials measured before and after exposure to
ChT were −81.4 ± 1.1 mV and −80.9 ± 0.4 mV (P > 0.05, n = 6), respectively. Treatment
with ChT thus preferentially altered selected gating properties of hERG channels without
affecting the selectivity between K+ and Na+.

4. Discussion
This study demonstrates that application of the oxidant ChT, which preferentially oxidizes
Met in many systems, leads to dramatic functional alterations in hERG channels expressed
in mammalian cells at a physiological temperature. The eventual and most prominent effect
caused by extended treatment of hERG channels with ChT is a near total inhibition of the
current. In addition, before the channels are completely inhibited by ChT, selected gating
properties also undergo noticeable changes such as overall acceleration of tail currents. The
ChT-mediated inhibition of hERG current was significantly attenuated by MSRA, an
enzyme that specifically repairs oxidized Met residues [20,24]. The incomplete protection
by MSRA (Fig. 3) against ChT-mediated inhibition of hERG current is observed probably
because MetO occurs in two epimeric configurations (Met-S-O and Met-R-O) and MSRA
only reduces Met-S-O to Met [24]. These results indicate that ChT alters hERG channel by
oxidizing the Met residues and not by acting as a simple pore blocker. Cytoplasmic Met
residues are likely important in mediating the inhibitory effect of ChT because the presence
of MSRA in the cytoplasmic side antagonizes the inhibitory effect. Multiple Met residues
are probably oxidized by ChT to induce the two distinct components of the functional
changes observed: the gating changes and the removal from the active pool available to
open. ChT is an oxidizing agent that preferentially oxidizes methionine to methionine
sulfoxide (MetO) but it can also oxidize cysteine. Selective oxidation of methionine to MetO
by ChT (< 10 mM) has been demonstrated in different proteins [33–40]. Particularly in other
ion channels, ChT does indeed act as a Met-preferring oxidizing agent as demonstrated by
using electrophysiology and site-directed mutagenesis[20,23]. Substitution of critical Met
residues with less readily oxidized residues, such as Leu, eliminates the ChT sensitivity [20,
21, 23]. Our observation that DTT does not diminish the ChT effect on hERG current (Fig.
3) also indicates that cysteine oxidation may not be involved in ChT-induced inhibition of
hERG channel function and further supports the selective nature of ChT as a methionine-
oxidizing agent.

Previous studies have reported that functional properties of hERG channels are altered by
RS [14–17,41]. However, different effects on hERG channel functions were shown for
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different RS. For example, experimental generation of RS using the iron/ascorbate reaction
increases outward currents through hERG channels expressed in Xenopus oocytes [14]. The
current enhancing effect requires two histidine residues at positions 578 and 587 in the S5-
S6 linker region of the channel [17]. Direct application of hydrogen peroxide also alters
hERG current by accelerating the activation and deactivation kinetics [15]. In these studies,
involvement of cysteine oxidation is probable but it was not directly addressed. In contrast,
the hERG channel function was impaired by RS that were generated by exposure to tumor
necrosis factor-α and hyperglycemia [16,41]. There are several explanations for the
observed different effects. The first, and also the most important reason is that different
reactive species are used or generated under various experimental settings. Second, such
reactive species may oxidize different amino acid residues and a single reactive species may
oxidize more than one type of amino acid. Therefore, it is very likely that more than one
type of amino acid in hERG channels are oxidized during exposure to RS. Third, variations
in the hERG channel-expressing systems, such as oocytes and mammalian cell lines, could
be another reason contributing to the different effects. For example, hydrogen peroxide has
been shown to alter hERG current expressed in HEK-293 cells by accelerating the activation
and deactivation kinetics [15]. However, other studies using Xenopus oocytes reported no
effect of hydrogen peroxide on hERG channels [42,43]. Undoubtedly, a more systematic
effort is needed to better understand RS-mediated modulation of hERG channel.
Nevertheless, the results presented in this study indicate that Met residue in hERG channel is
one of the amino acids that confer sensitivity to oxidative modification imposed by RS,
although it is not known which Met residue(s) is (are) responsible for the functional change
of hERG channels exposed to ChT. A systematic mutagenesis of hERG with 24 Met
residues may be required to further address this issue. It should also be mentioned that our
results do not readily exclude the possibility that the effect of ChT on hERG could be
modulated by the ancillary subunits taking part in forming functional Ikr channels.

Normal cardiac electrical rhythm requires appropriate termination of the cardiac action
potential, in which hERG K+ channels play a critical role [3,4]. Therefore, the susceptibility
of hERG channels to RS-mediated oxidative modification is likely to be physiologically and
pathophysiologically important. For instance, cardiac reperfusion injury, wherein a burst of
RS occurs, is often complicated by cardiac arrhythmias [9–11]. Our results suggest that one
important contributing factor for the abnormal rhythm may be insufficient protection of
hERG K+ channels against Met oxidation. Additionally, functional levels of MSRA in
selected tissues are reported to decrease with age and are lower in patients with Alzheimer’s
disease [44,45]. Both of these conditions are associated with an increased risk of cardiac
arrhythmia [46,47]. hERG channels are also expressed in neuronal cells where they are
postulated to be involved in regulation of neuronal excitability [8]. Excess liberation of RS
in the central nervous system could therefore affect the neuronal function via the
modification of hERG channels. In fact, indications that hERG oxidation may play a role in
neuronal diseases such as epilepsy do exist [48]. In conclusion, the function of hERG
channels to conduct K+ current is modulated by the redox status of the Met residues.
Dysfunction of hERG channels caused by Met oxidation is likely to occur during oxidative
stress mediated by an imbalance of oxidant generation and elimination and could be an
important mechanism for abnormal electrical activities.
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Fig. 1.
Time- and concentration-dependent effect of ChT on hERG current in HEK 293 cells. A,
hERG activating and outward tail currents obtained in the absence and presence of ChT (300
µM). The hERG current was activated by applying a 3-s depolarization step to 0 mV from a
holding potential of −80 mV and the outward tail current was recorded during a 4-s
repolarization pulse at −50 mV (see inset in A). Pulses were applied once every 15 s during
superfusion with ChT. B, pooled data (n = 6–7) showing the time- and concentration-
dependent inhibition of hERG tail current. The tail currents were normalized to the
respective initial value at time t = 0 s. Straight lines connect the data points.
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Fig. 2.
Effect of ChT on native hERG current in SH-SY5Y neuroblastoma cells. A, An example of
superimposed current traces from a SH-SY5Y neuroblastoma cell before (black) and 300 sec
after (grey) application of 300 µM ChT. hERG currents were elicited by 1-sec depolarization
to +50 mV from a holding potential of −60 mV. The characteristic inward current was
measured during the repolarization phase at −120 mV. B, Pooled data (n = 5) showing the
time-dependent inhibition of hERG tail current. The tail current was normalized to the
respective initial control value.
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Fig. 3.
Effect of MSRA on ChT-mediated inhibition of hERG current in HEK 293 cells. In panels
A, B, and C, hERG activating and tail currents were recorded in the absence and presence of
ChT using the same voltage protocol as shown in Fig. 1A. Current recording was started at
least 3 min after obtaining access to whole-cell configuration. ChT (300 µM) was perfused
for 1 min and then washed out for 3 to 4 min. A, normal internal solution was used. B, DTT
(4 mM) was present in the internal solution. C, bMSRA (15 µg/ml) and DTT (4 mM) were
included in the internal solution. D, pooled data showing the time-dependent change of tail
currents under the conditions shown in A-C. Tail currents were normalized to the respective
initial current size at time t = 0 s. n = 5–10. * P < 0.05 vs (ChT + DTT).
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Fig. 4.
Effect of ChT on hERG activation kinetics in HEK 293 cells. A, Activation time course of
hERG current (at +30 mV) assessed by an envelope of tails test (see inset for clamp
protocol) before (left) and after exposure to ChT for 1 min (300 µM) (right). B, pooled data
(n = 7) for the activation time courses, which were plots of the tail currents recorded at −100
mV against the activation pulse (+30 mV) duration. C, Activation time course of hERG
current (at 0 mV) assessed by an envelope of tails test (see inset for clamp protocol) before
(left) and after exposure to ChT for 1 min (300 µM) (right). D, Pooled data (n = 6) for the
activation time courses, which were plots of the tail currents recorded at −100 mV against
the activation pulse (0 mV) duration. The time course was fit with a single exponential
function.
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Fig. 5.
Current-voltage relationships of hERG K+ current in HEK 293 cells before and after ChT
application. hERG current was activated by applying voltage pulses for 3 s from −60 to +40
mV (10-mV increments). Outward tail current was recorded upon repolarization to −60 mV
for 4 sec. Holding potential was −80 mV. Representative current traces before (A) and after
application of 300 µM ChT for 1 min (B). C, pooled current-voltage plot for activating
current measured at the end of the depolarizing voltage steps (n = 9). Straight lines connect
the data points. D, Pooled current-voltage plot for peak outward tail current (activation
curve). The activation curve was fit with a Boltzmann function. The slope factor was
increased by ChT (5.5 ± 0.8 vs 6.2 ± 0.3 mV, n = 9, P = 0.005) but the V1/2 (−28.7 ± 1.0 vs
−29.8 ± 0.8 mV, n = 9) was not altered by ChT (P > 0.05).
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Fig. 6.
Effect of ChT on hERG channel inactivation in HEK 293 cells. A, Representative traces
showing the time course of hERG channel inactivation before (left) and after 1-min
application of ChT (300 µM) (right). A three-pulse protocol was used to assess inactivation
kinetics (see inset). B, Inactivation time constant plotted as a function of test voltage. The
time constants were determined by fitting a single exponential function to the inactivating
current (in A). At all voltages, the time constants were not significantly influenced by ChT
(n = 7). Straight lines connect the data points. C, Representative data showing steady-state
inactivation of hERG channels before (left) and after 1-min application of ChT (300 µM)
(right). Currents were elicited by the protocol shown in inset in which inactivation was
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allowed to relax to steady-state during 20-ms test pulses to potentials ranging from −120 to
+10 mV. D, Steady-state inactivation curves. Peak outward currents elicited by the second
step to +20 mV were corrected for channel closing and plotted as a function of the preceding
test pulse potential. Inactivation curve was fit with a Boltzmann function. The estimated
peak amplitudes were 15.0 ± 2.5 and 7.4 ± 1.4 nA (n = 6).
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Fig. 7.
ChT alters hERG tail current kinetics in HEK 293 cells. A, tail currents recorded at −60 mV
following a depolarizing step to 0 mV before (control) and after exposure to ChT (300 µM
for 1 min). B, Comparison of scaled representative tail currents recorded at −60 mV before
and after treatment with ChT. The black lines are double exponential fit of the scaled tail
currents plotted in grey. C and D, Pooled data (n = 7) showing changes in the double
exponential parameters caused by ChT. Fractional amplitude for the fast or slow component
was calculated respectively using the formula: A1/(A1 +A2) or A2/(A1 +A2), where A1 is
the amplitude of the fast component of the tail and A2 the amplitude of the slow component.
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Fig. 8.
ChT does not alter the reversal potential of hERG current in HEK 293 cells. Cells were
depolarized from a holding potential of −80 mV to +20 mV for 2 s followed by repolarizing
in 5-mV increments to different voltages, which bracketed the reversal potential (see inset in
B). A, Representative data obtained from a cell before treatment with ChT. B, Data from the
same cell after treatment with ChT. Only part of the activating and tail currents is shown in
both panels. The reversal potential was measured as the zero intercept of the linear fit to the
instantaneous tail currents at voltages bracketing the reversal potential.
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