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ABSTRACT
We studied the mechanism of action and the binding site of
APETx1, a peptide toxin purified from sea anemone, on the
human ether-a-go-go-related gene (hERG) channel. Similar to
the effects of gating modifier toxins (hanatoxin and SGTx) on
the voltage-gated potassium (Kv) 2.1 channel, APETx1 shifts
the voltage-dependence of hERG activation in the positive
direction and suppresses its current amplitudes elicited by
strong depolarizing pulses that maximally activate the chan-
nels. The APETx1 binding site is distinctly different from that of
a pore-blocking peptide toxin, BeKm-1. Mutations in the S3b
region of hERG have dramatic impact on the responsiveness to
APETx1: G514C potentiates whereas E518C abolishes the

APETx1 effect. Restoring the negative charge at position 518
(methanethiosulfonate ethylsulfonate modification of 518C)
partially restores APETx1 responsiveness, supporting an elec-
trostatic interaction between E518 and APETx1. Among the
three hERG isoforms, hERG1 and hERG3 are equally respon-
sive to APETx1, whereas hERG2 is insensitive. The key feature
seems to be an arginine residue uniquely present at the 514-
equivalent position in hERG2, where the other two isoforms
possess a glycine. Our data show that APETx1 is a gating
modifier toxin of the hERG channel, and its binding site shares
characteristics with those of gating modifier toxin binding sites
on other Kv channels.

Except for a few recent cases, membrane channels have not
been amenable to direct structural determination by crystal-
lography. Peptide toxins targeting ion channels have been
used to probe the conformations of their binding sites on the
target channels in a so-called “peptide toxin footprinting”
approach (Goldstein et al., 1994; Aiyar et al., 1995; Hidalgo
and MacKinnon, 1995; Ranganathan et al., 1996; Imredy and
MacKinnon, 2000). This information can help us understand
the structural basis for toxin-channel interactions and, im-
portantly, can be useful in designing channel-specific modu-
lators as therapeutic agents (Rauer et al., 2000).

A voltage-gated potassium (Kv) channel encoded by the

human ether-a-go-go-related gene (hERG) is expressed in
cardiac myocytes and several other cell types (Sanguinetti et
al., 1995; Zhou et al., 1998; Rosati et al., 2000; Bauer et al.,
2003). Currents through the hERG channels in cardiac myo-
cytes (rapid delayed rectifier current; IKr) (Sanguinetti et al.,
1995) are important for electrical stability of the heart
(Tseng, 2001). There has been a strong interest in the struc-
ture-function relationship of the hERG channel, fueled by the
need of pharmaceutical industry to predict chemical struc-
tures that may lead to hERG/IKr suppression, which can be
potentially linked to the acquired long QT syndrome (Hoff-
mann and Warner, 2006). Peptide toxins targeting the hERG
channel are useful tools in this line of research.

Several such peptide toxins have been identified (Gurrola
et al., 1999; Korolkova et al., 2001; Corona et al., 2002;
Nastainczyk et al., 2002; Huys et al., 2004). Two peptide
toxins purified from scorpions, BeKm-1 and CnErg1 (also
called ErgTx1), are the best-studied cases (Korolkova et al.,
2002; Pardo-López et al., 2002a,b; Zhang et al., 2003; Tseng
et al., 2007). Both toxins bind to hERG’s outer vestibule to
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suppress ion conduction through the pore. Their backbone
fold consists of an �-helix and a triple-stranded antiparallel
�-sheet (PDB identification numbers 1J5J and 1PX9, respec-
tively) (Korolkova et al., 2002; Frenál et al., 2004). An ala-
nine-scanning mutagenesis study showed that BeKm-1 uses
its �-helix and the following turn as the interaction surface in
binding to the hERG channel (Fig. 1A) (Korolkova et al.,
2002). BeKm-1 does not totally occlude ion flux through the
hERG pore (Zhang et al., 2003), probably because it binds
above the selectivity filter (Tseng et al., 2007).

APETx1 is a new peptide toxin purified from sea anemone
(Diochot et al., 2003). Its solution structure has been solved
by NMR (Fig. 1B; PDB identification number 1WQK)
(Chagot et al., 2005). APETx1 targets the hERG channel, but
it differs from BeKm-1 and CnErg1 in two aspects. First, it
has an all �-strand folding pattern, distinctly different from
that of BeKm-1 or CnErg1 (Fig. 1). Second, although BeKm-1
and CnErg1 suppress not only hERG (isoform 1) but also its
two isoforms (hERG2 and hERG3), APETx1 seems to be
specific for hERG isoform 1 (Restano-Cassulini et al., 2006).
A structural analysis suggests that positive charges along
with neighboring aromatic/hydrophobic residues (Lys8 with
Tyr5, and Lys18 with Tyr32/Phe33) may be involved in
APETx1 binding to the hERG channel (Chagot et al., 2005).
The spatial relationship among Lys18, Tyr32, Phe33, and
Leu34 on APETx1 bears some resemblance to the relation-
ship among residues on BeKm-1 that are involved in binding
to the hERG channel (Lys18, Phe14, and Tyr11) (Fig. 1)
(Korolkova et al., 2002; Tseng et al., 2007). However, the
mechanism of APETx1’s action and its binding site on the
hERG channel have not been investigated. This study is
designed to tackle these issues and to compare APETx1 ef-
fects on the three hERG isoforms. We also discuss the impli-
cations of our findings in terms of movement of the gating-
paddle during activation of the hERG channel.

Materials and Methods
Toxin Preparation. APETx1 was purified as described before

(Diochot et al., 2003). In brief, a crude water-methanol extract of sea
anemone Anthopleura elegantissima was purified by anion exchange
chromatography (QAE Sephadex A-25, 45 � 400 mm, eluted with
ammonium acetate, pH 8.3) followed by two runs of gel filtration
(Sephadex G50 in 1 M acetic acid). The major peak was lyophilized,
dissolved in 0.1% trifluoroacetic acid at 1 mg/ml, and purified by
reverse-phase high-performance liquid chromatography (Beckman
ODS C18 column, 10 � 250 mm; Beckman Coulter, Fullerton, CA). A
linear gradient from 10 to 40% of 0.1% trifluoroacetic acid in aceto-
nitrile was set up at a flow rate of 1 ml/min in 30 min. Fractions of
interest were further purified on a cation exchange column TSK-SP
5PW (7.5 � 75 mm; Toyosoda, Tokyo, Japan) with a linear gradient
from 0 to 100% of 1 M ammonium acetate in 50 min. Final purifica-
tion of the major peak was carried out using the same reverse-phase
high-performance liquid chromatography as described above. Recom-
binant BeKm-1 was purchased from Alomone Labs (Jerusalem,
Israel).

Cysteine Scanning Mutagenesis and cRNA Transcription.
The hERG (isoform 1) was a kind gift from Dr. Gail A. Robertson
(University of Wisconsin, Madison, WI). It was subcloned into a
vector, pAlterMax, to produce cysteine mutants using an oligonucle-
otide-directed method (Altered Site Mammalian Mutagenesis Sys-
tem; Promega, Madison, WI). Residues in the outer vestibule region
and the S3b region were substituted by cysteine one at a time.
Mutations were confirmed by direct DNA sequencing. The mutants
are designated by the wild-type (WT) residue (one letter code), fol-
lowed by position number and “C” for cysteine. The hERG isoforms 2
and 3 were a kind gift from Dr. Barry Ganetzky (University of
Wisconsin). In vitro transcription of cDNA was done using a com-
mercial kit (mMessage mMachine; Ambion, Austin, TX). The quality
and quantity of cRNA products were analyzed by densitometry
(ChemiImager model 4000; Alpha Innotech, San Leandro, CA) using
a known amount of RNA size markers as reference.

Oocyte Preparations. Stage V oocytes were isolated from Xeno-
pus laevis frogs (Xenopus One) and freed from follicular cell layers
after mild collagenase treatment. Each oocyte was injected with 40
nl of solution containing 10 to 18 ng of cRNA. Oocytes were incubated
in an ND96-based medium (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2,
1 mM MgCl2, 5 mM HEPES, and 2.5 mM sodium pyruvate, pH 7.5)
supplemented with horse serum (4%) and antibiotics (penicillin 50
U/ml and streptomycin 50 U/ml) at 16°C for 2 to 4 days before
voltage-clamp recordings.

Voltage Clamp Experiments. Voltage clamp was done with the
two-microelectrode method using an Oocyte Clamp amplifier (model
725B or 725C; Warner Instruments, Hamden, CT). Voltage-clamp
protocol generation and data acquisition were controlled by pClamp
5.5 via a 12-bit D/A and A/D converter (Molecular Devices, Sunny-
vale, CA). Oocytes expressing cysteine-substituted mutant channels
were incubated in DTT-containing medium (10 mM, �15 min, room
temperature) to reduce disulfide bonds that might have formed spon-
taneously (Liu et al., 2002). All cysteine-substituted mutant chan-
nels examined in this study manifested WT-like properties after DTT
treatment (Figs. 3–6). Oocytes were then thoroughly rinsed in DTT-
free medium (to avoid reduction of APETx1 by residual DTT) before
voltage-clamp recording. The oocyte was placed in a tissue bath
containing 0.8 ml of low-[Cl] bath solution (Cl� ions in ND96 re-
placed by methanesulfonate to avoid interference from endogenous
Cl� currents) containing 0.1% bovine serum albumin (to prevent
peptide toxin from sticking to tubings and plastic well). The ground-
ing electrodes were filled with 3 M KCl (in contact with Ag/AgCl
pellets) and connected to the bath solution with salt bridges made of
1% agar in the same low-[Cl] ND96 bath solution. After confirming
the stability of membrane currents under the control conditions,
voltage-clamp protocols designed to construct the activation curve
and fully activated current-voltage (If-a-V) relationship (described in

Fig. 1. Comparison of structures of BeKm-1 (PDB identification number
1J5J) (A) and APETx1 (1WQK) (B). BeKm-1 residues that have been
shown to interact with residues on the outer vestibule of hERG (Fig. 3A)
(Tseng et al., 2007) are highlighted in stick-and-ball format: Lys18,
Arg20, Tyr11, and Phe14. The following distances are marked: Lys18 (N�)
to Phe14 (C�), 9 Å; Lys18 (N�) to Tyr11 (C�), 13 Å; and Phe14 (C�) to Tyr11
(C�), 6 Å. For APETx1, positively or negatively charged residues and
several aromatic or hydrophobic residues are highlighted in ball-and-
stick format. The following distances are marked: Lys18 (N�) to Phe33
(C�), 13 Å; Lys18 (N�) to Tyr32 (C�), 13 Å; Phe33 (C�) to Tyr32 (C�), 5 Å;
and Lys18 (N�) to Leu34 (C�), 6 Å.
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the figure legends) were executed. The membrane voltage was then
held at �80 mV (Vh, unless otherwise noted), and currents were
activated by 1-s test pulses applied once per 120 s to a voltage
corresponding to the half-maximum activation voltage of the channel
under study. This low level of channel activation facilitated the
monitoring of APETx1 effect on the channel (Fig. 2). A suitable
amount of APETx1 stock solution was diluted with 0.2 ml of bath
solution and added to the bath to reach the desired toxin concentra-
tion. The bath solution was pipetted repetitively to facilitate equili-
bration of toxin concentration in the bath, whereas the progression of
toxin effect on the channels was monitored by changes in current

amplitude elicited by the above pulse protocol. The pulse protocols
for activation curve and If-a-V relationship were executed after the
effect of APETx1 reached a steady state.

The toxin concentrations in experiments reported here ranged
from 10 to 10,000 nM. The APETx1 stock solutions were made in
0.1% bovine serum albumin in low-[Cl] ND96 at 10 or 200 �M. To
determine the concentration-response relationship, the beginning
APETx1 concentration in the bath solution was 10 nM (1000-fold
dilution from a 10 �M stock) and was increased cumulatively after
the steady-state effect was reached at each concentration.

Data Analysis and Molecular Modeling. Data analysis was
performed using the following programs: Clampfit of pClamp 6 or 8
(Axon Instruments), Excel (Microsoft, Redmond, WA), PeakFit, Sig-
maPlot, and SigmaStat (Systat Software, Inc., Point Richmond, CA).
Multiple-group comparison was done using one-way ANOVA fol-
lowed by Dunn’s test against wild-type hERG or Tukey’s test of all
pair-wise comparisons. Homology modeling of hERG’s S3b-S4 based
on the corresponding region in the crystal structure of isolated volt-
age-sensing domain of KvAP (PDB identification number 1ORS) was
done using Discovery Studio version 1.6 (Accelrys, San Diego, CA).
Distance measurement between toxin side chains was done using the
Swiss-pdb Viewer (http://www.expasy.org/spdbv/) (Guex and Peitsch,
1997). Molecular graphics images were produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualiza-
tion, and Informatics at the University of California, San Francisco
(San Francisco, CA; supported by National Institutes of Health grant
P41-RR01081; http://www.dgl.ucsf.edu/chimera) (Pettersen et al.,
2004).

Results
APETx1 Shifts the Voltage-Dependence of hERG Ac-

tivation in the Positive Direction in a Concentration-
Dependent Manner. Figure 2A illustrates original current
traces of the hERG channel recorded before and after the
application of 30 or 1000 nM APETx1. The peak amplitudes
of tail currents are used to construct the activation curves
shown in Fig. 2B. The data are fit with a simple Boltzmann
function (Fig. 2, legend) to estimate the half-maximum acti-
vation voltage (V0.5) and the equivalent gating charge (zg).
The degrees of V0.5 shift caused by different concentrations of
APETx1 are summarized from 4 to 10 oocytes and shown in
Fig. 2C, and the zg values are summarized in Supplemental
Table S1. The effects of APETx1 on hERG are similar to
those of hanatoxin and SGTx, two gating modifier toxins, on
the Kv2.1 channel (Lee et al., 2003; Wang et al., 2004;
Swartz, 2007): it shifts the activation curve of the hERG
channel in the positive direction and reduces the current
amplitude elicited by strong depolarizing pulses that reach
the maximum level of channel activation (Vt to �70 mV). At
Vt �60 mV, the test pulse current is less outward than the
tail current at �60 mV (Fig. 2A, right). This is due to the fast
and voltage-sensitive inactivation process of the hERG chan-
nels that shuts down currents at �60 mV. Upon repolariza-
tion to �60 mV, fast recovery from inactivation in conjunc-
tion with a slow deactivation process allows a resurgence of
outward current through the channel pore. APETx1 does not
affect the test pulse current at �60 mV, indicating that the
toxin does not interfere with the channel’s inactivation pro-
cess, unlike a nonpeptide hERG gating modifier toxin, saxi-
toxin (Wang et al., 2003).

To estimate the apparent Kd value of APETx1 binding to
the hERG channel, we use the method described previously
for quantifying hanatoxin or SGTx binding to the Kv2.1

Fig. 2. Concentration-dependent effects of APETx1 on the WT hERG
channel. A, current traces elicited by the voltage-clamp protocol dia-
grammed on top before and after adding APETx1 (30 and 1000 nM). Two
test pulse voltages (Vt) are used to show that APETx1 is more potent in
suppressing WT-hERG at weak depolarization than at strong depolariza-
tion. B, peak amplitudes of tail currents (Itail) recorded before and after
adding APETx1 (symbols for different toxin concentrations are listed on
the right) are plotted against Vt. The relationship between Vt and Itail is
fit with a simple Boltzmann function: Itail � Imax/(1 � exp[zgF(V0.5 �
Vt)/RT]), where Imax, zg, V0.5, F, R, and T are maximum peak tail current
amplitude, equivalent gating charge of activation, half-maximum activa-
tion voltage, Faraday constant, gas constant, and absolute temperature,
respectively. The superimposed curves are calculated from the Boltz-
mann function. C, degree of shift in V0.5 of activation by different con-
centrations of APETx1 (n � 4–10 each). D, fraction of uninhibited current
(ITx/IC,) in the presence of different concentrations of APETx1 (same
symbols as in B) are plotted against Vt. Boxed area indicates data points
(Vt �40 to �20 mV) used to construct the concentration-response rela-
tionship shown in E. E, concentration-response relationship quantified by
ITx/IC values at Vt �40 to �20 mV (n � 4–7 each). Data are fit with three
models: 1) four equivalent and independent binding sites per channel
with dissociation constant Kd and fractional toxin-sensitive current
(Amax), ITx/IC � Amax [Kd/(Kd � [Tx])]4 � (1 � Amax), shown by black dotted
curve with Kd � 87 nM and Amax � 0.86; 2) four equivalent and indepen-
dent binding sites per channel with fully toxin-sensitive current, ITx/IC �
[Kd/(Kd�[Tx])]4, shown by gray solid curve with Kd � 141.1 nM; and 3)
one binding site per channel and fractional toxin-sensitive current, ITx/
IC � Amax[Kd/(Kd � [Tx])] � (1 � Amax), shown by black thick curve with
Kd � 16.3 nM and Amax � 0.89.
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channel (Lee et al., 2003; Wang et al., 2004; Swartz, 2007).
Hanatoxin or SGTx binds to the S3b region of Kv2.1 (Li-
Smerin and Swartz, 2000; Swartz, 2007). There could be four
binding sites per channel, one each on the four subunits. The
relationship between toxin concentration and fraction of un-
inhibited current (ITx/IC, where ITx and IC are current am-
plitude in the presence of toxin and the control current,
respectively) is fit with a model of four equivalent and inde-
pendent binding sites per channel. The ITx/IC value is mea-
sured from currents elicited by weak depolarizing pulses that
induce only threshold level of channel activation under the
control conditions. The rationale of using “threshold depolar-
ization voltage” is based on the assumption that under these
conditions, channels with even one bound toxin molecule will
fail to open, and thus the ITx/IC reflects the fraction of chan-
nels totally free of toxin. This situation is different from when
currents are elicited by strong depolarizing pulses that can
activate channels with bound toxin molecules (Phillips et al.,
2005). In practice, the suitable voltage range for ITx/IC mea-
surement is when the degree of current suppression by these
gating modifier toxins reaches a “plateau” level (strongest
and relatively constant) (Lee et al., 2003; Wang et al., 2004).
Figure 2D shows ITx/IC values plotted against test pulse
voltage from the same experiment as shown in Fig. 2, A and
B. The toxin effect is strongest and relatively constant in the
Vt range of �40 to �20 mV (boxed area in Fig. 2D). The toxin
effect becomes weaker (ITx/IC value becomes higher) at more
positive Vt. Therefore, we use ITx/IC values in the Vt range of
�40 to �20 mV to quantify the fractions of toxin-free chan-
nels in the presence of different concentrations of APETx1.
Mean data averaged from four to seven measurements each
are shown in Fig. 2E. Because of variations in the respon-
siveness to APETx1 among oocytes expressing the wild-type
hERG channel, the mean ITx/IC value is �0 even at a toxin
concentration of 3 �M. As a result, the data are fit poorly
with a model of four equivalent and independent binding
sites per channel with fully toxin-sensitive current (gray
curve in Fig. 2E). The data can be fit reasonably well with a
model of 86% toxin-sensitive current with four equivalent
and independent binding sites per channel of Kd � 87 nM
(black dotted curve in Fig. 2E). However, the data can also be
fit equally well with a model of 89% toxin-sensitive current
and one binding site per channel of Kd � 16.3 nM (black solid
curve in Fig. 2E). Thus, these data do not allow us to un-
equivocally determine the apparent Kd value for APETx1
binding to the hERG channel. On the other hand, the degree
of V0.5 shift observed in the presence of 10 �M APETx1 is less
variable (Fig. 2C). Therefore, in the following experiments,
we use this single high concentration to compare how muta-
tions introduced into different regions of the hERG channel
can affect the responsiveness to APETx1.

APETx1 Binding Site on the hERG Channel Is Dis-
tinctly Different from that of BeKm-1. Figure 3B shows
that BeKm-1 (10 nM) is equally effective in suppressing the
hERG current amplitude in the absence or in the presence of
a 100-fold higher concentration of APETx1 (1000 nM). In the
latter case, APETx1 is effective in modulating the hERG
channel, as is evidenced by the marked slowing of channel
activation (open arrows in Fig. 3B). These observations sug-
gest that the two peptide toxins modulate the hERG channel
independent of each other.

To further test whether there is any overlap between

APETx1 and BeKm-1 binding sites on the hERG channel, we
examine the effects of mutations in the outer vestibule region
of hERG on the responsiveness to APETx1. Cysteine-scan-
ning mutagenesis of hERG’s outer vestibule region has
shown that Arg582, Ile583, and Tyr597 (at the two ends of a

Fig. 3. The APETx1 binding site on hERG is independent of the BeKm-1
binding site. A, top, two-dimensional diagram of an hERG subunit mark-
ing the following helices: transmembrane S1 to S6 (S3 divided into S3a
and S3b), S5-P (in the S5-P linker), P (in the pore-loop), and S4–S5. An
image of BeKm-1 (similar to Fig. 1A) is shown on top of the hERG S5-P
and P-S6 linkers that line the outer vestibule. Bottom, hERG amino acid
sequence from the end of S5 to the beginning of S6 (underlined). The S5-P
helix (as an insert in the S5-P linker) (Jiang et al., 2005) and the P loop
are also underlined. Highlighted residues are those interacting with
BeKm-1 (Tseng et al., 2007) and are examined here. B, current traces
elicited by the diagrammed voltage-clamp protocol before and after add-
ing 10 nM BeKm-1. Currents shown on the right are recorded in the
presence of 1000 nM APETx1. Open arrows point to the activation phase
of currents. C, four groups of current traces (with mutant types marked
on top) recorded before (IC, left) and after (ITx, right) adding 10 �M
APETx1. The voltage-clamp protocol is diagrammed on top. Current
traces are shown in gray, except for those recorded at Vt �10 mV (�half-
maximum activation voltage for all four mutant channels under the
control conditions) to highlight the toxin-induced change in degree of
activation and slowing of activation. D, summary of degree of V0.5 shift by
10 �M APETx1. WT and mutant channels are marked along the abscissa;
n, number of experiments. One-way ANOVA of multiple groups with
n � 2, p � 0.243.
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helix formed in the middle of the S5-P linker, S5-P helix,
shown as an insert in Fig. 3A) (Jiang et al., 2005), as well as
Thr613 and Ser631 (at the two ends of the pore-loop) are
critical for BeKm-1 binding (Zhang et al., 2003). These resi-
dues are highlighted by white-lettering on black background
in Fig. 3A. Figure 3C depicts original current traces of cys-
teine-substituted mutant channels recorded before and after
the application of 10 �M APETx1. All of the oocytes are
DTT-treated to reduce disulfide bonds that may have formed
spontaneously (see Materials and Methods), which can alter
the conformation of hERG’s outer vestibule (Liu et al., 2002).
With DTT treatment, all of the mutant channels behave like
WT hERG in terms of voltage range of activation, degree of
inactivation, and K� selectivity. Under the control condi-
tions, Vt to �10 mV induces �50% of maximum activation in
these channels (highlighted by black current traces in the IC

panels of Fig. 3C). In all cases, APETx1 10 �M markedly
reduces the degree of activation at Vt �10 mV and slows the
activation rate (ITx panels of Fig. 3C). Figure 3D summarizes
the degree of V0.5 shift caused by 10 �M APETx1. We con-
clude that there is no overlap between the APETx1 binding
site and BeKm-1 binding site on the hERG channel. Because
BeKm-1 occupies the central position of the hERG pore do-
main (Tseng et al., 2007), the APETx1 binding site is likely to
be more peripheral, probably in the voltage-sensing domain.

Cysteine Substitution at Two Positions in hERG’s
S3b Region Has a Marked Impact on APETx1 Effect.
Gating modifier toxins bind to the voltage-sensing domains of
their target channels to modulate the activation or inactiva-
tion process (Cestele et al., 1998; Smith et al., 2005; Swartz,
2007). A “hot spot” for interactions between gating modifier
toxins and ion channels is the S3b region (also called the
carboxyl half of S3) (Winterfield and Swartz, 2000). We
tested the effects of mutations introduced into the S3b region
of the hERG channel on the responsiveness to APETx1. Res-
idues at positions 514 to 519 are substituted by cysteine
(sequence shown in Fig. 5A). Figure 4 shows the test pulse
current-voltage (I-V) relationships and activation curves of
these cysteine-substituted mutant channels and compares
them with those of WT hERG. All of the mutant channels
maintain a strong inactivation process (bell-shaped test
pulse I-V, current traces shown in Fig. 5B), and K� selectiv-
ity (no shift in Erev). Relative to WT hERG, the activation
curve of G516C is shifted in the negative direction, whereas
those of S517C, E518C, and E519C are shifted in the positive
direction. Assuming a two-state (closed and open) gating
model, the free energy of channel activation at 0 mV (�Go) is
calculated as zgV0.5F (in kilocalories per mole), where zg and
V0.5 are obtained from Boltzmann fit to the activation curve
(Fig. 2B legend), and F is the Faraday constant. The shifts in
the activation curve shown in Fig. 4 correspond to very mod-
est changes in the �Go value (between �0.29 and 0.95 kcal/
mol). Therefore, we conclude that cysteine substitutions per
se in the S3b region have only minor effects on the hERG
channel function (i.e., the mutations do not cause much per-
turbation of the native conformation of the channel).

Figure 5B depicts original current traces of the mutant
channels recorded before and after the application of 10 �M
APETx1. For S515C, G516C, S517C, and E519C, APETx1
slows the rate of activation and reduces the degree of channel
activation at Vt values that induce �50% of maximum acti-
vation under the control conditions (black current traces in

Fig. 5B). For G514C, Vt of �20 mV induces �50% of maxi-
mum activation under the control conditions but fails to
activate the channels in the presence of APETx1. In the
presence of APETx1, the threshold for G514C activation is
shifted to �10 mV, and the plateau of activation is reached at
Vt �120 mV. Pulses to Vt � �80 mV activate outward cur-
rents through oocyte endogenous channels (Fig. 5B, ITx panel
of G514C). These should be followed by small inward tail
currents upon repolarization to �80 mV (seen in uninjected
oocytes). However, these small inward tail currents are
masked by the much larger G514C outward tail current.
APETx1 at 10 �M has no discernible effects on the E518C
currents. The degrees of V0.5 shift caused by 10 �M APETx1
in the S3b mutants are summarized in Fig. 5C. S515C,
G516C, S517C, and E519C are as responsive to APETx1 as
WT hERG. On the other hand, G514C is more responsive to
APETx1 than WT hERG (V0.5 shifted by 55.6 � 1.3 mV
versus 24.6 � 2.7 mV in WT hERG, p 	 0.05), whereas
E518C is unresponsive to 10 M APETx1 (shift in V0.5 �0.5 �
1.0 mV). Position 518 corresponds to position 277 of Kv2.1,

Fig. 4. Characterization of cysteine-substitution mutants in the S3b
region of hERG (G514C-E519C). Each panel contains four I-V relation-
ships. The WT data (gray symbols and curves) are the same in all panels.
The mutant data are shown as black symbols and curves, with mutant
types marked. Triangles denote test pulse currents (Itest) normalized to
the maximum Itest in each cell (occurring at different Vt due to shift in the
voltage-range of activation, ranging from �30 mV for G516C to �10 mV
for E518C) and averaged over cells. Circles denote Itail normalized by
maximum Itail in each cell after Vt to �70 mV and fit with a simple
Boltzmann function. Each data point represents the average from 10 to
18 measurements.
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whereas position 514 may be equivalent to position 273 or
274 of Kv2.1 (Fig. 5A). These Kv2.1 residues are involved in
the binding of hanatoxin and SGTx (Li-Smerin and Swartz,
2000). Therefore, APETx1 is similar to these gating modifier
toxins not only in its effects on the hERG channel function
but also in its binding site.

It has been shown that the negative charge at position
277 of Kv2.1 is critical for hanatoxin or SGTx binding
(Li-Smerin and Swartz, 2000). Preserving the negative
charge here (E277D) does not perturb toxin binding,
whereas mutating Glu277 to neutral residues causes a 10-
to 50-fold increase in Kd value (Li-Smerin and Swartz,
2000). There may be a similar electrostatic interaction
between Glu518 of hERG and a positive charge on

APETx1, explaining why neutralizing the negative charge
at position 518 destroys the responsiveness to APETx1. We
tested whether adding back a negative charge to the 518C
side chain, by MTSES modification, can restore the
APETx1 responsiveness. Treating oocytes expressing
E518C with 10 mM MTSES does not induce any detectable
changes in the channel function (Fig. 6, A, activation
curve, and B, current traces). However, APETx1 10 �M
induces a clear positive shift in the voltage-dependence of
activation of MTSES-modified E518C channel (Fig. 6, B
and C). This supports the notion that a negatively charged
side chain at position 518 is needed to stabilize APETx1
binding to hERG. Mutating Glu277 of Kv2.1 to positively
charged arginine or lysine causes a �100-fold increase in
Kd value (Li-Smerin and Swartz, 2000). To test whether
the electrostatic interaction is specific for the side chain at
position 518, we add a positive charge to side chain at the
flanking positions by reacting 517C or 519C with 1 mM
MTSET. Figure 6A shows that MTSET treatment causes a
negative shift in the voltage-dependence of activation in
S517C and a positive shift in E519C, supporting the effec-
tiveness of MTSET modification of these introduced cys-
teine side chains (MTSET does not alter the WT hERG
channel function) (Fan et al., 1999). However, MTSET
modification of 517C or 519C does not alter their respon-
siveness to APETx1 (Fig. 6, B and C). These data suggest
that there is an electrostatic interaction between the S3b
of hERG and a positive charge on APETx1, and this inter-
action is specific for position 518.

APETx1 Has Differential Effects on the Three hERG
Isoforms. There are two other members in the hERG Kv
channel subfamily: hERG2 and hERG3 [hERG is denoted as
isoform 1 or hERG(1) in Fig. 7] (Ganetzky et al., 1999). It has
been suggested previously that APETx1 is specific for hERG
isoform 1 but is ineffective in modulating hERG2 or hERG3
(Restano-Cassulini et al., 2006). Figure 7A shows the amino
acid sequence alignment of the three hERG isoforms in the
S3b-S4 region. Both hERG2 and hERG3 have three extra
threonine residues in their S3b, which are missing in
hERG(1). Threonine residue with its hydroxyl side chain
tends to destabilize �-helical secondary structures. There-
fore, the three threonine residues in hERG2 and hERG3 may
perturb the conformation of the S3b helix, disrupting
APETx1 binding. On the other hand, hERG2 has a positively
charged arginine at the 514-equivalent position (Arg362).
Mutating the 514-equivalent residue in Kv2.1 (Phe274, Fig.
5A) to a positively charged residue causes a �500-fold in-
creases in Kd value for hanatoxin binding (Li-Smerin and
Swartz, 2000). Therefore the unique positive charge in the
S3b of hERG2 may disrupt APETx1 binding. A comparison of
APETx1 effects on the three hERG isoforms will reveal which
of these features affects toxin binding. Figure 7, B to D,
shows that APETx1 up to 1 �M cannot shift the voltage-
dependence of activation of hERG2. On the other hand,
hERG3 is responsive to APETx1, and there is no statistically
significant difference between hERG isoforms 1 and 3 in the
degree of V0.5 shift caused by 1 �M APETx1 (Fig. 7D). There-
fore, the three extra threonine residues in the S3b of hERG2
and hERG3 isoforms do not dominate APETx1 binding. The
unique positive charge in the S3b of hERG2 can explain why
this channel is insensitive to APETx1.

Fig. 5. Cysteine substitution at two positions in hERG’s S3b has marked
impact on APETx1 effect. A, top, two-dimensional diagram of a hERG
subunit as shown in Fig. 3A. Bottom, amino acid sequence alignment of
hERG and Kv2.1 from S3a to S4. Identical residues have a gray shade.
Gly514 and Glu518 of hERG and Ile273, Phe274, and Glu277 of Kv2.1 are
highlighted by white lettering on black background. B, six groups of
current traces recorded before (IC, left) and after (ITx, right) adding 10 �M
APETx1. The format is the same as Fig. 3C, but the Vt value is varied
because of V0.5 shift caused by the mutations (marked for each mutant
type). C, summary of degree of V0.5 shift caused by 10 �M APETx1; n,
number of measurements. One-way ANOVA, p � 0.004; �, p 	 0.05
versus WT.

264 Zhang et al.



Discussion
The “Gating Modifier Toxin” Mechanism of APETx1

and Comparison with Other Gating Modifier Toxins.
The effects of APETx1 on hERG are similar to those of
hanatoxin or SGTx on Kv2.1: it causes a positive shift in the
voltage range of activation and decreases the maximum con-
ductance elicited by strong depolarizing pulses to the plateau
level of activation. Hanatoxin and SGTx bind to the S3b
region of Kv2.1. A negative charge at position 277 in S3b of
Kv2.1 is critical, probably by establishing an electrostatic
interaction with a positively charged residue on the toxins
(Li-Smerin and Swartz, 2000). The equivalent residue on
hERG, Glu518, is also important for APETx1 binding. Sub-
stituting this glutamate with a neutral cysteine side chain
makes the channel insensitive to 10 �M APETx1. MTSES
modification of the 518C side chain partially restores the
APETx1 sensitivity. This electrostatic interaction between
hERG’s S3b and APETx1 is specific for position 518: adding
a positive charge to 517C or 519C does not reduce APETx1
sensitivity. In Kv2.1, Phe274 and Ile273 are also important
for the binding of gating modifier toxins, and this interaction
is hydrophobic in nature (Li-Smerin and Swartz 2000). Mu-
tating Ile273 or Phe274 to a charged or hydrophilic residue
markedly reduces hanatoxin or SGTx binding. The amino
acid alignment suggests that position 514 of hERG is equiv-
alent to position 274 or 273 of Kv2.1. Replacing glycine at
position 514 with cysteine increases side chain hydrophobic-
ity. The observed higher responsiveness to APETx1 in G514C
supports the notion that a hydrophobic interaction between
position 514 and the toxin stabilizes toxin binding. Further-
more, hERG2 differs from hERG1 and hERG3 in having a
positive charge (Arg362) at the 514-equivalent position. Pre-
vious work on Kv2.1 has shown that introducing a positive
charge to position 274 or 273 greatly reduces hanatoxin sen-
sitivity (Li-Smerin and Swartz, 2000). Therefore, the lack of

APETx1 responsiveness in hERG2 can be attributed to the
unique positive charge in its S3b. We conclude that APETx1
is a gating modifier toxin of the hERG channel. Its binding
site is in the S3b region of hERG, which shares characteris-
tics with those of gating modifier toxin binding sites on other
Kv channels.

As illustrated in Fig. 2, C and E, we cannot unequivocally
quantify the Kd values for APETx1 binding to WT or mutant
hERG channels. This may be partly due to technical issues:
1) difficulty in quantifying current amplitudes at threshold
depolarizations; 2) use of V0.5 value derived from a two-state
gating model, which is far from the complexity of voltage-
dependence of channel gating; and (3) variations among oo-
cytes in responsiveness to APETx1. However, these factors
do not account for a difference of more than an order of
magnitude in the apparent EC50 values estimated from shifts
in V0.5 of activation (Fig. 2C) and from reduction in current
amplitude (Fig. 2E). More likely, this reflects differences in
coupling between toxin binding and the functional parame-
ters measured and perhaps also cooperativity in toxin bind-
ing to successive channel subunits.

Saxitoxin (STX) is the only other hERG gating modifier
toxin identified so far (Wang et al., 2003). STX is a small
molecule carrying two positively charged guanidinium
groups. It blocks sodium channel pore from the outside. Its
effects on hERG are distinctly different from those on the
sodium channel: STX shifts the voltage range of hERG acti-
vation in the positive direction, similar to the effect of
APETx1. However, STX also interferes with hERG’s inacti-
vation process, so that at positive voltages when the degree of
inactivation is the dominating factor in determining the cur-
rent amplitude, STX can actually induce an increase in
hERG current amplitude (Wang et al., 2003). Because STX
has a much smaller size than APETx1, it can probably pen-
etrate deeper into the water-filled space (crevice) between

Fig. 6. Effects of thiol-modifying MTS
reagents on the S517C, E518C, and
E519C mutants of hERG and their re-
sponse to APETx1. A, voltage-depen-
dence of activation under the control
conditions and after MTS treatment
(S517C and E519C treated with MT-
SET and E518C treated with MTSES.
n � 3–4 each). B, three groups of cur-
rent traces recorded from MTSET-
treated S571C and E519C and MT-
SES-treated E518C. IC and ITx are
currents before and after adding 10
�M APETx1. The voltage-clamp pro-
tocol is similar to that diagrammed in
Fig. 5, with Vt values shifted �10 mV
for S517C and �10 mV for E519C be-
cause of MTSET-induced V0.5 shift. C,
degree of V0.5 shift caused by 10 �M
APETx1 in MTSET-treated S571C
and E519C (blue triangles) and MT-
SES-treated E518C (red inverted tri-
angles); n � 3 - 4 each. The gray open
histogram bars are values of V0.5 shift
in control (no MTS treatment) oocytes
taken from Fig. 5C for comparison.
The p values for degrees of V0.5 shift
between untreated and MTS-treated
conditions are 0.083 (S517C), 	0.001
(E518C), and 0.40 (E519C).
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transmembrane helices in hERG’s voltage-sensing domain
and influence both activation and inactivation. The STX
binding site on the hERG channel has not been identified.

The APETx1 Binding Site on the hERG Channel. The
amino acid sequence of hERG’s S3b-S4 region is highly ho-
mologous to that of KvAP (Fig. 8A, top). This suggests a tight
“gating-paddle” structure (helix-turn-helix) in hERG as in
KvAP (Fig. 8A, bottom). Positions 518 and 514 are on the
same face of the S3b helix, one helical turn apart. We propose
that the 518 side chain does not interact with other channel
domains, based on the observation that MTSES modification
of 518C (increasing side chain volume) does not perturb
channel function (Fig. 6A). Therefore, the face of the S3b
helix, where positions 518 and 514 are located, is exposed to

the extracellular aqueous phase, allowing interaction with
APETx1. On the other hand, 517 and 519 side chains are
likely to interact with other channel domains instead of being
exposed to the extracellular aqueous phase, so that MTSET
modification of 517C or 519C perturbs channel activation
gating (Fig. 6A). Adding a positive charge at these two posi-
tions does not interfere with APETx1 binding. Therefore, this
face of the S3b helix does not interact with APETx1.

The interaction surfaces of gating modifier toxins share the
feature of having a hydrophobic patch surrounded by hydro-
philic and charged residues (Wang et al., 2004; Swartz,
2007). There are differences in whether or how much the
hydrophobic faces of these peptide toxins need to partition
into the membrane lipid to access their binding sites, and the
degree of toxin partitioning needs to match the S3–S4 linker
length of the target channels. For example, site 4 peptide

Fig. 7. Comparison of APETx1 effects on hERG isoforms. The WT hERG
is marked as hERG(1). A, amino acid sequence alignment of the three
hERG isoforms from S3b to the beginning of S4. Residues not conserved
in all three isoforms are highlighted in boldface type. Accession numbers
were the following: hERG2, Q9H252; and hERG3, Q9NS40. B, current
traces from hERG2 and hERG3 recorded before and after adding 1 �M
APETx1. The format is the same as in Fig. 3C, with Vt corresponding to
V0.5 under the control conditions. C, voltage-dependence of activation of
hERG2 and hERG3 before and after adding 100 or 1000 nM APETx1. D,
degree of V0.5 shift caused by 1 �M APETx1. Open symbols denote data
from individual oocytes, and solid symbols are mean with S.E. �, p 	 0.05
of hERG2 versus hERG(1) or hERG3. p � 0.05 for hERG(1) versus
hERG3.

Fig. 8. A, top, amino acid sequence alignment between KvAP and hERG
in the S3b-S4 region. Identical residues are highlighted by white lettering
on black background, and similar residues are denoted by gray back-
ground. Bottom, three-dimensional structure of KvAP gating-paddle and
a homology model of the corresponding region in hERG. Glu518 is shown
in ball-and-stick format with distance between Gly514 (C�) and Glu518
(C�) denoted. Color code for different types of side chains is listed below.
B, side view (left) and front view (right) of APETx1 with surface rendered
using the same color code as in A. Lys18, Lys8, Leu34, and Phe33
locations are labeled, and the distance between Lys18 (N�) and Leu34 (C�)
is marked on the front view. C, test for state-dependence of APETx1
binding to the G514C mutant of hERG. Shown is the time course of
change in G514C tail current amplitude elicited by voltage-clamp pulses
diagrammed below the data points (applied once every 2 min). After
stable control currents are recorded (E), pulsing is stopped, and the
membrane is held at �100 mV for 15 min, during which APETx1 (3 �M)
is added to the bath solution. Pulsing is resumed afterward, and data
points are shown as F.
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toxins bind to the S3b region of domain II in the sodium
channel, which has a relatively short S3–S4 linker (Swartz,
2007). Site 3 peptide toxins bind to the S3b region of domain
IV in the sodium channel, which has a longer S3–S4 linker
(Swartz, 2007). Experiments have suggested that site 4 pep-
tide toxins partition into the membrane lipid, whereas site 3
peptide toxins do not (Smith et al., 2005). VSTx1 partitions
into the membrane lipid to bind to KvAP’s S3b, which has a
very short S3–S4 linker (Fig. 8A) (Lee and MacKinnon,
2004). On the other hand, there seems to be a lesser degree of
lipid partitioning for hanatoxin to bind to the S3b of Kv2.1,
which has a relatively long S3–S4 linker (Phillips et al.,
2005). The interaction surface of APETx1 has not been de-
termined, but an inspection of its structure (Fig. 8B) and a
comparison with the interaction surfaces of other gating
modifier toxins suggest that Lys18 and Leu34/Phe33/Tyr32
are likely to be involved. In particular, the distance between
Leu34 (C�) and Lys18 (N�) on APETx1 matches the predicted
distance between Gly514 (C�) and Glu518 (C�) on hERG’s
S3b (Fig. 8A). If Leu34, Phe33, and Tyr32 form a hydrophobic
patch of the interaction surface, then the APETx1 has a short
hydrophobic protrusion (	5 Å) and thus may not be able to
partition deep into the membrane lipid.

Gating Paddle Movement During Activation in the
hERG Channel. It has been shown that VSTx1 accesses its
binding site on KvAP preferably at depolarized voltages
(Jiang et al., 2003b). This is one of the arguments to support
the proposal that KvAP’s gating paddle moves from a location
close to the intracellular side of the membrane to near the
extracellular side during activation. Does hERG’s gating
paddle move a large distance during channel activation, sim-
ilar to that proposed for the KvAP (Jiang et al., 2003b)?
Another way to address this question is: can APETx1 access
its binding site on hERG’s S3b in the resting state? The
experiment shown in Fig. 8C tests this possibility: applying
APETx1 to the G514C mutant channel while holding the
membrane at �100 mV does not prevent toxin effect; i.e., the
toxin effect reaches its steady-state level at the first pulse
after resuming the pulsing protocol. Similar observations are
obtained in three other experiments: the effect of APETx1 10
�M reaches the steady-state level at the first pulse after
adding the toxin (for only 2 min) while holding the membrane
at �80 mV. These observations suggest that APETx1 can
access its binding site in the resting state. Therefore, al-
though the S3–S4 linker in the hERG channel is as short as
that of the KvAP channel, hERG’s gating paddle does not
travel as much as that proposed for KvAP during activation.
The face of hERG’s S3b helix, where positions 518 and 514
are located, may face a water-filled crevice, allowing accessi-
bility of APETx1 in the resting state of the channel.

MacKinnon and colleagues proposed a gating-paddle model
for the movement of voltage-sensor during Kv channel acti-
vation based on the crystal structure and the state-depen-
dence of avidin binding to biotin tethered to the voltage
sensor of the KvAP channel (Jiang et al., 2003a,b). This
model is supported by the lipid exposure of S4 based on an
electron paramagnetic resonance study of KvAP in lipid bi-
layer (Cuello et al., 2004). However, this model is inconsis-
tent with a large body of mutagenesis studies on eukaryotic
Kv channels (Broomand et al., 2003; Gandhi et al., 2003;
Lainé et al., 2003; Lee et al., 2003; Ahern and Horn, 2004;
Starace and Bezanilla, 2004) and a more recent mammalian

Kv1.2 crystal structure (Long et al., 2005). These observa-
tions raised questions about the relation between KvAP and
eukaryotic Kv channels (Cohen et al., 2003). However, more
recent crystallographic work showed that KvAP and Kv1.2
have similar structures and that the lipid membrane is re-
quired to maintain the correct orientations of transmem-
brane helices in KvAP (Lee et al., 2005). This is consistent
with a study of channels in lipid bilayer using the lumines-
cence-resonance energy transfer technique, which suggested
that KvAP and Kv1.2 share a similar transmembrane helix
arrangement, except that the voltage-sensor is closer to the
pore domain in KvAP than in Kv1.2 (probably due to addi-
tional cytoplasmic domains in the eukaryotic channel) (Rich-
ardson et al., 2006).
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