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BeKm-1 Is a HERG-Specific Toxin that Shares the Structure
with ChTx but the Mechanism of Action with ErgTx1

Mei Zhang,* Yuliya V. Korolkova, ' Jie Liu,* Min Jiang,* Eugene V. Grishin," and Gea-Ny Tseng*

*Department of Physiology, Virginia Commonwealth University, Richmond, Virginia, USA; and
tShemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, Russia

ABSTRACT Peptide toxins with disulfide-stabilized structures have been used as molecular calipers to probe the outer
vestibule structure of K channels. We want to apply this approach to the human ether-a-go-go-related gene (HERG) channel,
whose outer vestibule is unique in structure and function among voltage-gated K channels. Our focus here is BeKm-1, a HERG-
specific peptide toxin that can suppress HERG in the low nM concentration range. Although BeKm-1 shares the three-
dimensional scaffold with the well-studied charybdotoxin, the two use different mechanisms in suppressing currents through
their target K channels. BeKm-1 binds near, but not inside, the HERG pore, and it is possible that BeKm-1-bound HERG
channels can conduct currents although with markedly altered voltage-dependence and kinetics of gating. BeKm-1 and ErgTx1
differ in three-dimensional scaffold, but the two share mechanism of action and have overlapping binding sites on the HERG
channel. For both, residues in the middle of the S5-P linker (the putative 583-597 helix) and residues at the pore entrance are
critical for binding, although specific contact points vary between the two. Toxin foot printing using BeKm-1 and ErgTx1 will likely

provide complementary information about the unique outer vestibule structure of the HERG channel.

INTRODUCTION

Human ether-a-go-go-related gene (HERG) encodes the
pore-forming subunit of the rapid delayed rectifier K (/x,)
channels (Sanguinetti et al., 1995; Trudeau et al., 1995). Ik,
plays a key role in maintaining the electrical stability of the
heart (Tseng, 2001). Therefore inherited mutations in HERG,
and more importantly adverse drug effects that suppress Ik,
function, are linked to congenital and acquired long QT
syndrome (Roden and Balser, 1999). HERG is also
expressed in noncardiac cell types (Rosati et al., 2000;
Smith et al., 2002; Zhou et al., 1998; Faravelli et al., 1996),
and may play significant roles under physiological (e.g.,
insulin secretion in pancreatic 3-cells (Rosati et al., 2000)) or
pathological conditions (e.g., cancer cell growth (Smith et al.,
2002)). Therefore, agents that can suppress or enhance the
HERG channel function may find important therapeutic
applications other than antiarrhythmic therapy (Roche et al.,
2002). From this point of view, it is essential to obtain
structural information about domains in the HERG channel
that are involved in determining drug binding affinity and
specificity.

The HERG channel has a broad spectrum of drug
sensitivity (Roden and Balser, 1999). Importantly, drug
sensitivity of this channel seems to be tightly regulated by
conformational changes around the outer mouth region
during membrane depolarization (C-type inactivation (Smith
et al., 1996)) (Wang et al., 1997; Numaguchi et al., 2000;
Ulens and Tytgat, 2000; although see Chen et al., 2002).

Submitted November 14, 2002, and accepted for publication January 28,
2003.

Address reprint requests to Gea-Ny Tseng, PhD, Dept. of Physiology,
Virginia Commonwealth University, 1101 E. Marshall St., Richmond, VA
23298. Tel.: 804-827-0811; Fax: 804-828-7382; E-mail: gtseng@hsc.
vcu.edu.

© 2003 by the Biophysical Society

0006-3495/03/05/3022/15  $2.00

Therefore, information about the structure of HERG’s outer
vestibule and pore region and the nature of conformational
changes underlying C-type inactivation is valuable. The
outer vestibule of the HERG channel, as in other K channels,
is lined mainly by loops linking the fifth transmembrane
segment (S5) and the pore region, the S5-P linkers. HERG’s
S5-P linker is unique in that it is 2-3 times the length of S5-P
linkers in other K channels (43 aa vs. 12-23 aa) (Liu et al.,
2002). We have performed cysteine scanning mutagenesis
experiments to probe the structural and functional role of this
linker (residues 571-613) (Liu et al., 2002). The results
suggest that the middle segment of this linker (residues 583—
597) may form an amphipathic a-helix, and is involved not
only in the pore function (C-type inactivation and K™
selectivity) but also in the activation gating process. We
proposed a model in which this a-helix is oriented parallel to
the channel surface, capable of interacting with the pore
entrance at one end and with the voltage-sensing domain at
the other (Liu et al., 2002).

Our next step is to see whether these features can be built
into a model of three-dimensional (3-D) structure. Crystal
structures of K channels’ pore-domains are available: KcsA
crystal structure representing the pore in the closed state, and
MthK crystal structure representing the pore in the open state
(Doyle et al., 1998; Jiang et al., 2002). Homology modeling
using these crystal structures as templates has been applied to
several channels (Rauer et al., 2000; Capener et al., 2000;
Lipkind and Fozzard, 1997). Unfortunately, this approach
cannot be applied to the HERG channel for two reasons. First,
the *‘S5-P equivalent’ in the KcsA or MthK crystal does not
have a well-defined structure (Doyle et al., 1998; Jiang et al.,
2002). Second, the marked differences in the length and
amino acid sequence in this region between HERG and KcsA
or MthK make sequence alignment (a prerequisite for
homology modeling) impossible (see Fig. 11 A).
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Peptide toxins that can bind to the outer vestibule of the
HERG channel will be useful tools to bring us closer to an
understanding of the channel’s structure. Known peptide
toxins that modulate K channel function are usually short
(3040 aa), and contain three or four disulfide bonds (Tytgat
et al., 1999). The reticulation of these disulfide bonds makes
the peptide structures compact and rigid, amenable to
structural analysis using NMR spectroscopy and suitable as
“molecular calipers’ to probe the structures of binding sites
on their target channels (Miller, 1995). Indeed, peptide toxin
“foot printing”’” using strategies such as mutant cycle anal-
ysis has been a useful way to deduce the spatial relation-
ships of residues lining the outer vestibule of different
K channels (Hidalgo and MacKinnon, 1995; Miller,
1995). Several HERG-specific peptide toxins are available:
BeKm-1 (Korolkova et al., 2001), ErgToxin 1 (ErgTx1)
(Gurrola et al., 1999), ErgTx2 (Lecchi et al., 2002), and
CsEKergl (Nastainzyk et al., 2002). BeKm-1 belongs to
the a-KTx subfamily, whereas the other three belong to the
v-KTx subfamily (Tytgat et al., 1999) (Fig. 1). Previously
we have shown that ErgTx1 binds to the outer vestibule of
the HERG channel (Pardo-Lopez et al., 2002). The binding
site is probably formed by uncharged residues in the S5-P
and P-S6 linkers of the HERG channel (Pardo-Lopez et al.,
2002). The focus of this study is BeKm-1, whose NMR
structure has been solved recently (Korolkova et al., 2002).
Although BeKm-1 and charybdotoxin (ChTx) share the 3-D
scaffold (Fig. 1 A), there are important differences between
the two. ChTx binds to its target K channels (Maxi-K or Kv
channels such as the Shaker) using the [y surface
(interaction surface), and the lysine residue at position 27
(K27) plays a critical role (Fig. 1 A) (Park and Miller, 1992;
Goldstein and Miller, 1993; Ranganathan et al., 1996). In
a ChTx/Shaker complex, the e-amino group of K27
functions as a “‘tethered”” K™ ion. It protrudes into the
pore, binding near the ‘‘selectivity filter”” of the pore and
occluding current flow. BeKm-1 has an arginine at the
equivalent position (R27, Fig. 1 A). The guanidinium moiety
of the arginine side chain is much bulkier than the amino
group of a lysine, and cannot insert into the pore. This is
why the K27R mutation of ChTx reduces its potency by
>1000-fold (Goldstein et al., 1994). Therefore, BeKm-1
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may bind to the HERG channel using a different domain.
Indeed, a recent alanine mutagenesis study suggests that
residues along the a-helix of BeKm-1 are critical for
suppressing HERG (highlighted in Fig. 1 A) (Korolkova
et al., 2002). There is a precedent: TsKapa (a-KTx 4.2) is
selective for small-conductance, apamin-sensitive, Ca-acti-
vated K (SK) channels (Castle, 1999). Its interaction surface
consists of the a-helix (K19) and the loop between §; and
the a-helix (R6 and R9Y) (Fig. 1 A) (Castle, 1999). It is
conceivable that toxins using different domains as their
interaction surface recognize receptors of different con-
formations, which in turn reflect differences in the structure
of these K channels.

We have two main goals in this study: 1), to deduce the
mechanism by which BeKm-1 suppresses the HERG current,
and 2), to explore the BeKm-1 binding site on the HERG
channel using the cysteine scanning mutagenesis approach.
Our data show that BeKm-1 and ErgTx1 share important
features in their interactions with the HERG channel, and the
mechanism differs from the ‘‘pore-plugging”” mechanism
described for ChTx blockade of the Shaker channel.
Furthermore, the two toxins’ binding sites on the HERG
channel overlap, but likely involve different contact points.
Thus, BeKm-1 and ErgTx1 have different 3-D scaffold
structures but may share similar functional topologies, where-
as BeKm-1 and ChTx have similar scaffold structures but
different functional topologies. These data implicate a uni-
que outer vestibule structure of the HERG channel.

MATERIALS AND METHODS
Toxin preparation

The expression and purification of BeKm-1 was performed as described
previously (Korolkova et al., 2001). Briefly, BeKm-1 was expressed in the
periplasm of Escherichia coli (HB101) as a fusion protein with two IgG-
binding domains (ZZ) of staphylococcal protein A. The HB101 cells were
harvested and lysed by ultrasonication. After ultracentrifugation, BeKm-1
fusion protein in the supernatant was purified by an IgG-Sepharose 6FF
column (Amersham Pharmacia Biotech, Piscataway, NJ). BeKm-1 was
cleaved from the fusion protein by enterokinase. The recombinant toxin was
purified from the cleavage mixture by chromatography on a reverse phase
HPLC column (Delta Pak C;g 300-A pore, 3.9 X 300 mm, Waters, Milford,
MA), followed by an ODS Ultrasphere column (4.6 X 150 mm, Beckman,

FIGURE 1 (A) Amino acid sequence align-

pI charges .
ment of BeKm-1 with two other members of

9.03 +5.89 the a-KTx family: charybdotoxin (ChTx) and
TsKapa. Toxin position numbers are listed on
8.75 +4.72 top. Cysteine residues are boxed and con-
nected based on the determined disulfide
8.29 +2.73 bridge pattern. Secondary structures are de-

noted: open horizontal bar (a-helix) and
closed horizontal bars (B-strands, with By,
B, and By marked below the BeKm-1

sequence). Toxin residues that have been

shown to be critical for binding to target K channels are highlighted by gray shades. (B) The amino acid sequence and disulfide bridge pattern of ErgTx1,
a member of the y-KTx family. The isoelectric pH (pI) and net charges at pH 7 are shown to the right of each toxin sequence.
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Fullerton, CA). Mass spectrometry verified the composition of the purified
material. The toxin peptide content was determined using the bicincholinic
acid method with bovine serum albumin (BSA) as the standard.
Recombinant ChTx and ErgTx1 are obtained from Alomone (Jerusalem,
Israel). The potency of the recombinant ErgTx1 in suppressing HERG (see
Fig. 2) is very similar to that of native ErgTx1 previously determined under
the same conditions (Pardo-Lopez et al., 2002). Lyophilized toxin powders
were dissolved in 0.1% BSA in bath solution, aliquoted, and kept at —30°C.
After thawing, each aliquot was kept on ice or at 4°C and used in <2 days.

Cysteine (Cys) scanning mutagenesis

Wild-type (WT) HERG in a vector, pAlterMax, was used to produce Cys
mutants using the oligonucleotide-directed method and a commercial kit
(Altered Site® Mammalian Mutagenesis System, Promega, Madison, WI).
Residues 571-613 (the S5-P linker), 631-638 (P-S6 linker), and 514-519
(S3-S4 linker) were substituted by Cys one at a time. In the following text,
the mutants are designated by the WT residue (one letter code), followed by
the position number and C for cysteine.

cRNA and oocyte preparations

cRNA was transcribed from cDNA using a commercial kit (T7 mMessage
mMachine, Ambion, Dallas, TX), resuspended in DEPC-treated water, and
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FIGURE 2 BeKm-1 and ErgTx1 both suppress HERG with a high
potency, whereas ChTx has no effect at 100-fold higher concentration.
Shown are time courses of changes in HERG current amplitude before,
during, and after exposure to different concentrations of toxins (in nM,
denoted by different symbols as shown in panel C). Currents are elicited by
1-s depolarization pulses from V}, —80 mV to +20 mV once every 30 s. The
peak amplitudes of tail currents are measured and normalized by the control
current amplitude right before toxin application. Inset of each panel depicts
current traces recorded before (0) and during exposure to toxin at the
concentration (in nM) marked, with leak currents subtracted. Calibration
bars = 1 uA.
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the concentration was quantified by densitometry (Chemilmager Model
4000, Alpha Innotech, San Leandro, CA). Oocytes were isolated from
Xenopus laevis and freed from follicular cell layers after mild collagenase
treatment. Each oocyte was microinjected with 40 nl of cRNA solution (total
cRNA 10-18 ng). After incubating the oocytes for 2—4 days at 16°C in an
ND96 medium (composition given below) supplemented with horse serum
(4%) and antibiotics (penicillin 50 U/ml and streptomycin 50 U/ml),
channels were studied in electrophysiological experiments.

Electrophysiological 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 computer and a 12-bit D/A and A/D
converter (Axon Instruments, Union City, CA). Unless otherwise stated,
a typical experiment started with placing an oocyte in a tissue bath
containing 0.8 ml of low-[Cl] bath solution (to avoid interference from
endogenous Cl currents). The grounding 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 bath solution (to avoid perturbing ion
composition in the small volume of static bath solution). The oocyte was
impaled with two microelectrodes, and membrane currents were recorded.
The membrane voltage was held at —80 mV (V},), and currents were
activated by a 1-s step to +20 mV applied once per 30 or 60 s. After control
currents (/c) were recorded, 5 ul of BeKm-1 stock solution (2 uM in 0.1%
BSA) was diluted with 0.2 ml of bath solution and added to the bath (final
[BeKm-1] 10 nM, unless otherwise stated). Repetitive pipetting was used to
facilitate equilibration of toxin concentration in the bath. The remaining
current in the presence of BeKm-1 (I1x) was recorded when the degree of
current suppression reached a steady state. For the determination of
concentration-response relationship, the above procedure was modified. The
beginning BeKm-1 concentration in the bath solution was 1 nM (from 0.2
uM stock) and was increased cumulatively after the steady-state effect was
reached at each concentration (up to 100 nM). When higher concentrations
of toxin were needed (experiments shown in Figs. 2, 6, 7, and 10), BeKm-1
stock solutions were made at 20 and 200 uM. ErgTx1 and ChTx were
reconstituted and applied in the same manner. In some experiments (Fig. 3
A), oocytes were microinjected with salt solution immediately before re-
cordings. This was done using the same device as for cRNA microinjection.

Solutions

The ND96 solution had the following composition (in mM): NaCl 96, KCl1 2,
CaCl, 1.8, MgCl, 1, HEPES 5, and Na-pyruvate 2.5. The solution was
titrated to pH 7.5 with HCI. The standard low-[CI] solution used during
voltage clamp experiments had a similar composition, except that NaCl and
KCl were replaced by NaOH and KOH, MgCl, was replaced by MgSQO,, and
the pH 7.5 was adjusted to 7.5 with methanesulfonic acid. The following
solutions were used in some experiments: a), 98 mM [K] solution, NaOH
was replaced by equimolar KOH and Na-pyruvate was omitted; b), low ionic
strength solution, NaOH was lowered to 20 mM using sucrose to maintain
the osmolarity; c), different pH solutions, pH of the standard solution was
titrated to 6.5 (with methanesulfonic acid) or 8.5 (with NaOH); and d), 50
mM TEA solution, the same as the standard low-[C]] solution except that 50
mM Na was replaced by TEA.

Data analysis

Data analysis was performed using the following programs: Clampfit of
pClamp 6 or 8 (Axon Instruments), Excel (Microsoft), PeakFit, and
SigmaPlot (Jandel Scientific, San Rafael, CA). Pairwise statistical analysis
was done using t-test (SigmaStat, Jandel Scientific). Multiple-group
comparison was done using one-way ANOVA, followed by Dunn’s test.
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extracellular ionic composition on BeKm-1 suppression
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of HERG. (A) Increasing [K]; or [Na]; does not affect
BeKm-1’s potency but can influence the potency of
a standard outer mouth blocker, TEA. Oocytes are injected
with KCI or NaCl (see Methods, estimated increase in
cytoplasmic salt concentration 50 mM), and tested for
sensitivity to 10 nM BeKm-1 (top) or to 50 mM TEA

0.0 :
} None

NaCl

Intracellular injection

(bottom). Left and middle panels, original tail current traces
(elicited by the voltage clamp protocol shown in lower left
panel) recorded from KCl-injected or NaCl-injected

KCl

oocytes before (/c) and after addition of BeKm-1 (/1x) or
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B BeKm-1 10 nM 0.6 1

04

K], 2

BeKm-1 10 nM

N

2 k], (mm) %8

[TEA], O 50 987
E

[2]s0_ | -

F::ﬁ 0.0

-

0 5
[TEA], (mM)

currents in the presence of BeKm-1 or TEA to control from
NaCl- or KCl-injected and uninjected oocytes (n = 3 —
14). (B) BeKm-1 potency is not affected by increasing [K],
from 2 to 98 mM (top), but is reduced by outer mouth
occupancy by TEA (bottom). Left and middle panels,
original current traces (elicited by the protocol shown in
lower left panel) recorded in 2 and 98 mM [K],, or in the
absence and presence of 50 mM TEA. Current traces
before and after BeKm-1 (10 nM) application are denoted
as in A. Right panels, summary of ratios of ITx to /- under
specified conditions. Dotted lines are reference for
measurement of peak tail current amplitudes. Calibration
bars = 1 uA.

RESULTS

Fig. 2 compares the effects of BeKm-1, ErgTx1, and ChTx
on HERG. Both BeKm-1 and ErgTx1 can suppress the
HERG current in a concentration-dependent and reversible
manner (Fig. 2, A and B). For both, the degree of suppres-
sion reaches around 50% at 10 nM. However, neither toxin
can achieve a 100% suppression even at 1000 nM. Under
these conditions, the current traces display the rectification
property characteristic of the HERG channel (more outward
current at —80 mV than at +20 mV), ruling out the pos-
sibility that these residual currents originate from oocyte
endogenous or ‘‘leak’ conductance. The basis for the
residual HERG current seen in 1000 nM BeKm-1 will be
discussed further in a later section.

In contrast to the high potency of BeKm-1 and ErgTx1,
ChTx has no detectable effects on HERG at even 1000 nM
(Fig. 2 C). Therefore, although BeKm-1 shares the 3-D
scaffold with ChTx, its selectivity for HERG and the
blocking potency are similar to those of ErgTx1 (Pardo-
Lopez et al., 2002). However, a difference in the toxin
potency does not necessarily reflect significant differences in
the structure of the toxin binding site. For example, ChTx

blocks the wild-type Shaker channel with a relatively weak
potency (dissociation constant, K4, 120 nM). A single point
mutation, Shaker-F425G, can increase the potency of ChTx
by 2000-fold (Stocker and Miller, 1994). A mechanistic
study of toxin’s actions should provide more insights into
how the toxin binds to its receptor site and affect the channel
function. To study the mechanism of BeKm-1 action, we
characterize BeKm-1/HERG interaction in terms of its
sensitivity to changes in the extracellular or intracellular
ionic composition and to changes in membrane voltage. We
compare these characteristics with those of ErgTx1/HERG
and ChTx/Shaker interactions. The comparison with ChTx/
Shaker is particularly informative because much has been
learned about where ChTx binds to the Shaker channel and
how it blocks the current (Park and Miller, 1992; Goldstein
and Miller, 1993; Ranganathan et al., 1996; Gross and
MacKinnon, 1996; Goldstein et al., 1994). This information
can account for the well-defined features of ChTx/Shaker
interaction: 1), The ChTx potency is reduced by an elevation
of the intracellular or extracellular K* concentration ([K];
and [K],) (Ranganathan et al., 1996; Goldstein and Miller,
1993). This is because either intervention can increase K*
ion occupancy inside the pore, which destabilizes binding of
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the e-amino group of K27 near the selectivity filter (Park and
Miller, 1992). 2), The ChTx potency is reduced at stronger
membrane depolarization (Goldstein and Miller, 1993). This
occurs for two reasons. First, the increase in K* efflux
through the pore at more depolarized voltages destabilizes
binding of K27’s g-amino group. Second, membrane
depolarization can also directly destabilize binding of this
amino group because the binding site is ~20% down the
transmembrane electrical field (Goldstein and Miller, 1993).
And 3), The ChTx potency is enhanced by lowering the
extracellular ionic strength (Goldstein and Miller, 1993;
MacKinnon and Miller, 1989). This is because under these
conditions the amplified attractive forces between positive
charges on the toxin and negative charges on the outer
vestibule of the channel can help direct/orient the toxin
molecule toward its binding site (MacKinnon and Miller,
1989). Therefore, these aspects are where we begin to
characterize BeKm-1/HERG interaction and to deduce the
mechanism of toxin action.

Characteristics of BeKm-1/HERG interaction
Effects of increasing [K]; on BeKm-1/HERG interaction

BeKm-1 does not have a K27-equivalent (Fig. 1). How-
ever, mutating BeKm-1’s K18, and to a lesser extent K23,
to alanine can substantially reduce the toxin’s potency
(Korolkova et al., 2002), leaving it possible that BeKm-1
may block the HERG pore by a mechanism similar to that of
ChTx using one of these lysine residues. In this case, we
expect to see a reduction of BeKm-1 potency when [K]; or
[K], is elevated. Therefore, the first question is: is BeKm-1’s
potency reduced by increasing [K];? We use an approach
similar to that described by Wang et al. (1996): oocytes are
injected with concentrated NaCl or KCl solution (2.5 M, 10
nl per oocyte). The estimated increase in cytoplasmic salt
concentration is 50 mM. Injected oocytes are immediately
tested for BeKm-1 potency. To confirm that our approach
can alter the cytoplasmic ion concentration and, more
importantly, ion occupancy inside the HERG pore, we test
the effects of NaCl or KCI injection on a standard outer
mouth blocker, tetracthylammonium (TEA) (bottom panels
of Fig. 3 A) (Smith et al., 1996). Compared with the TEA
potency in suppressing the HERG current in uninjected
oocytes, NaCl injection markedly accentuates the TEA
potency, whereas KCl injection has a small (statistically
insignificant) attenuating effect. The difference between
NaCl-injection and KCl-injection is profound (p < 0.001).
These data can be explained by proposing that a higher
cytoplasmic Na* concentration can compete with K" ions
for entry into the HERG inner mouth. This can decrease K*
ion occupancy inside the pore. However, since Na™ ions do
not bind well to the selectivity filter or cannot reach as close
to the outer mouth as K™ ions, the stability of TEA binding
to the outer mouth is increased after NaCl injection. On the
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other hand, although KClI injection can lead to a rise of [K];
by 50 mM, the overall impact on K occupancy inside the
pore is less because the oocyte has a normal cytoplasmic [K]
around 120 mM. These data indicate that indeed we can
perturb the cytoplasmic ion concentration and influence ion
occupancy inside the HERG pore by intracellular injection of
high [salt] solution. Top panels of Fig. 3 A show that
compared to uninjected oocytes, neither NaCl nor KCl
injection has any detectable effects on BeKm-1 potency.
Therefore, unlike TEA, BeKm-1 binding to the HERG
channel is not sensitive to changes in K occupancy inside
the pore.

Effects of increasing [K], on BeKm-1/HERG interaction

Top panels of Fig. 3 B show that elevating [K], from 2 to 98
mM has no effect on the BeKm-1 potency in suppressing
HERG. This adds more support for the notion that BeKm-1
binding to the HERG channel is not affected by changing K™*
ion occupancy around the selectivity filter. This situation is
different from that of ChTx/Shaker interaction (Ranganathan
et al., 1996; Goldstein and Miller, 1993), but similar to that
of ErgTx1/HERG interaction (Pardo-Lopez et al., 2002).

Effects of an outer mouth blocker, TEA,
on BeKm-1/HERG interaction

Since BeKm-1 binding to the HERG channel is not sensitive
to changes in either [K]; or [K],, our next question is: does
BeKm-1 bind near the HERG outer mouth? One way to
answer this question is to test whether the BeKm-1 potency
is affected by an outer mouth blocker. For example, TEA can
reduce the potency of both ChTx (in suppressing Shaker
current) and ErgTx1 (in suppressing HERG) (Goldstein and
Miller, 1993; Pardo-Lopez et al., 2002). The lower panels of
Fig. 3 B show that the BeKm-1 potency is also significantly
reduced when tested in the presence of 50 mM TEA. The
sensitivity to TEA can be due to a steric effect (bound TEA
hinders BeKm-1 access to its binding site), and/or a charge
effect (the positive charge of bound TEA repels approaching
positively charged BeKm-1 molecules). The latter effect
occurs if positive charges on the BeKm-1 molecules can
influence toxin binding. To test whether this is the case, we
examine the effects of changing pH, on BeKm-1 potency.

Effects of changing pH, on BeKm-1/HERG interaction:
difference between BeKm-1 and ErgTx1

BeKm-1 has a isoelectric pH (pI) of 8.29 and carries <3
positive charges at neutral pH, (Fig. 1 A). Changing pH,
from 7.5 to 6.5 should increase the number of positive
charges on the toxin molecule, whereas changing pH, from
7.5 to 8.5 should abolish the positive charges or even make
the toxin negatively charged. Fig. 4 A (left panel) shows that
changing pH, from 7.5 to 6.5 enhances BeKm-1 potency,
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FIGURE 4 (A) Effects of changing pH, on BeKm-1
suppression wild-type HERG (WT, circles) and two histid-
ine mutants (H578C, triangles, and H578K, inverted
triangles). Left, fractions of remaining current in the presence
of 10nM BeKm-1 (/1x/Ic) measured at 3 pH, levels. Voltage
clamp protocol and current measurement are as described for
Fig. 2. Right, comparison between BeKm-1 and ErgTx1 in
the profile of pH, sensitivity of toxin suppression of WT
HERG and the two histidine mutants. The mean values of I1x/
I measured at pH,, 6.5 and 7.5 are normalized by the mean
Itx/Ic value at pH,, 8.5. BeKm-1 data are from the left panel
using the same symbols. ErgTx1 data (open gray symbols)
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R were obtained under the same conditions (Pardo-Lopezet al.,
8.5 2002). (B) BeKm-1/HERG or ErgTx1/HERG interaction is
insensitive to a decrease in extracellular ionic strength (2), in
sharp contrastto ChTx/Shaker interaction. Degrees of current
suppression by 10 nM BeKm-1 or ErgTx1 are measured in
solution of normal ionic strength (high 2., ND96 with 96 mM
[Na],, % = 110mM) and in solution of low ionic strength (low
3., [Na], reduced to 20 mM with sucrose substitution, 2, = 30
mM) at pH,, 6.5, 7.5, and 8.5. The Itx/Ic values are used to
estimate Ky values according to Eq. 1 (Fig. 7 legend, Ajux =
0.9). The ratios of K4 in high X to that in low 3, are shown. To
avoid interference from effects of H578 protonation on
ErgTx1 potency, the effects of ErgTx1 are tested on H578C
((Pardo-Lopezet al., 2002), see right panel in A). The ChTx/

£

BeKm-1/HERG ErgTx1/HERG

whereas changing pH, from 7.5 to 8.5 reduces BeKm-1
potency. These observations support the notion that BeKm-1
binding to the HERG channel is facilitated by positive
charges on the toxin molecule.

This profile of pH, sensitivity differs from that of ErgTx1
(Pardo-Lopez et al., 2002). The right panel of Fig. 4 A
compares the profile of pH, sensitivity between BeKm-1 and
ErgTx1. To facilitate comparison, the fractions of remaining
current in the presence of 10 nM toxin (I1x/Ic) at pH, 6.5 and
7.5 are normalized by that at pH,, 8.5. The degree of BeKm-1
suppression of HERG shows an almost linear profile in this
pH, range. On the other hand, although the potency of
ErgTx1 (pI 7.88, Fig. 1 B) is increased as pH, is acidified
from 8.5 to 7.5 (indicating that positive charges on ErgTx1
can facilitate binding to HERG), the potency is not further
increased at the pH,, 7.5-6.5 transition. Previously we have
shown that this is due to a protonation of the histidine residue
at position 578 (H578): the added positive charge can
interfere with binding of positively charged ErgTx1 to the
channel. Therefore, after replacing this histidine with cys-
teine (H578C), acidifying pH, from 7.5 to 6.5 can cause
a further increase in ErgTx1 potency. On the other hand,
replacing the histidine with a ‘‘permanent’’ positive charge
(H578K) markedly reduces the ErgTx1 potency at pH, 6.5
and pH,, 7.5 (when the toxin is positively charged), but not at
pHo 8.5 (when the toxin is neutral or even negatively
charged). On the other hand, neither H578C nor H578K
affects the profile of pH, sensitivity of BeKm-1/HERG
interaction (although H578C modestly increases BeKm-1

Sh data is from MacKinnon and Miller (1989), where 3 is

ChTx/Sh lowered from 110 to 50 mM.

potency, Fig. 4 A, left panel). Therefore, BeKm-1 differs
from ErgTx1 in that binding of BeKm-1 to the HERG
channel is shielded from the electrostatic repulsion of
a positive charge at position 578.

Effects of lowering the extracellular ionic strength
on toxin/channel interactions

We next test whether BeKm-1 binding to the HERG channel
can be enhanced by lowering the external ionic strength. We
run the test at pH,, 6.5, 7.5, and 8.5, because the number and
sign of electrical charges on the toxin molecule, as well as
around its binding site on the channel, can impact on the
sensitivity of toxin-channel interaction to the surround-
ing ionic strength. Surprisingly, lowering the external ionic
strength (from 110 to 30 mM) does not affect BeKm-1
binding at any of the 3 pH,, levels (Fig. 4 B). This is in sharp
contrast to the high sensitivity of ChTx/Shaker interaction to
a similar change in the external ionic strength (data from
(MacKinnon and Miller, 1989) shown in Fig. 4 B) We also
test how lowering the external ionic strength affects ErgTx1
suppression of H578C (to avoid the compounding effect of
H578 protonation on ErgTx1 binding) at the 3 pH, levels.
Similar to BeKm-1, the ErgTx1 potency is unaltered by this
intervention. Therefore, although positive charges on BeKm-
1 and ErgTx1 facilitate toxin binding to the HERG channel,
the electrostatic forces between toxin and the channel bind-
ing site are much weaker than those involved in ChTx/
Shaker interaction. This can be partly due to differences
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in the pl values, and thus the number of positive charges
carried by these toxins at comparable pH,, (Fig. 1). Another
important factor is differences in the binding site: negative
charges on the outer vestibule of the Shaker channel are
critical for ChTx binding (MacKinnon and Miller, 1989),
whereas negative charges on the outer vestibule of the
HERG channel are not important for ErgTx1 binding (Pardo-
Lopez et al., 2002). This may also be the case for BeKm-1
(see below, Fig. 11 A).

Voltage-sensitivity of BeKm-1/HERG interaction

Similar to the voltage-sensitivity of ChTx/Shaker interaction
(Goldstein and Miller, 1993), membrane depolarization in
the range of 0—+60 mV can clearly, although modestly,
reduce the BeKm-1 potency in suppressing HERG (Fig. 5).
This cannot be due to an increase in K* efflux through the
pore, because the prominent C-type inactivation process
actually reduces K™ efflux in this voltage range (indicated by
the trace of normalized test pulse current, or /;). The voltage
sensitivity cannot be due to binding of a positively charged
toxin moiety within the membrane electrical field that ex-
periences electrostatic repulsion by the membrane depolar-
ization, based on the above data showing that changing K™

| pH, ITXHC PD //'\ e
65 O / \\
g5 A /

Iy/Tes P, or normalized I,
BT
e
-
-
P
A

/ \
'd ,
o8 “.Normalized [,
4 S
0.0 ————— . . : . . , . s
-50 0 50
\/'t (mV)

FIGURE 5 Voltage-sensitivity of BeKm-1 suppression of HERG and
a comparison with voltage-dependence of channel activation and inward
rectification. The following voltage clamp protocol is used: from V;, —80
mV, 1-s depolarization pulses to V, —70 to +60 mV in 10 mV increments
are applied once every 15 s. Peak tail current amplitudes (/,,;;) are measured
and the relationship between V, and I,,; is fit with a single Boltzmann
function to estimate the maximum tail current amplitude (/;,.x), half-
maximum activation voltage (Vjs), and slope factor (k): lay = Ima/(1 +
exp((Vos — Vo/k)). Iy amplitudes are normalized by estimated /.«
(probability of opening, or P,), averaged and plotted against V. This is done
in pH, 6.5 and 8.5, and shown as gray open symbols. The peak tail current
amplitudes before (/) and after (/Tx) 10 nM BeKm-1 are measured and the
Itx/lc values are plotted against V; (black open symbols). The average test
pulse current (/;) of HERG at pH,, 7.5 normalized by the maximal /; at 0 mV
is shown as a dotted curve. Changing pH, from 6.5 to 8.5 has little or no
effects on the normalized /;-V, curve (Jiang et al., 1999).
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ion occupancy inside the pore does not perturb BeKm-1
binding. Further support is provided by the observations that
although changing pH,, from 6.5 to 8.5 (that should abolish
the positive charges on the toxin) reduces BeKm-1 potency,
it does not abolish this voltage sensitivity (Fig. 5). We
consider two possibilities. First, the voltage-sensitivity may
result from voltage-dependent interactions between BeKm-1
and the binding site on the HERG channel. In this scenario,
membrane depolarization decreases the BeKm-1 binding
affinity, thus reducing the degree of current suppression.
Second, this voltage-sensitivity may reflect the effects of
BeKm-1 binding on HERG channel gating. In this scenario,
toxin-bound HERG channels can still conduct currents.
However, toxin binding alters channel gating by shifting the
voltage-dependence of activation in the positive direction, so
that current amplitude in the presence of BeKm-1 will
increase as the voltage becomes more positive (and more
toxin-bound channels become activated). The second pos-
sibility can explain the observation that BeKm-1 cannot
totally suppress the HERG current even at 1000 nM, ~100-
fold of the ICs, (Fig. 2 A).

Gating behavior of BeKm-1-bound HERG channels

To differentiate between these two possibilities, we analyze
the voltage-dependence of HERG activation in the presence
of 1000 nM BeKm-1 (when most channels are toxin-bound),
and compare it to that seen at a much lower toxin con-
centration (10 nM, when both toxin-free and toxin-bound
channels coexist). Fig. 6 A shows the HERG activation curve
under the control conditions and in the presence of 1000 nM
BeKm-1. With BeKm-1 on board, there is a prominent
positive shift of the activation curve along the voltage axis
(V.5 shifted from —17.4 = 0.9 to +37.5 = 3.2 mV), and
a decrease in its slope (the k value increased from 9.0 = 0.3
to 24.8 = 1.7 mV). If this activation curve mainly reflects the
gating behavior of toxin-bound/conducting HERG channels,
then the activation curve in 10 nM BeKm-1 should have two
widely separated components: one representing toxin-free
channels and the other representing toxin-bound channels.
Fig. 6 B shows such an analysis from six oocytes exposed to
10 nM BeKm-1. Under the control conditions, the activation
curves follow a simple Boltzmann function. In the presence
of 10 nM BeKm-1, the activation curves in all six oocytes
require two Boltzmann components for a good fit. The
negative component has parameter values indistinguishable
from those of control activation curve, whereas the positive
component has parameter values very similar to those of the
activation curve seen in 1000 nM BeKm-1 (listed in Fig. 6
legend).

A further test of these two hypotheses is to analyze the
HERG current kinetics in 1000 nM BeKm-1. Fig. 6 C shows
the apparent HERG activation rates at +40 and +60 mV
under the control conditions and in the presence of 1000 nM
BeKm-1. With BeKm-1 on board, the time constant (7) of
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FIGURE 6 Effects of BeKm-1 on the
activation gating properties of HERG. (A)
Effects of 1000 nM BeKm-1 on the voltage-
dependence of HERG activation. The volt-
age clamp protocol and current measure-
ment/analysis are as described for Fig. 5.
Control: Vo5 =—174+*09mV,k=9.0 =
0.3 mV;in 1000 nM BeKm-1: V5 = +37.5
* 32 mV, k£ = 248*1.7 mV. (B)
Activation curve in 10 nM BeKm-1. The

voltage clamp protocol and current mea-
surement are the same as those shown in A.
The relationship between V; and [,;; requires
a double Boltzmann function for a good fit:
Lot = L/(1 + exp(Vy — Vo/ki)) + L/(1 +
exp(Vo, — V)lky)), where I, Vi, and k;
correspond to the I,.x, Vos, and k of the
ith Boltzmann component. The mean values
are: A} = 0.67 = 0.03, V, = —14.0 £ 1.0
mV, k; = 8.0 £0.3mV, A, =0.33 = 0.03,
Vo, =+31.0x32mV,and k, = 18.1 £ 0.9
mV. The dotted lines represent the two
separate Boltzmann components. (C) Effects
of 1000 nM BeKm-1 on time constant (7) of
activation determined by an envelope test.
Top, voltage clamp protocol: membrane
voltage is depolarized from V;, —80 mV to
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V, for various durations and the degree of
activation is tracked by the growth of peak
amplitude of outward tail current following

repolarization. Middle, superimposed tail current traces recorded before (/) and during (/Tx) BeKm-1 exposure with V, to +40 mV. Envelope of peak tail
current amplitudes is fit with a single exponential function to estimate 7,cgvation- BOttom, summary of T,cgivation at +40 and +60 mV. (D) Effects of 1000 nM
BeKm-1 on 7 of deactivation. Inset, superimposed tail currents recorded at —80 mV (outward or upward) and at —120 mV (inward or downward) before (thin
traces) and during (thick traces) BeKm-1 exposure. The peak amplitudes of tail currents at the same V, are matched to facilitate comparison. Data in panels A,
B, C (bottom), and D (main graph) are averaged from 3—7 measurements each. *in C and D, p < 0.05.

activation is prolonged at both voltages (at +40 mV, from 68
* 23 to 171 £ 9 ms). Fig. 6 D shows the apparent
deactivation rates in the voltage range of from —60 to —120
mYV under the control conditions and in the presence of 1000
nM BeKm-1. At voltages positive to —90 mV, the 7 of
deactivation is shortened by BeKm-1. The most marked
change is at —60 mV: Tgeactivation 15 shortened from 171 = 10
to 104 = 10 ms. According to the first hypothesis, the
slowing of HERG activation seen in BeKm-1 results
from voltage-dependent toxin unbinding from the channel,
whereas the acceleration of HERG deactivation reflects
a voltage-dependent rebinding reaction. If this were the case,
then these observed kinetic changes should be accounted for
by published data of BeKm-1 unbinding and binding rate
constants (Korolkova et al., 2002). The BeKm-1 unbinding
rate constant is 0.02 s~ (Korolkova et al., 2002). Therefore
the time constant of BeKm-1 unbinding is 50 s, more than
200-fold longer than the observed time constant of HERG
activation in 1000 nM BeKm-1. The BeKm-1 binding rate is
2.7 X 10° M~ ! s7! (Korolkova et al., 2002). At 1000 nM
toxin concentration, the binding rate is 2.7 s~!. This
translates into a 7 of binding reaction of 367 ms, much
longer than the observed 7 of channel deactivation seen in
1000 nM BeKm-1. Therefore, alterations in the kinetics of

HERG activation and deactivation observed in the presence
of 1000 nM BeKm-1 are much too fast to be accounted for
by unbinding and rebinding reactions. Taken together, these
observations support the notion that BeKm-1-bound HERG
channels can conduct currents (although with reduced con-
ductance), but have markedly altered gating kinetics.

The potency of ErgTxl in suppressing HERG is also
reduced by membrane depolarization (Pardo-Lopez et al.,
2002). This voltage-sensitivity may be due to the same
mechanism as is suggested by data shown in Fig. 2 B: in the
presence of 1000 nM ErgTx1 the residual HERG current has
markedly slowed activation and accelerated deactivation
kinetics.

Apparent concentration-response relationship
of BeKm-1 suppression of HERG

We examine the effects of 1-1000 nM BeKm-1 on the
HERG current amplitude, using the same voltage clamp pro-
tocol and data analysis as those described for Fig. 2. The
relationship between toxin concentration ([TX]) and fraction
of remaining current (I1x/Ic) are summarized in Fig. 7 (open
squares, data obtained in 2 mM [K],, n = 3—14). Since Itx/
Ic results from a combination of toxin-free channels and
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FIGURE 7 Concentration-response relationships of BeKm-1 suppression
of HERG measured in 2 and 98 mM [K],. The voltage clamp protocol and
current measurement are the same as those described for Fig. 2. Relationship
between fraction of remaining current (/Tx/[c) and toxin concentration
([TX]) is fit with the following equation: Itx/lc = Amax/(1 + [TX]/Kg) +
(1 — Amax) (Eq. 1), where A« is the fraction of toxin-sensitive current
component and Ky is the dissociation constant. Each data point is
summarized from 3 to 17 measurements. For 2 mM [K],, Apax = 0.88 £
0.01, and K4 = 4.4 £ 0.2 nM. For 98 mM [K],, Apmax = 0.81 = 0.03, and
K4=3.2 % 0.6 nM (for both parameters, p > 0.05). The superimposed curves
are calculated from Eq. 1, with the mean parameter values listed above.

toxin-bound channels with altered conductance and gating
kinetics, this concentration-response relationship does not
reflect the molecular binding and unbinding events. Never-
theless, it serves as a quantitative description of toxin potency
under the defined conditions. This apparent concentration-
response relationship can be well described by the following
equation:

[TX/IC = Amax/(l + [TX]/Kd) + (1 _Amax)» (1)

where An.x is the fraction of BeKm-1 sensitive current
component (0.88 * 0.01), and K is the apparent dissociation
constant of BeKm-1 (4.4 £ 0.2 nM). Fig. 7 also shows that
the potency of BeKm-1 is not affected by elevating [K],
from 2 to 98 mM, consistent with data presented in Fig. 3 B.

The concentration-response relationship of BeKm-1 is
very similar to that of ErgTx1 (Pardo-Lopez et al., 2002).
Both can be described by the same equation, with com-
parable K4 values and similar maximal effects (~90%
suppression of the HERG current).

Finding the BeKm-1 binding site on the
HERG channel

Is BeKm-1 binding site close to that of ErgTx17?

The above data indicate that BeKm-1 and ErgTx1 share
similar features in their interaction with the HERG channel.
Do they bind to the same or similar domains on the HERG
channel? Fig. 8 A depicts the time course of a typical
competition experiment. Application of ErgTx1 (10 nM)
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FIGURE 8 BeKm-1 application reduces the suppressing effects of
subsequent ErgTx1 on HERG and vice versa. (A) Time course of changes
in current amplitude from a representative experiment. The voltage clamp
protocol and current measurement are the same as those described for Fig. 2.
[K]o is 2 mM and [TX] for both BeKm-1 and ErgTx1 is 10 nM. The
durations of toxin exposures are marked by horizontal bars on top. Toxin
effects are washed out between 12 and 20 min. (B) Summary of BeKm-1
effects without or with preapplication of ErgTx1 (leff) and ErgTx1 effects
without or with preapplication of BeKm-1 (right). Data are pooled from six
experiments. Three are done in the order shown in A, and the other three are
done in the reverse order. The percentages of current suppression are
calculated as illustrated by the arrows in A.

causes a 65% reduction in the HERG current. Subsequent
application of BeKm-1 (10 nM) in the continuous presence
of ErgTx1 causes only a 32% decrease in the current am-
plitude, measured relative to the current at the steady-state
effect of ErgTx1. After washing out both toxins, the current
amplitude recovers to near the control level. Toxins of the
same concentration are applied in the reverse order. In this
case, BeKm-1 alone causes a 60% decrease in the current
amplitude whereas subsequent application of ErgTx1 causes
only a 25% decrease. Fig. 8 B summarizes results from six
experiments—three are done in the order shown in Fig. 8 A,
and three are done in the reverse order. The effect of BeKm-1
is attenuated by a prior application of ErgTx1, and vice
versa. This is consistent with the notion that the two toxins’
binding sites on the channel may be close to each other.

Using the cysteine scanning mutagenesis approach to
explore the BeKm-1 binding site

We examine the effects of cysteine mutations in the outer
vestibule of HERG on BeKm-1 potency. The regions exam-
ined include positions 514-519 (S3-S4 linker), 571-613
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(S5-P linker), and 631-638 (P-S6 linker) (Fig. 9 A). Record-
ings are made in 98 mM [K], to enhance current amplitude
of some poorly expressed mutants. This is justified be-
cause BeKm-1 binding to the HERG channel is insensitive
to such a change in [K], (Fig. 3 B). Currents are elicited by
1-s depolarization pulses to +20 mV, and peak amplitudes
of tail currents at —80 mV are used to monitor the degrees of
suppression by the toxin. Fig. 9 B depicts current traces of
WT HERG and selected cysteine mutants in the absence
and presence of 10 nM BeKm-1. The WT and N588C
currents are markedly reduced by BeKm-1, whereas those
of Q592C and P632C are not affected at all. For those cys-
teine mutants that show markedly reduced BeKm-1 sensitiv-
ity (W585C, G590C, Q592C, I593C, S631C, and P632C),
toxin concentration is increased up to 200 nM when a dis-
cernible current suppression can be seen. The apparent Ky
values are estimated by measurements based on one toxin
concentration, using Eq. 1 with an assumed A,,,,x value of 0.9
(Fig. 7). The K4 values are used to calculate mutation-
induced changes in toxin binding free energy (AAG). Fig. 10
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summarizes all the data: AAG values are plotted against
channel residues along the abscissa with selected position
numbers labeled. The histogram bars are color coded by their
AAG values. Four cysteine mutations perturb toxin binding
by >3 kcal/mol (black histogram bars, W585C, G590C, and
Q592C in the 583-597 segment, and P632C in the P-S6
linker), two mutations perturb the binding energy in the 2-3
kcal/mol range (gray histogram bars, 1593C in the 583-597
segment and S631C at the pore entrance), and six muta-
tions perturb the binding energy in the 1-2 kcal/mol range
(hatched histogram bars, 1571C outside the S5, L589C,
D591C, and P596C in the 583-597 segment, T613C at the
pore entrance, and P605C). These data suggest the pos-
sibility that the BeKm-1 binding site on the HERG channel
may be formed with contributions from the 583-597 segment
of the S5-P linker and residues near the pore entrance
(T613C and S631C).

However, cysteine substitution at a number of locations
in the HERG’s outer vestibule region can alter channel
function. Specifically, these mutations can cause a disruption

A z , 5
853-84 linker 85 ~ 85-P linker 9 P-loop f—56 linker 56
[P G [e—3
GEGSEB. v« x50 WYAIGNMEQPHMDSR NSSGLGGPSIKDKYVTALYFTFSSLTSVGFGNVSPNTNSEKIFSI.C
E % WLHNLGDQIGKF
2 2
WT (HERG) N588C Q592C P632C

=

g \

1.0

FIGURE 9 (A) Partial amino acid sequence of HERG in the outer vestibule region (from the end of S5 to the beginning of S6) and in the S3-S4 linker.
Channel domains are marked on top. Position numbers of residues substituted by cysteine are noted: 514-519 of S3-S4 linker, 571-613 of S5-P linker (with
583-597 segment shown as an insert), and 631-638 of P-S6 linker. (B) Original current traces of WT and three selected cysteine-substituted mutants recorded
before (/) and after (ITx) application of 10 nM BeKm-1. Recordings are done in 98 mM [K],, using the voltage clamp protocol shown in inset of WT panel. (C)
Current-voltage relationships of WT and the same three mutants. The voltage clamp protocol is diagrammed in the inset of WT panel: a 0.2 s conditioning pulse
to +60 mV is used to activate (and inactivate) channels, followed by repolarization to V,; + 30 to —120 mV in 10 mV increments. Recordings are done in 2 mM
[K]o. The plateau or peak amplitudes of tail currents are measured, normalized by the maximal outward tail currents in the same oocyte (at —60 mV for WT and
Q592C, and at +30 mV for N588C and P632C), averaged and plotted against V,. The gray shades highlight the region of the I/V curves showing a negative
slope in WT and Q592C (due to C-type inactivation) but a positive slope in N588C and P632C (due to a disruption of C-type inactivation). Note also the
correlated difference in the reversal potential: ~—100 mV for WT and Q592, and ~—20 mV for N588C and P632C. Calibration bars = 1 uA.
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FIGURE 10 Effects of Cys substitu-
tions in the S3-S4, S5-P, and P-S6

AAG (kcal/mol)
SOOI

linkers of HERG on sensitivity to
BeKm-1. The recording conditions,
voltage clamp protocol, and current
measurement are the same as those
described for Fig. 9 B. One toxin
concentration (10 nM) is used for
WT HERG and all Cys mutants, except
W585C, G590C, Q592C, I593C,
S631C, and P632C. For these mutants
that have markedly reduced BeKm-1

WI GEGSEEIGNMEQPHMDS RIGWTANT. 0BG TG RPVNSSGLGGPS IKDRY VI EPNT NS BX sensitivity, cumulative toxin concentra-
2 ad o = @ & o 2 3 % o= 2 tions of 50, 100, and 200 nM are used.
uy (10%y] u ['s) L L e D o D D D o . ..

—————— . /\ The fraction of remaining current (ITx/
§3-54 S$5-P linker P-S6linker |y is used to estimate the K, value
P-loop

according to Eq. 1 with A,.x = 0.9

based on Fig. 7. The K4 value is used to calculate the mutation-induced alteration in binding free energy (AAG), according to: AAG = RTIn(K ™YK,
where K;™ and K,V are the calculated K values for mutant and WT channels, and RT = 0.6 kcal/mol. The K;V'" value averaged from these experiments in
which one toxin concentration (10 nM) is used is 6.0 = 0.4 nM (n = 14). For all the K;™" values, n = 3 — 6 each, but n = 1 for: 1), the six Cys mutants listed
above where high BeKm-1 concentrations are used (although the lack of sensitivity to 10 nM BeKm-1 is confirmed in three or four measurements each), and 2),
514-519 mutants. Data are color coded based on the magnitudes of perturbation in binding free energy: white bars (AAG < 1 kcal/mol), hatched bars (AAG
between 1 and 2 kcal/mol), gray bars (AAG between 2 and 3 kcal/mol), and black bars (AAG > 3 kcal/mol). Data are plotted against WT residues along the
abscissa, with selected position numbers marked. The 583-597 segment is boxed. Channel domains S3-S4, S5-P, and P-S6 linkers are also marked. Oocytes
expressing Cys mutants have been pretreated by DTT (5 mM, up to 4 h) and thoroughly rinsed in bath solution before recording. No data for the following
mutants that have little or no expression: N573C, K595C, N633C, E637C, and K638C (marked by *).

of C-type inactivation, a decrease in the K™ selectivity, and
a negative shift in the voltage-dependence of activation (Liu
et al., 2002). Two examples are illustrated in Fig. 9 C. The
I-V curves of WT HERG and Q592C (a mutant with WT-
like behavior) show a prominent negative slope in the
voltage range from +30 to —60 mV. This is due to the strong
C-type inactivation process that shuts down currents at posi-
tive voltages. Furthermore the reversal potential (E,) is
very close to the predicted K™ equilibrium potential (Ex), in-
dicating a strong K selectivity. On the other hand, the I-V
curves of N588C and P632C show a positive slope in the
same voltage range (C-type inactivation disrupted) and an
E,, around —10 mV (K* selectivity reduced). Therefore the
interpretation of data presented in Fig. 10 can be com-
pounded by the possibility that cysteine mutations may alter
the BeKm-1 binding affinity by inducing global conforma-
tional changes in the outer vestibule that propagate to the
toxin binding site. An argument against this possibility is
shown in Fig. 9: cysteine substitution disrupts C-type
inactivation and K™ selectivity in N588C, but the BeKm-1
sensitivity is unaltered. On the other hand, Q592C has a
WT-like behavior in terms of C-type inactivation and
K™ selectivity, but its BeKm-1 sensitivity is dramatically
reduced. Such a dissociation between mutation-induced
disruption of channel function and changes in BeKm-1
sensitivity is also clear from the summary data in Fig. 10.
In addition to N588C, the following cysteine substituted
channels have mutant (altered) channel behavior but the
same BeKm-1 sensitivity as WT HERG: G572C, L586C,
and T634C. Beside Q592C, the following channels have
WT-like behavior but drastically reduced BeKm-1 sensitiv-
ity: P596C, T613C, and S631C.

Biophysical Journal 84(5) 3022—3036

Since BeKm-1’s actions on the HERG channel have the
characteristics of a ‘‘gating modifier’’ (depolarizing shift in
the voltage-dependence of channel activation) (Swartz and
MacKinnon, 1997a), we also examine the effects of cysteine
substitution in the S3-S4 linker, a ‘“‘hot spot’” for binding of
gating modifier toxins (Swartz and MacKinnon, 1997b; Li-
Smerin and Swartz, 1998; Cestele et al., 1998). Cysteine
substitutions in the S3-S4 linker do not affect BeKm-1
binding (Fig. 10).

DISCUSSION

Our findings can be summarized as the following: 1), BeKm-
1 binds to the HERG channel near the pore entrance (because
cysteine substitutions around the pore entrance or TEA
binding to the pore reduce the toxin potency), without having
a positively charged toxin moiety protruding into the pore
(because toxin potency is insensitive to elevation in [K]; or
[K]o). 2), Positive charges on the toxin molecule facilitate
binding to the channel (because acidifying pH, from 8.5 to
6.5 increases positive charges on the toxin and enhances the
toxin potency), but electrostatic forces are not a major factor
in toxin/channel interaction (because the toxin potency is
insensitive to lowering the external ionic strength, or to
a neutralization of negative charges in the outer vestibule
region: E575, D580, and D609). 3), BeKm-1-bound HERG
channel can still conduct currents with a lowered conduc-
tance and drastically altered gating kinetics: more than +50
mV shift in the midpoint of activation curve, slowed ac-
tivation, and accelerated deactivation. Therefore, BeKm-1
behaves both as a pore blocker and as a gating modifier. 4),
Residues around the extracellular pore entrance and in the
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583-597 segment of the S5-P linker are involved in forming
the BeKm-1 binding site. And 5), S3-S4 linker is not
involved in BeKm-1 binding.

Unique outer vestibule structure
of the HERG channel

We have proposed that the outer vestibule of the HERG
channel is unique among K channels. This is indicated by
a comparison of amino acid sequences between HERG and
other K channels: the S5-P linker that lines the outer
vestibule of K channels is much longer in HERG (43 aa) than
in other K channels (12-23 aa) (e.g., Fig. 11 A). This
uniqueness is also indicated by the functional aspects of the
HERG channel. The C-type inactivation process, which
reflects conformational changes around a channel’s outer
mouth, is much faster and voltage-sensitive in HERG than in
other Kv channels (Spector et al., 1996). The uniqueness is
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further supported by the cysteine mutagenesis data (Liu
et al., 2002): mutations introduced into the middle of the
S5-P linker, not contiguous with the channel pore in one-
dimensional sequence, can have profound effects on the
HERG’s pore properties (C-type inactivation and K:Na
selectivity) and the voltage-dependence of activation. We
have proposed that positions 583-597 in the HERG’s S5-P
linker form an amphipathic a-helix, with its amino end near
the channel pore and carboxyl end close to the voltage-
sensing domain. In this model, the 583—-597 helix serves as
a bridge of communication between the pore and the voltage-
sensing domain. Our findings here are consistent with such
a topology: the 583-597 segment and the pore entrance are
close to each other in 3-D space so that residues in these two
regions together form the BeKm-1 binding site.

Although BeKm-1 shares the 3-D scaffold with other
a-KTx members, its mechanism of action and interaction
surface differ from those of ChTx and AgTx2 (Fig. 11 B).

A S5(M1) S5-P linker (turret) P-loop P-S6 linker 56 (M2)
f‘_‘A“ﬁ
MthK HEIEGES. ...ttt ventnnnnanans WIVSLYWTEFVTIATVGYGDYSPST. . . . PLGMYF
KcsA NLRERBR: k) s asa s PGAQLITYPRALWWSVETATTVGYGDLYPVT....LWGR.C
Shaker WERTIIRE o gvan s o e anmm o ENSFFKSIPDAFWWAVVTMTTVGYGDMT PVGVWGKIVGSLC
HERG WYA;GNMEQP@{DSR SSGLGGES IKDKY VT.ALYFTFSSLTSVGFGNVS.P.NTNSEKI F.S8IC
O u}
® BeKm-1 TGWLHNLCDQICKEY
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FIGURE 11 (A) Alignment of partial amino acid sequences of MthK, KcsA, Shaker, and HERG. S5 (equivalent to M1 in MthK and KcsA), P-loop, and S6
(M2) are underlined. S5-P linker (equivalent to ““turret’” in KcsA) and P-S6 linkers are delineated on top. Gaps (denoted by periods) are introduced to improve
the alignment. For HERG, the segment from positions 583 to 597 is shown as an insert. Gray shades highlight the Shaker residues important for ChTx or
AgTx2 binding. HERG residues important for BeKm-1 and ErgTx1 binding (AAG > 1 kcal/mol, Fig. 10 and Pardo-Lopez et al. (2002)) are highlighted by
solid circles and open squares, respectively. H578 is circled. (B) NMR structures of BeKm-1 and AgTx2, color coded by the effects of mutations on binding
affinity for HERG and Shaker, respectively. (C) Cartoon highlighting the differences and similarities in toxin-channel interactions: AgTx2 binding to the
Shaker channel and BeKm-1 or ErgTx1 binding to the HERG channel. AgTx2 and BeKm-1 are shown as having the same 3-D scaffold (denoted by the same 2-
D contour), but differ in: a), interaction surface used to bind to the outer vestibule of their target K channels, b), amount of net positive charges on the toxin
surface, c), electrostatic forces involved in toxin-channel interaction, and d), ability to experience repulsion by K™ ions inside the pore. The Shaker and HERG
channels are each depicted as a solid structure with a central channel pore, but differ in: a), the outer mouth dimension (wider in Shaker than in HERG), b),
inner mouth dimension (wider in HERG than in Shaker), and c), an a-helix formed by the 583-597 segment of S5-P linker in the HERG outer vestibule
(depicted as a semicircle). ErgTx1 is depicted as having a very different 3-D structure (denoted by a 2-D contour different from those of AgTx2 or BeKm-1),
but using an interaction surface similar to that of BeKm-1. BeKm-1 and ErgTx1 differ in their response to protonation of a histidine residue (H578) in the 583—
597 a-helix of the HERG channel (H attached to the semicircle).
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These points are symbolized in Fig. 11 C. In the cartoon, the
HERG outer mouth is narrower than that of the Shaker
channel. There are two reasons for this assumption. First,
several hydrogen bonds that are important in maintaining the
Shaker outer mouth in the open configuration (Larsson and
Elinder, 2000) are missing in the HERG channel (Doyle
et al., 1998). This will make the HERG outer mouth more
flexible and easier to collapse. Second, the flexibility of
HERG’s outer mouth may allow part of the S5-P linker, e.g.,
the 583-597 a-helix, to line the pore entrance. This will
narrow the outer mouth diameter. The cartoon in Fig. 11 C
also shows a wider inner cavity in the HERG channel than
that of the Shaker channel. This is in keeping with the
observations that many chemicals can enter the inner mouth
of the HERG channel and become trapped inside the pore by
the closure of the cytoplasmic activation gate (Mitcheson
et al., 2000).

BeKm-1 and ErgTx1 are useful tools to
probe the structure of the outer vestibule of
the HERG channel

BeKm-1 and ErgTx1 differ in their disulfide bridging pattern
and do not share any significant homology in the amino acid
sequence (Fig. 1). In terms of interaction with the HERG
channel, BeKm-1 and ErgTx1 share the following features:
1), concentration-response relationship (apparent 1:1 bind-
ing stoichiometry with a maximum of ~90% suppression of
current amplitude); 2), sensitivity to pH, (acidifying pH,
enhances toxin-HERG interaction); 3), sensitivity to TEA
(50 mM TEA significantly attenuates toxin potency); 4),
insensitivity to elevating [K], (from 2 to 98 mM); 5),
insensitivity to lowering the external ionic strength (from
110 to 30 mM); and 6), voltage-sensitivity (depolarization
modestly reduces the apparent potency of both toxins). The
voltage-sensitivity of these two toxins may arise from the
same mechanism: toxin-bound channels conduct currents but
with altered gating kinetics. Furthermore, the two toxins
attenuate each other’s potency in suppressing the HERG
current, suggesting that their binding sites on the HERG
channel are close to each other or overlap.

We propose that BeKm-1 and ErgTx1 suppress the HERG
current by the same mechanism, and share similarities in
their interaction surfaces (Fig. 11 C). However, there are also
important differences between BeKm-1 and ErgTx1 in terms
of their contact points with the channel and the binding site
environment. First, the impact of protonating histidine at
position 578 at acidic pH,, on toxin binding differs between
BeKm-1 (no impact) and ErgTx1 (reduced binding). Sec-
ond, cysteine substitutions at the following positions affect
BeKm-1 binding, but not ErgTx1 binding: 1571, L589,
D591, P596, P605, and S631 (Fig. 11 A). In particular, the
difference in the impact of S631C (a mutation right at the
edge of the pore entrance) suggests that BeKm-1 may bind
deeper into the pore than ErgTx1, and thus senses the effects
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of mutating the 631 side chain. Mutant cycle analysis with
BeKm-1 and ErgTx1, the latter’s NMR structure, is available
(Torres et al., 2003) and provides important insights into the
unique structure of the outer vestibule of the HERG channel.

BeKm-1 as a gating modifier?

Although BeKm-1 binding has profound effects on the
activation gating process of the HERG channel, its binding
site and mechanism of action differ from those of hanatoxin,
a well studied K channel gating modifier toxin (Swartz and
MacKinnon, 1997b; Li-Smerin and Swartz, 2000). Hanatoxin
binds to the S3-S4 linker of DRK1 with a 4:1 stoichio-
metry, and mutations in the pore and outer vestibule region
have no effects on toxin binding. On the other hand, cysteine
substitutions in HERG’s outer vestibule region, but not in
the S3-S4 linker, have marked effects on BeKm-1 binding,
and the apparent concentration-response relationship can
be described by a 1:1 stoichiometry. Therefore, BeKm-1
does not act like a ‘‘conventional’” gating modifier (Li-
Smerin and Swartz, 1998). We propose that the effects of
BeKm-1 on HERG gating are due to the unique role of S5-P
linker in this channel: S5-P linker is critically involved in the
gating transitions that lead to the opening of the HERG pore
(Liu et al., 2002). Therefore, a bound BeKm-1 molecule that
makes contacts with this linker can have marked impact on
the voltage-dependence and kinetics of activation and
deactivation.

Technical consideration

In this study, we test the BeKm-1 potency on HERG
channels expressed in Xenopus oocytes using a static bath
volume of 1 ml. There are two concerns in this experimental
design. First, the oocyte cell membrane has invaginations
that may hinder the access of peptide toxin to a subpopulation
of channels deep in the invaginations. Can this account for
the BeKm-1-insensitive component of HERG current as
shown in Fig. 2 A? If indeed there were a subpopulation of
HERG channels inaccessible to the peptide toxin, a corollary
is that the markedly altered gating behavior seen in the
presence of 1000 nM BeKm-1 should largely reflect the
gating properties of these inaccessible HERG channels
(Fig. 6 A). Under the control conditions, no such current
component is ever seen. Therefore, we conclude that the
current component seen in the presence of 1000 nM BeKm-1
mainly represents the residual current through toxin-bound
channels. Second, can there be a problem of toxin depletion
in the static bath? The problem of peptide sticking to the
plastic tissue well can be reduced by including 0.1% bovine
serum albumin in the solution (see Materials and Methods).
However, at low concentrations the toxin may still be
partially depleted due to nonspecific binding to the oocyte
cell surface. Although we cannot be certain as to the degree
of toxin depletion in our experiments, it is important to point
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out that the BeKm-1 potency estimated in our experiments
(apparent Ky of 4.4 nM, with a maximal effect of 88%
reduction) is not very different from that estimated by testing
the toxin potency on HERG expressed in HEK 293 cells
using a flowing bath (K4 3.3 nM, with ~90% reduction at
100 nM) (Korolkova et al., 2001). It is also important to
point out that using a static bath does not allow us to measure
the rate constants of toxin binding and unbinding, which are
essential in gaining mechanistic information about toxin-
channel interactions.
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