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a b s t r a c t

While a-KTx peptides are generally known for their modulation of the Shaker-type and the

Ca2+-activated potassium channels, g-KTxs are associated with hERG channels modulation.

An exception to the rule is BmTx3 which belongs to subfamily a-KTx15 and can block hERG

channels. To explain the peculiar behavior of BmTx3, a tentative ‘‘hot spot’’ formed of 2

basic residues (R18 and K19) was suggested but never further studied [Huys I, et al. BmTx3, a

scorpion toxin with two putative functional faces separately active on A-type K+ and HERG

currents. Biochem J 2004;378:745–52].

In this work, we investigated if the ‘‘hot spot’’ is a commonality in subfamily a-KTx15 by

testing the effect of (AmmTx3, Aa1, discrepin). Furthermore, single mutations altering the

‘‘hot spot’’ in discrepin, have introduced for the very first time a hERG blocking activity to a

previously non-active a-KTx.

Additionally, we could extend our results to other a-KTx subfamily members belonging

to a-KTx1, 4 and 6, therefore, the ‘‘hot spot’’ represents a common pharmacophore serving

as a predictive tool for yet to be discovered a-KTxs.

# 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The human ether-à-go-go related gene (hERG) encodes the

pore-forming subunit of the rapid delayed rectifier K channels

(IKr) expressed in cardiac myocytes [2,3]. The keen interest in

the role of hERG channels in the heart stems from hERG being

the gene product involved in chromosome 7-associated long

QT syndrome (LQTS) [4] and from the fact that the blockade of
* Corresponding author. Fax: +32 16 3234 05.
E-mail address: jan.tytgat@pharm.kuleuven.be (J. Tytgat).
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hERG by a wide range of prescription medications causes

LQTS, which is the commonest cause of drug-induced cardiac

arrhythmia and sudden death [5]. In addition to the heart,

hERG channels are also expressed in a range of tissues

including neurons [6], neuroendocrine glands [7,8] smooth

muscle [9] and are involved in cancer cell growth [10]. There

has been a strong interest in the structure–function relation-

ship of the hERG channel, fueled by the need of pharmaceu-

tical industry to predict chemical structures that may lead to
.

mailto:jan.tytgat@pharm.kuleuven.be
http://dx.doi.org/10.1016/j.bcp.2008.07.008
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hERG/IKr suppression, which can be potentially linked to the

acquired LQTS [11].

Peptide toxins are valuable components in the defense and

prey capture of venomous animals such as scorpions. Scorpion

toxins affecting K+ channels (KTxs) have been divided into 4

large families: a-, b-, g-, and k-KTxs based on the classification

proposed by Tytgat et al. [12]. Many studies have tackled the

interaction between toxins and the surface of the channels. At

least 4 models of interaction between KTxs and K+ channels

have been proposed (for a review, see [13,14]). Most of those

models attempted to explain the interaction between a-KTxs

and voltage-gated K channels, such as the dyad model [15], or

Ca2+-activated K+ channels, such as the basic ring model [16].

As for the interaction between g-KTxs and hERG channels, the

2 heads model has been proposed [17]. However, each of the

models has its applications and its limitations, therefore, novel

models which can overcome those limitations remain to be

elucidated and the molecular mechanisms underlying those

models identified. Recently, the interaction between a chimeric

K+ channel KcsA-Kv1.3 and a member of a-KTx family have

been solved using high-resolution solid-state NMR spectro-

scopy. Significant structural rearrangements in different

segments of the ligand and the ligand-binding site of the

channel were seen, including the selectivity filter. As a result,

the filter collapses shut [18]. KTxs have been essential tools for

the first purifications, structural analysis, localization and

identification of the pore-forming regions of K+ channels [19–

21], hence, toxins targeting the hERG channel are useful tools

in this line of research [22]. Several peptides affecting hERG

channels have been identified [1,23–26]. Except for BmTx3 from

Mesobuthus martensii, which belongs to a-KTx [1], most hERG

channel toxins belong to g-KTxs [13]. Nevertheless, they all

adopt a highly conserved secondary structure, the cysteine-

stabilized a/b scaffold. While a-KTxs interact with channels

through their b-sheets, g-KTxs modulate hERG through their a-

helix. BeKm-1 fromMesobuthus eupeus is one of the best studied

cases of peptide toxins belonging to g-KTxs [25,27]. BeKm-1

binds to hERG’s outer vestibule to suppress ion conduction

through the pore. An alanine scanning mutagenesis study

showed that BeKm-1 uses its a-helix and the following turn as

the interaction surface in binding to the hERG channel and

pointed out to several residues, among which 2 basic residues,

Lys18 and Arg20 [28]. When BmTx3 was found to block hERG

channels, the effect was assigned to the same ‘‘hot spot’’: 2

basic residues [1] on the a-helix side of the peptide in

accordance with BeKm-1 [1]. BmTx3 was therefore proposed

to dispose of 2 functional faces, a typical dyad through which it

blocks A+-type currents on the b-sheet side and the 2 basic

residues (Arg18 and Lys19) on the a-helix side of the peptide

that blocks the hERG current.

In the present work, we have investigated the hERG

blocking activity of AmmTx3 from the Moroccan scorpion

Androctonus mauretanicus mauretanicus [29–31] which is a

natural mutant of BmTx3 (91% similarity), as well as other

members of subfamily a-KTx15 such as Aa1 from Androctonus

australis [32] with 89% similarity and discrepin from Tityus

discrepans with 51% similarity [33,34]. The credibility of the

proposed ‘‘hot spot’’ has been proven using 8 mutants of

AmmTx3 and discrepin and was extended to other selected

toxins belonging to subfamilies a-KTx1, 4 and 6.
2. Methods

2.1. Toxins preparations

2.1.1. Construction of the synthetic AmmTx3 gene and
mutants
All oligonucleotides used herein were from MWG Biotech

(Germany). Four overlapping oligonucleotides (primers I, II, III,

and IV) were optimised for bacterial expression and designed

according to the amino acid sequence of native AmmTx3 [29].

Primer I (63 mers 50-GGGGGTACCCGGTGGCGGTGGCTCTG-

GCGGTGGCGGTATGCAGATTGAAACCAACAAGAAGTG-30) and

primer II (59 mers 50-GCAGATTGAAACCAACAAGAAGTGCC-

AGGGCGGCAGCTGCGCGAGCGTGTGCCGCAAAG-30) were for-

ward, and primer III (55 mers 50-CCATTGATGCATTTCCCC-

GCCGCCACGCCGATCACTTTGCGGCACACGCTCGCGC-30) and

primer IV (55 mers 50-CGGGATCCAAGCTTACGGGTAGCA-

CACGCAGCGGCCATTGATGCATTTCCCCGCC-30) were reverse.

Sequences corresponding to linkers are underlined and the

two restriction sites Kpn I and Hind III are in bold. The Met

codon introduced as a chemical cleavage site in order to

recover the free recombinant toxin from the fused ZZ protein

is underlined twice.

The polymerase chain reaction (PCR) strategy performed to

build the synthetic AmmTx3 gene was the following: in a

reaction volume of 50 ml primers II and III (1 pmol) correspond-

ing to the internal sequence of the AmmTx3 were added in a

ratio of 1/100 to primers I and IV (100 pmol) corresponding to

the N- and C-terminal sequences of the toxin. The PCR

reaction steps consisted in an initial denaturation (94 8C,

2 min), followed by 25 cycles of denaturation (94 8C, 1 min),

annealing (55 8C, 2 min) and elongation (72 8C, 3 min), and a

final elongation (72 8C, 10 min). We used 1 ml PWO DNA

polymerase [35] in the experimental conditions recommended

by the manufacturer. The final AmmTx3 synthetic gene

construct was purified on a 3% Nusieve agarose gel (FMC

bioproduct, Rockland, Maine, USA) and has the following

sequence:

GGGGGTACCCGGTGGCGGTGGCTCTGGCGGTGGCGGTATG

CAG ATT GAA ACC AAC AAG AAG TGC CAG GGC GGC AGC TGC

GCG AGC GTG TGC CGC AAA GTG ATC GGC GTG GCG GCG GGG

AAA TGC ATC AAT GGC CGC TGC GTG TGC TAC CCG TAA

GCTTGGATCCCG.

AmmTx3 and mutants were all expressed in E. coli as a

fusion protein with the ZZ domain, a synthetic IgG-binding

domain of protein A [36], using the vector pEZZ18 (Pharmacia

GE Healthcare, Fairfuld, CT, USA). The above AmmTx3 gene

construct was digested with Kpn I and Hind III (New England

Biolabs Inc., USA) according to the manufacturer’s instruc-

tions to be inserted in the vector, subsequently named pEZZ/

AmmTx3.

Mutants were derived from the above AmmTx3 synthetic

gene according to the megaprimer method [37]. Briefly, 1.9 ng

of pEZZ/AmmTx3 was taken as template for a first PCR (94 8C,

2 min, followed by 30 cycles at 94 8C, 1 min, 55 8C, 1 min 30 s,

72 8C, 2 min and a final elongation step at 72 8C, 7 min). The

forward primers (50 pmol) were the following: mutant K6V 50-

GAAACCAACGTGAAGTGCCAGGG-30, mutantR18A 50-CGAGC-

GTGTGCGCCAAAGTGATC-30, and mutant K19A 50-GTGTGCC-

GCGCAGTGATCGGC-30, and the unique reverse primer



b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 8 0 5 – 8 1 5 807
(50 pmol) was 50-GAACGTGGCGAGAAAGGAAGGGAAGAAAG-

30. The three different fragments (megaprimers) obtained were

purified on Seaplaque FMC 1.25% agarose and individually

used (500 ng) for a second PCR. First an elongation was

performed (3 cycles, 96 8C, 3 min, 62 8C, 2 min, 66 8C, 2 min,

and 65 8C, 6 min), followed by a digestion with 0.5 ml by DpnI

(New England Biolabs) for 90 min, and, secondly, 1 ml PWO

polymerase, 20 pmol of the same reverse primer 50-

GAACGTGGCGAGAAAGGAAGGGAAGAAAG-30 and 20 pmol of

the forward primer 50-GGTGTAGGTATTGCATCTGTAACTT-

TAGG-30 were added, followed by 25 cycles (96 8C, 1 min,

58 8C, 30 s, 72 8C 2 min), and a final elongation step at 72 8C,

7 min. The PCR products were then purified by Qiaquick

purification kit (Qiagen N.V., the Netherlands), digested with

Kpn I and Hind III, and ligated into pEZZ18 (Pharmacia GE

Healthcare, Fairfuld, CT, USA). All clones were proofreading

sequenced (Cogenics Genome express SA, Mylan, France).

2.1.2. Expression, purification and N-terminal cyclization of
the AmmTx3 and mutants
pEZZ/AmTx3 encoding the ZZ/AmmTx3 fusion protein or

mutants were transfected into HB 101 bacteria. Cells were

grown for 20 h in one liter of TB culture medium supplemented

with 100 mg/ml of ampicilline. The culture medium was

centrifuged and the supernatant was load on an IgG-

Sepharose column (Pharmacia GE Healthcare, Fairfuld, CT,

USA). After purification of the fusion protein by affinity

chromatography steps, recombinant toxins were subse-

quently kept free from the ZZ fragment by a chemical cleavage

using 90 mM CNBr for 24 h at 37 8C in 0.1N HCl [38]. The

mixture was then HPLC purified on a C18 reverse-phase

column (Merck Ultrasphere 5 mm) as previously described [29].

At the end, about 2 mg of recombinant AmmTX3 and 1 mg of

each mutant were produced from one litre of culture medium.

2.1.3. N-terminal cyclization
To further cyclize the N-terminal glutamine of the recombi-

nant toxins into a pyroglutamic acid (Z), 5% (vol/vol) acetic acid

was added to the non-cyclized toxins [39]. Incubation was

performed at 37 8C during 24 h. The cyclization process was

monitored both on HPLC and on Ultraflex MALDI-TOF (Bruker,

Germany).

2.1.4. Synthesis of discrepin and mutants
Synthetic discrepin and 5 mutants with the following

substitutions: V6K, I19R, D20K, [I19R, D20K] and [I19R, D20K,

R21V] were prepared. The chemical synthesis was performed

by solid-phase using fluoren-9-ylmethoxycarbonyl (Fmoc)

methodology on an Applied Biosystems 433A peptide synthe-

sizer. Fmoc-Pro-TrtA-PEG resin (Watanabe Chemical Indus-

tries, Ltd., Hiroshima, Japan) and pyroglutamic acid (Peptide

Institute Inc., Osaka, Japan) were used to produce the adequate

C- and N-terminal residues of the protein, respectively.

Cleavage and deprotection of peptide from the resin were

performed using a chemical mixture composed of 1g crystal-

line phenol, 0.2 g imidazole, 1 ml thioanisol, 0.5 ml 1,2-

ethanedithiol in 20 ml TFA [40]. The resin was removed by

filtration, and the deprotected peptides in solution were

precipitated using cold ethyl ether. The precipitated peptides

were washed twice with cold ether to remove remaining
scavengers and protecting groups. The crude linear synthetic

peptides were dried under a flow of nitrogen and dissolved in

20% aqueous acetonitrile.

2.1.5. Purification of synthetic discrepin and mutants
The crude linear synthetic peptides were purified by RP-HPLC

(Waters 600, with dual wavelength detector model 2847,

Milford, MA, USA) on a semi-preparative C18 column (5C18MS,

10 mm � 250 mm, Nacalai Tesque, Japan) to 90–95% homo-

geneity, in order to eliminate synthetic byproducts and

incorrectly assembled peptides using a 60 min linear gradient

from 0 to 60% aqueous acetonitrile/0.1% TFA (2 ml/min). The

six-free cysteine residues were allowed to oxidize in air for

24 h at room temperature in a 0.2 M aqueous Tris-base

solution containing 1 mM reduced glutathione/0.1 mM oxi-

dized glutathione at pH 8.0. The folded synthetic toxins were

purified by same RP-HPLC system mentioned on an analytical

C18 column (5C18MS, 4.6 mm � 250 mm, Nacalai Tesque,

Japan) using a 20 min linear gradient from 10 to 30% aqueous

acetonitrile/0.1% TFA (1 ml/min).

The mass identity between the synthetic discrepin and the

mutant peptides were verified by electro spray ionization

mass spectrometry using a Finnigan LCQDUO ion trap mass

spectrometer (San Jose, CA, USA).

2.1.6. Circular dichroism (CD) measurements

CD spectra were obtained on a Jasco J-725 spectropolarimeter

(Jasco, Japan). The spectra were measured from 260 to 200 nm

in 60% trifluoroethanol to promote hydrogen-bonding [41,42],

pH 7.1 at room temperature, with a 1 mm path-length cell.

Data were collected at 1 nm with a scan rate of 50 nm/min and

a time constant of 1 s. The concentration of the peptides was

200 mg/ml. Data were the average of two separate recordings.

2.2. Oocyte preparations

The in vitro synthesis of cRNA encoding for hERG channels and

injection of Xenopus leavis oocytes have been performed as

previously described [1].

2.3. Electrophysiological experiments

Two-electrode voltage-clamp recordings were performed as

previously described [1]. Statistical analysis between groups of

data was carried out using the Student’s t-test and a

probability of <0.05 was considered to be statistically

significant.
3. Results

3.1. Preparation of toxins and mutants

3.1.1. Expression of AmmTx3 and mutants
Three basic residues (K6V, R18A and K19A) supposed to be

involved in the bioactivity of AmmTx3 on hERG channels were

mutated. The mutation K6V was chosen according to the

BmTx3 sequence [1]. AmmTx3 and mutants were all expressed

as fusion protein in E. coli and purified from the culture medium

by affinity chromatography. Homogeneity and validity of the



Fig. 1 – CD spectra of 200 mg/ml discrepin and discrepin

mutants.

b i o c h e m i c a l p h a r m a c o l o g y 7 6 ( 2 0 0 8 ) 8 0 5 – 8 1 5808
fusion protein was controlled using mass spectrometry. The

amount of pure fusion protein obtained was 21 mg/l for the wild

type toxin and the mutant K6V and 13 mg/l for the mutants

R18A and K19A. At the end, about 2 mg of recombinant

AmmTx3 and 1 mg of each mutant were recovered from 1 l

of culture medium after cleavage by BrCN and HPLC purifica-

tion. This is about 50% of the amount first expected from the

fusion protein cleavage.

The expected theoretical monoisotopic masses of the toxin

AmmTx3 and its mutants were: AmmTx3, 3819.8 Da; Amm-

Tx3K6V, 3791.8 Da; AmmTx3R18A, 3735.7 Da; AmmTx3K19A

3763.7 Da. The experimental monoisotopic masses obtained

were: AmmTX3, 3819.9; AmmTx3K6V, 3792.2; AmmTx3R18A,

3735.9; AmmTx3K19A, 3764 certifying the quality of the re-

combinant toxins obtained.

3.1.2. Chemical synthesis of discrepin and mutants
The overall assembly and cleavage yields of synthetic discrepin

mutants were from 50 to 54% according to theoretical values

of the peptidyl resin and the calculated mass increase for

0.1 mmol peptide to give around 250 mg of crude synthetic

peptide. The final yields after chromatographic purification of

the linear peptide and refolding for the discrepin mutants were

12, 8, 10, 6, and 5% for V6K, I19R, D20K, [I19R, D20K], and [I19R,
Fig. 2 – Alignment of the members of subfamily a-KTx15 based o

the proposed hERG ‘‘hot spot’’ are highlighted in grey namely 2

basic residue located before the 1st cysteine can also have an im

program [46]. Toxin sequences references are databank accessi

retrieved from www.ncbi.nih.gov/entrez or from literature refer

respectively.
D20K, R21V] respectively [43]. All chemically synthesized

discrepin mutants were proven to coincide with the expected

molecular masses; for instance, the experimental found versus

the theoretical masses expected were 4177.0/4176.7 for the

native, 4220.2/4219.9 for I19R, and 4190.4/4190.0 a.m.u. for D20K,

respectively.

3.1.3. Circular dichroism measurements
The secondary structure of discrepin and discrepin mutants

was measured by CD and analyzed using a neural network

of 33 CD spectra of the proteins in the range 260–200 nm at

1 nm intervals. All peptides showed a minimum at 214–

216 nm indicating a high content in b-sheets similar to the

secondary structure of most known K+ channel scorpion

toxins such as Charybdotoxin [44] and Tc1 [45]. The CD data

indicate that they are most likely to adopt a similar folding

pattern (Fig. 1).

3.2. Electrophysiological studies

3.2.1. Effect of AmmTx3 on hERG channels
The common ‘‘hot spot’’ proposed to affect hERG is shown in

Fig. 2. Fig. 3 illustrates the block induced by AmmTx3 on hERG

channels. AmmTx3 (8 mM) reversibly blocked the small outward

currents (It), the large outward tail currents (Itail) and the inward

currents (Ifully activated) in accordance with the data published on

BmTx3 [1]. To measure the voltage-dependence of the channel

activation, the activation curve was constructed using the

normalized peak amplitudes of the Itail values. The curve was

then fitted using a simple Boltzman function, where V1/2 is the

half-maximal potential and S is the slope factor. No shift in the

V1/2 has been observed with the inhibition of the hERG currents

upon addition of AmmTx3. The values of V1/2 were �17.3� 0.6

and �17.6� 0.7 mV for the control condition and in case of the

addition of the toxin respectively. And the slope factor was

8.1 � 0.2 and 8 � 0.3 mV respectively (n = 4).

The current–voltage (It–Vt) relationship of the test pulses is

bell-shaped both in control and in the presence of AmmTx3.

Its values have been normalized to Ifully activated, taking each

oocyte as its own control. The results indicate that both the

activation and inactivation processes increase with depolar-

ization and are unaffected by the presence of the toxin.

Further analysis of hERG channels recovery and deactivation

were performed in control and in the presence of AmmTx3
n the cysteine residues. The important residues involved in

positive residues a Lys or Arg after the 3rd cysteine. The

portant effect. The alignment has been made using Bioedit

on numbers (either SwissProt, TREMBEL or GenBank) as

ences: Q9BKB7, P60233, Q8I0L5, P60208, P84777

http://www.ncbi.nih.gov/entrez


Fig. 3 – The effect of AmmTx3 on hERG channels. Panel A: tail current trace of hERG channels which were elicited by applying

a +40 mV prepulse for 2 s followed by a step to S120 mV for 2 s where Ifully activated is seen. A block of 50% was induced upon

the addition of 8 mM AmmTx3 marked by the asterisk. Panel B: The normalized dose–response curve was plotted using the

amplitude of the tail current as a function of increasing concentrations of AmmTx3. AmmTx3 could block hERG channels

with an IC50 of 7.9 W 1.4 mM and a Hill coefficient of 1.2 W 0.2 (n = 5). Panel C: Activation curves of hERG channels in control

conditions and in the presence of AmmTx3. Panel D: Current–voltage relationship in control conditions and in the presence

of AmmTx3.
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at Ifully activated. The tail currents rising and decaying were best

fitted by a single exponential function where t is the time

constant. t values were 1.56 � 0.5 and 42.8 � 4.3 ms for the 2

phases at control conditions which were not statistically

significantly different from the values upon addition of

AmmTx3 1.87 � 0.4 and 40.1 � 4.6 ms (n = 6).

The concentration-dependent inhibition of hERG currents

by AmmTx3 is illustrated in the dose–response curve. hERG

currents were fully activated by stepping to +40 mV from a

holding potential of �90 mV. After each step, the voltage was

returned to �120 mV and large inward tail currents could be

recorded as previously described [25]. We have chosen to test

the block on the fully activated currents at�120 mV since there

have been no shift in the activation curves or in the IV curves.

Furthermore, large amplitudes upon repolarization allow a

good quantitative analysis of block in contrast to depolarization

voltages during which hERG channels inactivate quickly, a

situation not facilitating quantitative interpretation. The

normalized dose–response curve was plotted using the ampli-

tude of the tail current as a function of increasing concentra-

tions of AmmTx3. AmmTx3 could block hERG channels with an

IC50 of 7.9 � 1.4 mM and a Hill coefficient of 1.2 � 0.2 (n = 5).

Since the IC50 value of AmmTx3 was almost 4 folds larger than

that reported for BmTx3 [1], we investigated the possible reason

behind it and constructed a mutant AmmTx3 K6V. The IC50

value of AmmTx3 K6V was found to be very close to that
of BmTx3 (3.2� 0.75 mM, n = 8), confirming the role of K6V

in AmmTx3.

Next we tested whether the same ‘‘hot spot’’ in BmTx3 is

responsible for the inhibition of hERG channels by AmmTx3;

we constructed 2 other mutants R18A and K19A, where in

each case one of the 2 positive residues has been replaced

by alanine. By testing on hERG channels, these mutants

abolished the hERG blocking activity (n = 6) (Fig. 4).

3.2.2. Effect of other a-Ktx 15 members
Furthermore, we investigated other members of a-KTx 15

subfamily which either have the proposed ‘‘hot spot’’, such as

Aa1, or do not dispose of the ‘‘hot spot’’ such as discrepin (Fig. 2).

Due to the limited availability of Aa1 toxin we could only test it

at one concentration: 600 nM which could induce a block of

25� 2.4% (n = 3, data not shown). In accordance with the

proposed theory, discrepin possessing only 1 positive residue

Arg at position 21, failed to induce any effects on hERG currents.

3.2.3. Discrepin mutants
To investigate whether the addition of 2 basic residues after

the 3rd cysteine could confer a hERG blocking activity to

the non-active discrepin, 4 mutants where constructed:

I19R, D20K, a double mutant [I19R, D20K] and finally a triple

mutant [I19R, D20K and R21V]. The discrepin mutants I19R

and D20K could induce a block of 18.5 � 3%, 20.2 � 2.1%



Fig. 4 – Selected traces showing the effect of AmmTx3 and its mutants on hERG channels. Two mutants where one basic

residue involved in the pharmacophore has been replaced by alanine were constructed. The mutations abolished the hERG

blocking activity at concentrations up to 3.5 mM (n = 5). Additionally, the IC50 value of AmmTx3K6V was very close to that of

BmTx3 (3.2 W 0.75 mM, n = 8). Statistical analysis between groups of data was carried out using the Student’s t-test and a

probability of <0.05 was considered to be statistically significant.
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(n = 5) respectively at a concentration of 2.4 mM. The

discrepin double mutant failed to induce any effect, while

the triple mutant could cause a block of hERG channels with

an IC50 value of 3.5 � 1 mM with n = 5. Additionally, a V6K

mutant was constructed and tested and was found to have

no effect on discrepin original inability to affect hERG

channels (Fig. 5).

3.2.4. Other a-KTx subfamilies
Additionally, other toxins such as BmTx2, Tsk, HsTx1 belong-

ing to a-KTx1, a-KTx4 and a-KTx6 have been tested on hERG

channels. Fig. 6 shows an alignment of the amino acid

sequence of the selected toxins based on the cysteine residues.

Interestingly, those toxins could induce a significant hERG

block (Fig. 7) compared to the selected control group: PBTx3,

TyKa and spinoxin, from the same a-KTx subfamilies.
4. Discussion

To date, a total of 28 hERG blockers from scorpion venom are

known, 27 of which are grouped into g-KTxs and only one,

BmTx3, belongs to subfamily a-KTx15. The hERG blocking

activity in BmTx3 has been assigned to a functional epitope

formed of 2 basic residues R18 and K19 on the a-helix side of

the peptide. Based on the model of BmTx3, we investigated the

effect of other members of the same subfamily a-KTx15

starting with closest toxin to BmTx3 which is AmmTx3 (91%

similarity, only 4 residues are different and only 1 case of

charge addition V6K). AmmTx3 could induce a hERG channel

block with no alteration of the gating kinetics. To assign the

hERG blocking activity to the same ‘‘hot spot’’ as proposed in

BmTx3, two single mutants have been made in AmmTx3: R18A

and K19A which caused the loss of the hERG current inhibition



Fig. 5 – Selected traces showing the effects induced by discrepin and its mutants at a concentration of 3 mM. The discrepin

mutants I19R and D20K could induce a block of 18.5 W 3%, 20.2 W 2.1% (n = 5) respectively. The discrepin double mutant

failed to induce any effect, while the triple mutant could cause a block of hERG channels with an IC50 value of 3.5 W 1 mM

(n = 5). Finally, V6K mutant was found to have no effect on discrepin original inability to affect hERG channels.

Fig. 6 – Alignment of selected toxins of the a-KTx family which are able to block hERG channels based on the cysteine

residues. The important residues involved in the proposed hERG epitope are highlighted in grey namely 2 positive residues

a Lys or Arg after the 3rd cysteine. Each toxin bearing the hot spot is compared to a control toxin belonging to the same

subfamilies of toxins and lacking the hot spot. The same programs and sources are used as in Fig. 2. Accession numbers:

BmTx2: Q9NII5, PBTx3: P83112, Tsk: P56219, Tya: P46114, HsTx1: P59867, spinoxin: P84094.
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Fig. 7 – Overview of the effect of other a-KTx’s possessing

the double positive residues on hERG channels. BmTx2,

Tsk, HsTx1 which possess the ‘‘hot spot’’ have been tested

on hERG channels at a concentration of 5 mM and have

been found to inhibit hERG currents. The control group of

toxins, i.e. PBTx3, TyKa and spinoxin had no effect at the

same concentration.
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ability. Moreover, we found that AmmTx3 was 4 fold less

potent than BmTx3. The investigation of the sequence of

AmmTx3 showed that position 6 of the toxin sequence is

occupied by a positive residue Lys in contrast to BmTx3 which

has a Val at the same position. Homology modeling generated

a better view on the possible orientation of Lys at position 6

towards the proposed ‘‘hot spot’’ (Fig. 8) and the distance

between Lys6 a-carbon and all the carbons of Arg18 was found

to be 6.6 � 0.1 Å on average. This orientation can lead to an

extra positive cloud which might have an impact on the

interaction between the epitope and the channel. This notion

has been proven through a K6V point mutation where

AmmTx3K6V showed an IC50 comparable to BmTx3.

To extend our theory to other members of subfamily a-

KTx15, we tested the effects of a ‘‘hot spot’’-bearing toxin and

compared our results with a toxin without the ‘‘hot spot’’. The

idea behind it was to see if hERG blocking activity could just be

inherent of a-KTx15 subfamily. Therefore, we chose Aa1 (a-

KTx 15.1 and possessing the ‘‘hot spot’’) which could induce a

hERG channel block. Then we compared our results to

discrepin (a-KTx15.6 and lacking the ‘‘hot spot’’) which did

not affect hERG currents. Based on the above, we could assume

that 2 basic residues located after the 3rd cysteine on the

amino acid sequence of the toxins tested are responsible for

the reduction of hERG currents independently of belonging to

subfamily a-KTx15.

To consolidate our findings, and for the very first time, we

constructed tailor-made toxins based on introducing hERG

current inhibiting ability to the previously inactive discrepin.

Our results show that the introduction of 1 positively charged

residue either at position 19 or 20 can indeed introduce a hERG

blocking activity to discrepin by forming the proposed

pharmacophore making use of the native Arg at position 21.

Interestingly, the introduction of 2 basic residues at the same
time [I19R, D20K], completely abolished the toxin’s ability to

affect hERG channels presumably due to charge repulsion

disfavouring the interaction between the toxin and the

channel. Finally, replacing Arg21 by a Val was made to

confirm that 3 adjacent positive residues in the double mutant

are the reason for the loss of the effect and second, to check if

the position of the pharmacophore was making a difference.

From the results obtained, it appears that the position of the

pharmacophore can either be –CKKX- or –CKXK- or –CXKKX-,

with C being the 3rd cysteine and X being any non-positively

charged amino acid and K being a Lys or Arg.

Other toxins such as BmTx2, Tsk and HsTx1 are able to

induce an inhibition of hERG currents at comparable con-

centrations to the tested toxins from a-KTx15 subfamily;

hence, the extension of our model can be possible to other a-

KTx subfamilies.

Since none of the toxins we tested caused alterations of the

gating kinetics of hERG channels (Fig. 3), it seems reasonable to

assume that a-KTxs are hERG pore blockers. The exact amino

acids on the channel involved in the interaction with a-KTxs

remain to be elucidated, ideally via co-crystallization, yet one

can expect that the surface interaction can be comparable to

that with BeKm-1 on which we based our model. Mutant cycle

analysis earlier published by Tseng et al. [27], provides

mechanistic insights into the unique features of BeKm-1/

hERG interaction. The model constructed based on the

analysis shows that BeKm-1 is stuck above the pore entrance

by the S5-P1 and S5-P2 helices that crowd the outer vestibule of

the channel. The S5-P helices make contacts with Tyr11 and

Phe14 on one end of BeKm-1 a-helix. The other end of the toxin

a-helix is pointing downward toward the pore entrance, with

Lys18 and Arg20 making contacts with S631 side chains on two

adjacent subunits. It is interesting to note that in this model,

BeKm-1 is bound above the pore entrance and none of its side

chains penetrate deep into the pore. This is distinctly different

from the model of interaction of Charybdotoxin (ChTx) or

AgTx2 binding to the Shaker channel, in which the critical Lys

protrudes into the pore of the channel. Moreover, the model

proposed by Tseng et al., indicates 4 important interaction

amino acid residues (Tyr11, Phe14, Lys18 and Arg20) between

BeKm-1 and hERG. However, for a-KTxs, only 2 interaction

amino acid residues corresponding to Lys18 and Arg20 of

BeKm-1 are proposed. Therefore, we can assume that a-KTxs

possessing the ‘‘hot spot’’ are interacting only with the pore of

hERG channels. A situation which can explain the relative

lower potency of a-KTxs towards hERG channels compared

with BeKm-1.

About half of the 120 a-KTx listed in 2004 by de la Vega et al.

[13], have been tested directly against some K+ channels and/

or associated currents. For 59 of the peptides reported, there is

no direct evidence of function described. The majority of the

known functions have been determined on Shaker-related

channels (subfamily Kv1.x) or on the Ca2+-activated K+

channels [13]. Therefore, our results provide new insight into

the possible targets of a-KTxs. This could explain some of the

intoxication symptoms caused by the venom and provide

predictive tools for any new a-KTx to know the possible

targets. It could also serve as predictive tool in drug design to

either avoid or intentionally seek interaction with hERG

channels. Furthermore, toxins that modulate hERG channels



Fig. 8 – Model of AmmTx3 showing the 2 functional faces and the residues involved in the hERG-affecting epitope. Panel A:

shows the model of the 2 faces of BmTx3 earlier published [1]. Face A is the proposed hERG ‘‘hot spot’’ formed of 2 positive

residues R18 and K19 on the a-helix side of the peptide while face B contains the typical dyad formed of K27 and Y36. Panel

B: shows a model of BeKm-1 with the important residues forming the epitope located on the a-helix. Panel C, D: a homology

model of AmmTx3 showing the epitope located on the a-helix as well as K6 causing either steric hindrance or repulsion by

the extra positive cloud in the space filling model. Homology models have been constructed using the first approach mode

of SWISS-MODEL [47–49] and the results have been visualized in MOLMOL program [50].
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are fundamental for the basic research aiming at under-

standing the molecular mechanisms of the channel, and

hence, the development of new drugs to treat LQTS and Short

QT syndrome (SQTS), muscular atrophy and many forms of

cancer such as leukemia and uterus cancer which have also

been associated with hERG channels [3].
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