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Abstract The present study investigates the electrophysiological actions of BmK M1, an K-like toxin purified from the venom
of the scorpion Buthus martensi Karsch, on voltage-gated Na+
channels. Using the voltage clamp technique, we assessed the
BmK M1 activity on the cardiac Na+ channel (hH1) functionally
expressed in Xenopus oocytes. The main actions of the toxin are
a concentration-dependent slowing of the inactivation process
and a hyperpolarizing shift of the steady-state inactivation. This
work is the first electrophysiological characterization of BmK
M1 on a cloned Na+ channel, demonstrating that this toxin
belongs to the class of scorpion K-toxins. Our results also show
that BmK M1 can be considered as a cardiotoxin. ß 2001
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction
Voltage-gated sodium channels (VGSCs) are key players in
the generation of action potentials in excitable tissues such as
nerve, skeletal and cardiac muscles. These channels are heterotrimeric structures composed of a central, pore-forming K
subunit and two auxiliary L subunits. The K subunit alone
is su¤cient to form a functional channel whereas the L subunits modulate the channel gating properties, level of expression and interaction with cytoskeleton proteins [1]. Sodium
channels have been cloned in various species and tissues.
They can be di¡erentiated by their primary structure, kinetics
and relative sensitivity to the neurotoxin tetrodotoxin (TTX).
The cardiac isoform hH1 [2], NaV 1.5 according to the
new nomenclature of VGSCs [3], is a TTX-resistant channel
expressed in human cardiomyocytes where it plays a major
role in the generation and propagation of the cardiac potential [4].
As key elements of signal transmission, sodium channels are
the target of neurotoxins of diverse origins and chemical
structures. These toxins have e¡ects that range from pore
blocker (e.g. TTX, W-conotoxin) to modi¢cation of the gating
and permeation (e.g. scorpion and sea anemone toxins, batra-
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chotoxin) [5]. Toxins have proven to be invaluable tools for
probing the structures of di¡erent ion channels and evaluating
their physiological contribution to cell and organ behavior.
Moreover, elucidation of the mechanisms of action of toxins,
knowledge of their three-dimensional structures and the discovery of common sca¡olds between toxins open wide perspectives in designing various drugs [6].
Scorpion venoms are rich sources for small, mainly neurotoxic proteins interacting speci¢cally with various ionic channels in excitable membranes. Scorpion toxins acting on sodium channels have been divided in two major groups, Kand L-toxins, according to their pharmacological e¡ects on
Na currents in electrophysiological preparations and their
binding properties. The K-toxins are polypeptides of 62^67
amino acid residues long. Their major e¡ect is to slow or
inhibit the Na current inactivation and thus induce prolongation of action potentials. They can be divided in three categories : (i) the classical K-toxins which are highly speci¢c to
mammals (e.g. AaH II from Androctonus australis Hector [7]),
(ii) the insect K-toxins, highly active on insects (e.g. Lqq III
from Leiurus quinquestriatus quinquestriatus [8]) and (iii) the
K-like toxins active on both mammals and insects (Lqh III
from Leiurus quinquestriatus hebraeus [9]) (Fig. 1; see [10^
12] for reviews). The receptor site 3 of Na channels, located
in the extracellular linker between segments S3 and S4, in the
fourth domain, has been identi¢ed by binding studies as the
speci¢c binding site of K- and K-like toxins (see [13] for a
review).
The Asian scorpion Buthus martensi Karsch (BmK) is
widely distributed in China where it has been one of the indispensable materials used in Chinese traditional medicine for
thousands of years. Its venom has been extensively studied
and several K-toxins have been isolated from it (see [12] for
review). However, in most cases, electrophysiological characterizations are still lacking. In the present study, we focused
on the K-like toxin BmK M1 (also called BmK I) [14,15],
which is one of the most abundant long-chain toxins in
BmK venom [16]. It is also probably the most known: its
site of interaction with Na channels [17] and its structure
[18] have been determined by binding and crystallographic
studies while bioassay experiments de¢ned its toxicity
[14,17,19]. Ji et al. [14] also illustrated the e¡ect of BmK
M1 on nerve excitability in the cray¢sh axon model. Intracellular recording showed that this neurotoxin prolonged the
action potential and that, under voltage clamp, BmK M1 also
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Fig. 1. Comparison of the amino acid sequence of BmK M1 with other scorpion K-toxins. BmK M1 has been puri¢ed from B. martensi Karsch
[14], AaH II from A. australis Hector [7], Lqq III from L. quinquestriatus quinquestriatus [8] and Lqh III from L. quinquestriatus hebraeus [9].
Identical amino acids are indicated with a black background, homologous amino acids are indicated with a gray background. Dashes represent
gaps.

greatly prolonged the inward current. However no in-depth
electrophysiological characterization was available until now.
Moreover, the question whether BmK M1 could a¡ect cardiac
Na channels directly, and hence be considered as a cardiotoxin as well, was not answered. Consequently, in the present
study, using the two-electrode voltage clamp technique on
Xenopus laevis oocytes, we performed a more complete electrophysiological characterization of BmK M1 on the cloned
hH1 cardiac Na channel isoform.
2. Materials and methods

3. Results and discussion
The amino acid sequence of BmK M1, puri¢ed as detailed
in Section 2, is shown in Fig. 1. An alignment was made with
other scorpion K-toxins (AaH II from A. australis Hector [7],
Lqq III from L. quinquestriatus quinquestriatus [8] and Lqh III
from L. quinquestriatus hebraeus [9]), using the program Clustal 1.8 (http://searchlauncher.bcm.tmc.edu:9331/multi-align/
multi-align.html).
Fig. 2A displays the e¡ect of 250 nM BmK M1 on hH1
Na channels. Currents were evoked by a step depolarization

2.1. Toxin
A fraction of the crude venom enriched in long-chain toxins of the
scorpion B. martensi Karsch has been kindly provided by Dr. DaCheng Wang. Brie£y, BmK M1 was isolated and puri¢ed as follows.
The material was applied on a monomeric 238TP54 C18 reversed
phase high performance liquid chromatography (HPLC) column (Vydac, USA), equilibrated with 0.1% tri£uoroacetic acid (TFA, Merck,
Eurolab, Belgium) in distilled water. After 4 min, an immediate step
to 5% acetonitrile (with 0.1% TFA) was applied, followed by a linear
gradient to 30% acetonitrile for 5 min and a linear gradient to 60% for
the last 15 min. The £ow rate was 0.75 ml/min and the absorbance
was simultaneously measured at 214, 254 and 280 nm. The fraction
containing the toxin was recovered and applied to a polymeric
208TP5415 C8 reversed phase HPLC column and the same separation
procedure was followed. The material contained in the resulting peak
was collected and dried (Speed Vac0 Plus, Savant, USA). Veri¢cation
of the identity of the ¢nal toxin material was carried out by a Nterminal sequencing of the ¢rst 22 amino acids and by mass determination using the matrix-assisted laser desorption ionization-time of
£ight technique (measured mass: 7227 Da; theoretical mass: 7226
Da). For the electrophysiological experiments, BmK M1 was dissolved in ND96 (see Section 2.3) and stored at 4³C.
2.2. Expression in oocytes
The hH1 gene was subcloned into pSP64T [2]. For in vitro transcription, hH1/pSP64T was ¢rst linearized by XbaI. Then, capped
cRNAs were synthesized from the linearized plasmids using the
large-scale SP6 mMESSAGE-mMACHINE transcription kit (Ambion, USA). The in vitro synthesis of cRNA encoding hH1 and isolation of Xenopus oocytes were done as previously described [20].
Oocytes were injected with hH1 cRNA at a concentration of 1 ng/nl.
2.3. Electrophysiological recordings and analysis
Whole-cell currents from oocytes were recorded using the two-microelectrode voltage clamp technique between 1 and 3 days after injection. Voltage and current electrodes were ¢lled with 3 M KCl.
Resistances of both electrodes were kept as low as possible (ca. 0.1^
0.2 M6). Experiments were performed using a GeneClamp 500 ampli¢er (Axon instruments, USA) controlled by a pClamp data acquisition system (Axon instruments, USA). Using a four-pole low-pass
Bessel ¢lter, currents were ¢ltered at 5 kHz. Digital leak subtraction
of the current records was carried out using a P/4 protocol. The bath
solution (ND96) composition was (in mmol/l): NaCl 96, KCl 2, CaCl2
1.8, MgCl2 2 and HEPES 5 (pH 7.4). This solution was supplemented
with 50 mg/l gentamicin sulfate for incubation of the oocytes. All
experiments were performed at room temperature (20^22³C).

Fig. 2. Time dependence of BmK M1 e¡ect on the hH1 Na channels. A: Time dependence of the slowing of inactivation induced by
BmK M1 on the hH1 Na channel. Current traces were evoked by
depolarizations to 320 mV during 25 ms from a holding potential
of 390 mV, before and 1, 2, 3, 4 and 5 min after the addition of
250 nM BmK M1 to the bath containing ND96 solution. B: Ratio
of peak current (Ipeak ) relative to the current measured 10 ms after
depolarization (I10 ms ) plotted vs. time in control and after addition
of BmK M1 (from the same experiment as in A).
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Fig. 3. Electrophysiological properties of hH1 Na channel modi¢ed
by BmK M1. A: Representative currents evoked by depolarization
ranging between 370 and +25 mV by 5 mV steps from a holding
potential of 390 mV, in the absence (control, left traces) and in the
presence of 250 nM BmK M1 (+BmK M1, right traces) in the same
oocyte. B: Averaged and normalized I^V relationship of hH1 in the
absence (a) and in the presence of 250 nM BmK M1 (b). C: Averaged and normalized steady-state activation of hH1 in the absence
(a) or in the presence of 250 nM BmK M1 (b). D: Averaged and
normalized steady-state inactivation of hH1 in the absence (a) or in
the presence of 250 nM BmK M1 (b). Data represent the mean þ
S.E.M. of n = 11 and n = 6 experiments, respectively.

to 320 mV during 25 ms from a holding potential of 390
mV. Current traces recorded after the addition of the toxin
reveal that BmK M1 induces a slowing of the inactivation
process of Na currents. An estimate of the toxin-induced
e¡ect can be obtained from the degree of inactivation of the
current 10 ms after the beginning of the step depolarization to
320 mV. Indeed, in control conditions, inactivation kinetics
of hH1 channel Na currents are rapid and almost no remaining currents are seen 10 ms after the beginning of the test
pulse (I10 ms ). In contrast, upon addition of BmK M1, I10 ms
increases. The toxin-induced slowing of inactivation was thus
evaluated by measuring the ratio of the peak current (Ipeak ) to
I10 ms . Fractional inactivation as a function of time is shown in
Fig. 2B. As can be seen, the increase of I10 ms appears a few
seconds after addition of the toxin and continues until reaching a steady-state after 4^5 min. Note that, at the same time,
the peak amplitude of the Na current and the time to reach
the peak remain unchanged.
Fig. 3A displays families of fast inactivating Na current
generated by hH1 channel expressed in oocytes in control
conditions and in the presence of 250 nM BmK M1. Currents
were evoked by step depolarizations of 25 ms ranging from
370 to +25 mV, with increments of 5 mV, from a holding
potential of 390 mV. While Na currents inactivate rapidly in
control conditions, their inactivation kinetics are strongly
slowed down at all tested voltages in the presence of BmK
M1. This is a hallmark of scorpion K-toxins [12].
The averaged and normalized current^voltage (I^V) relationship of hH1 in the absence or in the presence of 250
nM of BmK M1 is displayed in Fig. 3B. In the presence of
toxin, the I^V curve is slightly shifted to more hyperpolarized
potentials but the voltage threshold of activation remains the
same, approximately 350 mV. I^V curves were ¢tted according to the Goldman^Hodgkin^Katz equation. The voltage for
half-maximal activation (V1=2 ) and the slope factor (k) for the
voltage dependence of activation determined by the ¢t are
341.4 þ 0.6 mV and 6.2 þ 0.6 mV, in control condition, and
342.8 þ 0.6 mV and 6.1 þ 0.6 mV in the presence of 250 nM
BmK M1, respectively.
Voltage dependence of steady-state activation is shown in
Fig. 3C. In control conditions, the voltage for half-maximal
activation (V1=2 ) and the slope factor as measured by a sigmoidal ¢t of the activation curve are 334.2 þ 0.5 mV and
4.3 þ 0.4 mV (n = 11), respectively. In the presence of 250
nM BmK M1, V1=2 is 335 þ 0.6 mV and the slope factor is
5.1 þ 0.5 mV (n = 6). In contrast to BmK M1, some K-toxins,
like Lqh II and III [21], are able to shift the activation of Na
channels to more negative potentials. However, this property
is still mainly observed with scorpion L-toxins [12].
Fig. 3D displays the voltage dependence of steady-state
sodium channel inactivation in the absence and presence of
250 nM BmK M1. Measurements of steady-state inactivation
were made following a standard two-pulse protocol. A 50 ms
conditioning pulse ranging from 3120 mV to 30 mV was
followed by a 50 ms test pulse at 320 mV. In control conditions, a prepulse of 3120 mV forces all the channels in the
resting state making them fully available for activation during
the test pulse. In contrast to this, a prepulse of 330 mV
moves all the channels in the inactivated state rendering
them non-available for activation during the test pulse. In
control conditions, the voltage at which half of the channels
are inactivated (Vh ) and the slope factor determined by a
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the addition of 250 nM BmK M1 and then to 6.4 þ 1.4 ms
(n = 4) after addition of 1 WM BmK M1. This represents an
increase for the time constant of inactivation of approximately
300% and 450% in the presence of 250 nM and 1 WM BmK
M1, respectively. The EC50 value determined by a sigmoidal
¢t of the d^V relationship is 195 þ 15 nM. In comparison,
BmK M1 is less potent than the K-like toxin Lqh III from
the scorpion L. quinquestriatus hebraeus which has an EC50 of
5 nM on the cloned skeletal muscle Na channel expressed in
mammalian cells [21]. This di¡erence may be explained based
on the selectivity of each of the toxins, but may also re£ect the
pharmacological characteristics of the heterologous expression
system used (i.e. mammalian cells vs. Xenopus oocytes).
In summary, we show here that BmK M1 is able to modify
the electrophysiological properties of the hH1 Na channel.
The main action is a marked slowing of the inactivation process of Na currents, therefore con¢rming the classi¢cation of
BmK M1 into the K-toxin class. BmK M1 also induces a
signi¢cant hyperpolarizing shift of the steady-state inactivation of hH1. From a biological point of view, the slowing
of inactivation of the hH1 Na channel induced by BmK
M1 could result in vivo in a modi¢cation of the cardiac
rhythm. Evidence for such a direct e¡ect (among various other e¡ects including pain at the site of the sting, vomiting,
sweating, salivation and hypertension that can be seen after
a scorpion sting) has also very recently been published for
Tityus serrulatus venom [23]. We therefore conclude that
BmK M1 can be considered both as a cardiotoxin and a
neurotoxin.
Fig. 4. Concentration dependence of BmK M1 e¡ect on hH1 Na
channels. A: Concentration dependence of the slowing of inactivation induced by BmK M1 on hH1 Na channel. Current traces
were evoked by a depolarization to 320 mV during 20 ms from a
holding potential of 390 mV, in the absence (control) and in the
presence of increasing concentrations of BmK M1 (as indicated), in
the same oocyte. B: Averaged time constant of inactivation plotted
vs. concentration of BmK M1. The EC50 value determined by a sigmoidal ¢t is 195 þ 15 nM. Time constants of inactivation were calculated from a single exponential ¢t of current traces. Data represent the mean þ S.E.M. of at least four experiments at each
concentration.

sigmoidal ¢t of the inactivation curve are 355.1 þ 0.4 mV and
7.6 þ 0.4 mV (n = 11), respectively. In the presence of 250 nM
BmK M1, Vh and the slope factor are 358.7 þ 0.4 mV and
8 þ 0.4 mV (n = 6), respectively. In the presence of 1 WM BmK
M1, Vh and the slope factor are 360.7 þ 0.3 mV and 7.6 þ 0.3
mV (n = 4), respectively. Thus, 250 nM and 1 WM BmK M1
cause signi¢cant shifts of 33.6 mV and 35.6 mV in the voltage at which half the hH1 Na channels are inactivated (Student's t-test: P 6 0.05). Some other K-toxins are also able to
shift the steady-state inactivation of Na channels and this
is the case, for example, for LqhKIT from the venom of
L. quinquestriatus quinquestriatus [21,22].
The slowing of inactivation induced by BmK M1 is clearly
concentration-dependent. The e¡ect of di¡erent concentrations of BmK M1 on hH1 Na channels is shown in Fig. 4.
Currents were evoked by a step depolarization to 320 mV
during 25 ms from a holding potential of 390 mV. The inactivation time of hH1 currents increases with the concentration of toxin (Fig. 4A). The time constant of inactivation (d)
calculated by a single exponential ¢t increases from 1.5 þ 0.3
ms (n = 11) in control conditions to 4.6 þ 0.8 ms (n = 6) after
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