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Effects of potassium channel toxins from Leiurus
quinquestriatus hebraeus venom on responses to
cromakalim in rabbit blood vessels
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1 The effects of fractionated Leiurus quinquestriatus hebraeus venom on cromakalim-induced
86Rb+ efflux in rabbit aortic smooth muscle were examined.
2 Crude venom (0.1-30/pgmlP1) produced a concentration-dependent decrease of 1.uM
cromakalim-induced 86Rb+ response. The maximum blocking activity attainable was approx-
imately 60%.
3 Fractionation of crude venom by gel permeation chromatography and subsequent chromatog-
raphy on a cation ion-exchange column, produced two fractions (X and XI), active in the 86Rb+
blocking assay.

4 Fraction XII contained charybdotoxin (- 85% pure). After a final high performance liquid chro-
matography (h.p.l.c.) purification step, the purified toxin failed to inhibit the cromakalim-stimulated
86Rb+ efflux although it was a potent inhibitor of A23187-induced K+ flux in human erythrocytes
and the large conductance calcium-activated potassium channel in rabbit portal vein smooth
Vpuscle.
5 Subsequent purification of fraction X by h.p.l.c. yielded a minor peak which contained 86Rb+
blocking activity. This subfraction was also capable of inhibiting apamin-sensitive, angiotensin II-
stimulated K+ flux in guinea-pig hepatocytes.
6 It is concluded that the potassium channel opened by cromakalim in rabbit aortic smooth
muscle is not blocked by charybdotoxin but by another distinct toxin in the venom of Leiurus
quinquestriatus hebraeus.

Introduction

Potassium channels are involved in an unusually
diverse range of biological activities. For example,
some channels are sensitive to membrane depolar-
ization while others are activated by neurotransmit-
ters, intracellular messengers and adenosine
5'-triphosphate (ATP), as well as changes in cell
volume (reviewed by Cook, 1988). Several different
types of potassium channel often occur within the
same cell.
The anti-hypertensive drug cromakalim (BRL

34915) produces an increase in potassium per-
1 Author for correspondence at Jerry Lewis Muscle
Research Centre.
2 Present address: Department of Physiology and Bio-
physics, University of Washington, Seattle, Washington
98195,- U.S.A.

meability in a variety of isolated smooth muscles
(Cook 1988). Little is known of the properties of the
potassium channel opened by cromakalim. However,
it has been shown that the increase in potassium per-
meability produced by the drug is neither dependent
on the entry of calcium through dihydropyridine-
sensitive calcium channels, nor is it blocked by
apamin (Weir & Weston, 1986; Quast 1987), a toxin
which selectively blocks many calcium-activated pot-
assium channels (K(Ca) channels) of low conductance.
Preliminary reports have indicated that cromakalim
increases the open time of large K(c.) channels in
both cultured aortic smooth muscle cells and in
aortic smooth muscle membranes incorporated into
planar lipid bilayers (Kusano et al., 1987; Gelband et
al., 1988).
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In portal vein, the cromakalim-mediated increase
in 86Rb+ tracer efflux can be inhibited by the venom
of the Israeli scorpion, Leiurus quinquestriatus heb-
raeus (Quast & Cook, 1988). This venom has been
shown to contain at least two different toxins which
block distinct K(Ca) channels (Castle & Strong, 1986).
One is charybdotoxin, a selective inhibitor of high
conductance K(Ca) channels in both skeletal and
smooth muscle cells (Miller et al., 1985; Beech et al.,
1987; Valdivia et al., 1988; Talvenheimo et al., 1988).
This present study demonstrates that the

cromakalim-induced 86Rb+ efflux in rabbit aorta,
presumed to be indicative of the potassium channel
'opened' by cromakalim, is not blocked by charyb-
dotoxin but by another component of the venom. A
purification procedure, that allows the isolation and
characterization of both of these two toxins is
described.
A preliminary account of the findings has been

presented to the British Pharmacology Society (Weir
& Strong, 1988).

Methods

Fractionation of L. quinquestriatus hebraeus venom

Crude venom (200mg batches) was placed in a 15 ml
centrifuge tube and extracted for 20min with deion-
ised water (5 ml, 4°C) three times. The extract was

centrifuged (45,000g, 20 min, 4°C) and the super-
natant carefully removed from a viscous opaque gel.
The gel was extracted three more times and the
supernatants pooled (final volume, 15 ml). The com-

bined supernatants were chromatographed at 4°C on
a Sephadex G-50 (superfine) column (90 x 2.6cm
diameter) previously equilibrated with 50mM
ammonium formate buffer, pH 3.5. The column was

eluted with equilibration buffer at 40ml h- ' and the
eluant was monitored at 278 nm. The peaks contain-
ing biological activity in the 86Rb+ flux assay from
two batches of crude venom were diluted with an

equal volume of water and re-chromatographed on

an S-Sepharose ion exchange column (10 x 1.6cm
diameter) equilibrated with 50mM ammonium
acetate buffer pH 6.0. After washing the column with
equilibration buffer to remove unbound material, the
column was eluted with a linear ammonium acetate
salt gradient (50-600mM, pH 6.0, total volume
800ml) at 90mlh-1. Fractions were monitored at
278 nm. Fraction X was further chromatographed on

a reverse phase column (Pharmacia ProRPC 5/2),
equilibrated with 0.01 M sodium acetate/0.04M acetic
acid (buffer A). Bound material was eluted from the
column with a linear gradient of 0-100% buffer B
(50% aqueous methanol/0.05M acetic acid, 1:1) at a
flow rate of 1 ml min . The column was monitored
at 280 nm.

86Rb+ efflux experiments

Male mongrel rabbits (1.8-3.0 kg, supplied by
Sandoz) were killed by a blow to the head. After the
thoracic cavity was exposed, the aorta was removed.
The aorta was cut into 36 equally sized rings and
then each ring was cut along its longitudinal axis.
Each ring segment was then mounted on a gassing
manifold as described previously by Hamilton et al.
(1986). The tissues were allowed to equilibrate, firstly
in Krebs-Henseleit solution (KHS) for 45min and
then in KHS containing 86Rb+ (5pCimlP') for 2h.
During the following efflux experiment, samples were
taken at 2min intervals throughout the entire pro-
cedure (80min). Initially, 86Rb+ was allowed to
efflux from the tissues into normal KHS for 10min.
Tissues were then exposed to KHS containing PN
200-110 (0.5pM) (PN/KHS) for 20min before the
transfer to PN/KHS solution supplemented with the
toxin under test. After 20min in toxin solution, the
tissues were challenged with cromakalim (1 gM) for a
further 20 min. Finally, tissues were washed in
PN/KHS for 10min. Control tissues were treated
similarly but exposed to vehicle (0.1% ethanol)
alone. Radioactivity in the efflux samples was
counted in the Cerenkov mode at 50% efficiency.
The amount of radioactivity remaining in the tissue
at the end of the experiment was determined by dis-
solving the tissue in 500y1 Lumasolve (Lumac) at
50'C overnight, 500y1 IN HCl and 10ml Optifluor
(Packard) was added to the solubilised sample which
was then counted in the 32P channel at 100% effi-
ciency. The efflux data were expressed as the first
order rate constant (k) of 86Rb+ efflux (min 1)
(Quast, 1987). Cromakalim-induced 86Rb+ efflux
was expressed as the area under the curve (AUC) in
mg as determined by weighing (see also Quast, 1987).

Single channel recordings

Single smooth muscle cells were isolated from rabbit
portal vein by incubating the tissue in a nominally
calcium-free physiological medium containing
papain, bovine serum albumin and dithiothreitol
(Beech & Bolton, 1989) and were used within 12 h.
Patch-clamp experiments were performed at room
temperature on isolated outside-out patches (Hamill
et al., 1981) in quasi-physiological medium of the fol-
lowing composition (mM); bath (external) solution:
Na+ 126, K+ 6, Ca2+ 1.7, Mg2+ 1.2, C1- 138,
glucose 14, HEPES 10.5; pipette (internal) solution:
K+ 134, Mg2+ 1.2, Cl- 136, EGTA (ethylene glycol
bis-(2-aminoethylether) NN,N',N'-tetraacetic acid)
0.8, glucose 14, HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulphonic acid) 10.5. Both sol-
utions were titrated to pH 7.2 with NaOH. Analogue
signals were recorded on FM tape (7.5ins- ) and
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low pass filtered at 2 kHz (8 pole Butterworth filter:
Barr and Stroud). The data were then digitized using
a CED 401 A/D converter (Cambridge Electronic
Design) in conjunction with a BBC microcomputer
and displayed on a plotter.

Erythrocyte potassium efflux assay

Erythrocytes from freshly drawn human blood were
separated from plasma, platelets and leucocytes by
sedimentation in Dextran 70 (6%, w/v in saline) and
resuspended to a haematocrit of 7% in a medium
containing (mM): NaCl, 145, KCl 0.1, MgCl2 1,
CaCl2 1, inosine 10, Tris HCl 10, pH 7.4. Net pot-
assium fluxes were measured using a potassium-
sensitive electrode placed in the cell suspension
(Cook & Haylett 1985; Castle & Strong 1986). The
venom fractions to be tested were pre-incubated with
2ml of erythrocyte suspension for 2min at 37°C
prior to the addition of A23187 (final concentration
5jM). Potassium loss during the subsequent 2min
was expressed as a percentage of the total cell pot-
assium content. The latter was evaluated after each
experiment by adding digitonin (final concentration
200.uM) to the cell suspension. Control experiments
were performed concurrently, without venom frac-
tions.

Hepatocyte potassium efflux assay

Hepatocytes were prepared from male Hartley
guinea-pigs by collagenase digestion (Burgess et al.,
1981). Cells were incubated and experiments carried
out at 37°C in Eagles MEM (Wellcome) supple-
mented with 2% bovine serum albumin and 10%
new-born calf serum at a density of approx.
1 x 10'cellsmlP'. Net potassium fluxes were mea-
sured in a similar way to those described above for
the erythrocyte assay, except that potassium release
was stimulated with l00nM angiotensin II, instead of
A23187 (Cook & Haylett, 1985).

Amino acid sequence determination

Purified fraction XII was reduced with dithiothreitol
and alkylated by pyridylethylation essentially as
described by Tarr et al. (1983). The toxin was dis-
solved in 50MIl Tris buffer (50 mM, pH 8.0) containing
6M guanidine hydrochloride. Dithiothreitol (200,jg)
was added and the mixture incubated for 2 h at
room temperature under an atmosphere of argon.
Vinylpyridine (0.2 p1) dissolved in 0.8 jil isopropanol
was added and the incubation continued for another
2 h. Reagents and toxin were separated by high per-
formance liquid chromatography (h.p.l.c.) on a C18
column using a linear 0-100% acetonitrile gradient
in aqueous 0.1% heptafluorobutyric acid. For Lys-C

digestion, pyridylethylated toxin was dissolved in
5Ojsl Tris buffer (50mM, pH 8) containing 4M urea.
Endoproteinase Lys-C (0.4 ug) was added and the
mixture incubated for 4h at 370C. The digest was
separated by h.p.l.c. on a C18 column using a linear
0-80% acetonitrile gradient in aqueous 0.1% hepta-
fluorobutyric acid. For V8 protease digestion,
pyridylethylated toxin was dissolved in 100 pl
sodium phosphate buffer (50mM, pH 7.8); 1 pg
Staphylococcus aureus protease V8 was added and
the solution incubated for 20h at 370C. The digest
was separated on a C4 column using the same condi-
tions described for V8 peptides. N-terminal amino
acid sequences were determined by automated
Edman degradation in a gas-phase sequencer
(Applied Biosystems 470A). After conversion of
cleaved amino acids to the corresponding phenylhy-
dantoin derivatives, the latter were subsequently
analysed on line (Applied Biosystems 120A h.p.l.c.
system).

Materials

Leiurus quinquestriatus hebraeus venom was pur-
chased from Latoxan (Rosans, France). Cromakalim
(BRL 34915; (±)-6-cyano-3,4-dihydro-2,2-dimethyl-
trans-4-(2-oxo-1-pyrrolidyl)-2H-benzo[b]pyran-3-ol)
and PN 200-110 (isradipine; 3,5-pyridinedicarboxylic
acid, 4-(4-benzofurazanyl)-1,4-dihydro-2,6-dimethyl,
1-methylethylester) were synthesized at Sandoz,
Basel. Stock solutions of cromakalim (1 mM) and PN
200-110 (1 mM) were prepared in 50% ethanol: 50%
twice distilled water and further dilutions were made
with a modified Krebs-Henseleit solution (KHS;
Cook et al., 1988a). Solutions of PN 200-110 were
protected from light and all 86Rb+ efflux experi-
ments were done under sodium light. Chromatog-
raphy resins were obtained from Pharmacia;
A23187, collagenase (type IV), papain, (±)-
dithiothreitol, angiotensin II and digitonin were
obtained from Sigma. 86Rb4 was purchased from
New England Nuclear. All other chemicals were
reagent grade and were obtained from Merck.

Results

Cromakalim (0.03-300 yM) produced a con-
centration-dependent increase in 86Rb4 efflux from
rabbit aortic tissue (Cook et al., 1988b). In the pre-
sence of PN 220-110 (0.5 pM), there was no signifi-
cant difference in either the shape of the curve or in
the maximum response produced by cromakalim.
From these results, 1 jM cromakalim was chosen for
subsequent flux studies described in this paper, as it
represented approximately an EC50. PN200-1 10 was
included in the wash solution as a protective
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measure against unknown components in the venom
which could themselves stimulate 86Rb+ loss from
the tissue and thus hamper the interpretation of the
data (Quast & Cook, 1988).

Crude Leiurus quinquestriatus hebraeus venom
(0.1-30,ugml-') produced a concentration-depend-
ent decrease of the rubidium response stimulated by
1 uM cromakalim (Figure 1). However the venom
failed to inhibit completely the rubidium response
induced by the drug. The maximum blocking activ-
ity observed was approximately 60% and with
higher concentrations of venom a stable plateau was
obtained and no further inhibition was observed.

Different batches of crude venom contained
varying amounts of mucopolysaccharides which
resulted in a viscous, stringy gel upon rehydration of
the lyophilised venom at any concentration greater
than 1 mg dry weight of venom per ml. After cen-
trifugation at 45,000g for 20 min the supernatant was
often still too viscous for chromatography, causing
many gel exclusion columns to dehydrate. This
problem was overcome by acidification of the venom
supernatant with formic acid and chromatography
of the supernatant on a Sephadex G50 column
equilibrated with 50mM ammonium formate pH 3.5.
Batches of crude venom (200mg) processed in this
manner (20mg dry weight ml-1) afforded one major
peak (G50-C, molecular mass ~7000 kDa) which
represented 65% of the A280-absorbing material
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applied to the column and 94% of the cromakalim-
induced "6Rb+ flux blocking activity of crude venom
(Figure 2). Peaks G50-A and B contained, amongst
others, material of a mucopolysaccharide nature and
peaks G50-D and E were non-proteinaceous U.V.-
absorbing compounds (data not shown).

Fractions constituting peak G50-C were pooled
from two batches of venom processed separately,
diluted with an equal volume of water, and re-
chromatographed on a cation exchange column of
S-Sepharose equilibrated with 50mM ammonium
acetate pH 6.0. Of the A278-absorbing material
applied to the column, 18% was retained under these
initial equilibration conditions. On application of a
linear salt gradient, twelve distinct fractions were
obtained (Figure 3). Each fraction was assayed for its
ability to inhibit cromakalim-stimulated 86Rb+
fluxes as before. As shown in Figure 3, most blocking
activity was found in fractions X and XI. Fraction
XII (containing charybdotoxin, see later), showed an
insignificant ability to inhibit cromakalim-induced
86Rb+ efflux. In contrast some fractions (most
notably fraction IV), caused a stimulation of 86Rb+
efflux.
Both fractions X and XI were potent inhibitors of

the cromakalim-mediated increase in 86Rb+ efflux,
as indicated by their individual concentration-
response curves (Figure 4). Unlike crude venom,
both fractions X and XI produced more than 60%
inhibition of the cromakalim-induced 86Rb+ efflux.
We were unable to test higher concentrations due to
the small amounts of toxins available. Fraction X
was re-chromatographed on a C1/C8 reverse phase
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Figure 1 Inhibitory log concentration-effect curve for
crude Leiurus quinquestriatus hebraeus venom (0)
against 1 fM cromakalim in rabbit aorta. (0) Control
response to cromakalim in the absence of venom. Ordi-
nate scale: area under the curve (AUC) in mg as a
measure of the stimulation of 86Rb+ efflux; 100mg cor-
responds to an increase in k (first order rate constant)
by 0.2 x 10-2min-1 for 20min. Abscissa scale: venom
concentration, log scale. Data represent the means from
four experiments (s.e.mean shown by vertical bars).
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Figure 2 Sephadex G-50 chromatography of crude
scorpion venom. Ordinate scale: absorbance at 280nm.
Abscissa scale: column elution volume (ml). Individual
fractions making up the five major peaks were pooled
separately and assayed for blocking activity in the
cromakalim-induced 86Rb+ flux assay. Activity was
standardised to the total amount of A278 absorbance
present in each fraction.
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Figure 3 S-Sepharose ion exchange chromatography of fraction G-50-C (see Figure 2). Ordinate scale: absorbance
at 280nm. Abscissa scale: column elution volume. Individual fractions making up identified peaks II-XII were
pooled separately and assayed for blocking activity in the cromakalim-stimulated "Rb+ efflux assay. Activity was
standardized to the total amount of A278 absorbance present in each fraction.

column (Figure 5). Material bound under the start-
ing conditions was eluted from the column with a
linear gradient of acetic acid/methanol. Biological
activity was located in one of the minor peaks, rep-
resenting less than 2% of the total amount of A280
absorbing material applied to the column and less
than 0.02% of total A280 absorbing material in the
crude venom used at the start of the purification
procedure. Fractions eluting from this reverse phase
column were also assayed for their ability to block
apamin-sensitive low conductance K(Ca) channels in
hepatocytes, using an angiotensin II-stimulated pot-
assium efflux assay. The only fraction that showed
activity in this assay was the dominant fraction
that inhibited chromakalim-induced 86Rb+ fluxes
(Figure 5).
Rechromatography of fraction XII on the same

C1/C8 reverse-phase column, using an acetic acid/
methanol gradient resulted in a single major peak
(Figure 6, lower). This was identified as charybdo-
toxin by its elution characteristics both in this system
(Smith et al., 1986) and on a trifluoroacetic acid/
acetonitrile solvent gradient, run on a C18 reverse
phase column (Gimenez-Gallego et al., 1988).
Reduction and alkylation of purified peak XII, fol-
lowed by enzymatic digestion with either Lys-C or
V8 protease afforded the partial sequence shown (see
below), which was identical to the C-terminal region
of charybdotoxin (Gimenez-Gallego et al., 1988).
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Figure 4 Inhibitory log-concentration-effect curve for
fractions X (a, 0) and XI (b, *) against cromakalim-
stimulated "Rb+ effiux in rabbit aorta: (0) represents
the control response to 1 fM cromakalim in the absence
of any inhibitory fraction. Ordinate scale: area under
the curve (AUC) in mg as a measure of the stimulation
of "Rb+ efflux; 100mg corresponds to an increase in k
by 0.2 x 102 min 1 for 20min. Abscissa scale: fraction
concentration (pgml-1). Data represent the means from
three experiments (s.e.mean shown by vertical bars).

Purified fraction XII proved to be a potent inhibi-
tor of A23187-stimulated potassium efflux from
human erythrocytes (Figure 6, trace A). In contrast,
both fractions X (Figure 6, trace B) and XI were
completely devoid of activity in the erythrocyte
assay. Fractions X and XI also did not show any

Z FT N VS CTTS K E CWSVC Q R L H N TS R G KC MN K KC R CY S

ECWSVCQ R L H NTS R G KC MN K KC R CYS

(a) Charybdotoxin sequence, Gimenez-Gallego et al., 1988; (b) Purified fraction XII, partial sequence.
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] 0.05 AU

4lm
4 min

Figure 5 High performance liquid chromatography of fraction X (see Figure 3) on a Pharmacia C1/C8 reverse
phase column. Ordinate scale: absorption at 280nm. Abscissa scale: elution time (min). The column was equili-
brated with solvent A and eluted with a linear gradient 0-100% solvent B at 1 ml min-1 (solvent A: 0.05M sodium
acetate buffer, pH 4.6; solvent B: methanol/100mm acetic acid, (1/1)). Arrow indicates the start of the linear gra-
dient. Biological activity in the 86Rb+ flux assay is indicated by a hatched bar and expressed as a percentage of the
total activity found in fraction X.

blocking activity against high conductance K(Ca)
channels (see below). Interestingly, cromakalim failed
to stimulate potassium efflux from the red blood
cells (data not shown).

The activity of purified fraction XII at the single
channel level was studied in a series of patch-clamp
experiments using outside-out patches from rabbit
portal vein smooth muscle cells. Care was taken to

Figure 6 (Upper) Erythrocyte potassium flux assay. Experimental traces of (A) lOOnM (0.4*gmml 1) purified frac-
tion XII (charybdotoxin); (B) 20ygml-1 fraction X (inset); (C,D) controls. Potassium flux was initiated by applica-
tion of 5pM A23187 (in the presence/absence of toxins) at the symbol (V). Total cell potassium was determined at
the end of each assay by adding 200pM digitonin at the symbol (V). (Lower) h.p.l.c. purification of fraction XII
(charybdotoxin) on a C1/C8 reverse phase column, same conditions as in Figure 5.

100

_.

I I

L



POTASSIUM CHANNEL TOXINS 823

a

(i)
16

cE<a) a
- 12

-0Q3._o -a

-80 -40 0 +40
Holding potential (mV)

b

(ii)

HP +50 mV

Control 0.1 s

*hL,-Ii-- L 20 pA

TEA' (0.4 mM)

tnh1Z-ILI
+80

HP +50 mV

Control By

20 pAI
Cha rybdotoxin

(100 nm) -II i.- 1- .1. -1-I I,l I. I I-. 1 s

Wash-out a

characterize the channels appearing in these patches,
before application of any toxic sample to the patch
to ensure that they were indeed high conductance
K(c) channels. The channels had a unitary conduc-
tance of 90 pS (O mV) with a physiological pot-
assium gradient and were blocked by 0.4mm TEA4
(Figure 7a, right). The opening probability of the
channels increased as the negativity at the intracellu-
lar side of the membrane was decreased (Figure 7b,
left) and qualitative experiments with pipette solu-
tions containing different amounts of free ionized
calcium indicated that the opening probability of the
channels also increased as the internal calcium con-
centration iicreased (data not shown). These experi-
ments therefore provided strong evidence that the
channels appearing in outside-out patches were high
conductance K(Ca) channels as described by Inoue et
al. (1985) for these cells.

In the presence of external, purified fraction XII
(100nm, assuming identity with charybdotoxin), the

Figure 7 Effect of fraction XII (charybdotoxin) on
high conductance K(Ca) channels in an outside-out
patch from a rabbit portal vein smooth muscle cell. (a)
Identification of the channel: (i) voltage-current
relationship (a) for the unitary current amplitude of
the channel. Other symbols (0, A) are for comparison
with similar channels recorded from different patches
under similar conditions. The line, which was drawn by
eye, crosses the voltage axis close to the calculated pot-
assium equilibrium potential (-78 mV). (ii) bath-
applied tetraethylammonium (TEA') (0.4mM) induced
about a 50% decrease in unitary current - characteristic
of open channel block. The signal was digitized at
4kHz. (b) The effect of bath-applied purified fraction
XII when the patch was held at +50 mV. The arrows
mark the unitary current levels for the fully open
state(s) of the K(C.) channels and the continuous line
marks the current when no K(C,) channels were open.
The block was reversible upon wash-out. The signal
was digitized at 0.4 Hz.

frequency of channel openings was markedly
reduced as compared with the control (80-90%;
Figure 7b). There was no appreciable effect on the
unitary current of the high conductance K(C.) chan-
nels or on the small channel in this patch (of
unknown identity), which was observed to be open
most of the time during the recording. The block was
fully reversible on washout, when the opening prob-
ability of the channels appeared to be greater than in
the controls. In support of the conclusion that
charybdotoxin blocks single K(Ca) channels, the toxin
also blocked spontaneous transient outward currents
(STOCS), which represent K(Ca) currents in isolated
smooth muscle cells (Benham & Bolton, 1986), at the
same concentration (Beech & Bolton, 1989). Charyb-
dotoxin affects neither the delayed rectifier pot-
assium current (Beech & Bolton, 1989), the resting
membrane resistance nor the cromakalim-induced
potassium current of these smooth muscle cells
(Beech and Bolton, unpublished).
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Discussion

Leiurus quinquestriatus venom has been shown pre-

viously to contain toxins that block a remarkable
number of different types of potassium channels. For
example, large conductance K(C.) channels in smooth
muscle cells (Beech et al., 1987; Kusano et al., 1987)
and skeletal muscle T-tubular vesicles (Miller et al.,
1985); apamin-sensitive low conductance channels in
hepatocytes (Abia et al., 1986; Castle & Strong,
1986); apamin-insensitive channels in thymocytes
and Erlich cells (Abia et al., 1986); intermediate con-
ductance K(C.) channels in erythrocytes (Abia et al.,
1986); Castle & Strong, 1986; Beech et al., 1987), as
well as the cromakalim-stimulated increase in pot-
assium permeability in portal vein (Quast & Cook,
1988). The biological effects of crude venom on large
conductance K(WO) channels can be attributed to
charybdotoxin, a peptide toxin first isolated by
Miller et al. (1985) and recently sequenced (Gimenez-
Gallego et al., 1988). Although charybdotoxin has
been shown subsequently to block a variety of large
conductance K(Ca) channels (Figure 7; Guggino et al.,
1986; Beech et al., 1987; Hoshi & Aldrich, 1987), it is
becoming increasingly clear that the toxin is not
completely selective. Charybdotoxin also blocks a
50 pS K(ca) channel in Aplysia neurones (Hermann &
Erxleben, 1987) as well as a voltage-sensitive pot-
assium channel in lymphocytes (Lewis & Cahalan,
1988). In this present study we have confirmed that
the toxin which we had previously tentatively identi-
fied as charybdotoxin (Castle & Strong, 1986), also
blocks the human erythrocyte K(C.) channel, which
has been shown to have a single channel conduc-
tance value of -2OpS (Hamill, 1981; Grygorczyk et
al., 1984). Since cromakalim failed to stimulate pot-
assium efflux from erythrocytes, it is extremely
unlikely that red cells possess cromakalim-sensitive
potassium channels.
The results presented in this study unequivocally

show that charybdotoxin does not affect the pot-
assium channel opened by cromakalim (see also data
by Talvenheimo et al. (1988), which implies a similar
conclusion) and that the inhibitory effects of crude L.
quinquestriatus venom on tracer efflux from aorta is
due to another, distinct toxin species. This second
toxin seems rather elusive. It appears to be present in
the venom in extremely small amounts, in much
smaller quantity than charybdotoxin. However,
unlike charybdotoxin, we found that the biological
activity of this second toxin is not very stable and
becomes increasingly so during the final stages of
purification; hence quantitation of the amount
present may well be an underestimate. Many venoms

contain toxic components that are stabilized in the
crude venom through secondary non-covalent
associations and we cannot exclude the possibility

that the inhibitory effects of crude L. quinquestriatus
hebraeus venom on cromakalim-stimulated tracer
efflux might well be due to such a synergism. Purifi-
cation schemes for fractionating the venom (with the
aim of purifying charybdotoxin) often involve an ion
exchange step at pH 9 oi greater, sometimes
approaching pH 11; these extremely basic conditions
invariably reduce or destroy the biological activity of
the second toxin. The present purification scheme
has been designed to minimize this problem. The
inability of crude venom to inhibit completely the
cromakalim-stimulated 86Rb+ efflux is intriguing.
This could be explained either by the presence of
stimulatory factors in the crude venom (Figure 3) or
else by the fact that cromakalim is stimulating, in
addition, another venom-insensitive potassium
channel. This second possibility is unlikely in view of
the fact that semi-purified fractions X and XII, in the
concentrations used, can almost completely block
efflux.
The most highly purified fraction containing the

cromakalim-associated inhibitory activity also inhib-
ited the apamin-sensitive potassium efflux from
hepatocytes and we have previously shown that this
component also inhibits [1"I]-monoiodoapamin
binding to hepatocytes (Castle & Strong, 1986). As
this paper was in its final stages of preparation, the
complete purification and sequence of this apamin-
binding toxin was published (Chicchi et al., 1988). At
present we suggest that this second toxin has a
broad specificity for both apamin-sensitive, K(Ca)
channels and those potassium channels that are
opened by cromakalim, although we cannot rule out
the possibility that these two activities will be shown
subsequently to reside on distinct molecules.
The isolation of a voltage-dependent potassium

channel gene from the Shaker mutant of Drosophila
(Papazian et al., 1987; Pongs et al., 1988) and the
subsequent use of Drosophila cDNA libraries to
identify a potassium channel gene in mammalian
brain (Tempel et al., 1988; Baumann et al., 1988)
suggests many structural similarities between differ-
ent types of potassium channel and therefore
perhaps it is not surprising to find toxins that have
high affinities for more than one potassium channel
subtype.

Much of this work was done while P.N.S. was a visiting
scientist at Sandoz, Basel and he especially thanks Drs U.
Quast and N.S. Cook for the generous hospitality of their
laboratories during his visit. We thank Drs U. Quast, N.S.
Cook, D.G. Haylett, N.S. Castle and Professor D.H. Jenk-
inson for stimulating discussions and J. Dosogne, Y.
Baumlin for technical assistance. We also thank the Well-
come Trust and the M.R.C. for financial support to D.J.B.,
P.N.S. and Professor T.B. Bolton.



POTASSIUM CHANNEL TOXINS 825

References

ABIA, A., LOBATON, C.D., MORENO, A. & GARCIA-
SANCHO, J. (1986). Leiurus quinquestriatus venom inhi-
bits different kinds of Ca2l-dependent K+ channels.
Biochim. Biophys. Acta, 856, 403-407.

BAUMANN, A., GRUPE, A., ACKERMANN, A. & PONGS, 0.
(1988). Structure of the voltage-dependent potassium
channel is highly conserved from Drosophila to verte-
brate central nervous systems. EMBO J., 7, 2457-2463.

BEECH, D.J. & BOLTON, T.B. (1989). Two components of
potassium current activated by depolarization of single
smooth muscle cells from the rat portal vein. J. Physiol.,
(in press).

BEECH, D.J., BOLTON, T.B., CASTLE, N.A. & STRONG, P.N.
(1987). Characterisation of a toxin from scorpion venom
that blocks in vitro both large (BK) K+ channels in
rabbit vascular smooth muscle and intermediate (IK)
conductance Ca2"-activated K+ channels in human red
cells. J. Physiol., 387, 32P.

BENHAM, C.D. & BOLTON, T.B. (1986). Spontaneous tran-
sient outward currents in single visceral and vascular
smooth muscle cells of rabbit. J. Physiol., 381, 385-406.

BURGESS, G.M., CLARET, M. & JENKINSON, D.H. (1981).
Effects of quinine and apamin on the calcium-
dependent potassium permeability of mammalian
hepatocytes and red cells. J. Physiol., 317, 67-90.

CASTLE, N.A. & STRONG, P.N. (1986). Identification of two
toxins from scorpion (Leiurus quinquestriatus) venom
which block distinct classes of calcium-activated pot-
assium channel. FEBS Letts, 209, 117-121.

CHICCHI, G.G., GIMENEZ-GALLEGO, G., BER, E., GARCIA,
M.L., WINQUIST, R. & CASCIERI, M.A. (1988). Purifi-
cation and characterisation of a unique, potent inhibitor
of apamin binding from Leiurus quinquestriatus heb-
raeus venom. J. Biol. Chem., 263, 10192-10197.

COOK, N.S. (1988). The pharmacology of potassium chan-
nels and their therapeutic potential. Trends Pharmacol.
Sci., 9, 21-28.

COOK, N.S. & HAYLETT, D.G. (1985). Effects of apamin,
quinine and neuromuscular blockers on K(~C) channels
in guinea-pig hepatocytes. J. Physiol., 358, 373-394.

COOK, N.S., QUAST, U., HOF, R.P., BAUMLIN, Y. & PALLY,
C. (1988a). Similarities in the mechanism of action of
two new vasodilator drugs, pinacidil and BRL 34915. J.
Cardiovasc. Pharmacol., 11, 90-99.

COOK, N.S., WEIR, S.W. & DANZEISEN, M.C. (1988b). Anti-
vasoconstrictor effects of the K+ channel opener croma-
kalim on the rabbit aorta - comparison with the
calcium antagonist, isradipine. Br. J. Pharmacol., 95,
741-752.

GELBAND, C.H., LODGE, N.J., TALVENHEIMO, J.A. & VAN
BREEMEN, C. (1988). BRL 34915 increases p(open) of
the large conductance Ca2 +-activated K+ channel iso-
lated from rabbit aorta in planar lipid bilayers. Biophys.
J., 53, 149a.

GIMENEZ-GALLEGO, G., NAVIA, M.A., REUBEN, J.P., KATZ,
G.M., KACZOROWSKI, G.J. & GARCIA, M.L. (1988). Puri-
fication, sequence and model structure of charybdotox-
in, a potent selective inhibitor of calcium-activated
potassium channels. Proc. Nati. Acad. Sci., U.S.A., 85,
3329-3333.

GRYGORCZYK, R., SCHWARZ, W. & PASSOW, H. (1984).

Ca2"-activated K+ channels in human red cells. Com-
parison of single-channel currents with ion fluxes.
Biophys. J., 45, 693-698.

GUGGINO, S.E., GUGGINO, W.B., GREEN, N. & SACKTOR,
B. (1986). Blocking agents of Ca2"-activated K+ chan-
nels in cultured medullary thick ascending limb cells.
Am. J. Physiol., 252, C128-C137.

HAMILL, O.P. (1981). Potassium channel currents in human
red cells. J. Physiol., 319, 97-98P.

HAMILL, O.P., MARTY, A., NEHER, E., SAKMANN, B. &
SIGWORTH, F.J. (1981). Improved patch-clamp tech-
niques for high resolution current recording from cells
and cell-free membrane patches. Pflugers Arch., 391,
85-100.

HAMILTON, T.C., WEIR, S.W. & WESTON, A.H. (1986). Com-
parison of the effects of BRL 34915 and verapamil on
electrical and mechanical activity in rat portal vein. Br.
J. Pharmacol., 78, 375-394.

HERMANN, A. & ERXLEBEN, C. (1987). Charybdotoxin
selectively blocks small Ca2 '-activated K+ channels in
Aplysia neurons. J. Gen. Physiol., 90, 27-47.

HOSHI, T. & ALDRICH, R.W. (1987). Four distinct classes of
voltage-dependent K channels in PC-12 cells. Neurosci.
Abstr., 12, 763.

INOUE, R., KITAMURA, K. & KURIYAMA, H. (1985). Two
Ca-dependent K-channels classified by the application
of tetraethylammonium distribute to smooth muscle
membranes of the rabbit portal vein. Pflugers. Arch.,
405, 173-179.

KUSANO, K., BARROS, F., KATZ, G., GARCIA, M., KACZO-
ROWSKI, G. & REUBEN, J.P. (1987). Modulation of K
channel activity in aortic smooth muscle cells by BRL
34915 and a scorpion toxin. Biophys. J., 51, 54a.

LEWIS, R.S. & CAHALAN, M.D. (1988). Subset-specific
expression of potassium channels in developing murine
T lymphocytes. Science, 239, 771-775.

MILLER, C., MOCZYDLOWSKI, E., LATORRE, R. & PHILIPS,
M. (1985). Charybdotoxin, a protein inhibitor of single
Ca2 '-activated K+ channels from mammalian skeletal
muscle. Nature, 313, 316-318.

PAPAZIAN, D.M., SCHWARZ, T.L., TEPEL, B.L., JAN, Y.N. &
JAN, L.Y. (1987). Cloning of genomic and complemen-
tary DNA from Shaker, a putative potassium channel
gene from Drosophila. Science, 237, 749-753.

PONGS, O., KECSKEMETHY, N., MULLER, R., KRAH-
JENTGENS, I., BAUMANN, A., KILTZ, H.H., CANAL, I.,
LLAMAZARES, S. & FERRUS, A. (1988). Shaker encodes a
family of putative potassium channel proteins in the
nervous system of Drosophila. EMBO J., 7, 1087-1096.

QUAST, U. (1987). Effect of the K' efflux stimulating vaso-
dilator BRL 34915 on 86Rb+ efflux and spontaneous
activity in guinea-pig portal vein. Br. J. Pharmacol., 91,
569-578.

QUAST, U. & COOK, N.S. (1988). Leiurus quinquestriatus
venom inhibits BRL 34915-induced "1Rb+ efflux from
the rat portal vein. Life Sci., 42, 805-810.

SMITH, C.D., PHILLIPS, M. & MILLER, C. (1986). Purifi-
cation of charybdotoxin, a specific inhibitor of the high
conductance Ca2"-activated K + channel. J. Biol.
Chem., 261, 14607-14613.

TALVENHEIMO, J.A., LAM, G. & GELBAND, C. (1988).



826 P.N. STRONG et al.

Charybdotoxin inhibits the 250pS Ca2 '-activated K+
channel in aorta and contracts aorta smooth muscle.
Biophys. J., 53, 258a.

TARR, G.E., BLACK, S.D., FUJITA, V.S. & COON, M.J. (1983).
Complete amino acid sequence and predicted mem-
brane topology of phenobarbital-induced cytochrome
P-450 (isozyme 2) from rabbit liver microsomes. Proc.
Nati. Acad. Sci. U.S.A., 80, 6552-6556.

TEMPEL, B.L., JAN, Y.N. & JAN, L.Y. (1988). Cloning a prob-
able potassium channel gene from mouse brain. Nature,
332, 837-839.

VALDIVIA, H.H., SMITH, J.S., MARTIN, B.M., CORONADO,
R. & POSSANI, L.D. (1988). Charybdotoxin and noxius-

toxin, two homologous peptide inhibitors of the
K'(Ca2") channel. FEBS Letts., 226, 280-284.

WEIR, S.W. & STRONG, P.N. (1988). Inhibition of BRL
34915-stimulated 86Rb+ efflux in rabbit aorta by frac-
tionated Leiurus quinquestriatus hebraeus scorpion
venom. Br. J. Pharmacol., 93, 202P.
tionated Leiurus quinquestriatus hebraeus scorpion
venom. Br. J. Pharmacol., 93, 202P.

WEIR, S.W. & WESTON, A.H. (1986). Effect of apamin on
responses to BRL 34915, nicorandil and other relaxants
in guinea-pig taenia caeci. Br. J. Pharmacol., 88, 113-
120.

(Received April 12, 1989
Accepted July 14, 1989)


