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1 The mKv1.1 voltage-gated K+ channel has been expressed stably in Chinese hamster ovary cells and
whole-cell currents recorded by the patch-clamp method.

2 A range of structurally related peptide toxins (dendrotoxins) from the venom of green mamba
(Dendroaspis angusticeps) and black mamba (Dendroaspis polylepis polylepis) snakes were tested for
mKv1.1 channel blocking activity. Their potencies were compared based on EC50s derived from their
respective concentration-inhibition relationships.

3 The rank order of potency, thus determined was: Toxin K4g-dendrotoxin(g-Dtx)4d-Dtx4Toxin
I=a-Dtx4b-Dtx.
4 Block was independent of voltage and no e�ects of the toxins on the kinetics of activation were
observed. These results are consistent with a mechanism involving the block of closed channels.

5 A wide range of activity was observed even between toxins with an extremely high degree of sequence
homology. Toxin K, in particular was an exquisitely potent blocker of the mKv1.1 channel, having an
EC50 of 30 pM compared with 1.8 nM for d-Dtx in spite of 95% sequence identity.
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Introduction

The dendrotoxins constitute a family of structurally homo-
logous peptides (57 ± 60 amino acids) found in the venom of
the green and black mamba snakes. They have been useful
tools with which to characterize voltage-gated K+ channels in
mammalian nerve cells. For example, a-dendrotoxin (a-Dtx)
from Dendroaspis angusticeps (green mamba) and Toxin I
(sometimes known as Dtx-I) from Dendroaspis polylepis poly-
lepis (black mamba), have both been shown to block voltage-
activated K+ currents in neurones, enhance synaptic trans-
mission and bind avidly to speci®c receptors in brain (see Dolly
et al., 1992; Harvey, 1993). The high a�nity binding of den-
drotoxins to their receptor has been exploited in the con-
struction of a�nity columns used to isolate the receptor
protein. This protein fraction consists of at least three struc-
turally and pharmacologically related voltage-gated K+

channels, Kv1.1, Kv1.2 and Kv1.6 (after Chandy & Gutman,
1993); the predominant species being Kv1.2 (Scott et al., 1994).
Since the isolation of a-Dtx and Toxin I, a number of homo-
logous peptides have been identi®ed and isolated (Benishin et
al., 1988) although only a limited number of electro-
physiological studies had been carried out with these members
of the dendrotoxin family at the start of the present study
(Kavanaugh et al., 1990; Southan & Owen, 1992; Hall et al.,
1994; see also Strong, 1990 and Harvey, 1993). Dendrotoxins
potentiate synaptic transmission in the hippocampus and can
induce a long-lasting potentiation (LTPK) with varying e�cacy
(Southan & Owen, 1992). In rat sensory neurones, a number of
the dendrotoxins block voltage-gated K+ channels and in the
case of d-Dtx at least, selective block of one component of the
native K+ current was apparent (Hall et al., 1994). Although
previous studies have examined the relative potency of various
dendrotoxin homologues as blockers of the rat homologue of
the Kv1.1 channel, rKv1.1 (also known as RBK1 or RCK1)

(Kavanaugh et al., 1990), no systematic evaluation of den-
drotoxin homologues has been carried-out in the case of the
mouse homologue, mKv1.1 (MK1). In the present study, we
have compared the activities of a range of dendrotoxin
homologues on mKv1.1 which was stably expressed in the
mammalian Chinese hamster ovary cell-line (CHO-K1)
whereas previous studies (above) have utilized the frog oocyte
expression system. A preliminary account of this study has
been published previously (Owen et al., 1992).

Methods

All experiments were carried out with a CHO-K1 cell-line
stably transfected with the mKv1.1 channel in the pZEM-223
vector (Bosma et al., 1993). Cells were sub-cultivated accord-
ing to standard methods and as previously described (Ro-
bertson & Owen, 1993). Electrophysiological recordings were
made within 1 ± 3 days of plating onto standard 35 mm tissue
culture dishes.

Cells were voltage-clamped by use of the whole-cell patch-
clamp method with an EPC-9 patch-clamp ampli®er (HEKA
elektronik) controlled by either an Atari MegaST4 or Ma-
cintosh Quadra 800 computer. Cells were routinely held at a
potential within the range 760 to 790 mV and mKv1.1 cur-
rent was evoked with voltage-steps to potentials between +30
and +60 mV. For analysis purposes, a P/4 routine was em-
ployed to remove leak currents digitally. Data were analysed
with the programmes Review (Instrutech Corp.), PulseFit
(HEKA elektronik) and Igor (Wavemetrics Inc.).

Toxins were made up as stock solutions in de-ionized water
and stored frozen until diluted for application via a micro-
perfusion system to individual cells. With this system, cells
were continuously perfused with a bathing solution consisting
of (in mM): NaCl 120, KCl 2.5, CaCl2 2, MgCl2 2, glucose 10
and HEPES (N-[2-hydroxyethyl]piperazine-N'[2-ethanesul-
phonic acid]) 5; pH 7.4, adjusted to 320 mOsm with sucrose, or
bathing solution in which Dtx homologues had been diluted.
Patch pipettes were ®lled with a solution consisting of (in mM):
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Kgluconate 140, KCl 5, MgCl2 2, EGTA (ethylene glycol-
bis(b-aminoethyl ether)N,N,N',N'-tetraacetic acid) 1.1,
HEPES 5, magnesium ATP (adenosine 5'-triphosphate) 2,
sodium GTP (guanosine 5'-triphosphate) 200 mM; pH 7.2,
adjusted to 310mOsm with sucrose. The resistance of recording
pipettes was in the range of 4 ± 7 MO when ®lled with the
above solution.
a-Dtx, b-Dtx, g-Dtx and d-Dtx were obtained from Alo-

mone Labs and in addition were isolated from crude venom of
Dendroaspis angusticeps according to published methods (Be-
nishin et al., 1988; Dolly, 1992). The b-Dtx fraction was found
to consist of a mixture of b1- and b2-Dtx by capillary electo-
phoresis and subsequently it was the b2- fraction that was iso-
lated and examined in electrophysiological experiments. Toxin
I and Toxin K were puri®ed from the venom of Dendroaspis
polylepis polylepis by ultra-®ltration and cation exchange
chromatography, followed by reverse-phase high pressure li-
quid chromatography (h.p.l.c.). The purity of the toxins was
found to be greater than 99.5% by capillary electrophoresis and

molecular weights were con®rmed by electrospray mass spec-
trometry as matching published data (e.g. Dufton, 1985). No
systematic di�erences in results were obtained with toxins ob-
tained from Alomone or in-house toxins.

Results

Block of mKv1.1 by dendrotoxins

As previously shown (Robertson & Owen, 1993), following a
depolarizing voltage step to +60 mV, mKv1.1 currents de-
veloped relatively slowly with a rise-time (10 ± 90%) of about
8 ms at +40 mV and decayed only slightly over the course of a
500 ms step (Figure 1a). The steady-state activation curve il-
lustrated in Figure 1a was well ®tted by a single Boltzmann
function (half-maximal activation voltage 75 mV; slope fac-
tor about 11 mV). These values are similar to those obtained
previously (Robertson & Owen, 1993).
a-Dtx blocked over half (55.7+5.4%), n=6) of the

mKv1.1 current at a concentration of 10 nM (Figure 2a).
The block was dose-related (5 nM blocked 30.3+7.6%,
n=3) and reversible on washout of the toxin (not shown).
Steady-state inhibition was reached within 2 min and re-
covery was complete after 3 min washing with control
bathing solution. The other Dendroaspis angusticeps toxins
(b-, g- and d-Dtx) also inhibited mKv1.1 currents and with
varying potencies (Figure 2b ± d). The Dendroaspis polylepis
polylepis homologues, Toxin I and Toxin K, were also active
(Figure 3). In particular, Toxin K was remarkably potent,
inhibiting 58% (+3.6%, n=4) of the current at a con-
centration of 100 pM (Figure 3b).

Block by dendrotoxins is not voltage-sensitive

In order to evaluate whether or not the block by dendrotoxins
varied with membrane potential, the amount of suppression of
the peak current by toxin was measured at various potentials
between 7100 mV and +60 mV. No obvious voltage-sensi-
tivity was apparent with any of the toxins apart from a slightly
reduced block by a high concentration of Toxin I (100 nM) at
positive potentials; eg. 83.8+0.6% at +60 mV (n=3) and
94.7+2.3% at 0 mV (n=3). This could re¯ect a contribution
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Figure 1 Outward currents expressed in Chinese hamster ovary cells
stably transfected with mKv1.1 cDNA. (a) Currents activated by a
series of voltage steps (250 ms) from a holding potential of 760 mV
to membrane potentials ranging from 7100 mV to +40 mV. (b)
Conductance was calculated from the peak outward current,
assuming a reversal potential of 780 mV, and plotted against
membrane potential. The line represents a non-linear least-squares ®t
of the Boltzmann equation, G=Gmax/1+exp[(Vh7V)/k], to the data.
Half-maximal activation voltage (Vh)=75 mV, slope factor
(k)=11 mV.
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Figure 2 Inhibition of mKv1.1 currents by dendrotoxins from the
green mamba. mKv1.1 currents were activated from a holding
potential of 760 mV by depolarizing pulses (250 ms duration) to
+60 mV. The currents were blocked by external application of all
four Dendroaspis angusticeps dendrotoxin homologues: (a) 10 nM a-
Dtx; (b) 10 nM and 50 nM b2-Dtx; (c) 1 nM g-Dtx; (d) 1 nM d-Dtx.
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to the whole cell current by a Dtx-resistant `background'
current, although in wild-type CHO-K1 cells and cells that had
been transfected with vector alone, such currents were negli-
gible (not shown). a-Dtx (10 nM) and Toxin K (1 nM) in par-
ticular were studied over a range of potentials in a number of
cells and in these cases no voltage sensitivity was apparent
between 710 mV and +60 mV and 0 mV and +50 mV for
Toxin K and a-Dtx, respectively (Figure 4b).

No consistent changes were seen, either in the kinetics of
activation or inactivation of mKv1.1 currents in the presence
of any of the dendrotoxins. By way of illustraiton, Figure 4c
shows an example of a current blocked by g-Dtx. The current
spared by g-Dtx has been scaled and aligned with the control
current for comparison. The two traces are identical indicating
that the toxin has not altered the rate of activation.

Recovery from block

With the exception of Toxin K and d-Dtx, dendrotoxins could
be readily washed out (within about 3 min). In contrast, re-
covery from the block induced by Toxin K (Figure 5) or d-Dtx
(not shown) was extremely slow; the time constant of recovery
was about 25 min for Toxin K and 18 min for d-Dtx.

Dose-response relationships

All the toxin homologues blocked current in a concentration-
dependent fashion (Figure 6). Dose-response relationships,
obtained by pooling data from a number of cells were ®tted with
a single logistic function in each case and EC50 values were es-
timated (Table 1 and Figure 6). Interestingly, the extrapolated
maximal degree of inhibition by b-Dtx and g-Dtx was only 55 ±
60% in contrast to the other homologues for which the ®tted
curves predicted a block close to 100% (Figure 6). Toxin K was
remarkably potent, having an EC50 of only 30 pM (Figure 6).
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Figure 3 E�ects of black mamba toxins, Toxin I and Toxin K. (a)
The e�ect of 100 nM Toxin I on mKv1.1 current activated by a
voltage-step (500 ms duration) to +60 mV from a holding potential
of 7100 mV. About 86% of the current was blocked in this cell
(mean from 4 cells was 90.6+1.8%). (b) Block of mKv1.1 by Toxin
K. A similar degree of block (85%) to that observed with 100 nM
Toxin I (above) was obtained with only 0.5 nM Toxin K and over
50% of the mKv1.1 current was blocked by only 100 pM. Currents
illustrated in this panel were activated with a voltage-step (250 ms
duration) to +60 mV from a holding potential of 760 mV.
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Figure 4 E�ects of dendrotoxins at varying membrane potentials.
(a) Current-voltage relationship in the presence (*) and absence (*)
of Toxin K (1 nM). (b) Lack of voltage-dependence of block of
mKv1.1 by 10 nM a-Dtx (&) and 1 nM Toxin K (*). Note: in (a)
and (b) the total time in contact with toxin was less than 5 min. (c)
No systematic alterations in activation kinetics were seen in the
presence of any of the toxins. An example is shown for g-Dtx where
the current recorded in the presence of the toxin (i) has been scaled-
up (ii) to exactly match the control current (reproduced from i).
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Discussion

The e�ects of dendrotoxins on rKv1.1 channels expressed in
Xenopus oocytes have been described previously (Kavanaugh
et al., 1990; Robertson et al., 1996). However, the present
study is the ®rst that describes a systematic comparison of the
e�ects of members of the dendrotoxin family on voltage-gated
K+ channels (mKv1.1) expressed in a mammalian cell system.
The results are of particular interest in two ways: (1) Toxin K
is one of the most potent blockers of a voltage-gated K+

channel discovered to date. (2) There is a large di�erence be-
tween the inhibitory potency of Toxin K on two virtually
identical channels, namely rKv1.1 channels (expressed in oo-
cytes) and the mKv1.1 channel described here which is ex-
pressed in CHO-K1 cells. Kavanaugh et al. (1990) and
Robertson et al. (1996) found the IC50 for Toxin K block of
rKv1.1 to be in the nM range, compared with that found for
the mouse homologue in the present study which was in the pM
range. This is surprising as there is498% overall homology in
the amino acid sequences between the two channels, and

identity in the putative pore region (Tempel et al., 1988;
Christie et al., 1989). Three amino acids ¯anking the pore re-
gion in the rKv1.1 channel have been identi®ed as being critical
for Dtx activity, these being alanine352, glutamate353 and tyr-
osine379 (Hurst et al., 1991; Tytgat et al., 1995). All three re-
sidues are conserved across the mouse rat and human species
implying either that other residues contribute to the Dtx
binding site or that its a�nity can be altered by other factors.
These might include: di�erences in the precise geometry of the
assembled tetramer or in speci®c components of the binding
site resulting from glycosylation or phosphorylation (for ex-
ample). Di�erences in the expression systems might result in
variation in post-translational modi®cations and indeed the
degree of phosphorylation may di�er between oocyte and
mammalian cell-line. While such factors may indeed come into
play, the fact that the potency of Toxin K is similar with re-
spect to mouse (30 pM) and human (47 pM) Kv1.1 channels
(Robertson et al., 1995), in spite of the di�erence in expression
systems, suggests that this is not the only explanation for the
di�erence seen between mouse and rat channels. On the other
hand, whereas in the present study, the rank order of potency
for mKv1.1 was: Toxin K4g-Dtx4d-Dtx4Toxin I=a-
Dtx4b-Dtx (see Table 1), in the case of hKv1.1 the order is
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was blocked with 5 nM Toxin K (t=0) and the toxin was then
washed-out over a period of 30 min. Following the start of the wash,
the amplitude of the current was tested periodically with a 250 ms
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Figure 6 Relative potencies of dendrotoxins as Kv1.1 blockers.
Collated data for all the dendrotoxin homologues: (&) a-Dtx; (&)
b2-Dtx; (~) g-Dtx; (~) d-Dtx; (*) Toxin I; (*) Toxin K. Block of
the mKv1.1 current is expressed as a percentage of the control
current amplitude measured between +40 mV and +60 mV. Logistic
curves of the form: y=ymax/(1+(EC50/[toxin])

nH), were ®tted to the
data using IGOR (Wavemetrics Inc) and EC50 values (+s.e.mean)
derived thereby: Toxin K, 30+7 pM; Toxin I, 7.4+0.8 nM; a-Dtx,
9.4+1.7 nM; b2-Dtx, 13.5+0.7 nM; g-Dtx, 0.7+0.03 nM; d-Dtx,
1.8+0.2 nM. Each point on the graph represents the mean of 3 ± 6
cells and the vertical lines represent the s.e.mean. Note that the
extrapolated curves predict that at high concentrations a-Dtx, d-Dtx
and Toxin I would block about 100% of the mKv1.1 current while
Toxin K appear to plateau at about 80%. The concentration-
inhibition curves for b-2-Dtx and g-Dtx extrapolate to only about
60% of the control current.

Table 1 Summary of the EC50 values for inhibition of
mKv1.1 currents by dendrotoxins

Toxin EC50 (nM) s.e.mean

Toxin K
g-Dtx
d-Dtx
Toxin I
a-Dtx
b2-Dtx

0.03
0.7
1.8
7.4
9.4
13.5

0.007
0.03
0.2
0.8
1.7
0.7

Dtx - dendrotoxin.
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di�erent, i.e. d-Dtx4Toxin K4Toxin I4a-Dtx (Robertson et
al., 1995). Clearly hKv1.1 does exhibit a di�erent pharmaco-
logical pro®le to mKv1.1, at least in these particular expression
systems. The amino acid sequence in the pore and ¯anking
regions is identical for all three Kv1.1 homologues and indeed
the handful of di�erences that do exist (12 out of 495 when
rKv1.1 and hKv1.1 are compared) are not in the proximity of
the pore. The homology between rat and mouse Kv1.1 chan-
nels is extraordinary (499%) and the only di�erences between
them, that are also found in the human sequence, are two
alanine(Ala)/threonine(Thr) switches: Ala480Thr and
Thr481Ala. Although this region is close to the C-terminus of
the channel and intuitively seems unlikely to participate in Dtx
binding, perhaps it can in¯uence the ®ne structure of the as-
sembled tetramer with respect to the dendrotoxin binding site.
Indeed, although a so-called `assembly domain' has been
identi®ed in the N-terminus of Kv channels (Li et al., 1992;
Shen et al., 1993; Yu et al., 1996) a number of residues in the
C-terminus have also been implicated in the assembly of tet-
rameric mKv1.1 channels in particular (Hopkins et al., 1994).
Even subtle changes in the overall geometry of the assembled
tetramer could be important in Dtx binding because high-af-
®nity binding requires all four subunits to be Dtx-`receptive'
(Tytgat et al., 1995).

No evidence of time-dependent block by the dendrotoxins
was seen and, with the possible exception of Toxin I at high
concentrations, no voltage-dependence was apparent either.
The actions of the dendrotoxins are thus consistent with a
mechanism involving block of closed-channels and are pre-
sumed to bind at a site that does not sense the transmembrane
voltage.

Interestingly, two of the toxins (b2-Dtx and g-Dtx) appear
unable to block all of the mKv1.1 current. This may re¯ect a
high o�-rate resulting in rapid binding and unbinding of the
toxin. However, this would require single channel analysis to
con®rm or otherwise. Also, while a-Dtx, b2-Dtx, g-Dtx and
Toxin I all wash-out quite quickly, d-Dtx and Toxin K, appear
to dissociate extremely slowly from the channel. This could
explain the extremely high potency of Toxin K, although d-Dtx
(also very slow to wash-out) is not a strong blocker by com-
parison with Toxin K and the other homologues.

The striking di�erence in potency of Toxin K in comparison
to the other dendrotoxins may be associated with speci®c
amino-acid residues in the toxin N-terminus since the C-ter-
minus is rather well conserved throughout the dendrotoxins
and related peptides such as bovine pancreatic trypsin in-
hibitor (BPTI) (e.g. see Berndt et al., 1993) which does not
block K+ channels. Near the N-terminus of the toxins, on the

other hand, there are some obvious di�erences, between toxins,
in the pattern of distribution of positively charged lysine (Lys)
and arginine (Arg) residues. For example, d-Dtx has three
consecutive lysine residues, Lys15 ± 17 and Toxin K also has a
triplet of basic residues, Lys15-Arg16-Lys17. In contrast, a-Dtx
and Toxin I each have a single Lys19 in the analogous stretch of
amino acids. Only two of a triplet of lysines in a-Dtx and
Toxin I (Lys28 ± 30), which lie on a b-turn connecting two b-
sheets in the tertiary structure (Skarzynski, 1992), are re-
presented in d-Dtx and Toxin K (Lys26 and Lys28). The sig-
ni®cance of this latter region of the toxins has been called into
question by Danse et al. (1994) who showed that a re-
combinant a-Dtx lacking the Lys28 ± 30 triplet could still bind to
rat brain receptors and possessed biological activity in the
chick biventer preparation. However, other regions are worthy
of further consideration. Parallels are apparent between a-Dtx
and Toxin I, on the one hand, and d-Dtx and Toxin K, on the
other. For example, whereas a-Dtx has three positively
charged residues (Arg3, Arg4 and Lys5) at the N-terminus and
Toxin I has two (Arg4 and Arg5), d-Dtx and Toxin K have only
one positively charged residue (Lys5). Similarly, both d-Dtx
and Toxin K have an Arg in position 10, whereas a-Dtx and
Toxin I have an asparagine (Asn) in this position (although see
Danse et al., 1994). The di�erent potencies of Toxin K and d-
Dtx are all the more striking when the sequences are com-
pared. These peptides are almost identical and, apart from one
or two conservative substitutions, the only noteworthy di�er-
ence is a switch at position 11 from an isoleucine in Toxin K to
a tyrosin in d-Dtx.

It is tempting to speculate that those features of the struc-
ture of Toxin K which give rise to its extraordinary inhibitory
potency on the mKv1.1 channel, may also contribute to its
high degree of selectivity for the rKv1.1 channel in comparison
to the related rKv1.2 and rKv1.6 channels which was recently
obtained (Robertson et al., 1996). Thus it may be possible to
glean from these naturally occurring ion channel modulators,
structural moieties which may be incorporated in the design of
novel and speci®c synthetic channel modulators, although this
information would be more forthcoming with more systematic
studies of toxin and ion channel homologues in a single ex-
pression system.

We would like to thank Dr Bruce Tempel and Dr Marti Bosma for
providing the mKv1.1-CHO cell-line used in this study and the
maintenance of the cell-line in tissue culture by Jan Scott, Karen
Benwell and Esen Woo�.
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