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Abstract

Certain amphibians provide themselves with a chemical defense by accumulating lipophilic alkaloids into skin glands from
dietary arthropods. Examples of such alkaloids are pumiliotoxins (PTXs). In general, PTXs are known as positive modulators
of voltage-gated sodium channels (VGSCs). Unlike other PTXs, PTX 251D does not share this characteristic. However, mice
and insect studies showed that PTX 251D is highly toxic and to date the basis of its toxicity remains unknown.

In this work, we searched for the possible target of PTX 251D. The toxin was therefore made synthetically and tested on
four VGSCs (mammalian rNa,1.2/B;, rNa,1.4/B;, hNa,1.5/B; and insect Para/tipE) and five voltage-gated potassium
channels (VGPCs) (mammalian rK,1.1-1.2, hK,1.3, hK,11.1 (hERG) and insect Shaker IR) expressed heterologously in
Xenopus laevis oocytes, using the two-electrode voltage clamp technique.

PTX 251D not only inhibited the Na*t influx through the mammalian VGSCs but also affected the steady-state
activation and inactivation. Interestingly, in the insect ortholog, the inactivation process was dramatically affected.
Additionally, PTX 251D inhibited the K efflux through all five tested VGPCs and slowed down the deactivation kinetics
of the mammalian VGPCs. hK,1.3 was the most sensitive channel, with an ICs, value 10.8 +0.5 uM. To the best of our
knowledge this is the first report of a PTX affecting VGPCs.
© 2007 Elsevier Ltd. All rights reserved.
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dietary alkaloid-containing arthropods into their
skin. Together with the bright warning skin colora-
tion, the accumulation of toxins offers an extreme
evolutionary advantage against predators. Exam-
ples of such toxins are the lipophilic alkaloids
pumiliotoxins (PTXs) that are very widely distrib-
uted in alkaloid-containing anurans from the
neotropics (Dendrobates, Epipedobates, Minyobates,
Phylobates, Oophaga, Ameerga and Ranitomeya),
semi-temperate South America (Melanophryniscus),
Madagascar (Mantella) and Australia (Pseudo-
phryne). The presence of PTX 307A and 323A
(Fig. 1) has also been reported in formicine ants of
the genera Brachymyrmex and Paratrechina (Sapor-
ito et al.,, 2004). Recently, in the extracts of
scheloribatid mites PTX 251D (Fig. 1) was found
together with PTX 237A and 8-deoxyPTX 193H
(Takada et al., 2005), while PTXs 251D, 307F and
307A and a homoPTX 251R were found in oribatid
mites from Costa Rica and Panama (Saporito et al.,
2007). It has been proposed that mites are the major
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source of PTXs and other frog skin alkaloids with
branches in their carbon skeletons.

PTXs are known to be toxic. They are described
as potent cardiotonic agents with positive modula-
tory effects on voltage-gated sodium channels
(VGSCs) (Daly et al., 1985). Like other PTXs,
PTX 251D is highly toxic, inducing convulsions and
death to mice and insects (LDsq being, respectively,
10mg/kg and 150 ng/larvae) (Bargar et al., 1995;
Daly et al., 2003). In addition, this toxin seems to
repel predatory and ectoparasitic arthropods, and
hence, its function in anuran chemical defense is
proved (Weldon et al., 2006). However, earlier
studies in brain synaptoncurosomes showed that
PTX 251D only weakly stimulates the sodium flux
at low concentrations (10 uM) and has inhibitory
effects on VGSCs at higher concentrations (100 uM)
(Daly et al., 1985, 1990). Therefore, the observed
effects in mice and insects cannot be explained by a
modulation of VGSCs alone, making the possible
physiological target(s) for this toxin unknown.
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Fig. 1. Structure of PTX 251D, a lipophilic alkaloid isolated from the skin of some anurans (left Epipedobates tricolor) and from
Scheloribatid mites (right). Below, structures of related pumiliotoxines PTX A (307A) and B (323A).



336 T. Vandendriessche et al. | Toxicon 51 (2008) 334-344

Complex multicellular organisms require rapid
and accurate transmission of information among
cells and tissues, and tight coordination of distant
functions. In both vertebrates and invertebrates,
electrical signals control a wide range of physiolo-
gical processes. All of these processes are mediated
in part by members of the voltage-gated ion channel
protein superfamily (Yu et al., 2005). VGSCs are
transmembrane proteins responsible for action
potential initiation and propagation in excitable
cells, including nerve, muscle and neuroendocrine
cell types. The VGSC consists of a pore-forming
o-subunit associated with auxiliary B-subunits. The
central, pore-forming o-subunit consists of four
homologous domains each of which contains six
transmembrane o-helices. Although sodium chan-
nels have broadly similar functional characteristics,
small differences in properties do distinguish differ-
ent isoforms and contribute to their specialized
functional roles in mammalian and insect physiol-
ogy and pharmacology. Until now nine mammalian
(Na,1.1-Na,1.9) and three insect VGSCs have been
cloned (Yu and Catterall, 2003; Yu et al., 2005). In
excitable cells, voltage-gated potassium channels
(VGPCs) oppose the action of VGSCs and mediate
in this way the repolarization phase and firing
frequency of the action potential. VGPCs are also
found in non-excitable cells like T-lymphocytes
where they participate in the immune response
(K,1.3) (Chandy et al., 2004). In contrast to VGSC,
a typical VGPC consists of four separate a-subunits
each containing six transmembrane o«-helices. The
first cloned VGPC was the Drosophila voltage-gated
Shaker channel, and this was rapidly followed by
the identification of other VGPC in both insects and
mammals. The VGPC superfamily can be divided
into up to 12 families with different subunits
distinguished again by their contribution in specia-
lized functional roles in physiology and pharmacol-
ogy (Gutman et al., 2005; Yu et al., 2005).

Since PTX 251D does not share the known
characteristic of PTXs to positively modulate
VGSCs, but is able to provoke convulsions and
death in both mammalians and insects, we searched
in this study for a possible physiological target of
PTX 251D. Given the crucial role that VGSCs and
VGPCs play in the central and peripheral nervous
system, it is not surprising that a number of venoms
from poison dart frogs, scorpions, snakes, etc.
target these channels. Therefore, for the very first
time, an electrophysiological approach was used to
test the synthetic PTX 251D on an extensive set of

VGSCs and VGPCs expressed heterologously in the
Xenopus laevis oocyte expression system.

2. Materials and methods
2.1. Toxin

Synthetic (+)-PTX 251D was kindly provided by
Prof. U. Nubbemeyer. The synthetic toxin was
found to be identical to the natural occurring (+)-
PTX 251D, based on X-ray analysis (Sudau et al.,
2002a, b).

2.2. Heterologous expression of voltage-gated ion
channels in Xenopus laevis oocytes

For in vitro transcription of the tested VGSCs, the
following a-subunits and B;-subunits were, respec-
tively, linearized: hNa,1.5/pSP64T with Xbal and
rBq/pSP64T with EcoRI. Capped cRNAs were
synthesized from the linearized plasmid using the
SP6 mMESSAGE mMACHINE transcription kit
(Ambion, USA). The rNa,1.2/pLCT1, hp,/pGEM-
HE vector, rNa,1.4/pUI-2 vector, Para/pGH19-13-
S vector and #ipE/pGH19 vector were linearized
with, respectively, Notl and Nhel (hf;) and tran-
scribed with the T7 mMESSAGE mMACHINE kit
(Ambion, USA).

For in vitro transcription of the tested VGPCs,
the following w«-subunits were linearized, respec-
tively, with the corresponding restriction endonu-
cleases: the rK,1.1/pGEM-HE, rK,1.2/pGEM-HE,
hK,1.3/pGEM-HE, hERG/pGEM-HE and the
Shaker IR (inactivation removed)/pGEM-HE vec-
tor with Pstl, Sphl, Notl, EcoRl and Nhel. The
cRNAs were synthesized from the linearized plas-
mids using the SP6 mMESSAGE mMACHINE
transcription kit for hERG and the T7 mMES-
SAGE mMACHINE transcription kit for rK,1.1,
rK,1.2, hK,1.3 and Shaker IR.

The harvesting of oocytes from anesthetized
female X. laevis frogs was as previously des-
cribed (Abdel-Mottaleb et al. 2006). Oocytes were
injected with 50 nl of cRNA at a concentration of
1ngnl™" using a Drummond micro-injector (USA).
The solution used for incubating the oocytes
contained (in mM): NaCl 96, KCl 2, CaCl, 1.8,
MgCl, 2 and HEPES 5 (pH 7.4), called ND96
solution, supplemented with 50mgl™"' gentamycin
sulfate. For expressing of the VGSCs 180mgl~'
theophyllin was added in addition to the incubation
solution.
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2.3. Electrophysiological studies on cloned voltage-
gated ion channels

Two-electrode voltage-clamp recordings were
performed at room temperature (18-22 °C) using a
GeneClamp 500 amplifier controlled by a pClamp
data acquisition system (Molecular Devices, Axon
instruments, USA). Whole-cell currents from Xeno-
pus oocytes were recorded 2—4 days after injection.
Current and voltage electrodes had resistances as
low as possible (0.2—-1 MQ) and were filled with 3 M
KCI. Sodium currents were sampled at SkHz and
filtered at 1kHz using a four-pole low-pass Bessel
filter. Potassium currents were sampled at 500, 250
and 1kHz and filtered at 200, 100 and 500 Hz for
K,1.1-K,1.3, hERG and Shaker IR, respectively.
Leak subtraction was performed using a —P/4
protocol. To eliminate the effect of the voltage
drop across the bath-grounding electrode, the bath
potential was actively controlled. Voltage records
were carefully monitored on an oscilloscope (Ha-
meg). The bath solution was ND96 solution for all
VGPCs measured. The VGSCs were measured in
ND96 gluconate, ND96 with 96 mM Na-gluconate
instead of 96mM NaCl, in order to reduce
endogenous outward CI™ currents.

Data were analyzed in pClamp8 (Molecular
Devices, USA), Winascd (Guy Droogmans, KU-
Leuven, Belgium) and in Origin (MicroCal Soft-
ware, Inc.).

Normalized steady-state activation and inactiva-
tion curves were fit with a Boltzmann relationship
of, respectively, the form (1) or 1-(1)

1
1 _’_e[(V—Vl/z)/S]7 (1)
where V), is the voltage for half maximal activation
or inactivation and s is the slope factor.
In order to determine if the shifts in steady-state
activation and inactivation curves were significantly

different, an unpaired ¢-test (GraphPad Software,
Inc.) was used over a 95% confidence interval.
Changes in the membrane permeability (P) ratios
of Na® and K™ were calculated using the Gold-
man—Hodgkin—Katz (GHK) equation

RT PNa X [Na]o + PK X [K]o
Eewv=|—F]x In ’
zF PNa X [Na]i + PK X [K]l

2)

where E., is the reversal potential, R the gas
constant, 7 the absolute temperature (293 K), z the
valence ( = 1), F the Faraday’s constant, [Na], and
[K], the concentrations of Na™ and K™ outside the
oocyte (ND96 solution) and [Na]; and [K]; the
concentrations of Na’ and K inside the oocytes
(Weber, 1999).

The ratio Ineak toxin/Ipeak controt Was used as a
measure for the decrease in peak current induced
by the toxin. For hK,1.3 a dose-response curve was
constructed, using

1
50

where C is the toxin concentration, p the Hill
coefficient and ICs, the toxin concentration needed
for half-maximal block.

The voltage dependence of block was fitted with
the Woodhull equation (Woodhull, 1973)

Iprxasip _ 1 "
Leonrol |+ [PTX251D]/Kq x e~=0FV/RT”

where Iptx2s51p/lcontrol 18 the remaining fraction of
the current in the presence of PTX 251D, [PTX
251D] the concentration of PTX 251D (100 uM), K4
is the apparent dissociation constant for PTX 251D
(10.84+0.5uM at 10mV), ¢ the effective electrical
distance and V the test potential. All other
parameters have the same meanings as in Eq. (2).

Fig. 2. Panels A-C display a current trace in control conditions (solid line) and in the presence of 100 uM PTX 251D (dotted line).
Representative Na ™ currents through rNa,1.2/B1, rNa,1.4/p1 and hNa,1.5/B1, respectively, were obtained by use of the protocols like
mentioned on the figures. The time interval between the given pulses was 3 s. Panels E-G show the steady-state activation and inactivation
curves of each VGSC in the absence and presence of 100 uM PTX 251D. The steady-state activation curves were obtained by depolarizing
the channels during 50 ms between two potentials (e.g. —70 to +60mV) starting from a holding potential (e.g. —90mV). Voltage-
dependent steady-state inactivation was determined by means of a double-pulse protocol in which a conditioning pulse was applied from a
holding potential of —90mV to a range of potentials from —85mV to V., in SmV increments for 50 ms immediately followed by a test
pulse to Viax. The time between the given pulses was 3 s for both the activation and inactivation. The peak current amplitudes during the
tests were normalized to the amplitude of the first pulse and plotted against the potential of the conditioning pulse. The voltage
dependence of relative current (activation and fast inactivation) was fit by a Boltzmann function.



338

0.2 pA

10 ms

T. Vandendriessche et al. | Toxicon 51 (2008) 334-344

D

0.2 pA

10 ms

0.4 pA

10ms

Nav1.2 1.0 e Na 1.2
50 ms 0.8 o
-10mVv
t
© 06 o
£
3
o
-90 mV- o
2 04 -
——Control %
----- PTX 251D "4
0.2
m @ Control
o, O PTX251D
0.0 + &
T T T T T T T T T T T T T T T
-80 -70 -60 -50 -40 -30 -20 -10
Voltage (mV)
1.0 _.@..,5::4,__‘_“; Na1.4 g
R v B L
~—rr ~TVYTTTTEET e ‘3\
0.8 Q
50 ms
-10mVv -
& 06 -
c
3
(6]
[
2 04 7
-90 mV-: =
O
— Control «
----- PTX 251D 0.2
u , e Control
0o, 0O PTX251D
00 4 zzzBrcaPecp
T T T T T T N T T N T T
80 -70 60 -50 -40 -30 20 -10 0
Voltage (mV)
Nav1.5 10
08 - I
50 ms Iy
20mv £ il
o 06 o f
£ K
3 ;!
© i
o gl
2 04 A
© Sl
90m ° P
4 % !
—— Control 02 o S
_____ PTX 251D m , @ Control oS
O, O PTX251D DR, i
0.0 - RS RS
1t - T Tt - T T T T T r T T
-100  -90 -80 -70 -60 -50 -40 -30

Voltage (mV)



T. Vandendriessche et al. | Toxicon 51 (2008) 334-344 339

3. Results

3.1. Effects of PTX 251D on voltage-gated sodium
channels

At a concentration of 100 uM PTX 251D was able
to inhibit all three mammalian VGSCs tested. The
percentages of blocks were 29.03+4.83% (n = 3),
60.45+4.52% (n=13) and 49.90+2.07% (n=238)
for, respectively, rNa,1.2/B;, rNa,1.4/B; and
hNa,1.5/p; (Fig. 2A-C).

PTX 251D was also able to shift the V), the
potential at which the sodium open probability is
half maximal, of both the steady-state activation
and inactivation curves of each mammalian
VGSCs to more negative potentials (p-value <0.05)
(Fig. 2D-F). Table 1 gives an overview of the results
of the unpaired ¢-test.

On the insect VGSC Para/tipE, 100uM PTX
251D shifted the V'), of the steady-state activation
and inactivation curve to more negative potentials
(p-value <0.05) (Table 1). Furthermore, it inhibited
dramatically the inactivation of the channel
(Fig. 3A-C).

Additionally, 100 pM PTX 251D changed the ion
selectivity of all four VGSCs and thereby shifted the
reversal potential (E,.,) towards more hyperpolariz-
ing potentials. For rNa,1.2, rNa,1.4, hNa,1.5 and
Para/tipE the shift in FE., was, respectively,
22.0+1.5mV  (n=4); 13.3+40mV (n=4);
29.5+1.8mV (n=3) and 23.3+4.7mV (n=3).
Fig. 4 shows the shift in E,., for hNa,1.5/B;. From
this shift an estimate of the change in ion selectivity
in terms of Pn./Py, is calculated using the GHK
equation (Eq. (2)). In control conditions the Pn./Px
value is 11.62 indicating an ion permeability ratio
(Na®:K™) of 1.00/0.086. These values are in

Table 1

agreement with previously reported ratios (Hille,
1972). After application of 100 uM PTX 251D, the
Pna/Px value changed to 1.96 leading to a ion
permeability ratio of 1.00:0.51. Hence, the presence
of the toxin results in a six time higher permeability
of the VGSCs for K™ ions.

3.2. Effects of PTX 251D on voltage-gated
potassium channels

Based on the symptoms of PTX 251D in both
mammals and insects (vide supra) (Bargar et al.,
1995; Daly et al., 2003), the toxin was also tested on
the mammalian VGPCs rK, 1.1, rK,1.2, hK,1.3 and
hERG and the insect VGPC Shaker IR.

Hundred micromoles of the toxin inhibited the
currents of Shaker IR channels with 2.70+0.96%
(n =3), hERG with 18.754+7.73 (n=4), rK,l.1
with  40.35+4.37% (n=3), rK,1.2 with
11.01+1.55% (®=3) and hK,1.3 with
90.354+3.32% (n=6) (Fig. 5A-E). For hK,l1.3,
which was the most sensitive channel, a dose-r-
esponse curve was constructed (Fig. SH). The ICs,
value was 10.8+0.5 uM with a Hill-coefficient value
of 1. Fig. SF shows the normalized I~V relation of
hK,1.3 in absence and presence of 100 uM PTX
251D. The shift in V;, to more negative potentials
was not significant (p-value = 0.1533) (Table 1).
Voltage dependence of block was measured by
fitting fractional unblock as a function of the
voltage with the Woodhull equation (Eq. (4)). The
effective electrical distance ¢ obtained from fitting
of block at 100pM PTX 251D was 0.56+0.08
(n=4).

In addition, PTX 251D had an effect on the
deactivation kinetics of the potassium channel
rK,1.1-1.2, hK,1.3 and Shaker IR (Fig. 5A, C and D).

Summary of V;,+SEM and p-values of the steady-state activation and inactivation curves from all tested VGSCs and from VGPC
hK,1.3 in both control conditions and after application of 100 uM PTX 251D

Steady-state activation curve

Steady-state inactivation curve

Mean V,,+SEM  Mean V,,,+SEM p-value Mean V,+SEM  Mean V,,;+SEM  p-value

in control after 100 uM PTX in control after 100 uM PTX

conditions (mV) 251D (mV) conditions (mV) 251D (mV)
rNa,1.2/Bl (n =4) —24.4+0.3 —25.5+0.3 0.0206 —46.7+0.3 —48.7+0.7 0.0021
rNa,1.4/Bl (n =4) —22.7+0.4 —-25.1+04 0.0027 —452+0.2 —49.7+0.2 <0.0001
hNa,1.5/B1l (n = 3) —40.9+0.4 —44.7+0.5 0.0020 —66.9+0.4 —71.24+0.8 0.0043
Para/tipE (n = 3) —20.84+0.2 —33.84+0.2 <0.0001 —43.64+0.23 —49.38+0.73 0.0017
hK 1.3 (n=4) —27.6+0.7 —27.1+£0.7 0.4499




340

Para/tipE

0.8 1

0.6 1

0.4 1

Relative current

0.2 1 e Control

O PTX 251D

0.0 1

B

Relative current

T. Vandendriessche et al. | Toxicon 51 (2008) 334-344

Para/tipE
1.0 g & =
2 %
0.8 7 ,é/ -/
/’/ //
A
0.6 / yat
o/
0.4 / /
S
a1
m  Control
1 /%/z )F O PTX 251D
0.0 ———’4/“
T+~ 1 - 117~ T 11 171
70 60 -50 -40 -30 -20 -10 O 10 20
Voltage (mV)
Paral/tipE

-110-100 -90 -80 -70

—
-60 -50 -40 -30 -20

-10 0 10 20

Voltage (mV)

Fig. 3. Panel (A) displays a Na " current trace of Para/tipE in control conditions (solid line) and in the presence of 100 uM PTX 251D
(dotted line). Representative Na™ currents were obtained by use of the protocols like mentioned in the figures. The time interval between
the given pulses was 3s. Panels (B) and (C) show, respectively, the steady-state activation and inactivation curves of Para/tipE in the
absence and presence of 100 uM PTX 251D. Both curves were obtained as mentioned in the legend of Fig. 2.

4. Discussion

PTXs play a major role in the chemical defense of
certain anurans and possibly have an identical
function in some arthropods (Daly et al., 2003;
Weldon et al., 2006). They are very toxic and known
for their strong cardiotonic activity, which is
dependent on the structure of the side chain. PTX
B (323A) (Fig. 1), which has two hydroxyl groups in
the side chain, had both positive ionotropic and
chronotropic effects on spontaneously beating

guinea pig atrial strips. PTX A (307A) (Fig. 1),
which lacks the 7’-hydroxyl group present in the
side chain of PTX B, caused a lower increase in
force of contracture while having minimal effects on
the frequency. The positive effects of PTXs such as
PTX B and A are due to an inhibition of the
inactivation of VGSCs, resulting in the breakdown
of phosphoinositides and the release of stored Ca®*
ions (Daly et al., 1990). In contrast, PTX 251D
(Fig. 1), which only differs from PTX A and PTX B
in having a simple methylhexylidene side chain,
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Fig. 4. I-V curve from heart muscle VGSC hNa,1.5/B1 in the
absence and presence of 100 uM PTX 251D. The /-V curve was
obtained by depolarizing the channels during 50 ms between —70
and +65mV starting from a holding potential of —90mV. The
time between the given pulses was 3's.

acted as a cardiac depressor (Daly et al., 1985,
1988).

The results presented in this work show that
100uM of PTX 251D inhibited the mammalian
VGSCs rNa,1.2/B1, rNa,1.4/B1 and hNa,1.5/B1 in
a dose-dependent way in the concentration range
from 1 to 100uM. A stimulatory effect at low
concentrations (10 uM) as mentioned in previous
studies (Daly et al., 1990) has not been observed in
the Xenopus oocyte expression system. The effect on
the cardiac VGSC hNa,1.5/B1 might explain the
action of the PTX 251D as cardiac depressor (Daly
et al., 1985). Additionally, the toxin shifts both the
steady-state activation and inactivation curves to
more negative potentials. Comparison between the
panels 2A—C and 2D-F shows that there is no
statistical difference in shift in the steady-state
inactivation curves of the three mammalian VGSCs
at potentials where the Na ™ current was maximally
inhibited. This means that the inhibition cannot be
explained by the shift in the steady-state inactiva-
tion curves, but possibly through an apparent pore-
blocking mechanism, which could be linked to the
altered ion selectivity associated with a reduction of
the driving force of the current (Fig. 4).

Interestingly, 100 uM PTX 251D shifts not only
the steady-state inactivation curve of the insect
VGSC Para/tipE to more negative values and the
steady-state activation curve to even more negative
potentials compared to the shifts in steady-state
activation curves of the mammalian VGSCs, it also
dramatically inhibits its inactivation. Inhibition of
the inactivation together with a shift from the

activation towards hyperpolarizing potentials is a
common characteristic of lipid-soluble neurotoxins
binding to receptor site-2 (Wang and Wang, 2003;
Tikhonov and Zhorov, 2005). Another common
characteristic of such toxins is the loss of the strong
selectivity towards Na™ jons as well as the use-
dependent action (e.g. batrachotoxin, veratridine
and aconitine). Although PTX 251D does not act in
a use-dependent way (data not shown), it modulates
the VGSC Para/tipE in a similar way like diverse
lipid-soluble activators. However, the only shared
characteristics on the mammalian VGSCs are the
change in ion selectivity and the hyperpolarizing
shift in the activation process.

In addition to the modulation of VGSCs, PTX
251D also modulated VGPCs with hK,1.3 being the
most sensitive (ICsy = 10.8 uM). To the best of our
knowledge, this is the first report of a lipophilic
alkaloid isolated from anuran skin that modulates
VGPCs (Daly et al., 2005). The molecular mechan-
ism of block, however, remains to be elucidated.
Since at physiological pH the tertiary amine
function of the indolizidin ring will be partially
protonated, it could be that PTX 251D blocks
potassium channels in the same way alkyl TEA
molecules do (Kimbrough and Gingrich, 2000;
Hille, 2001a,b). The TEA receptor of Shaker
VGPCs is located in the S6 segments (Yellen,
1998) and it is proved that the alkyl tail (C>6) of
alkyl TEA molecules interacts with a hydrophobic-
binding pocket located in the S6 segments (Choi et
al., 1993; Kimbrough and Gingrich, 2000). Due to
the voltage dependency of PTX 251D (Fig. 5G), it is
possible that the charged amine group of the toxin is
pushed more into the pore vestibule during more
positive potentials, resulting in a higher block. Out
of the calculated electrical distance (0.56+0.08) we
can assume that the positively charged PTX 251D
senses 60% of the membrane electrical field.

Together with the block, a dramatical slowing of
tail currents is noticed. PTX 251D probably
increases the time constant of deactivation, which,
together with the reduction of peak current, results
in a crossing from the tail currents. Since it has been
hypothesized that the activation gate is located at
the cytoplasmic end of the S6 segments (del Camino
and Yellen, 2001), a possible explanation for this
phenomenon is that the toxin binds to the S6
segments and immobilizes them. Such immobiliza-
tion could “freeze” the channel in the open state,
causing a change in conformation that prevents the
channel from closing. If so, this theory supports
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again the importance of the S6 segments as part of
the binding site for PTX 251D. Mutagenesis studies
will need to be performed to explain why hK,1.3 is
the most sensitive channel.

Earlier studies on mice have shown that a
subcutaneous injection of 10mg/kg induces an
apparent marked pain at the injection site and
hyperactivity. In 1min, running convulsions com-
menced, leading to death after several minutes
(Daly et al., 2003). If a plasma volume of 78 ml/kg
1s taken into account, it is reasonable to assume that
the free plasma level of PTX 251D should reach
100 uM in the tested mice. Although nothing is
known of how well PTX 251D penetrates into the
brain where convulsions are probably elicited, the
observation of convulsions can be explained
through inhibition of VGPCs. Initial experiments
with anticonvulsants showed that the toxic effects of
PTX 251D can be reduced by carbamazepine
targeting Na™ channels and phenobarbital target-
ting GABA 4 receptors and Ca®" channels, whereas
diazepam and dizocilpine targeting, respectively,
GABA, and NMDA receptors were ineffective
(McNamara, 1995). A similar pharmacological
study has been done on the ability of anticonvulsant
drugs to protect against 4-aminopyridine-induced
convulsions (Yamaguchi and Rogawski, 1992).

The K™ channel blocker 4-aminopyridine is a
potent convulsant in animals and man. In mice, a
subcutaneous injection of 13.3mg/kg 4-aminopyr-
idine produces behavioral activation, clonic limb
movements and wild running, followed by tonic
hindlimb extension and death. These toxic effects
could also be reduced by carbamazepine and
phenobarbital but not by diazepam and dizocilpine.

The results obtained with PTX 251D on VGSCs
and VGPCs make this toxin and PTX homologues
in general an attractive tool for further study. It is
fascinating that one molecule both inhibits VGSCs
and VGPCs and in addition modulates mammalian
and insect ion channels in a different way. Through
mutagenesis studies and patch-clamp experiments, it
would be interesting to explore the receptor site of
PTX 251D and characterize the electrophysiological
behavior of the toxin in detail.

Considered the many functions of hK,1.3, from
regulation of neuronal stability to its role in
immunity, metabolism, insulin resistance, sensory
discrimination and axonal targeting (Cahalan et al.,
2001; Xu et al., 2003, 2004; Chandy et al., 2004;
Fadool et al.,, 2004), derivatives of PTX 251D
can act as potential non-peptide candidates for

medicines targeting diseases related to hK,1.3.
Together with its recently discovered role as an
insect repellent (Weldon et al., 2006), the effects
described in this paper on the insect VGSC Para/
tipE, make PTX 251D and its derivatives interesting
candidates for developing insecticides.
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