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ABSTRACT

Voltage-gated sodium (Na,) channels are modulated by a
variety of specific neurotoxins. Scorpion B-toxins affect the
voltage-dependence of channel gating: In their presence, Na,
channels activate at subthreshold membrane voltages. Previ-
ous mutagenesis studies have revealed that the p-toxin Css4
interacts with the extracellular linker between segments 3 and
4 in domain 2 of Na, channels with the effect to trap this voltage
sensor in an open position (Neuron 21:919-931, 1998). The
voltage sensor of domain 2 was thus identified to constitute a
major part of neurotoxin receptor site 4. In this work, we studied
the effects of the B-toxin Tz1 from the Venezuelan scorpion
Tityus zulianus on various mammalian Na, channel types ex-
pressed in HEK 293 cells. Although skeletal muscle channels

(Na,1.4) were strongly affected by Tz1, the neuronal channels
Na,1.6 and Na,1.2 were less sensitive, and the cardiac Na,1.5
and the peripheral nerve channel Na,1.7 were essentially in-
sensitive. Analysis of channel chimeras in which whole domains
of Na, 1.2 were inserted into a Na, 1.4 background revealed that
the Na,1.2 phenotype was not conferred to Na,1.4 by domain
2 but by domain 3. The interaction epitope could be narrowed
down to residues Glu1251, Lys1252, and His1257 located in
the C-terminal pore loop in domain 3. The receptor site for
B-toxin interaction with Na, channels thus spans domains 2
and 3, where the pore loop in domain 3 specifies the pharma-
cological properties of individual neuronal Na, channel types.

Voltage-gated sodium channels (Na, channels) consist of a
large (~260 kDa) pore-forming a-subunit, composed of four
homologous domains, each with six transmembrane seg-
ments (S1-S6) and a hairpin-like pore region between S5 and
S6, split into an N-terminal part (SS1) and a C-terminal part
(SS2). Na, channels play a pivotal role in cellular excitability
and are targeted by a large variety of chemically distinct
toxins (Janiszewski, 1990; Catterall, 1992; Gordon et al.,
1998). Understanding the molecular mechanisms underlying
the toxin action is important not only for toxicological re-
search but also because various toxic substances serve as
lead structures for novel therapeutics such as analgesics.

Scorpion venoms are a rich source of neurotoxins. Scorpion
toxins affecting Na, channels are typically 60- to 76-residue
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polypeptides comprising - and B-toxins. They are classified
according to their mode of action and binding properties to
distinct sites (receptor sites 3 and 4, respectively) on Na,
channels (Martin-Eauclaire and Couraud, 1995; Gordon et
al., 1998; Possani et al., 1999; Zuo and Ji, 2004). Whereas
a-toxins inhibit rapid Na, channel inactivation, B-toxins
show a rather complex effect. They shift the voltage depen-
dence of channel activation to cause subthreshold channel
opening. It is noteworthy that this shift is enhanced when
channels are preactivated by a depolarizing pulse. This led to
the current picture of B-toxins being voltage-sensor toxins:
they specifically interact with the voltage sensor in domain 2
of Na, channels to “trap” the sensor in an open position and
thereby facilitate channel opening (Cestele et al., 1998, 2001,
Mantegazza and Cestele, 2005).

These results have been obtained by elegant studies of
Cestele et al. (1998), who compared the effect of B-toxin Css4
(Centruroides suffusus suffusus) on rat brain sodium channel
(Na,1.2) with that on cardiac muscle sodium channel Na 1.5.
Although Na, 1.2 was strongly affected by Css4, the toxin had
no effect on the voltage dependence of Na 1.5 activation. A

ABBREVIATIONS: HEK, human embryonic kidney; Na, channel, voltage-gated sodium channel.
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mutagenesis approach revealed that a single residue
(Gly845) located in the domain 2 S3-S4 linker of Na,1.2 is
critical for the toxin effect. When mutated to asparagine as
present in Na 1.5 channels, the channel mutant was ren-
dered insensitive to Css4. It is noteworthy that the identified
glycine is conserved in most members of the mammalian Na,
channel gene family. It is found in central and peripheral
nervous system channels (Na,1.1-1.3, Na 1.6, Na 1.7) as
well as in the skeletal muscle channels (Na,1.4), anticipating
that there may not be much subtype specificity for B-toxins in
addition to the insensitivity of cardiac Na,1.5. However, no
systematic investigation of the effects of a single scorpion
B-toxin on various types of mammalian Na, channels under
comparable conditions has been performed yet.

Therefore, we studied how Tz1, the major B-toxin from the
Venezuelan scorpion Tityus zulianus, affects various mam-
malian Na, channel types expressed in HEK 293 cells. As
shown previously, Tz1 clearly shifts the voltage dependence
of Na,1.4 channel activation but, similarly to Css4, has no
effect on the activation of Na,1.5 channels (Borges et al.,
2004). Although the critical glycine residue is conserved in
the neuronal channels Na 1.2, Na 1.6, and Na,1.7 and in
skeletal muscle channels (Na,1.4), we find very diverse ef-
fects of Tz1 on these channel types. With channel chimera
constructs, we show that the subtype specificity is deter-
mined not by the voltage sensor of domain 2 but by the pore
loop of domain 3. As a result, scorpion 3-toxin receptor site 4
in Na, channels consists of at least two major parts, one in
domain 2 and one in domain 3.

Materials and Methods

Site Directed Mutagenesis. The wild-type sodium channel con-
structs used in this study were the rat isoforms of Na,1.2 (GenBank
accession number P04775; Noda et al., 1986) and Na,1.4 (GenBank
accession number P15390; Trimmer et al., 1989), the human iso-
forms of Na,1.5 (GenBank accession number Q14524; Gellens et al.,
1992) and Na,1.7 (GenBank accession number NP-002968; Klug-
bauer et al., 1995), and the mouse isoform of Na,1.6 (GenBank
accession number QIWTU3; Kohrman et al., 1996). The construction
of chimeras between Na,1.2 and Na, 1.4 [2444, 4244, 4424, 4442,
44p(1.2)4, 22p(1.4)2] was described previously (Zorn et al., 2006). We
used a similar approach to construct Na,1.4 channels with the C-
terminal part of the domain 3 pore loop from Na,1.5, Na,1.6, or
Na,1.7 [44p(1.5)4, 44p(1.6)4, or 44p(1.7)4], respectively. In Na 1.4,
we replaced nucleotides 3724 to 3864 by the homologous residues of
Na,1.5, Na,1.6, or Na,1.7. The amino acid substitutions in the re-
sulting pore loop chimeras are as follows: 44p(1.2)4: E1251N,
K1252V, E1254L, H1257K, V1260D; 44p(1.5)4: E1251G, K1252Y,
H1257Q, Y1258W, V1260Y, L12661; 44p(1.6)4: E1251K, K1252P,
E1253D, H1257D, V1260D, L1262I, L1266I; 44p(1.7)4: R1250V,
E1251N, K1252V, E1253D, E1254K, H1257K, V1260Y, N1261S,
L12661, 11270V (all Na,1.4 numbering); 22p(1.4)2: N1436E, V1437K,
L1439E, K1442H, D1445V (Na,1.2 numbering). Single amino acid
substitutions Q657E, G658N, E1251N, K1252V, E1254L, H1257K,
and V1260D were introduced into Na,1.4 using PCR-based site di-
rected mutagenesis. Primers were obtained from MWG (Ebersberg,
Germany). All clones were verified by DNA sequencing. Plasmid
DNA was isolated from E. coli using the Midi- or Maxi-plasmid
purification kit (QIAGEN, Hilden, Germany).

Cell Culture and Transfection. HEK 293 cells (CAMR, Porton
Down, Salisbury, UK) were maintained in 45% Dulbecco’s modified
Eagle’s medium and 45% Ham’s F12 medium, supplemented with
10% fetal calf serum in a 5% CO, incubator at 37°C. Cells were
trypsinized, diluted with culture medium, and grown in 35-mm
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dishes. When cells were grown to 30 to 50% confluence, transient
transfection was performed using the Superfect transfection kit
(QIAGEN). HEK 293 cells were transfected with a 5:1 ratio of the
Na, channel expression plasmids and a vector encoding the CD8
antigen (Jurman et al., 1994). The cells were used for electrophysi-
ological recordings 2 to 3 days after transfection. Individual trans-
fected cells were visualized with Dynabeads (Deutsche Dynal GmbH,
Hamburg, Germany) binding to CDS8.

Electrophysiological Measurements. Whole-cell voltage-
clamp experiments were performed as described previously (Chen et
al., 1999). In brief, patch pipettes with resistances of 0.9 to 1.8 MQ
were used. The series resistance was compensated for by more than
80% to minimize voltage errors. A patch-clamp amplifier EPC10 was
operated by PatchMaster software (both HEKA Elektronik, Lambre-
cht, Germany). Leak and capacitive currents were corrected with a
p/n method. Currents were low-pass filtered at 5 kHz and sampled at
a rate of 25 kHz. All experiments were performed at constant tem-
perature, 19-21°C. Digitally filtered data (3 kHz) were analyzed
using FitMaster (HEKA Elektronik) and IgorPro (WaveMetrics,
Lake Oswego, OR).

The patch pipettes contained 35 mM NaCl, 105 mM CsF, 10 mM
EGTA, and 10 mM HEPES, pH adjusted to 7.4 with CsOH. The bath
solution contained 150 mM NaCl, 2 mM KCI, 1.5 mM CaCl,, 1 mM
MgCl,, and 10 mM HEPES, pH adjusted to 7.4 with NaOH. The
application of toxin was performed with an application pipette as
described previously (Chen et al., 1999).

To measure the use dependence of Tzl action, a double-pulse
protocol was used (Borges et al., 2004). From a holding potential of
—120 mV, a set of test depolarizations in the range from —130 to +55
mV in steps of 5 mV was applied followed by a constant prepulse to
—10 mV for 50 ms before a second set of test pulses with parameters
identical to those of the first set. To ensure recovery from fast
inactivation, the cells were held at —120 mV for 50 ms before and
after the prepulse. The repetition interval was 5 s. Open probabili-
ties (P,) were calculated from current-voltage relationships

—e =(V=Erev)/25mV

1
I(V) = PoV)l oV —— vy — (1)

I hax 18 the maximal conductance of all channels and E,., is the
measured reversal potential. V is the test pulse voltage and I is the
peak test pulse current. For a quantitative data description, the open
probabilities were plotted against the test pulse voltages and fit with
a double Boltzmann formalism.

1- Ptox Ptox
Py(V) = 1+ e V Valkw) + 1 1 eV Vo A2 (2)

V.. is the half-maximal gate activation and %,, is the corresponding
slope factor. P, represents the probability of channels to be toxin-
modified, and AV is the voltage by which the activation of toxin-
modified channels is shifted. In control experiments (i.e., in the
absence of toxin) P,,, was set to 0. Using this formalism means to
describe activation of control channels according to a Hodgkin and
Huxley theory (i.e., using three independent activation gates). Toxin-
modified channels are assumed to activate with two independent
gates as one is trapped in an activated position. For a phenomeno-
logical description of channel opening, the voltages for P, = 0.5 (V,, 5)
were back-calculated from eq. 2 and are provided in the figures and
tables.

The voltage dependence of fast inactivation was assayed by con-
ditioning cells for 500 ms at voltages ranging from —140 to —25 mV
in steps of 5 mV and a repetition interval of 30 s. Thereafter, peak
current was determined at —20 mV. The peak current plotted versus
the conditioning voltage was described with a Boltzmann function.
The holding potential was —120 mV in all cases.

All data were presented as mean = S.E.M. (n = number of inde-
pendent experiments).
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Toxin Purification. T. zulianus scorpions were collected near
Santa Cruz de Mora, Mérida State, western Venezuela, and venom
was extracted by manual stimulation. Tzl was purified from the
crude venom using reversed-phase high-performance liquid chroma-
tography essentially as described by Borges et al. (2004).

Results

Effect of Tzl on Wild-Type Na, Channels. In a previ-
ous study, we identified Tzl, the main component in the
venom of the Venezuelan scorpion 7. zulianus, as a typical
B-toxin that shifts the half-maximal activation voltage of
Na,1.4 channels in the negative direction with an apparent
K, of approximately 3.5 uM (Borges et al., 2004). Tz1, how-
ever, did not shift the activation voltage of Na, 1.5 channels.
Herein, we extended this study to neuronal sodium channels
to elucidate the subtype specificity of Tz1.

Na,1.4, Na,1.5, and the neuronal isoforms Na 1.2, Na,1.6,
and Na_ 1.7 were expressed in HEK 293 cells, and the volt-
age-dependent channel activation was investigated in the
absence and presence of 2 and 10 uM Tz1 using the whole-
cell voltage-clamp technique. Because a B-toxin—induced
shift in the voltage dependence of activation can often be
potentiated by depolarizations preceding the test pulse, we
applied a first series of test voltages followed by a constant

A

B

prepulse to preactivate the channels before a second test-
pulse series. In Fig. 1A, current traces obtained at —70 mV
(i.e., a voltage at which channels are normally closed) are
shown. This approach provides a measure of the Tz1 effect to
lower the activation threshold of the channels with and with-
out such a prepulse in one experiment.

Figure 1B shows representative normalized conductance-
voltage relationships of single cells expressing Na,1.4,
Na, 1.6, Na, 1.2, Na 1.7, and Na,1.5 channels, respectively,
under control conditions and after application of 10 uM Tz1
in the absence and presence of a prepulse. The vertical line
marks —70 mV, a potential at which channels are closed
under control conditions. P, ., the probability of the channels
to display a lowered activation threshold is given in Table 1
and was derived from double Boltzmann fits of the normal-
ized conductance-voltage relationships (eq. 2). In Fig. 1C,
P, is shown for the wild-type channels with and without
preactivation. Based on this analysis, Na 1.4 is the most
sensitive target for Tz1, with a P, . value of approximately
67%, followed by Na,1.6 (23%) and Na,1.2 (7%) for 10 uM
Tz1. The shift of half-maximal channel activation, indicated
by AV, was approximately —50 mV for the neuronal isoforms
Na,1.2, Na 1.6, and Na,1.7. Na 1.4 displayed a slightly less
pronounced activation shift of approximately —42 mV. Only
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a very small fraction of Na, 1.5 and Na,1.7 channels were
shifted by 10 uM Tzl in the presence of a prepulse; the
magnitude of AV, however, was similar to that of the other
channels. Tz1 therefore shifts activation of all channel iso-
forms by approximately the same magnitude, but it exhibits
pronounced subtype specificity regarding the percentage of
channels affected. It has a strong preference for the skeletal
muscle channel Na,1.4 and differentiates well between neu-
ronal sodium channels in the order Na,1.6 > Na,1.2 >
Na,1.7.

Analysis of the Voltage Sensor in Domain 2. Cestele et
al. (1998) found that B-toxin Css4 strongly affects the acti-
vation of Na 1.2 channels but does not modify the activation
threshold of Na,1.5 channels. This difference could be attrib-
uted to a single site in the S3—S4 linker of domain 2: after
mutating Gly845 in Na,1.2 to asparagine, as present in
Na,1.5, the channel became insensitive to Css4.

Similar to these results, Tz1 is unable to shift the activa-
tion threshold of Na_ 1.5, suggesting that the identified gly-
cine residue could also be important for the action of Tz1. A
direct comparison of the amino acid sequences of the domain
2 S3-S4 linkers from Na,1.2, Na, 1.4, Na,1.5, Na 1.6, and
Na, 1.7 reveals that Gly845 (numbering of Na,1.2) is con-
served among the channels except for Na, 1.5 (Fig. 2A). Fur-
thermore, compared with all channels investigated, Na, 1.5
displays the least conserved domain 2 S3—S4 linker. Given
that Tz1 discriminates between Na 1.4, Na 1.6, Na 1.2, and
Na,1.7, the identified glycine cannot be the sole molecular
determinant for the subtype specificity of Tzl shown in
Fig. 1.

Nevertheless, we first tested for the impact of the con-
served glycine on the action of Tz1 by constructing and as-
saying mutant G658N in the background of Na,1.4. As shown
in Fig. 2B, the conductance-voltage relationship of Na 1.4-
G658N channels was not shifted by Tzl. Thus, similarly

TABLE 1
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to what Cestele et al. (1998) found for Css4, the conserved
glycine in the domain 2 S3-S4 linker of Na, channels is
also crucial for the effect of Tz1 and is therefore of general
importance.

However, as indicated by the alignment in Fig. 2A, this
position in the domain 2 S3—S4 linker cannot account for the
differences found for the neuronal channels. To test whether
or not this linker is important in this respect at all, we
analyzed mutant Na,61.4-E657Q because it represents a
Na,1.4 channel with the domain 2 S3-S4 linker of Na 1.2.
This mutant is as sensitive to Tzl as the wild-type Na,1.4
(Fig. 2B); i.e., it does not reflect properties of Na,1.2. From
this experiment, we can safely conclude that the domain 2
S3-S4 linker is not the determinant for the subtype specific-
ity of Tz1 with respect to neuronal Na, channels.

Domain Chimeras. Because there may be determinants
outside the domain 2 S3—S4 linker responsible for the pro-
nounced Tz1 subtype specificity, we applied a more rigorous
approach by formation of domain chimeras between Na, 1.4
and Na,1.2 channels; i.e., we inserted individual domains of
Na,1.2 into an Na,1.4 background. The resulting four chi-
meric channels (domain 1, 2444; domain 2, 4244; domain 3,
4424; domain 4, 4442; see Fig. 3A) were expressed in HEK
293 cells and assayed for their response to 10 uM Tzl.
Whereas 2444 and 4442 exhibited a phenotype very similar
to that of Na,1.4 channels, 4244 seemed more sensitive to
Tz1 (Fig. 3, Table 1). We were surprised to find that chimera
4424, a construct in which domain 3 was from Na,1.2,
showed a toxin sensitivity comparable with that of Na 1.2
channels. As indicated in Table 1, all four domain chimeras
displayed voltage-dependent gating parameters similar to
those of wild-type Na_ 1.4 channels. An altered gating behav-
ior can therefore be excluded as the reason for their different
sensitivities to Tz1l. Thus, domain 3 seems to play a major

Parameters characterizing wild-type channels, channel chimeras, and single-site mutants

Current-voltage relationships of the indicated channel isoforms and mutants before and after application of 10 uM Tzl were analyzed according to eqs. 1 and 2 to yield the
voltage at which 50% of the channels are opened under control conditions (V 5) and the corresponding slope factor for a single gate (k,,). Application of Tz1 shifted channel
activation by A V. The Py, values indicate the percentage of channels being Tz1-modified in the absence (—pp) and presence (+pp) of a conditioning prepulse. n is the number

of independent experiments.

Activation Py,
Channel n
Vos AV Fem ~pp +pp
mV %

Na,1.4 —34.74 = 2,51 —42.32 = 0.94 8.65 = 0.48 412 *+29 66.8 = 3.6 9
Na,1.6 —35.15 = 1.08 —49.29 = 1.81 10.33 = 0.51 8.4+ 0.8 227+ 25 7
Na,1.2 —27.11 = 3.23 —49.56 = 0.75 10.38 = 0.26 29=*09 7112 5
Na,1.7 —34.72 = 0.68 —49.52 = 0.88 9.70 = 0.84 0.5+0.3 1.0 = 0.3 4
Na,1.5 —48.82 = 2.93 —46.10 = 0.43 11.14 = 0.54 0.0 1.1+04 4
2444 —35.56 = 1.31 —41.31 = 0.79 8.82 = 0.22 38.6 =34 70.0 £ 3.8 4
4244 —32.56 = 1.95 —39.67 = 0.79 8.80 = 0.17 70.8 = 4.5 90.5 =24 5
4424 —32.49 + 241 —39.25 = 145 7.62 +0.76 76 13 10.9 = 1.7 5
4442 —38.77 = 2.76 —42.17 = 0.51 8.78 = 0.45 35.4 + 3.2 594 44 6
44p(1.2)4 —36.25 = 1.85 —41.54 = 1.97 7.71 £0.35 45 +*05 79+0.9 5
44p(1.5)4 —40.27 = 2.92 —40.62 = 0.81 7.74 = 0.28 76.6 £ 2.6 96.9 = 1.7 4
44p(1.6)4 —38.05 = 2.71 —44.44 = 1.17 8.18 = 0.21 22.6 =19 37.5 3.2 6
44p(1.7)4 —-31.45 = 1.79 —45.21 = 0.42 9.47 * 0.68 0.3 0.3 1.5+05 5
22p(1.4)2 —31.86 = 1.62 —39.47 = 0.48 10.59 *+ 0.43 55.0 = 3.1 875+ 0.6 4
Q657E —39.71 + 1.46 —38.54 = 1.07 7.78 + 0.45 415 5.7 583 7.1 6
G658N —39.60 = 2.38 —46.68 = 3.27 10.93 = 1.51 26 12 3.7*x15 5
E1251N —-37.52 = 3.31 —41.81 = 0.89 7.83 £ 0.67 8.8+ 1.0 20.2 = 2.7 5
K1252V —34.82 = 1.44 —39.28 = 0.49 8.14 = 0.32 68.0 = 2.3 95.3 £ 0.7 4
E1254L —34.99 = 1.27 —41.04 = 0.57 847 = 0.24 50.0 £ 2.3 572 *+29 5
H1257K —34.85 = 2.63 —39.84 = 0.83 7.77 = 0.57 6.8 1.0 16.7 = 2.1 5
V1260D —31.54 = 2.76 -39.13 = 1.31 8.58 = 0.88 40.1 = 3.0 61.7 = 4.2 5

“ No measurable effect.
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role in determining the differential effects of Tz1 on neuronal
Na, channels.
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Fig. 2. Analysis of the voltage sensor in domain 2. A, alignment of the
major part of receptor site 4, i.e., the S3—S4 linker of domain 2. B,
normalized conductance-voltage plots for Na,1.4 mutants G658N and
E657Q and 10 uM Tzl with a use of symbols as in Fig. 1. C, P, values
with a use of symbols as in Fig. 1. A, P, values for wild-type Na,1.2; ¢,
P, . values for wild-type Na 1.4 channels.

tox

Pore Loop of Domain 3. To further narrow down a pu-
tative interaction site, we analyzed a multiple sequence
alignment of domain 3 from various Na, channels and high-
lighted their pore domain as a region of high variability. In
addition, previous binding studies of Cestele et al. (1998)
identified the C-terminal pore loop (SS2) of domain 3 as a
potential interaction site for the B-toxin Css4. An alignment
(Fig. 4A) shows that Na, 1.4 and Na 1.2 differ in only five
residues in this region. When the SS2 loop of domain 3 from
Na,1.2 was introduced into Na,1.4, the resulting channel,
44p(1.2)4, became less sensitive to Tzl (Fig. 4, B and C, and
Table 1), comparable with Na 1.2 wild-type channels. To rule
out nonspecific allosteric effects, we also constructed the
reverse chimera 22p(1.4)2 (i.e., a construct in which the do-
main 3 SS2 loop of Na, 1.4 was inserted into Na,1.2). This
chimera was readily sensitive to Tz1, comparable with wild-
type Na, 1.4 channels. In addition, we generated Na,6l.4
channel mutants with the domain 3 SS2 loops of Na, 1.5,
Na,1.6, and Na,1.7. As shown in Fig. 4 and Table 1, intro-
duction of the SS2 loop from Na,1.5 resulted in channels with
high sensitivity toward Tzl (44p(1.5)4). Introduction of the
SS2 loops from Na, 1.6 and Na, 1.7 conferred the Tzl sensi-
tivity of the respective wild types [44p(1.6)4 and 44p(1.7)4,
respectively]. Thus, the SS2 loop of domain 3 critically deter-
mines how B-toxin Tzl interacts with voltage-gated sodium
channels. The specific structures of the domain 3 SS2 loops
from neuronal channels strongly diminish the action of Tz1,
while the SS2 loop of Na, 1.5 supports a Tz1 effect.

Single-Site Mutations in Domain 3. Because the do-
main 3 SS2 loop completely conferred Tzl sensitivity be-
tween the Na,1.2 and Na,1.4 wild-type channels, we ana-
lyzed the potential structural determinants in more detail.
As shown in Fig. 4A, only five residues are different between

Fig. 3. Effect of 10 uM Tzl on domain chimeras
between Na, 1.4 and Na,1.2. A, diagrams illustrating
the composition of the channel chimeras (Na,1.4,

white; Na,1.2, black). B, normalized conductance-
voltage plots for chimeras 2444, 4244, 4424, and
4442. O, control conditions; A, 10 uM Tzl without
preactivation; @, 10 uM Tzl with preactivation. C,
P, values. V, P, _ values for wild-type Na,1.2; O,
P, . values for wild-type Na, 1.4 channels.
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Na,1.2 and Na,1.4. Therefore, mutations yielding the resi-
dues of Na, 1.2 were introduced into Na,1.4. The analysis of
these mutants, presented in Fig. 5 and Table 1, indicates that
at least three amino acid positions are crucial for Tzl-in-
duced modulation of the channel. The strongest effect of 10
uM Tz1 was measured in mutant H1257K reducing P, to
17% followed by E1251N with a P, . of 20%, indicating their
importance for the Tzl subtype specificity. It is noteworthy
that K1252V increased P, of Na, 1.4 from 67% to approxi-
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Fig. 4. Pore loop chimeras. A, alignment of the SS2 loop in domain 3
for Na,1.4, Na,1.2, Na,1.6, Na,1.7, and Na,1.5. B, normalized conduc-
tance-voltage plots for 44p(1.2)4, 22p(1.4)2, 44p(1.6)4, 44p(1.7)4, and
44p(1.5)4 before (O) and after application of 10 uM Tz1, with (@) and
without (A) prepulse. V, P, . values for wild-type Na 1.2; ¢, P, values
for wild-type Na,1.4 channels.
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mately 96%, making this mutant more sensitive to Tz1. Mu-
tants E1254L and V1260D exhibited toxin sensitivity slightly
smaller than that of wild-type Na_ 1.4 channels. Judging from
the toxin effect at 2 and 10 uM, the sensitivity has the
following order: K1252V > wild type > E1254L, V1260D >
E1251N, H1257K.

Like the replacement of whole channel domains, single-site
substitutions in the domain 3 SS2 region had no noticeable
influence on the gating properties of Na 1.4 channels (Table
1). Therefore, the differential influence of the SS2 mutations
on the Tzl effect cannot be accounted for by alterations of
channel gating. Instead, the results demonstrate that the
SS2 region of domain 3 determines the subtype specificity of
Na, channels for the B-toxin Tz1.
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Fig. 5. Analysis of the domain 3 SS2 loop. A, normalized conductance-
voltage plots for mutants E1251N, K1252V, E1254L, H1257K, and
V1260D in the background of Na 1.4 before (O) and after application of 10
uM Tz1, with (@) and without prepulse (2). B, P, values for 2 uM (black
bars) and 10 uM Tz1 (white bars). V,V¥, P, values for wild-type Na,1.2;
0,90, P, values for wild-type Na, 1.4 channels.
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Discussion

Subtype Specificity of Tz1. Na, channel-specific neuro-
toxins are intensively investigated gating modulators. Ac-
cording to their functional properties B-toxins can be clus-
tered into 1) insect-selective toxins with an excitatory or
depressant function, 2) classic mammalian-specific toxins, 3)
toxins that are active on mammals and insects, and 4) toxins
that compete with excitatory insect B-toxins as well as with
classic a- and B-toxins for binding to the channels (Possani et
al., 1999). Because recent research mostly concentrated on
their specificity for different phyla (e.g., Shichor et al., 2002;
Cohen et al., 2004; Bosmans et al., 2005), only little informa-
tion is available about the specificity of B-toxins for different
channel isoforms.

Using an electrophysiological approach, we assayed for the
first time the use-dependent potency of a scorpion B-toxin to
alter the activation of the Na, channel isoforms 1.2, 1.4, 1.5,
1.6, and 1.7. This functional approach revealed Tzl as most
active on the skeletal muscle channels Na,1.4. The gating of
about 67% of the Na_,1.4 channels expressed in transfected
HEK 293 cells were modified by application of 10 uM Tz1;
i.e., this fraction showed a half-maximal activation that was
Tz1-shifted by more than —40 mV (Table 1). From a quali-
tative standpoint, the other channel types tested displayed a
very similar shift in activation threshold. However, the per-
centage of channels affected by Tzl was markedly reduced
for Na, 1.2 and Na_1.6 channels. The cardiac and peripheral
nerve isoforms (Na,1.5 and Na,1.7, respectively) were basi-
cally insensitive to 10 uM Tzl. Thus, Tzl strongly distin-
guishes between neuronal and muscular Na, channels in a
graded manner, giving rise to potential applications of B-tox-
ins as research tools or even as pharmacologically relevant
drugs.

Potential Value of B-Toxins. Because Na, channel-spe-
cific scorpion toxins selectively modify either inactivation
(a-toxins) or activation (B-toxins), they are proven tools for
functional studies. Massensini et al. (2002) used fluores-
cently labeled members of both groups (based on their Na,
channel-specific nature) as probes for tracking Na, channels
in living cells. Applications like these are important for
studying complex neuronal networks. Assuming that the
functional subtype specificity of Tz1 reflects subtype-specific
binding to channels, this toxin could be used to track Na, 1.4
specifically. It should be feasible to develop specific probes on
a toxin basis to uncover the Na, channel composition in living
material. Besides the potential as molecular probes for re-
search, scorpion toxins are discussed to replace conventional
insecticides because of resistances developed in some insect
species against typically used agents such as pyrethroids
(Bosmans et al., 2005). The value of Tz1 for such purposes
remains to be evaluated by analyzing its effect on insect
sodium channels.

The strong specificity of some B-toxins also makes them
ideal tools for studying Na, channel defects. For example, a
loss of Na,1.4 function is the basis for hypokalemic periodic
paralysis of type 2 (hypoPP2; Sternberg et al., 2001), a skel-
etal muscle disorder. The pronounced Na 1.4 specificity of
Tz1 could be used to specifically “activate” hypoPP2 channels
while exhibiting only limited neuronal and cardiac side ef-
fects when administered to experimental animals.

Identification of Domain 3 as Major Interaction Site.
Gordon et al. (1992) showed that antibodies directed against
the SS2 pore regions of domains 1, 3, and 4 of insect Na,
channels displaced radiolabeled LqghIT,, an insect B-toxin
from Leiurus quinquestriatus hebraeus, as well as AahlT, a
B-toxin from Androctonus australis Hector. In a further
study, Cestele et al. (1998) constructed various chimeras
between the differentially Css4-sensitive Na,1.2 and Na,1.5
channels to identify the sites that are important for binding
this B-toxin. Although a glycine residue in the domain 2
S3-S4 linker of Na, 1.2 was identified as a major difference to
Na,1.5, the pore loops of domains 1 and 3 as well as the
S1-S2 linker in domain 3 were found to have some impact on
binding Css4.

Our strategy of analyzing the B-toxin—channel interaction
was to start with the functional characterization of Tzl on
five different Na, channel isoforms (Na, 1.2, Na,1.4-1.7).
This approach revealed Tzl as highly selective toward
Na,1.4 and able to distinguish with high potency between
Na,1.2, Na 1.6, and Na,1.7 channels. Using a systematic
mutagenesis approach together with a functional assay, we
identified the domain 3 SS2 pore region as the major molec-
ular determinant for the B-toxin sensitivity of these chan-
nels: the domain 3 SS2 loops of the neuronal channels confer
the Tz1 phenotypes to the respective wild-types to Na,1.4
channels. This functional assignment does not hold for
Na,1.5; although Na,1.5 channels are insensitive toward
Tzl, domain 3 SS2 from Na,1.5 strongly enhances the Tzl
effect when inserted into a Na, 1.4 background. On the other
hand, a Na,1.5-like phenotype can be produced in Na,61.4
channels by changing Gly658 to Asn as present in Na 1.5
(Fig. 2), suggesting that a Na,1.5-like domain 2 S3—-S4 linker
dominates a Na_1.5-like domain 3 SS2 pore loop. These re-
sults indicate an exceptional role of Na,1.5 with regard to
scorpion B-toxins, suggesting that the domain 3 SS2 loop of
the Na_ 1.5 channel is perfectly able to interact with Tz1, but
the induction of a functional effect on channel gating is
impaired by the specific structure of the domain 2 S3—S4
linker.

The observation that Na,1.2 and Na,1.4 differ in only five
amino acid residues in the region pointed out as being im-
portant for the discrimination between the two channels by
Tz1 prompted us to construct and assay single-site mutations
for each of these residues. Although the differences at posi-
tions 1260 and 1254 had a minor impact on toxin efficacy, an
exchange of the histidine at position 1257 in Na 1.4 to the
lysine present in Na,1.2 as well as the exchange of the
negatively charged glutamate at position 1251 for asparagine
present in Na 1.2 both strongly impaired the toxin effect.
Thus, the negative charge at position 1251 seems to support
interaction with the toxin, possibly with a positively charged
amino acid on the toxin as the counterpart. In the case of
position 1257, the positive charge present in Na, 1.2 seems to
impair interaction with the toxin as well. It is noteworthy
that a valine at the lysine-1252 position seems to support
toxin interaction, because this mutant is even more sensitive
for Tz1 than the most sensitive wild-type Na 1.4 channel. In
this case, either the positive charge or the bulkiness of the
side chain may be decisive, because the neutral valine is also
much smaller than lysine.

With these results on the impact of individual residues on
the effect of Tz1, one might speculate about the expected



sensitivity of other Na, channels. The rat isoforms of Na 1.1
and Na, 1.3 that share a conserved domain 2 S3/S4 linker
with Na_ 1.2 differ, however, in the SS2 loop of domain 3.
Because in Na,1.1 the critical residues assayed in Fig. 5 are
the same as in Na, 1.2, one can expect that Na, 1.1 is insen-
sitive toward Tz1. The situation for Na 1.3 is more complex:
The SS2 loop in domain 3 differs in four residues from the
sequence of Na,1.2, among them are those residues that
proved important for the Tzl effect in our experiments. Be-
cause all residues mutated showed an impact on the Tzl
effect, the Tz1 sensitivity of Na,1.3 cannot be predicted in a
straightforward manner—it can be different from both
Na,1.2 and Na,1.4.

In conclusion, the scorpion B-toxin Tzl is a valuable mo-
lecular tool as it discriminates well between various types of
voltage-gated sodium channel isoforms, being most specific
for channels from skeletal muscle. The subtype specificity for
various neuronal channel types is brought about not by the
classic receptor site 4 (i.e., the domain 2 S3—S4 linker), as
initially assumed, but by the C-terminal pore loop (SS2) of
domain 3. Therefore, receptor site 4 is composed of at least
two major components: an interaction site determining the
channel specificity in domain 3 and a site where the toxin
interacts with the voltage sensor in domain 2. Based on
recently obtained structural data of a voltage-gated potas-
sium channel (Long et al., 2005), one can predict that the
domain 2 S3-S4 linker and the domain 3 SS2 loop are very
close in three-dimensional space such that a scorpion B-toxin
with a diameter of approximately 3 nm could make contact to
both functional modules of the sodium channel simulta-
neously.
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