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ABSTRACT

Scorpion a-toxins LghalT, Lgh-2, and Lgh-3 are representa-
tives of three groups of a-toxins that differ in their preference
for insects and mammals. These a-insect, antimammalian, and
a-like toxins bind to voltage-gated sodium channels and slow
down channel inactivation. Sodium channel mutagenesis stud-
ies using various a-toxins have shown that they interact with
receptor site 3, which is composed mainly of a short stretch of
amino-acid residues between S3 and S4 of domain 4. Variation
in this region results in marked differences between various
subtypes of sodium channels with respect to their sensitivity to
the three Lgh toxins. We incorporated the S3-S4 linker of
domain 4 from hNa,1.2/hNa,1.1, hNa,1.3, hNa,1.6, and
hNa,1.7 channels as well as individual point mutations into the

rNa,1.4 skeletal muscle sodium channel. Our data show that
the affinity of Lgh-3 and LghalT to sodium channels is markedly
determined by an aspartate residue (Asp1428 in rNa,,1.4); when
mutated to glutamate, as is present in Na,1.1-1.3 channels,
Lgh-3-channel interactions are abolished. The interaction of
Lgh-2 and LghalT, however, is strongly reduced when a lysine
residue (Lys1432 in rNay1.4) is replaced by threonine (as in
hNa,1.7), whereas this substitution is without effect for Lgh-3.
The influence of Lys1432 on Lgh-2 and LghalT strongly de-
pends on the context of the Asp/Glu site at position 1428,
giving rise to a wide variety of toxicological phenotypes by
means of a combinatorial mixing and matching of only a few
residues in receptor site 3.

Voltage-gated sodium (Na,,) channels consist of a large
(~260 kDa) pore-forming a-subunit, composed of four homol-
ogous domains (D1-D4), each with six transmembrane seg-
ments (S1-S6) and a hairpin-like pore region between S5 and
S6. Because of their structural conservation in vertebrates
and invertebrates and their pivotal role in cellular excitabil-
ity, Nay channels are targeted by a large variety of chemi-
cally distinct toxins, many of which do not differentiate
among channel subtypes (Catterall, 1992; Gordon, 1997).
However, some scorpion neurotoxins show specificity for in-
sect or mammalian Na,, channels, and others are able to
differentiate between Nay, subtypes in mammalian neurons
(Gordon et al., 2002). This selectivity is attributed to differ-
ences of active sites on the toxins and to variations in recep-
tor binding sites on distinct Nay, channels that, when iden-
tified, may be used for design of selective drugs.

Scorpion toxins affecting Na,, channels are 61- to 76-resi-
due polypeptides that comprise two major classes, a- and
B-toxins, according to their mode of action and binding prop-
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erties to distinct sites (receptor sites-3 and -4, respectively)
on Nay, channels (Martin-Eauclaire and Couraud, 1995; Gor-
don et al., 1998). a-Toxins inhibit Nay, channel inactivation in
various excitable preparations, but they show vast differ-
ences in preference for insect and mammalian Na,, channels.
Accordingly, they are divided into classic a-toxins, which are
highly active in mammalian brain [e.g., Lqh-2 (Leiurus quin-
questriatus hebraeus)]; a-toxins, which are very active in
insects (e.g., LqghalT); and a-like toxins, which are active in
both the mammalian and insect central nervous system
(CNS) (e.g., Lgh-3) (Gordon et al., 1996, 2002; Sautiere et al.,
1998; Gilles et al., 1999, 2000a; Krimm et al., 1999).

Despite differences in toxicity and binding properties, all
scorpion a-toxins bind to receptor site 3, the structural fea-
tures of which are still elusive, but known to involve the
extracellular loops S5-S6 of D1 and D4 (Tejedor and Catter-
all, 1988; Thomson and Catterall, 1989) and S3-S4 of D4 of
rat Nay1.2 (Catterall, 1992, 2000; Rogers et al., 1996). Mu-
tagenesis within the external linker S3—S4 in domain 4 of rat
brain Nay1.2 identified a negatively charged residue,
Glul613, as a major determinant that affects the binding of
a classic scorpion a-toxin (Rogers et al., 1996).

Mammalian Nay, channels are encoded by a gene family.

ABBREVIATIONS: Na, channels, voltage-gated sodium channels; CNS, central nervous system; Lgh, Leiurus quinquestriatus hebraeus; HEK,

human embryonic kidney.
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Some members are broadly expressed in the CNS (Na,1.1-
1.3, Na,1.6), whereas the expression of others is restricted to
specific tissues, such as the peripheral nervous system
(Na,1.7), sensory neurons (Na,1.8 and Na,1.9), skeletal mus-
cle (Na,1.4), and cardiac muscle (Na,1.5). In most instances,
neuronal Nay, channels (except Na, 1.8 and Na,1.9) mediate
tetrodotoxin-sensitive Na™ currents and have similar elec-
trophysiological properties. Interestingly, most neurons were
found to express various Na,, channel subtypes in their cell
bodies or at distinct membrane regions; such expression is
plastically regulated under developmental and pathological
conditions (Goldin, 1999; Catterall, 2000). The identification
of these channel subtypes and elucidation of their role is
technically limited and requires specific probes. Scorpion
a-toxins provide a unique tool for such identification because
their affinity for different channel subtypes is very diverse.
For example, LqghalT is ~2000-fold less active in mouse brain
than Lqgh-2 and competes only at micromolar concentrations
for binding to rat brain synaptosomes. The «-like toxin,
Lqgh-3, is highly toxic in the mouse brain but is a very weak
competitor for Lgh-2 binding to rat brain synaptosomes (Gor-
don et al., 1996, 2002; Gilles et al., 1999, 2000a). Moreover,
Lqh-3 and LghalIT barely affect the Na* current mediated by
the heterologously expressed rNa,1.2 in contrast to the
strong inhibition of inactivation induced by Lqgh-2 (Gilles et
al., 1999, 2000a, 2001). Conversely, under patch-clamp con-
ditions, Lqh-3 strongly inhibits the Na,, channel inactivation
in rat CAl pyramidal neurons in hippocampal slices,
whereas Lqgh-2 has no effect (Gilles et al., 1999). Thus, «-like
toxins do not target the majority of Na,, channel subtypes in
brain synaptosomes (e.g., rNa,1.2/1.2a and most likely
rNa,1.1) but are active on another as-yet unidentified brain
Nay, channel that is insensitive to Lqgh-2. In contrast, the
three a-toxins, Lgh-2, Lgh-3, and LqgholT, similarly affect
muscular Nay, channels expressed in mammalian cells (Chen
et al., 1999; Gilles et al., 2000a; Chen and Heinemann, 2001).
Both Lgh-2 and Lqgh-3 inhibit tetrodotoxin-sensitive Nay,
channel inactivation in dorsal root ganglia neurons but their
effect differs prominently, suggesting that the target chan-
nels are not identical (Gilles et al., 2000a). This is corrobo-
rated by the higher affinity of Lqh-3 for the peripheral nerve
channel, hNa_ 1.7, compared with that of Lqh-2 (Chen et al.,
2002). Evidently, the target Nay, channel subtype for a-like
toxins in the mammalian brain and in the peripheral nervous
system still needs to be elucidated.

In this study, we analyzed those Na,, channel features in
the external linker S3—-S4 in domain 4, which enable the
selective recognition of each of the three different a-toxins.
We employed two complementary approaches; the first was
to construct channel chimeras, in which the S3—S4-linker of
rNay 1.4 (about equally sensitive to all toxins) is replaced by
the amino acid variable stretch present in each of the other
neuronal Nay, channel subtypes. In the second approach,
site-directed mutations were introduced in the background of
the wild-type and the chimeras to elucidate the role of indi-
vidual residues for each toxin effect. Our results demonstrate
that a single charge-conserving substitution in this linker
absolutely confers channel sensitivity to Lgh-3. Other resi-
dues confer sensitivity for LghalT and Lqh-2 in a back-
ground-dependent manner.

Materials and Methods

Site-Directed Mutagenesis. The channel constructs used in this
study were expressed from the mammalian expression vector
pcDNA3. Mutations were introduced in the background of the
rNay1.4 channel (Trimmer et al., 1989) in the linker between the
membrane-spanning segments S3 and S4 in the fourth homologous
domain of rNav1.4 using PCR-based site-directed mutagenesis. The
mutants are summarized in Fig. 1. The sequences of all mutants
were verified by sequence analysis. 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, supplemented with 10% fetal
calf serum in a 5% CO, incubator at 37°C. HEK 293 cells were
trypsinized, diluted with culture medium, and grown in 35-mm
dishes. When HEK 293 cells were grown to 30 to 50% confluence,
transient transfection was performed using the Superfect transfec-
tion 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 electro-
physiological recordings 2 to 3 days after transfection. Dynabeads
(Deutsche Dynal GmbH, Hamburg, Germany) were used for visual
identification of individual transfected cells, and many bead-deco-
rated cells expressed Na, channels.

Electrophysiological Measurements. Whole-cell voltage-
clamp experiments were performed as described previously (Chen et
al., 1999). Briefly, patch pipettes with resistances of 0.9 to 2.0 MQ
were used. The series resistance was compensated for by more than
80% to minimize voltage errors. An EPC9 patch-clamp amplifier was
operated by Pulse+PulseFit and PatchMaster software (both from
HEKA Elektronik, Lambrecht, Germany). Leak and capacitive cur-
rents 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 temperature, 19 to 21°C. Data analysis
was performed using PulseFit, PatchMaster (HEKA) 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

Channel type, Residue 53(D4)

mutant name number
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Fig. 1. Receptor site 3 in S3/4(D4) for various Na,, channel subtypes and
mutants used in this study. Alignment of the major component of toxin
receptor site 3 (i.e., the linker between S3 and S4 in domain 4). The part
of the sequence belonging to S3(D4) is highlighted by vertical lines. The
first five sequences show the residues found in Nay 1.4 [here considered
wild type (wt)], Nay1.2/Nay1.1, human Nay1.3 (or rat Nay1.7), Nay1.6,
and human Nay1.7. The sequences of the indicated neuronal Nay, chan-
nels were inserted into rNa,l.4. In addition, individual residues or
groups of residues were exchanged, giving rise to the mutants listed in
the last six rows. Negatively charged residues are highlighted in dark
gray, positive residues in light gray.



application of toxin was performed with an application pipette as
described previously (Chen et al., 1999).

Activation. From a holding potential of —120 mV, test depolar-
izations in the range from —80 to +60 mV in steps of 10 mV were
applied at an interval of 5 s. The peak currents were fit with a
Hodgkin-Huxley activation formalism involving m = 3 activation
gates and a single-channel characteristics according to Goldman-
Hodgkin-Katz.

max

Tpear(V) = A+ eV Tky

1 — e (V-Ew)/25mV
Iy =TV

T o VEav (1)

V.. is the voltage of half-maximal gate activation, %, is the corre-
sponding slope factor, I' is the maximal conductance of all channels,
and E,,, is the reversal potential.

Voltage Dependence of Fast Inactivation. From a holding
potential of —120 mV, cells were conditioned for 500 ms at voltages
ranging from —120 to —25 mV in steps of 5 mV. Subsequently, peak
current was determined at —20 mV. The repetition interval was 10 s.
The peak current plotted versus the conditioning voltage was de-
scribed with a Boltzmann function.

min

IV) = g g-v-vom

(2)
with the half-maximal inactivation voltage V;, and the corresponding
slope factor %, that indicates the voltage dependence of steady-state
fast inactivation.

Toxin Dependence of Fast Inactivation. Currents were re-
corded in the absence and the presence of several toxin concentra-
tions. The degree of fast inactivation was assayed at 0 mV by mea-
suring the peak current as well as the mean current level between
4.5 and 5 ms after the start of the depolarization. This ratio I ,,,¢/Tpeai
gives an estimate of the probability for the channels not to be inac-
tivated after 5 ms; a value of zero represents complete inactivation
within 4.5 ms and a value of 1 represents no inactivation. The dose
dependence for toxin-induced removal of fast inactivation was mea-
sured by plotting I ,,,/I,,c.i as a function of toxin concentrations. The

5 ms/
concentration dependence was described with the Hill equation.
15 ms ay
17(0 mV) =a, + (3)
peak

EC50 H

L+ <[toxin]>
where ny is the Hill coefficient, [toxin] is the toxin concentration, and
a, is the offset. The amplitude, a, plus a,, provides the maximal
value of I5 ,,s/I ;i 2t 0 mV indicating the expected maximal effect of
the toxin on fast inactivation. EC;, provides a measure for the
concentration of half-maximal inhibition of fast inactivation. For
data fits, the a, values always were held to the values obtained under
control conditions. To reduce variability, 4 was set to 1 in all cases.
Because even high toxin concentrations did not result in a full
a-toxin effect for some mutants, a, + a, was set to a constant value
(0.75) for all dose-response fits. Data points were weighted according
to the standard error of the mean; error estimates for ECy, values
were obtained from these fits with the IgorPro program.

All data were presented as mean = S.E.M. (n = number of inde-
pendent experiments). Significance of differences between two
groups of data were tested with a two-sided Student’s ¢ test.

Results

Receptor site 3 of voltage-gated sodium channels is largely
determined by the extracellularly accessible loop between
segments 3 and 4 of domain 4. Interestingly, although most
parts of the core domains of Na,, channels are rather con-
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served, there is considerable variability in this region among
mammalian sodium channels (Fig. 1). In addition, various
a-toxin groups have different effects on the same Na,, chan-
nel; e.g., whereas Lqh-2 is very active on Nay/1.2 channels,
Lgh-3 is almost inactive (Chen et al., 2002). To gain insight
into the molecular mechanisms underlying the mutual toxin-
channel specificity, we applied a mutagenesis approach.
Based on the rat Nay,1.4 channel, which is similarly sensitive
to the three groups of a-toxins, we replaced the S3—S4 linker
in domain 4 by its counterparts present in various Nay, chan-
nel subtypes and examined the effects of the three different
a-toxins on each channel mutant. Starting from Na, 1.4 wild-
type channels, we first introduced receptor sites from the
human neuronal channels Na,1.1/Nay1.2 (in the putative
receptor site 3, these channels are identical), Nay 1.3, Nay/1.6,
and Nay1.7. Note that the sequences of receptor site 3 of
human Nay1.3 and rat Nay1.7 are identical (Fig. 1). In ad-
dition, we generated channel mutants in which, based on the
background receptor site 3, sequences of Nay1.2-, Nay1.4-,
and hNay1.7-specific residues or groups of residues were
replaced by others. In particular, we applied this approach to
specifically test the influence of residues Asp1428, GIn1431,
and Lys1432 (residue numbers of rNay1.4).

Functional Parameters of Mutated Na,, Channels. All
these mutants were expressed in HEK 293 cells giving rise to
functional Nay, channels. The mutations had no impact on
the current densities obtained. The function of the mutated
Nay, channels was assayed by measuring and analyzing cur-
rent-voltage relationships and steady-state inactivation.
Sample data for channel activation are shown in Fig. 2A. The
half-maximal activation voltage V,, and the slope factors %,
for all mutants are plotted in Fig. 2C; variations for V,, were
within #4 mV and for %k, within *1 mV. Thus, no big
changes in activation parameters were detected, implying
that alterations of receptor site 3 have only a marginal im-
pact on the channel-activating movement of the S4 segment
in domain 4.

Steady-state inactivation after 500-ms conditioning was
described by a single Boltzmann function. The resulting half-
maximal inactivation voltages V,, and the slope factors %,, are
also shown in Fig. 2C. Again, for most mutants the variation
of V,, was within *4 mV and the variation for &, within +1
mV. However, the resulting V,, for mutant Na_ 1.3 was shifted
by about —20 mV with respect to the wild type (—=73.9 = 0.7
mV, n = 43 for Nay1.4; —93.4 = 0.8, n = 37 for mutant
hNay1.3, P << 0.001). This shift can be attributed to the
residue exchange 1.1429M, because this is the only difference
between mutants hNay,1.3 and Na1.2 (V,, = —76.0 = 0.7,
n = 48, P << 0.001). The slope factors were not affected. The
shift in V|, did not result from a contribution of slow inacti-
vation, because similar experiments using conditioning
pulses of 50 ms also resulted in such a shift, whereas proto-
cols assaying slow inactivation (with 5-s conditioning) did not
show shifts (data not shown). Besides this effect of mutant
hNay1.3, all other mutants show inactivation parameters
indistinguishable from that of wild type. Therefore, altered
gating properties did not contaminate the subsequent assess-
ment of toxin effects—this is an important prerequisite, be-
cause the effects of scorpion a-toxins are state- and voltage-
dependent. In addition, it is noteworthy that even
substantial nonconservative mutagenesis of receptor site 3
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does not affect channel inactivation, even though toxin bind-
ing to that site has a strong effect on inactivation.

Receptor Site 3 Chimeras. In a first screening, all mu-
tants were tested with regard to the effect of 20 nM Lqh-3,
LqghalT, and Lgh-2. In Fig. 3 sample traces at —20 mV are
shown for those mutants harboring receptor sites-3 of other
neuronal channel types. First, it is evident that mutagenesis
does not influence kinetics of fast inactivation; this is also
true for all other mutants not shown in Fig. 2. Upon appli-
cation of 20 nM of Lqh-3, LqhalIT, and Lqgh-2, inactivation is
strongly impaired in wild-type Na,1.4 channels, almost
reaching saturation (Fig. 2, top row). Mutagenesis of receptor
site 3 has a differential impact on the three toxins’ effects.
Whereas mutants Nay1.2 and hNa,,1.3 are basically insen-
sitive to Lqh-3 and only weakly sensitive to LqhalT, there is
only a small effect on the activity of Lqh-2. Mutation Nay,1.6
only weakly influences the effect of all toxins. Unexpectedly,
for mutant hNa,, 1.7 the strongest effect is obtained for the
activity of LqhalT, followed by Lgh-2 and Lgh-3. Thus, vari-
ation in the structure of receptor site 3 among neuronal Nay,
channels modulates the action of the three a-toxins in a
complex manner, as suggested by the native channels
Nay1.2/Nay,1.7 and Lqgh-3/L.gh-2 (Chen et al., 2002).

On the one hand, this raises the possibility of using these
toxins for the identification of specific Nay, channel subtypes
present in various neurons. On the other hand, the variabil-
ity obtained by the exchange of only a few residues in a
constant background (of Nay 1.4) provides an ideal basis for a
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Fig. 2. A, sample current-voltage relationship of rNa, 1.4 channels ex-
pressed in HEK 293 cells. From a holding potential of —120 mV, step-
depolarizations ranging from —80 to +60 mV in steps of 10 mV were
applied; the resulting current traces are shown superimposed, low-pass
filtered at 5 kHz (left). The peak currents were plotted as a function of the
test potential to yield current-voltage relationships (right). These were fit
with eq. 1, yielding the half-maximal activation voltage per V_, and the
slope factor k.. B, sample steady-state inactivation curve, fit with a
first-order Boltzmann function (eq. 2), yielding the half-maximal inacti-
vation voltage V|, and the slope factor %,. C, steady-state activation and
inactivation parameters for all mutants.

more detailed characterization of the molecular determi-
nants responsible for the mutual toxin—channel recognition
sites. Therefore, we constructed conservative mutants in
which only single residues (or groups) were exchanged on the
basis of Nay 1.4 or of one of the site 3 swap mutants (see Fig.
1).

Single-Site Mutants. For all mutants, the toxin effects
were assayed quantitatively by applying different toxin con-
centrations to compile dose-response relationships. In Fig. 4,
such dose-response data are shown for a selection of mutants
together with the superimposed fit results. The maximal
effect obtained with application of active a-toxins depends
mainly on the linker between domains 3 and 4 as well as the
regions forming the receptor for the inactivation domain.
Therefore, we assume that mutation of the extracellularly
accessible receptor site 3 does not alter the theoretically
obtainable toxin effect (i.e., the residual speed of inactivation
upon toxin saturation). Hence, we constrained the dose-re-
sponse fits to a maximal ¢, + @, value (see eq. 3) of 0.75. The
Hill coefficients were set to unity, such that the data could be
described by the EC;, values as the only free parameter. The
resulting EC;, values of all mutants investigated are listed
in Table 1.

All data are listed in Table 1, but the results are not easily
extracted. Therefore, we show in Fig. 5 on a logarithmic scale
the relative impact of specific mutations on the effects of all
three toxins. The data are grouped according to the site of
interest. Most remarkable is mutation D1428E. For Lqh-3, it
seems to be a necessary criterion to have an aspartate at
position 1428 in receptor site 3. Mutagenesis to glutamate
(only a CH,-group difference from aspartate) results in a
reduction of >1000-fold in Lqh-3 effect. In contrast, this
mutation has no impact at all for Lqh-2. In the background of
receptor site 3 of hNay,1.7 (i.e., in the presence of Thr1432),
the exchange D1428E even increases the effect of Lqh-2. For
LqghalT, the situation is somewhat intermediate: whereas
D1428E has a very strong impact in the background of
Nay1.4 wild-type and mutant Na,;1.2 (i.e., in the presence of
Lys1432), it does not change the activity of LqhalT in the

Lgh-3 LghalT

Na1.4 wt_r —

Lgh-2

Na1.6

hNat.7 K
il —
5ms

Fig. 3. Sample current traces of mutants with receptor sites-3 resembling
the indicated neuronal channel types at —20 mV before (black) and after
application of 20 nM of the indicated toxin (gray).




background of hNay1.7 (i.e., in the presence of Thr1432).
Thus, LghalT behaves like Lgh-3 with Lys1432 and like
Lgh-2 with Thr1432. Notably, the affinity of LqghalIT strongly
depends on both residues Asp1428 and Lys1432 in Nay1.4,
whereas that of Lqh-3 depends mainly on Asp1428. In other
words, Lgh-3 action seems to be independent from the resi-
due at position 1432, whereas the other two toxins depend
strongly on the nature of this residue.

This rather indirect inference is directly shown in the next
group of data, captioned “K1432T”. As expected, the Lqgh-3
effect does not strongly depend on whether there is a lysine or
a threonine at position 1432. However, the effects of LghalT
(and, to a lesser extent, Lqh-2) are reduced when Lys1432 is
mutated to Thr. However, this is true only in the background
of a receptor site 3 harboring Asp1428. In summary, the
channel sensitivity to Lgh-3 is determined mainly by the
Asp/Glu exchange at position 1428 in receptor site 3. LghaIT
recognizes D1428E only in the presence of Lys1432 and
Lqgh-2 only in the presence of Thr1432. Both LghalT and
Lgh-2 recognize K1432T only in the background of Asp1428.

The conservative changes at positions Leul429 (to Ile or
Met) and LA-S1424MF-A have only small impacts on the
effects of Lgh toxins. Q1431E, however, leaves the effects of
Lqgh-3 and LgholT unchanged, whereas it decreases the ef-
fect of Lgh-2. This differential modulation is seen only in the
background of the Nay1.4 channel; when receptor site 3 is
more neuronal-like (i.e., with MF-A1424 in place of LA-S),

1.09 1.0

1.4_DtoE

0.1 10 1000
[Toxin] (nM)
e Lgh-3
o Lgh-2
O LghalT
0.1 10 1000
[Toxin] (nM)

Fig. 4. Selection of dose-response relationships for Lqh-3 (black), LqhaIT
(gray), and Lqgh-2 (dashed). For data fits according to eq. 3, the maximal
value was fixed to 0.75 and the Hill coefficient to 1.0.

TABLE 1
ECj, values derived from dose-response curves shown in Fig. 4

Mutant Lqh-3 LghaIT Lgh-2

nM

rNay1.4, wt 1.83 = 0.25 1.19 = 0.24 1.64 = 0.16
Nay1.2 (Nayl.1) 1840 £ 173 20.6 £ 0.9 0.969 * 0.071
hNay1.3 (rNay1.7) 3890 + 1110 190 = 11 2.35 = 0.29
Nay1.6 948 £ 0.82  0.247 £0.041 0.778 £ 0.058
hNa1.7 6.22 = 0.64 50.8 £ 5.2 7.00 = 1.15
Nay1.4_DtoE 2980 + 282 65.7 £ 6.1 1.92 = 0.23
Nay1.2_EtoD 5,52 £ 0.56  0.338 = 0.028 0.53 £ 0.08
Nay1.7_DtoE 2290 + 220 42.1 £ 4.0 1.56 = 0.15
Nay1.4_QtoE 2.59 = 0.89 1.80 = 0.25 132+ 1.1
Nay1.4_KtoT 7.46 £ 1.21 96.1 £ 7.9 26.2 = 2.7
Nayl.4_LA-StoMF-A  2.88 £0.22 0.934 = 0.169 0.804 = 0.054
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mutation Q1431E has only a marginal impact on all three
toxins. Thus, also in this case, individual parts of receptor
site 3 are of very differential importance for the association of
the three Lgh toxins—and this in a context-dependent man-
ner.

Discussion

Functional Impacts of Receptor Site 3 Mutagenesis.
In this study, we assayed various Na,,1.4 channel types that
were mutated in the S3—S4 linker of domain 4. None of these
mutants showed strong alterations in the voltage dependence
of activation. This is consistent with a minor role of domain
4 for channel activation (Chahine et al., 1994; Chen et al.,
1996). In addition, most mutants did not alter the inactiva-
tion properties either. This is surprising because binding of
a-toxins to that site has a strong impact on channel inacti-
vation. An exception is mutation L1429M, which leads to a
clear shift in steady-state inactivation to more hyperpolariz-
ing potentials, indicating a stabilized inactivated state. This
can be explained molecularly by a coupling of voltage-sensor
movement in domain 4 and fast inactivation (Catterall,
2002). However, at present, we cannot determine whether
the particular site 1429 is necessary for transmitting effects
on channel inactivation or the nature of the introduced res-
idue (here methionine) is important. It is interesting to note,
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Fig. 5. Relative change in apparent EC;, values introduced by the indi-
cated mutations. The data are grouped according to the site of mutagen-
esis (e.g., Arg1428). The small labeling of the histogram bars indicates
the background used for mutagenesis (e.g., “Nal.2” under “K1432T”
means that Thr1432 was introduced in the background of rNa, 1.4 mu-
tant “Nay1.2”; i.e., “Nay1.7_DtoE”) (see Table 1). The shading of the
histogram bars indicates the toxins: Lqh-3 (black), LqhalT (white), Lqh-2
(hatched). For this sequence of toxins, the ratio values for the most
relevant mutations are as follows: D1428E: Nay 1.4, wt: 1633, 55.0, 1.18;
Nal.2_EtoD: 333, 60.9, 1.82; hNal.7: 368, 0.828, 0.223; K1432T: Na,, 1.4,
wt: 4.88, 80.5, 16.0; Nal.2_EtoD: 1.13, 150, 13.1; Nal.2: 1.24, 2.04, 1.61.



690 Leipold et al.

however, that hNay,1.3 and rNa,/1.7 channels are unique in
harboring a methionine residue at that position.

The different effects of mutations in the S3—-S4 linker in
domain 4 of Nay, channels on the affinity of each of the three
Lgh o-toxins suggest that they bind to receptor site 3 in
different fashions. Although all the distinct a-toxins interact
with residues in this short linker, they may bind to partially
overlapping sites, which may depend on the functional sur-
face of each toxin. Moreover, because the impact on the
affinity of Lqgh-2, the most potent anti-mammalian «-toxin,
by two mutations, Lys to Thr and Gln to Glu, was relatively
small (Fig. 5 and Table 1), it is conceivable that other parts of
the channel may be involved in formation of receptor site 3
and in the high affinity of Lgh-2 to most mammalian Nay,
channels. This assumption is supported by the low affinity of
Lgh-2 to insect Nay, channels, which are practically identical
to the mammalian Nay, 1.6 in the S3—S4 region in domain 4,
to which Lgh-2 reveals high affinity (Table 1).

Use of Lqgh Toxins for Identifying Na,, Channels. The
combinatorial use of Lgh toxins provides a tool for identifying
neuronal Nay, channel types. Although in some cases there is
still some uncertainty about whether the site 3 swap confers
the full toxin-binding properties of the respective wild types,
the discriminative power of the three Lqh toxins, particularly
when used in combination, will be very helpful in targeting
specific Nay, channels, either for research purposes or for
pharmacological applications. Fluorescent labeling of these
toxins as performed for other, less specific a- and B-toxins
(Massensini et al., 2002) may provide further insight into
Nay, channel distributions in nervous tissues.

Limitations in Drawing Toxicological Conclusions
for Humans Based on Animal Experiments. Receptor
site 3 mainly determines the mode by which Nay, channels
interact with scorpion a-toxins. However, toxicological stud-
ies using laboratory animals may yield results that are not
easily transferred to the human system. Herein, we show
that receptor site 3 of hNay1.3 channels is identical to the
site of rat Nay1.7 channels. The site of rat Nay,1.3 channels
is identical to those of Nay1.1 and Nay1.2 channels. Thus,
with respect to Lgh-3 rat and human Nay1.7 channels are
expected to behave in a completely different manner (factor
of about 1000); therefore, rat Na,,1.7 channels are not suit-
able as models for their human orthologs.

Combinatorial Determination of Toxin-Channel
Specificity. The strong diversity of functional effects ex-
erted by the three Lgh toxins studied must be reflected in
their molecular structure. Particularly intriguing is the mo-
lecular basis that allows for a very sensitive discrimination of
glutamate versus aspartate in the receptor site, as shown for
Lqgh-3.

Thus far, the bioactive surfaces of two a-toxins were inves-
tigated systematically: LghalT (a-insect toxin; Tugarinov et
al., 1997; Zilberberg et al., 1997) and BmK-M1 (a-like toxin;
Wang et al., 2003). Mutagenesis of LqghalT revealed that
Tyr21 (Gilles et al., 2000b) and Arg64 (Tugarinov et al., 1997;
Zilberberg et al., 1997) might be important for the interaction
with Nay, channels. Other residues that might be part of the
bioactive surface are Tyr10, Phel7, Lys8, Argl8, and Arg62
(Zilberberg et al., 1997). Site-directed mutagenesis of
BmK-M1 showed that Lys62 and His64 together with Lys8
form a unique tertiary arrangement that may directly inter-
act with receptor site 3 on the Nay, channel surface (Wang et

al., 2003). These findings are consistent with a second mu-
tagenesis approach on BmK-M1 in which aromatic residues
(Tyr5, Tyr35, Trp38, Tyrd2, Trp47) affected toxin properties,
most likely by structural stabilization (Sun et al., 2003). The
functional importance of residues that are located in a turn
near the N terminus (8-10) was shown in a chimeric ap-
proach between LghalT and BotXIV, an «-like toxin (Bouha-
ouala-Zahar et al., 2002). All together, it is generally ac-
cepted that the so-called five-residue turn (residues 8-12 in
the Lqgh toxins used here) together with the C-terminal end of
the toxins forms the channel interaction site.

At least two of the three Lgh toxins used in this study
differentiate effectively between Asp1428 and Glu1428 in the
background of Na,,1.4 channels. Together with the finding
that a positive surface potential of a-toxins may correlate
with their binding affinity to Nay, channels (Zilberberg et al.,
1997; Krimm et al., 1999), one can speculate that positively
charged residues on the toxin surface should be in physical
contact with negatively charged residues in receptor site 3.
The lack of positive charges in the five-residue turn in Lqgh-2
and Lqgh-3 highlights the C-termini with the Lys/Arg and
His/Arg moieties as excellent candidates for harboring the
critical interaction site. More mutagenesis studies combined
with double cycle analysis are needed to clarify this point.

Because the Lys/Thr sites at position 1432 in receptor site
3 determines how strongly the Lgh toxins (in particular
Lgh-2 and LghalT) depend on the Asp/Glu residues at posi-
tion 1428, it will be important to elucidate the direct inter-
action partner on the bioactive surface of the toxins. Only
then can the combinatorial and nonadditive contribution of
these residues on toxin binding be understood on a molecular
level. However, comparison of the Lqh-2, Lgh-3, and LghalT
sequences does not readily suggest a candidate for a direct
interaction partner for the Lys/Thr site of receptor site 3.
Therefore, rather than examining single toxin mutants, a
chimeric approach using Lgh-2 and Lgh-3 might be the strat-
egy of choice for solving this problem.

In summary, the individual residues in receptor site 3 do
not add linearly to the binding strength of Lgh toxins; rather,
they give rise to a combinatorial mixing and matching of
toxins and channel subtypes. As a result, simply recombining
a few amino acid residues in receptor site 3 of voltage-gated
sodium channels generates a very wide variety of toxicolog-
ical phenotypes.
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