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1. ABSTRACT

Scorpion beta-toxins (beta-ScTxs) modify the
activity of voltage-gated sodium (Na,) channels, thereby
producing neurotoxic effects in diverse organisms. For this
reason, beta-ScTxs are essentia tools not only for
discriminating among different channel sub-types but also
for studying the mechanisms of channel gating and the
structure-function relationship involved in this process.
This review considers both the structural and the functional
implications of the beta-ScTxs after they bind to their
receptor sites, in accord with their classification into a)
anti-mammalian beta-ScTxs, b) anti-insect selective
excitatory beta-ScTxs, ¢) anti-insect selective depressant
beta-ScTxs and d) beta-ScTxs active on both insect and
mammals Na, channels. Additionaly, the molecular
mechanism of toxin action by the “voltage sensor trapping”
model is discussed, and the systemic effects produced by
these toxins are reviewed.
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2. INTRODUCTION

Approximately 1500 species of scorpions,
distributed among 18 digtinct families, have been described in
the tropicd and subtropica regions of North and Sahdian
Africa, Near- and Middle-East, Asa Audrdia North and
South America (1). All scorpions possess a speciaized venom-
producing apparatus, Stuated in the last post-abdomina
segment (the telson), which containsapair of glands connected
to a ginger (2). Scorpions use the venom for immohilizing
their prey or for defending themselves againgt predators. Their
venoms have been studied by classic biochemicd separation to
describe the functions and chemica structures of their
condituent compounds. Scorpion venoms are complex
mixtures of neurotoxins (low molecular weight proteins),
cadiotoxins, hemolytic toxins, antimicrobid peptides,
enzymes (such as hyauronidase, acetylcholinesterase,
phospholipase and metalloproteinases), lipids, nucleotides,
mucopolysaccharides and biogenic amines (3, 4).
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Figure 1. Schematic representation of transmembrane organization of the a-subunit from the voltage-gated sodium channel
(VGSC). The a-subunit consists of four homologous domains (DI-DIV), each one containing six transmembrane alpha-helical
segments (S1-S6) and one membrane re-entrant segment (P-loop) between the S5 and S6 segments, which is divided into an N-
terminal (SS1) and a C-termina (SS2) fragments. The positively charged $4 segments (+) act as the voltage sensors. The
neurotoxin receptor site 3 (for a-ScTxs) includes the DIV S3-S$4 extracellular loop (in green). The binding site for the B-ScTxs

(site 4) involvesthe DIl S1-S2 and S3-S4 loops (in red).

During 400 million years of evolution, selection
has favoured scorpion venoms with peptides (neurotoxins)
that block or modify the function of Na*, K*, Ca2* and CI°
ion channels located in the cell membranes of a variety of
organisms. (5). These toxic peptides fold into compact
disulfide bridge-rich structures that show high potency and
target specificity for their receptors. These toxins are
principally responsible for the symptoms displayed during
the envenomation process. Thus, scorpion toxins can be
classified according to their modes of action and their
binding sites on different channels. The short-chain toxic
peptides (consisting of 28 to 46 amino acids) interfere with
the function of potassium ion channels, whereas the long-
chain peptides (with 61 to 76 amino acids) modify the
gating properties of the sodium channels (reviewed in (6)).
Among Na, channel-specific toxins, there are two widely
characterized types, the aphatoxins (a-ScTxs) and the
beta-toxins (B-ScTxs) (7, 8), as discussed below. Whereas
the interface of K* channel-specific toxins and their
interactions with the channels have been extensively
characterized (9, 10, 11), much less is known about the
interaction surfaces between the Na“ channel-specific toxins
and their receptors. However, in recent years, site-directed
mutagenesis studies of Na, channels and their cognate
toxins have revealed important residues involved in this
interaction and have provided some evidences of their
interacting surfaces (12, 13, 14). In this review, we focus
on the B-ScTxs and analyze their molecular characteristics,
their modes of action in voltage-gated sodium channels and
the effects they produce during the envenomation process.

3. VOLTAGE-GATED SODIUM CHANNELS

Voltage-gated  sodium  channels (VGSCs) are
transmembrane proteins that are responsible for action
potential initiation and propagation in neuronal, muscular,
skeletal and neuroendocrine cell types (15). Na, channels
are composed of the pore-forming o-subunit (260 kDa) and
smaller accessory molecules such as 3 subunits (the 36-kDa
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BL/B3 and 33-kDa B2/B4) in mammals or TipE in insects
(16, 17). While only nine distinct mammalian sodium
channel a-subunits (N&,1.1-1.9) have been described, more
than 100 different insect sodium channels may exist due to
aternative splicing and RNA editing, although only some
have been reported (18). Insect sodium channels are highly
conserved but have low identity when compared with
mammalian sodium channels (18). The highly glycosylated
o-subunits are organized into four homologous but non-
identical domains  (I-1V), each containing Six
transmembrane alpha-helical segments (S1-S6) and one
membrane re-entrant segment (P-loop) between the S5 and
S6 segments; the P-loops are further divided into N-
terminal (SS1) and C-termina (SS2) fragments (Figure 1)
(19, 20, 21). The four domains are arrayed around a central
pore that is responsible for ion selectivity and is formed by
the S5 and S6 segments and the P-loops (22). The channel
activation gate is composed of the voltage-sensing domain
(S1-A segments), whereas the inactivation gate is formed
by the intracellular loop-connecting domains Ill and 1V
(Figure 1) (23, 24).

Structural studies in potassium channels revealed
that in response to membrane depolarization, the activation
of VGSCs occurs; the channels open (open state), allowing
a sdlective influx of Na' ions through the pore. From the
open state, they promptly inactivate (inactive state). When
the membrane potential becomes more negative
(repolarization), the channels recover from inactivation,
reaching a state (closed state) that can be opened by further
depolarization (20, 24). All voltage-gated ion channels
have voltage sensor paddle motifs (S3b-S4 units) that
contain 4 to 7 repeated segments of three positively
charged residues (arginines and lysines) followed by two
hydrophobic residues (23). In response to channel
depolarization, the S4 segment moves its positive charges
towards the extracellular face of the membrane by
approximately 12 A with respect to the S3 segment (25)
and 15 to 20 A with respect to the surface of the lipid
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bilayer. It aso rotates counter-clockwise by 37° along its
main axis, allowing activation to occur (18, 26, 27).
Additionally, the surface density of the mammalian sodium
channels and their biophysica properties may be
modulated by the B-subunits (28). The extracellular domain
of the B-subunits belongs to the cell adhesion molecule
(CAM) motif family and is able to interact with members
of the L1 CAM family (29), whereas the cytoplasmic side
binds to ankyrin G and B proteins that connect the channel
to the cytoskel eton (30).

4. GENERAL CHARACTERISTICS OF THE
SODIUM CHANNEL SCORPION TOXINS

As mentioned above, the long-chain scorpion
neurotoxins are classified into o- and B-ScTxs depending
on the receptor binding site they recognize and their mode
of action. The a-ScTxs have been classified into three
groups in accordance with their host preference: a) classic
o-ScTxs (highly selective for mammalian VGSCs and non-
toxic to insects) such as the Aah2 toxin from Androctonus
australis Hector; b) anti-insect a-ScTxs (highly toxic on
insects) such as LghlT from Leiurus quinquestriatus
hebraeus; and c) a-like toxins (acting on both mammalian
and insect VGSCs) such as BmKI from Buthus martensi
(31). Rodriguez de la Vega and Possani (32) showed, by
probability-based phylogenetic reconstruction, that f-
ScTxs can be aternatively classified into four well-
supported phylogenetic branches or subclasses: a) anti-
mammalian B-toxins exclusively found in scorpions of the
genus Centruroides, such as Cn2 from Centruroides noxius
and Cs4 from Centruroides suffusus suffusus (33, 34); b)
B-toxins active on both insect and mammalian Na,
channels, such as Tsl from Tityus serrulatus (35) and
LghB1 from Leiurus quinquestriatus hebraeus (36); c) anti-
insect selective excitatory B-toxins such as AahlT from
Androctonus australis Hector and Bj-xtrIT from Hotentota
judaica, which induces contraction paralysis in fly larvae
(37, 38, 39); and d) anti-insect selective depressant toxins,
which induce flaccid paralysis upon injection, such as
Lghl T2 from Leiurus quinquestriatus hebraeus (40, 41).

4.1. Electrophysiological effects of b-ScTxs on voltage-
gated sodium channels

The VGSCs can be distinguished as targets by
the selective action of severa classes of compounds; they
were first identified by the use of antibodies and later by
site-directed mutagenesis. A large variety of neurotoxins
from the venoms of different organisms can modulate their
activity, which occurs through their interaction with seven
different toxin-binding sites located into the a-subunits (6,
42, 43, 44). Among the activities that can be modulated by
toxins, long-chain scorpion toxins can modify the gating
mechanisms of sodium channels (4, 32, 45). The a-ScTxs,
found in the venoms of Old World scorpions, interact with
channel receptor site 3 located in the S3-S4 extracellular
loop in domain 1V and in the S5-S6 extracdlular linker
domain | of Na, channels (Figure 1), atarget shared by sea-
anemone toxins and some spider toxins (7, 8, 42, 46, 47).
This interaction induces prolonged action potentials by
inhibiting the outward translocation of the S4 segment
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during depolarization, slowing the fast inactivation process
of the Na" current and generating a persistent current
component (6, 48, 49). The venoms of New World
scorpions, especialy from the genus Centruroides, are the
major source of 3-ScTxs. Upon binding to receptor site 4,
these toxins induce a reduction of the peak sodium current
amplitude and shift the voltage dependence of Na, channel
activation towards a more hyperpolarized membrane
potential (50, 51). With exception of the Tsl toxin from
Tityus serrulatus (52, 53, 54), the negative shift occurs after
a strong but short depolarizing prepulse that resembles the
depolarization during an action potential spike. By
following these electrophysiological effects and using
chimeric constructions of sodium channels, the location of
the receptor site 4 was identified. Cestéle et al. (13, 55),
using the Css4 toxin from Centruroides suffusus suffusus,
found that this neurotoxin binds to receptor site in the
extracellular loops connecting transmembrane segments S3
and $4 (S3-4 linker) and the S1 and S2 segments (S1-S2
linker) in domain Il of brain Na,1.2 channels; the Css4
toxin also binds lesser to the S5-SS1 loop of domain | and
the SS2-S6 loop of domain Ill (55). Additionaly, using
chimeric constructions of the four S3b-S4 paddle motifs of
rNa, 1.2 and fluorescence spectroscopy binding anaysis,
Campos €t al. (52) and Bosmans et al. (56) found that the
Tsl toxin from Tityus serrulatus not only binds the S3-$4
linker of the domain Il but also interacts with the S3-4
linker of domain Ill, where this interaction has an allosteric
effect in the activation on the voltage sensors of domains |
and IV of Na,1.2 channels, whereas Leipold et al. (12)
showed that Tz1 toxin from Tityus zulianus binds mainly
the SS2 pore region in the domain Il of Na,1.4 channels.
Surprisingly, it was revealed that B-ScTxs could interact
with multiple motifs in the same channel and possess very
high specificity, even among toxins belonging to the same
subclass. Recently, another electrophysiological effect
produced by B-ScTxs was identified. Schiavon et al. (57,
58) found that several toxins from the genus Centruroides
(Cn2 and Cn8 from Centruroides noxius, ClI1 and ClI2
from Centruroides limpidus limpidus and Cssll from
Centruroides suffusus suffusus) induce a brief current upon
repolarization to -60 mV (resurgent current) in HEK cells
transfected with the human Na,1.6 channel. It was
suggested that this phenomenon occurs predominantly
when Na,1.6 channels in the open state are blocked by
particles other than the inactivation gate, preventing normal
inactivation. Upon repolarization at potentials more
positive than -80 mV, the blocked channels transiently
open and produce this type of current (59).

4.2. Voltage sensor trapping model

After it was found that the S3-S4 and the
adjacent S1-S2 extracellular loops of domain Il are the
principal components of the receptor site for binding to the
B-ScTxs, a voltage sensor trapping model with three steps
was proposed to explain the electrophysiological effects
produced (13, 55, 60, 61). This model encompasses several
possible molecular mechanisms. In the first step, the toxin
binds to its receptor site in the inactivated state of the
voltage sensor, which produces an extended period of
inactivation at negative membrane potentials (62). As a
result, a toxin concentration-dependent reduction of the
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Figure 2. Amino acid sequences aignment of S3-$4 linker of sodium channel domain I1. Crucia residues of neurotoxin receptor
site 4 are marked in rNa,1.2 in accordance with experimenta analyses (reported in 13, 55, 60, 64) and compared with human
VGSC that also been used for determination of the toxin activity. Those residues that are involved in the toxin binding affinity
and whose substitutions prevent the voltage sensor trapping are underlined (Glu837, Leu840, Gly845). Residues whose
substitutions increase the voltage sensor trapping are shallowed (Asn842, Va843, Glu844, Arg850 and Arg853), whereas those
whose substitutions that reduce the toxin capacity for the voltage sensor trapping are in bold (Ala841 and Leu846).

peak current under voltage-clamp conditions is observable
(13, 55). During the second step, a strong depolarization
(induced by a short prepulse) activates the voltage sensor,
and segment S4 moves outward and rotates as described
above, exposing amino acids that are new target sites for
the toxin. In the third step, the activated conformation of
the voltage sensor is trapped by tightly bound toxin in a
unimolecular  concentration-independent  reaction, in
accordance with the experiments of Cestéle et al. 2006
(13). Upon repolarization of the cell membrane, the trapped
voltage sensors remain “pre-activated”, thereby requiring
less activation energy in subseguent depolarizations and
shifting the activation threshold to more hyperpolarized
potentials (13, 55, 63). Additionally, Schiavon et al. (57)
hypothesized that those voltage sensors that remain “pre-
activated”, especially in sodium channels such as Na,1.6,
could transiently open and produce resurgent currents when
repolarization occurs at a more positive potential than -80
mV. Thus, the presence of resurgent currents is also
supported by the voltage sensor trapping model.

Severa interesting reports have shown that
specific mutations distributed throughout the receptor
binding site on Na,1.2 channels can change the Css4 toxin-
binding affinity and modulate the voltage sensor trapping
mechanism. First, a Gly845Asn substitution, located in the
DI1/S3-$4 linker (Figure 2), decreased the toxin-binding
affinity by 13-fold and completely prevented voltage-
sensor trapping, even when high concentrations of toxin
were tested; the effect of the toxin on peak-current was
retained, although with lower affinity (55). Furthermore,
residues located in close proximity to Gly845 represent a
functional hotspot with high-relevance (Figure 2). For
instance, mutations neutralizing the two outermost
arginines gating charges located in the S4 segment,
Arg850GIn and Arg853GIn, or substituting the residues
AnsB842Arg, Va843Ala and Glu844Asn strongly enhanced
voltage sensor trapping (13, 60, 61, 63, 64). Thisfinding is
probably explained by more favourable outward movement
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through the membrane electric field even in the absence of
a depolarizing prepulse, as in the case of Arg853GIn and
Leu854Cys (13, 60). Moreover, substitutions in Glu837 (by
GIn, Arg and Cys) and Leu840 (by Cys) reduced the toxin
binding affinity and abolished its effect on activation,
whereas substitutions of Ala841 (by Asn) and Leu846 (by
Ala) reduced the capacity of the toxin for voltage sensor
trapping (13, 63, 64). All of these results suggest that the
entire DII1S3-$4 extracellular loop is directly involved with
both toxin binding affinity and with functional effects (see
Figure 2). Additional studies showed that substitutions of
Glu779 and Pro782, located in the DI1/S1-S2 extracellular
loop, also reduce the toxin binding affinity (13).

4.3. Structure and bioactive surface of the 3-ScTxs
Despite their diversity, al of the 3-ScTxs share
an essential three-dimensiona (3D) o/p scaffold, according
to the structures reported in the Protein Data Bank (53, 65,
66, 67). The scaffold comprises an o-helix and three or
four-stranded anti-parallel B-sheets (Bafp core) that are
connected by solvent-exposed irregular loops and stabilized
by four spatially conserved disulfide bridges. In the
majority of the 3D structures, two elongated grooves
appear at the intersection of the core and the N and C-
terminal regions: the first groove precedes the a-helix (N-
groove) and the other groove is located in the penultimate
loop of the C-tail (C-groove) (Figure 3B). An extensive
array of studies has suggested four common functional
sections of the B-ScTxs. i) a central “pharmacophore
region” involved in the receptor binding site and composed
of a negatively charged residue (Glu28 in Cs4, Glu26 in
Lghp1, Glu30 in Bj-xtrIT and Glu24 in LghlT2) located in
the a-helix that is flanked by several solvent-exposed
hydrophobic residues (41, 66, 68, 69, 70); ii) a “solvent-
exposed aromatic cluster” that is critical for activity and is
mainly located in the B, and B3 strands (69, 70); iii) some
residues located in the centre of the N-groove region that
areinvolved in voltage sensor trapping (13, 61, 69); and iv)
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Table 1. Motifs of beta-ScTxs subclasses

b-ScTxs Motif Hits Function
subclass experimentally
determined
Anti- KXGY XV X(4) GCKXXCXXL GXNXXCXXECX(9)GY CY XFXCXCxXXL X(7)PLXXKXC 28 11
mammalian
Anti-insect KKXGxxxDxxGKXXECx(4,9) Y CxxxCTKVxY AxxGY CCxxxCY CxGLXDDKXx(9)KxxCD 12 6
excitatory
Anti-insect DGY[IP][KR]x(2)[DNS]|GC[KR]x[ADS] Cx(2,3)Nx(2,3)Cx(3)Cx(3)G[AG]X[FY]GY CW[AGT]WGLACWC[EQ][GN]LP[ADE 27 18
depressant ]
Anti- IGCK[FLV]XC[FV][IP][NR][NP][AES][EGS]X|CGN] 11 7
mammalian/
insect

The hits are the numbers of sequences of toxins that contain the submitted pattern obtained by including the information list of
the UniProt database using ScanProsite (62). Amino acids are represented by the one letter code. The letter “x” means any amino
acid, and the numbers between parentheses mean the number of residues in that particular space of the sequence. The anti-
mammealian and anti-insect excitatory subclasses were taken from Tan et al. (76). The last two sub-classes are from this
communication. Those hits of toxins with experimentally determined function are shown in the last column.
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Figure 3. Analysis of the functional regions in anti-mammalian B-ScTxs. A) Multiple sequences alignment of the anti-
mammalian -ScTxs. The alignment, using Clustal W, was performed with 28 sequences reported in the Uniprot database in accordance
with its motif (Table 1), with the accesson numbers followed by abbreviated names. Cystein residues are shallowed, the pattern of
disulfide bridgesisindicated in the low part of the figure. Furthermore, residues of the Css4 toxin involved in directed-site mutagenesis
are underlined (70). B) ConSurf analysisfor the 3D structure of the anti-mammalian 3-ScTxsis presented using a space-filled and ribbon
diagrams. The amino acids are colored by their conservation grades using the color-coding bar, with cyan-through-dark magenta
indicating variable-through-conserved. The figure reveals some functionally important regions that are highly conserved in this subclass
of B-ScTxs. Therun was carried out using the PDB 1CN2 (anti-mammalian B-ScTx, Cn2) (67). Some residues are labeled in accordance
with the Cn2 numbering. The picture was generated using the UCSF Chimera (80) script output by ConSurf (79) and supervised
manudly. Thetwo views are shown rotated every 180°.
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Figure4. Analysis of the functional regionsin anti-insect excitatory 3-ScTxs. A) Multiple sequences alignment of the anti-insect
excitatory B-ScTxs. The alignment, using ClustaW, was performed with 12 segquences reported in the Uniprot database in
accordance with its motif (Table 1), with the accession numbers followed by abbreviated names. Cystein residues are shallowed
and the pattern of disulfide bridges is indicated in the low part of the figure. Furthermore, residues of the Bmk IT-AP and Bj-
xtrIT involved in directed-site mutagenesis are in underlined. B) ConSurf analysis for the 3D structure of the anti-insect
excitatory B-ScTxs. The amino acids are colored by their conservation grades using the color-coding bar, with cyan-through-dark
magenta indicating variable-through-conserved. The run was carried out using the PDB 1TOZ (anti-insect excitatory 3-ScTx,
BmK IT-AP (65) and the aignment made in ClustalW. Some residues are labeled in accordance with the Bmk I T-AP numbering.

The two views are shown rotated every 180°.

C-terminal residues that increase the binding affinity to the
receptor binding site (66, 72, 73, 74). Nevertheless, the
structural differences among these toxins are located in
variable loops connecting the main secondary structure
elements of the toxin core (75) and in the arrangement of
the C-tail, which is confined mainly by the fourth disulfide
bridge; this is where anti-insect excitatory B-ScTxs contain
an additional o-helix (Figure 4B)(65). Moreover, the
relatively small size of these toxins magnifies the potential
differences, even among a single subclass, in the surface
topology derived from the primary sequence and from
conformational changes. Therefore, each toxin has
particular patterns for the location of functional regions,
which explains the high selectivity for a specific target. For
instance, solvent-exposed aromatic cluster has been
identified in the loop connecting the B2 and B3 strands of
the anti-mammalian Cs4 toxin (Figure 3B, right), whereas
such cluster is located in the C-terminal region of the anti-
insect excitatory Bj-xtrI T toxin (Figure 4B, right) (65, 69,
73).

To identify the functional regions of the B-ScTxs,
Tan et al. (76) established anti-insect excitatory and anti-
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mammalian B-ScTxs motifs (Table 1). Using a similar
strategy, we have generated anti-insect depressant and anti-
mammal/insect -ScTxs motifs (Table 1). A consensus
sequence for each motif was produced in ScanProsite (77),
using toxins reported in the UniProt database
(http://www.uniprot.org/). Each motif was confirmed in the
PATTINPROT web server, without mismatches and with
100% similarity (78). Table 1 shows the different motifs
and the total hits number that present such pattern.
Furthermore, a 3D pattern was created by the Consurf
server (79) and visualized in UCSF Chimera (80), taking
into account the alignment of sequences for each motif and
at least one structure reported in the Protein Data Bank for
each subclass: 1CN2 (anti-mammalian B-ScTxs, Cn2) (67),
2161 (anti-insect depressant B-ScTxs, LghlT2) (66), 1INPI
(anti-mammal/ insect B-ScTxs, Tsl) (53) and 1TOZ (anti-
insect excitatory B-ScTxs, BmK IT-AP) (65). The 3D
functional motifs for each subclass of B-ScTxs will be
discussed in greater detail below.

4.3.1. Bioactive surface of anti-mammalian b-ScTxs
One subclass of B-ScTxs, from 66 to 68 amino
acidsin length and exclusively found in scorpions of genus
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Centruroides, is highly toxic to mammals and modulates
the activation of mammalian brain sodium channels. These
toxins mainly interact with the rat Na,1.1, Na, 1.2, Na, 1.4
and Na,1.6 channels, but they have no effect on the Na,1.5
channels (54, 55). There are currently 28 sequences
reported in the Uniprot database with this pattern (Figure
3A). Site-directed mutation studies conducted with the
Css4 toxin from Centruroides suffusus suffusus showed that
the pharmacophore region of this toxin comprises Glu28
flanked by Phel?7, Tyr24, Arg27 and GIn32 (70). This
functional region is present in all the anti-mammalian f-
ScTxs, where the unique highly conserved residue is the
Glu28 (see Figure 3B, left); the importance of this residue
is confirmed by reduction in the receptor binding affinity
when Glu28 is substituted in Css4 toxin (70). The
substitutions Phel7Ala, Tyr24Ala and GIn32Ala aso
decreased the binding &ffinity, as did neutrdization of the
positive charge at podition 27 (70). The dignment in the Figure
3A showsthat the resdueslocated at position 17 maintain their
hydrophobic profile and the predominantly residue in position
24 is Tyr, whereas resdues located a positions 27 and 32
show high vaiability, suggesting that these naturd
modifications could be involved in sdectivity for different
sodium channd isoforms. For example, Css4 induces a
prepulse-dependent negetive shift on human Navl.1l, Navl.2
and Nav1.6 channels, while Cn2 only affects human Nav1.6
channels (57); this differentia activity warrants further
investigation. However, other residues such as Leul9, Asn22
(located in the loop preceding the a-helix), Tyrd0, Tyrd2 and
Phed4 (located in B2 and $3) are highly conserved in dl of the
sequences (see Figure 3B, right). These residues form a
hydrophobic cluster that is critical for the binding affinity in
the Css4 toxin and are present in dl of the anti-mammalian -
ScTxs (70). Furthermore, additiona mutagenic studies have
reveaed the importance of Glul5 for the toxic activity of this
subclass of toxins because substitution with Arg inhibited
voltage sensor trapping by the CssA4 toxin (70, 81).
Nevertheless, this podtion is not conserved among these
toxins, dthough nearby residues (Lysl3 and Phedd) ae
completely conserved (Figure 3B, left). These results indicate
that small changes in the nature of this region could affect the
capacity of the toxin to produce the toxic effect (see section
4.3.5). The residues involved in the structura integrity of
the Css4 toxin, such as Tyr4, Trp47 and Lys63 (70), are
also highly conserved in all the anti-mammal -ScTxs (see
Figure 3B, right), which corroborates their importance in
the bioactive surface.

Recently, Canul-Tec et al. (82) reported for the
first time the 3D X-ray diffraction structure of a crystalline
complex between toxin Cn2 of Centruroides noxius
Hoffmann and a neutralizing fragment of human antibody
that recognizes the toxin with nanomolar affinity. They
found that two segments, Lys13 to Leul9 and Tyr42 to Ala
45, which are located around the a-helix and the region that
connects B, with Bs, form the central region of the Cn2
epitope (82). Most of these residues are essentiad for
sodium channel binding, as aready discussed above, and
are highly conserved in anti-mammalian B-ScTxs. This
result may explain the neutraization capacity of the
antibody for Cn2, and the possibility to broad action against
other toxins of this subclass.
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Finally, some reports indicate the importance of
the C-termina region in the receptor binding affinity.
Cohen et al. (70) found that the substitution Trp58Ala had
a detrimental effect on the receptor binding affinity; the
aromatic profile of this position is conserved throughout the
anti-mammalian 3-ScTxs (Figure 3A). Estrada et al. (83)
found that the amidated C-terminal in Css2 toxin has an
important role in the interaction with its receptor, since the
recombinant C-terminal carboxylated form decreased the
receptor-binding affinity by 15-fold. Surprisingly, the
affinity can be recovered by the addition of positive
charges at thisregion (72).

4.3.2. Bioactive surface of anti-insect excitatory b-ScTxs

The anti-insect excitatory 3-ScTxs are composed
of 70-76 amino acids, where one of their disulfide bridges
has a different organization pattern compared to other long-
chain toxins (see the alignment in Figure 4) (73). These
toxins induce contraction paralysisin blowfly larvae caused
by repetitive activity of motor nerves resulting from the
activation of sodium currents at a more negative membrane
potentia (39, 73). When anti-insect excitatory B-ScTxs are
structurally compared with anti-mammalian 3-ScTxs, the
former have besides an additional one-and-half turn o-helix
in the C-terminal residues (a2) (Figure 4B, right). The Bj-
xtrIT toxin from the lIsraeli black scorpion B. judaicus
contains an additional five-residue a-helix (a.0) formed by
Ser-Gly-Val-Asn-Ala (in positions 17-21) after the first
conserved Cys16 (Figure 4A) (65); this a-helix has been
identified as a specific segment in the receptor binding site
of thistoxin (69). Despite these variations, the most critical
residues implicated both in structural integrity and function
adopt conformations similar to the other 3-ScTxs.

Site-directed mutagenesis studies showed that
the “pharmacophore region” comprises Glu25 flanked by
hydrophobic residues such as Tyr21 and Val29 for the Bmk
IT-AP toxin and Glu30 surrounded by Val9, Asn20,
Tyr26 and Val34 in the case of the Bj-xtrI T toxin (68, 69).
Substitutions at the Glu30 of the Bj-xtrI T toxin to GIn, Leu,
Arg or Asp severely reduced the binding affinity but only
moderately reduced toxicity (39). Similarly, substitutionsin
Tyr26 and Va34 (or Tyr21 and Val29 in the Bmk IT-AP
sequence) strongly affected the binding affinity (69). The
complete “pharmacophore region” of anti-insect excitatory
B-ScTxs is highly conserved (see Figure 4B, |eft), with the
exception of the BmKITL1 toxin, which contains lle at
position 25. Interestingly, in close proximity to Val29 in
Bmk IT-AP (Va 34 in Bj-xtrIT), there are five highly
conserved residues (Lysl, Lys28, Tyr31, Asp50 and Lys51)
(Figure 4B, l€ft); two of them, Lys28 and Lys51, are
involved in the activity of the toxin (39). Substitution with
Arg, Ala or Phe of the highly conserved residue Glul5,
which is exposed to the solvent with the highly conserved
Lys12 in the N-groove (Figure 4B, left), had a detrimental
effect on the toxicity to insects but not on the binding
affinity; however, substitution of Glul5 to Gln had a
detrimental effect on the binding affinity (39, 70). This
controversial result will be further discussed in section
4.3.5. Additionally, mutations in the hydrophobic cluster
located in the C-termina region of the Bj-xtrIT toxin
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Figure 5. Analysis of the functional regions in anti-insect depressant 3-ScTxs. A) Multiple sequences alignment of the anti-
depressant B-ScTxs. The alignment, using Clusta W, was performed with 27 sequences reported in the Uniprot database in
accordance with its motif (Table 1), the accession numbers followed by abbreviated names are showed. Cystein residues are
shallowed, the pattern of disulfide bridges is indicated in the low part of the figure. Furthermore, residues of the LghlT2 toxin
involved in directed-site mutagenesis are underlined. B) ConSurf analysis for the 3D structure of the anti-insect depressant f3-
ScTxs. The run was carried out using the PDB 2161 (anti-insect depressant 3-ScTx, LghlT2) (66) and the alignment made in
ClustalW. Some residues are |abeled in accordance with the Lghl T2 numbering. The two views are shown rotated every 180°.

(Va71, GIn72, 11€73 and 1le74) (Figure 4B, right) had a
strong effect on its toxicity (73), these residues are variable
among anti-insect excitatory B-toxins, although maintain a
hydrophobic profile. This site is a bioactive surface specific
for this subclass of toxins.

4.3.3 Bioactive surface of anti-insect depressant 3-ScTxs

Anti-insect depressant B-ScTxs induce flaccid
paralysis upon injection into insects and suppress evoked
action potentials in isolated axona preparations due to
strong depolarization (84). The depressant 3-ScTxs (61-64
amino acids in length) competitively inhibit the binding of
anti-insect excitatory p-toxins to insect neurona Na,
channels (68). Structural and mutagenesis studies
conducted with the LghlT2 toxin from Leiurus
quinquestriatus hebraeus based on toxicity to blowfly
larvae assigned the Glu24 flanked by Ile16 and Tyr28 as
the “pharmacophore region” because substitutions in these
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residues (Glu24Arg, llel6Ala and Tyr28Ala) had
detrimental effects on the apparent binding affinity (66).
Surprisingly, Glu24Ala/Asn substitutions abolished the
activity of two anti-insect depressant 3-toxins, Lghl T2 and
Lgh-dpriT3, on cockroach neurona membranes and
Drosophila melanogaster (DmNa,1) channels; however,
these recombinant toxins showed a markedly increased
affinity for receptor site 4 on rat skeletal muscle sodium
channels when a long prepulse was applied (14). This
remarkable result may indicate that a single amino acid
change can affect the specificity of these toxins.

According to the aignment using 27 sequences
from this subclass of toxins (Figure 5A), Glu24 is
conserved in aimost 90% of the sequences; the exceptions
are the BmKIT2 toxin with Asp, the BmKITc toxin with
Val and the BotlT6 toxin with Ile. In the region
surrounding the negative charged residue in the o-helix,
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hydrophobic and aromatic residues occupy position 16,
where lle and Trp predominate (Figure 5A and 5B, left).
The residues located at position 28 are principally
hydrophobic and aromatic (Ala, Phe, Tyr); only three
sequences contain polar or charged residues. These
results show that the hydrophobicity of the
pharmacophore region is preserved, although a detailed
experimental analysis of the functiona changes
produced by natural variations might explain alterations
in the binding affinity and selectivity for the receptor
site.

Nevertheless, two important regions are highly
conserved in all of the anti-insect depressant 3-ScTxs.
The first is located in the C-terminal region near the N-
groove and comprises Gly9, Lysll, Trp53, Asn58,
Thr59 and Gly61 (Figure 5B, right). Site-directed
mutations in LghlT2 toxin showed the importance of
these residues in the receptor binding-site (66).
Interestingly, Trp53 and Trp58 participate in the
formation of one cavity, which might be occupied by a
polar or negatively charged side chain of the receptor.
The substitutions Trp53Val and Asn58Ala reduced the
binding affinity by several orders of magnitude, which
could define both residues as forming a specific
bioactive surface in this subclass of toxins (66). The
second highly conserved region is a very hydrophobic
patch that includes Tyr3, Tyr34, Trp36, Trp38, Leud0
and Trp43 (Figure 5B, left). Mutagenic studies
established that substitutions in Trp36 (Ala) and Trp38
(Ala) have strong effects on the binding affinity because
these residues are involved in the structural integrity of
the anti-depressant B-ScTxs. In contrast, the mutants
Tyr3Phe and Tyr34Ala showed little influence on the
receptor binding affinity (66). The highly conserved
residues that have not yet been studied may represent
excellent targets for future mutagenic analysis.

The residue involved with voltage sensor
trapping by this subclass of toxins, Alal3, is located in the
middle of the N-groove. Although the alignment shows that
this residue is not conserved in the anti-insect depressant 3-
ScTxs (Figure 5A), it has a unique role in toxic activity
because the substitution Alal3Trp in the LghlT2 toxin
increased its ability to shift the voltage dependence of
activation in DmNa, 1 channels (66).

4.34. Bioactive surface of anti-mammalian/insect b-
ScTxs

Anti-mammalian/insect long-chain neurotoxins
have the capacity to compete with both anti-mammalian p-
ScTxs and anti-insect excitatory and depressant -ScTxs
(68, 85, 86). This property indicates that such toxins
recognize common features of the receptor sites of insect
and mammalian sodium channels. Among these toxins, Tsl
(also called Ts7 or TsVII or Tsy) from Tityus serrulatus has
unique characteristics. It does not require a depolarizing
prepulse to completely affect the sodium channel, and it
can interact with multiple channel paddle motifs (52, 56).
Structural analysis of this toxin shows some regions in
common with other B-ScTxs (53). These regions include
the pharmacophore region, composed of Glu26 flanked by
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the hydrophobic residues Leul3, Tyr22 and 1129 (Figure
6B, left); the solvent-exposed aromatic cluster, including
Tyr4, Tyr36, Trp39, Tyr43 and Tyr45; and the Trp54 in the
C-termina region that resembles Trp58 in the anti-
mammalian 3-ScTxs (Figure 6B, right). In accordance with
the sequence alignment, the pharmacophore region is
highly variable in this subclass (see Figure 6A).
Nevertheless, a highly conserved region enriched for
aromatic and hydrophobic residues, including Tyr4, 1lel7,
Tyr 36, Aladl, Trp 39, and to a lesser degree Tyr43 and
Tyr45, is observed in al of the analyzed sequences (see
Figure 6B, right). The fact that this hydrophobic patch is
conserved in the majority of B-ScTxs may implicate this
region in the recognition of both insect and mammalian
sodium channels. Near the hydrophobic region, there is a
very highly conserved cavity formed by Trp54 and Lys12,
whose importance in Tsl toxicity has been confirmed (see
Figure 6B, right) (87).

4.3.5. Functions of Glul5 in the b-ScTxs

Previoudly, it was shown that Glul5, located in
the middle of the N-groove (Figure 3B, left), has a unique
role in the toxic activity of the B-ScTxs, as its substitution
with a positively charged residue (Glul5 by Arg or GIn)
retains amost normal binding affinity to neuronal
preparations but can indeed abolish both the anti-
mammalian toxic activity of Css4 and Css2 from C.
suffusus suffusus (70, 82) and the anti-insect toxicity of Bj-
xtrIT from B. judaicus (57). Recently, Karbat et al. (61)
revealed that the Glul5Arg mutant of Css4 has a very weak
voltage sensor trapping activity that is rapidly reversed
upon repolarization. For this reason, it was proposed that
Glul5 interacts with the voltage sensor when it emerges
from the membrane upon depolarization, and only at this
point is the voltage sensor trapped (61, 71). Furthermore,
some results indicate that the identity of the residue located
at position 15 can also modulate the binding affinity and
selectivity towards sodium channels. It was observed that
the majority of substitutions in this residue, with the
exception of Arg, increase the affinity of the toxin for
sodium channels (61, 66). For example, the mutant
Glul5Ala, in Cs4 as appears in the LghlT2 toxin,
maintains the negative shift and a higher binding affinity
for rat brain neuronal membranes (66). This finding may
explain why there are many toxins with high toxicity that
do not contain a positively charged residue at this position
(36, 66, 88, 89). This unexpected result suggests that the
Glul5 has been conserved throughout evolution because it
is crucial for toxic activity despite its negative effect on
toxin affinity. Surprisingly, the Glul5Ala mutant of Css4
can induce contraction paraysis in blowfly larvae and
shift the activation threshold to more hyperpolarized
potentials in DmNa,1 channels, where it is normally
inactive (61, 66). Additionally, the broad effects of this
residue on both activity and binding affinity might be
due to rearrangements that are induced in the N-groove
region during the interaction with receptor site 4. Recently,
this possibility was bolstered by the findings of Canul-Tec
et al. (82), who reported that the Cn2 toxin undergoes
significant rearrangements in Lysl3 and in the segment
between residues Lys18 and Asp21 after interaction with its
ligand-antibody.
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Figure 6. Analysis of the functional regions in anti-mammalian/insect B-ScTxs. A) Multiple sequences alignment of the anti-
mammalian/insect B-ScTxs. A Clustal W aignment was performed with 11 sequences reported in the Uniprot database in
accordance with its motif (Table 1), the accession numbers followed by abbreviated names are showed. Cystein residues are
shallowed, the pattern of disulfide bridges is indicated in the low part of the figure. Furthermore, residues of the Tsl (Ts7) toxin
involved in binding affinity by chemical modifications experiments are underlined (87). B) ConSurf analysis for the 3D structure
of the anti-insect depressant 3-ScTxs. The run was carried out using the PDB 1NPI (anti-mammal/ insect B-ScTx, Tsl) (53) and
the aignment made in ClustaW. Some residues are labeled in accordance with the Tsl (Ts7) numbering. The two views are

shown rotated every 180°.
5. SYSTEMIC EFFECTS PRODUCED BY b-ScTxs

Approximately 50 species of scorpions from
Buthidae family generate venom with adverse clinical
effects in humans (1). The severity of the systemic effects
produced by these species is dependent on the composition
and potency of that particular venom, and the conditions of
the patient, where children under 5 years old and elderly
people are more affected (1, 4). Although, there are many
components in the scorpion venom, the neurotoxins are the
principa  responsible for the symptoms in the
envenomation process, due to persistent depolarization
produced in autonomic nerves resulting in massive release
of neurotransmitters that causes cascades of physiological
effects (90). The clinical manifestations following scorpion
stings, clearly demonstrated a dysfunction of the peripheral
rather than the centra nervous system (91). Initialy,
scorpions envenomated victims have a transient excess of
cholinergic tone at the neuromuscular junction resulting in
hyper-sdivation, lachrymation, urinary incontinence,
defecation, gastroenteritis, and emesis also high arteria
blood pressure, that in some cases causes cerebral damage,
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edema and ischemia (92-94); the subseguent
norepinephrine release causing tachycardia, hypertension,
hyperpyrexia, myocardial depression, and pulmonary
edema (94). Additionally, signs like mydriasis, nystagmus,
dysphagia, restlessness, confusion, agitation and ataxia are
due to either the release of catecholamine from the adrenal
and noradrenergic nerve terminals or the release of
acetylcholine from postganglionic parasympathetic neurons
(95).

Various interesting studies have shown that the
long-chain scorpion neurotoxins promote release of
different autonomic neurotransmitters. For instance, the
Tityustoxin, an a-ScTx from the venom of the scorpion
Tityus serrulatus, induces release of dopamine in rat brain
prefrontal cortical dlices (96), whereas the Makatoxin |
from Buthus martensi Karsch induces the release of
noradrenalin (97). In the case of B-ScTxs, severa studies
carried out with the Tsl toxin showed that it induces an
increase in the overall sodium and calcium ion interna
concentrations even at low doses (98), causing a significant
increment of the presynaptic release of neurotransmitters,
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which includes gammaamino butyric acid (99),
acetylcholine (100), dopamine (101) and glutamate (98).
This toxin also activates calcium channels, increasing the
uptake of Ca®* in synaptosomes (102). The obtention of
more information in this area will permit to compare the
possible different effects between o- and B-ScTxs.
Furthermore, it has been ohserved that multiple organ
dysfunctions are produced by inflammatory response towards
different B-ScTxs. For example, in vitro and in vivo studies
performed with Tsl and Cn2 showed an increment of severd
proinflammatory cytokines (in shorter times of exposition) and
anti-inflammatory cytokines (after longer times of gpplication)
(103-106). The induction of phagocytoss and vacuoles
formation, the decoy of spreading and fluctuations of the
internal calcium concentrations are aso observed (107).
Nevertheless, many secondary events following the scorpion
envenomation suggest a direct effect produced by toxins or
other components into different organs, such as heart, kidneys,
lungs and secretory glands (108-111). For example, the Tityus
sarrulatus venom induced cardiovascular  manifestations
including high blood pressure accompanied by arrhythmiasin
ario-ventricular conduction blockade that may lead to
cardiovascular collgpse due to myocardia involvement (112).
It was suggested that “antarease”, a metalloprotease purified
from Tityus serrulatus venom decreased the pancredtic
secretion by cleavage of vesicle-associated membrane proteins
(113).

It seems well established that the primary
molecular events taking place after a scorpion sting is the
recognition of ion-channels, which causes a cascade of
physiological effects, discussed above. However, it is also
clear that secondary molecular events are associated to the
physiological effect of scorpion toxins, which are not fully
characterized yet, and need more research to fully clarify
these intoxication symptoms caused by scorpion venom
components.

6. PERSPECTIVES

The electrophysiological effects produced by B-ScTxs in
VGSCs are independent because of different kinetic
patterns (58); this finding suggests that the 3-ScTxs make
use of different structural segments to achieve their
functions. These critical bioactive surfaces are derived from
different regions of the primary sequence, where we have
emphasized the presence of severa highly conserved
aromatic residues implicated in both the structural integrity
and the binding affinity of the toxins. These residues may
explain the ability of the B-ScTxs to compete for receptor
site 4 of different sodium channels, although the interaction
among each toxin subclass with subtypes of sodium
channels must be determined. Furthermore, the high
variability surrounding the Glu in the pharmacophore
region located in the centre of the a-helix suggests that
these natura modifications may be involved in the
selectivity for different sodium channels. We have shown
that small differences in the surface topology can influence
the degree of toxin-channel interaction, which involves a
combination of electrostatic, hydrophobic and hydrogen-
bonding interactions; there is a so the possibility that the -
ScTxs have an induced fit after their interaction with
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sodium channels. These changes alow toxins to
differentiate among sodium channel sub-types and to
expand their repertoire of functional actions based on the
voltage sensor trapping model. Moreover, in silico studies
of docking between the Css4 toxin and Na,1.2 showed that
the toxin-interacting residues fit tightly into the crevice
between the S1-S2 and S3-$4 hdlical hairpins of domain Il
of the sodium channel (13, 64). These results reveaed
putative close interactions that have been confirmed by
mutagenesis studies to be important for toxin binding and
action. Analyses of the conserved regions have been
undertaken, and some specific regions of each subclass of
toxins have been studied, but many studies of subgtitutionsin
the loops and turns are still needed to understand their rolesin
toxin function. The use of double mutants, in both channels
and toxins, will surely dlow further identification and
confirmation of interacting surfaces. With the arrivd of the
‘'omic' erg, transcriptomic and proteomic studies will certainly
shed light on the composition and diversity of toxins present in
venoms from different scorpion species. These new techniques
will identify numerous components, including those with
unknown functions, and will help advance our understanding
of the complicated mechanism of intoxication that occurs
during envenomation after a scorpion gting. It has been
demonstrated that scorpion tings, if trested with anti-venoms
(horse F(ab)’, fragments) immediately after the accident, have
ensured 100% recovery; after longer periods (more than 2
hours) of exposure to the effects of scorpion venoms, surviva
isuncertain, even if anti-venomis eventudly used (114). These
findings suggest that after the primary events, which are well
defined by the direct contact of toxins with the ion channdls,
other secondary molecular events occur causing irreversble
biologicd dterations of the scorpion gfing victim. These
secondary events need to be studied by the novel “omic”
techniques and approaches, which will certainly open new
avenues for futureresearch in this area.
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