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Seaanemones (Actinaria, Cnidaria) are ancient sessile predators (Chen et al., 2002) that heavily
depend on their venom for survival (Ruppert and Barnes, 1994). They immobilize their prey
or deter their foe by using cells called nematocytes for stinging and delivery of venom. Analysis
of the venom in many sea anemone species uncovered a rich repertoire of low molecular weight
compounds such as serotonin and histamine (Beress, 1982), ~20 kDa pore-forming polypeptide
toxins (Kem, 1988; Anderluh and Macek, 2002), 3.5-6.5 kDa polypeptide toxins active on
voltage-gated potassium channels (Castaneda et al., 1995, Schweitz et al., 1995; Gendeh et al.,
1997; Yeung et al., 2005) and 3-5 kDa polypeptide toxins active on voltage-gated sodium
channels (Beress et al., 1975; Rathmayer et al., 1976; Honma and Shiomi, 2006). The
combination combined effects of these compounds has apparently been successful over
hundreds of millions of years as is evident by the success ability of sea anemones to colonize
and thrive in a wide variety of ecological niches. despite their limiting physique. Moreover,
the ever changing environment and appearance of new species had probably enforced
diversification of toxins in sea anemones. Indeed, not only that a variety of toxin configurations
can be found in their venom (Honma and Shiomi, 2006), but it was shown that each toxin is
encoded by a gene family toxin is usually but one member of a gene family (Moran et al.,
2008a).

The toxins active on voltage-gated sodium channels are abundant in all sea anemone venoms
assayed to date, and are present even in rare and highly unique species (Ishida et al., 1997,
Moran and Gurevitz, 2006). Their abundance of these toxins and the fact that these toxins they
constitute a major fraction of the proteinaceous content of the venom (Beress et al., 1975)
indicate that they have a point for their major role in predation and defense.

The voltage-gated sodium channel as a prime target for sea anemone toxins

Voltage-gated sodium channels (Nays) have a pivotal role in excitability of most animals as
they are responsible for triggering enable the initiation and mediation propagation of action
potentials. These channels are transmembrane complexes composed of a highly conserved
pore-forming a-subunit and auxiliary subunits such as B-subunits in vertebrates (Catterall,
2000) and TipE subunits in insects (Feng et al., 1995). The ~260 kDa a-subunit is ~260 kDa
protein is composed of four homologous domains (D1-D4), each composed of comprising six
transmembrane segments (S1-S6; Fig. 1). Nine genes encoding the channel a-subunit exist in
the human genome. These genes share >50% identity and in many instances their transcription
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expression is temporally and spatially regulated in tissues or cells, cell- and even membrane
location within-cell specific (Goldin et al., 2002).

Due to their crucial role in excitability Nays had become prime targets for a wide variety of
toxins. Seven neurotoxin receptor sites have been elucidated thus far on Na,, a-subunits
(reviewed in Gordon et al., 2007; Blumenthal and Seibert, 2003). Four of these sites, formed
by the extracellular loops that connect the transmembrane segments of the a-subunit, are
receptor site-1, receptor site-3, receptor site-4 and receptor site-6, are recognized by water-
soluble peptide toxins: and are likely composed of the extracellular loops that connect the
transmembrane segments of the a-subunit. Receptor site-1 is targeted by p-conotoxins from
venomous cone snails (Terlau and Olivera, 2004) as well as by guanidinium toxins like
tetrodotoxin and saxitoxin; Receptor site-3 is targeted by toxins from sea anemones, scorpions
and spiders (Catterall and Beress, 1978; Gordon and Zlotkin, 1993; Rogers et al., 1996; Little
et al., 1998); Receptor site-4 is targeted by toxins from scorpions and spiders (Cestele and
Catterall, 2000; Corzo et al., 2005); and Receptor site-6 is targeted by 5-conotoxins from
venomous cone snails (Fainzilber et al., 1994; Terlau and Olivera, 2004). Aside of p-
conotoxins, all these toxins affect the gating properties of the Na,;, either activation (Receptor
site 4; Cestele and Catterall, 2000) or inactivation (Receptor sites 3 and 6; Ulbricht, 2005), and
therefore are called ‘gating modifiers’. The classification of toxins to pharmacological groups
is based on their mode of action and ability to displace one another in binding competition
assays (Jover et al., 1978; Catterall, 2000; Gordon, 1997).

The discovery of sea anemone toxins active on voltage-gated sodium

channels

Substances Crude extracts from the tentacles of the sea anemone Anemonia sulcata (today
named Anemonia viridis) were first isolated prepared in 1902 and shown to cause anaphylaxis
in dogs (Richet, 1902). The paralytic and lethal mechanism of action activities of a sea anemone
venom extract were investigated in more detail by Narahashi and co-workers (1969) who
demonstrated that a toxic fraction from the Carribbean Condylactis gigantea delayed the
inactivation of sodium currents in the crayfish giant axon. Six years later Beress and co-workers
isolated toxins affecting sodium channels from Anemonia viridis and named them ATX I, ATX
I1and ATX 111 (hamed today Avl, Av2 and Av3, respectively; Beress et al., 1975). These three
toxins were found to affect crayfish neuromuscular transmission and nerve action potentials
(Rathmayer and Beress, 1976) by inhibiting the inactivation of sodium conductance at isolated
crayfish neurons (Hartung and Rathmayer, 1985). Av2 induced similar effects in the node of
Ranvier in frog nerve fibers (Bergman et al., 1976). The inhibition of inactivation results in
prolonged action potentials that may lead to contractile paralysis and death. Sequence
determination of these toxins revealed that Avl and Av2 are 46 and 47 amino acid residue
long, respectively, and that they share high sequence identity (Wunderer et al., 1976, 1978),
while Av3 is only 27 amino acid residue long and its sequence is unrelated to those of Avl
and Av2 (Martinez and Kopeyan, 1977; Fig. 2). As sea anemone toxins and scorpion a-toxins
induced similar effects on channel inactivation, they were examined in binding competition
assays at neuroblastoma cells, which indicated that they share a common binding site on
Nays (Catterall and Beress, 1978). This receptor binding site was later named ‘receptor
site-3’ (Catterall, 1979). The competition for the same site was demonstrated later in numerous
binding studies using mammalian and insect neuronal preparations and radio-iodinated
scorpion or anemone toxins (e.g. Schweitz et al., 1981; Gordon and Zlotkin, 1993; Loret et al.,
1994; Gordon et al., 1996; Moran et al., 2006, 2007).
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Classification of sea anemone toxins active on voltage-gated sodium

channels

Comparison of toxins Avl, Av2 and Av3 revealed that they belong to at least two protein
families. Over the years, numerous toxins that resemble Av1 and Av2 were found in various
sea anemone species (Fig. 2). Schweitz and co-workers (1985) isolated four toxins (Rp1, Rp2,
Rp3 and Rp4) from the species Heteractis paumotensis (previously called Radianthus
paumotensis) and categorized them as a new class of sea anemone toxins because antibodies
raised against Rp3 recognized other R. paumotensis toxins and did not recognize the A.
viridis toxins. The long (46-51 aa) sea anemone toxins were subsequently classified into as
“Type | sea anemone toxins’ (Av2-like toxins) and “Type Il sea anemone toxins’ (Rp3-like
toxins). However, since the toxins of both types share up to 50% sequence identity and identical
the same disulfide bridging, and due to the finding of toxins of Halcurias sp. and Nematostella
vectensis that resemble both Type I and Type Il sequences (Ishida et al., 1997;Moran and
Gurevitz, 2006), it seems that this classification should be reevaluated. it seems that this
“binary”classification largely focused on sequence differences between the toxins of just the
first two sea anemone families investigated. The NMR structure of all Type I and Type Il sea
anemone toxins exhibits an anti-parallel B-sheet composed of four p-strands and a highly
flexible loop, named ‘Arg-14 loop’, after its most conserved residue (Widmer etal., 1989;Fogh
et al., 1990;Wilcox et al., 1993;Pallaghy et al., 1995;Monks et al., 1995;Salceda et al., 2007).

The characterization of Av3 has established the Type Il class of sea anemone toxins (Norton
et al., 1991; Beress et al., 1975). Unlike Type | and Type Il, which are common in the venom
of various species, Type I11 toxins were identified only in a few species. The other known Type
I11 toxins are Eal (previously PaTx) from Entacmaea actinostoloides (previously Parasicyonis
actinostoloides) and its close homologues from Dofleinia armata and Entacmaea ramsayi
(Honma et al., 2003; Fig. 2). NMR analysis of Av3 revealed an unusual compact structure
containing only g and y-turns (Manoleras and Norton, 1994). As Av3 lacks the fourth disulfide
bridge found in Eal and its homologues, it is unclear to what extent the structure of Type IlI
toxins is conserved.

Genomic organization and evolution of sea anemone toxin genes

The data regarding the genes and transcripts encoding sea anemone toxins is scarce. Transcripts
for sea anemone toxins were isolated from several species usually mostly via PCR reactions
based on and degenerate primers (Spagnuolo et al., 1994; Kelso and Blumenthal, 1998;
Anderluh et al., 2000; Honma et al., 2005). As shown for other nematocyst proteins, sea
anemone These toxins seem to be translated as precursors, carrying a leader peptide and a
propart region, which have been suggested to have a role in intracellular sorting and delivery
to the nematocyst (Anderluh et al., 2000). Until recently, the only available genes encoding
sea anemone toxins affecting Na,s were clx-1 and clx-2 of Calliactis parasitica. Yet, aside
from their conserved cysteines, their toxic products exhibit very low sequence similarity to
Type I and Type Il toxins (Cariello et al., 1989; Spagnuolo et al., 1994). The two genes include
an intron within the 5 UTR and another intron within the region encoding the leader peptide
(Fig. 3). Interestingly, this structure organization is also found in genes encoding unrelated sea
anemone potassium channel blockers (Gendeh et al., 1997) and scorpion toxins (Zhu and Gao,
2006). The similar gene structures organization can be attributed to convergent evolution and
may suggest that these introns have a selective value, which is corroborated by examples of
critical roles of introns in gene expression (reviewed by Maniatis and Reed, 2002; Fedorova
and Fedorov, 2003).

The initial release of the genome sequence draft of the starlet anemone, N. vectensis (Sullivan
et al., 2006) provided the first opportunity to explore the toxin-related genomic landscape of
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a cnidarian. Fourteen putative genes were identified by homology searches, but unexpectedly
they were all found to encode the same mature toxin, Nv1, which highly resembles Type | and
Type 1l sea anemone toxins (Moran and Gurevitz, 2006). The Nv1 gene structure is similar to
that of the C. parasitica toxin genes, with two exons separated by an intron. Astoundingly, the
gene region that encodes the mature toxin is devoid of any synonymous substitutions (codon
substitutions that do not change the amino acid sequence) and the genes in general are strikingly
similar (identity >97.5%). This is in sharp contrast to the previously described heterogeneity
of animal peptide neurotoxins (Nakashima et al., 1993; Duda and Palumbi, 1999; Froy et al.,
1999).

The official release of the more complete genome sequence of N. vectensis (Putnam et al.,
2007) was useful in exploring the genomic organization of the Nv1 genes. At least eight Nv1
genes are located in a narrow genomic region of ~30,000 bp at the same transcriptional
orientation (Moran et al., 2008a; Fig. 4A). The adjacent genomic regions of all genes are also
highly similar (Fig. 4B; Identity >92.5% for at least 1000 bp). This unusual nucleotide
conservation is reminiscent of the genes encoding ribosomal RNA (rDNA). The rDNA genes
were suggested to evolve in a rare evolutionary mode known as ‘concerted evolution’ (Brown
et al., 1972). This suggestion has been proven in yeast to be based on unequal crossover
(Szostak and Wu, 1980). Due to their concerted evolution the rDNA copies and their
surrounding regions in one species are all more similar to one another than to rDNA genes of
other species. Indeed, when the transcripts and genes of Type I toxins from A. viridis and
Actinia equina were amplified, the deduced toxins of each species were highly similar to one
another, but less similar to those of other species (Fig. 5). A remarkable example was found
in A. viridis, where six at least seven genes encode Av2, with noticeable insertions/deletions
(indels) in their introns, but still with highly similar (>95%) exons (Moran et al., 2008a).

The selective advantage of concerted evolution of toxin genes may relate to a 'dosage’ effect
of gene expression. This suggestion is supported by a strong statistical positive correlation
found between gene expression level and concerted evolution of duplicated genes in yeast
(Sugino and Innan, 2006). Unlike many other poisonous animals, sea anemones lack a venom
gland or a stinging organ. Instead they use for venom delivery and use instead nematocytes,
spread all over their body, distributed throughout the integumentary tissues (Kass-Simon and
Scappaticci, 2002). Since these cells and since these cells are replaced after discharge are able
to discharge toxins (via their discharging nematocysts; see Fautin paper in this issue) into a
victim only once, and must be replaced, swift production of copious toxin in young nematocytes
is seemingly advantageous. and the Such production of toxin may be accelerated by the
presence of multiple copies of the same toxin gene. While this strategy for large-scale toxin
production may appear primitive or ineffective compared to the acquisition of very strong
promoters and enhancers, concerted evolution may also be useful for the rapid “transmission”
of advantageous mutations from a single toxin gene locus to the other loci or in preventing the
loss of a highly effective toxin.

In addition to the multiple genes encoding highly similar toxins in A. viridis and A. equina,
genes encoding novel putative toxins were also identified in these species (Moran et al.,
2008a). These genes evolved in an adaptive manner under positive Darwinian selection
(“accelerated evolution”) as shown for toxin genes of other poisonous animals (Nakashima et
al., 1993, Duda and Palumbi, 1999; Zhu et al., 2004; Moran et al., 2008a). This mode of
evolution can be highly advantageous as the evolution of pharmacological targets of
neurotoxins might have been enhanced under the selective pressure exercised by the
neurotoxins, resulting in an evolutionary “arms race”. Accelerated evolution driven by positive
Darwinian selection and gene variability seems to contradict the proposed mechanism of
concerted evolution. Still, variability is also found in rDNA, and several cases of rDNA that
“escaped” concerted evolution were documented (Carranza et al., 1999; Keller et al., 2006).
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Accordingly, in A. viridis and A. equina it is possible that some toxin genes "escaped" the
concerted process, diverged rapidly and were fixed depending on the selective value and neutral
drift of these loci.

A better insight into cnidarian toxin genomics is still limited due to the lack of nucleotide data.
The release of the Nematostella genome, and the highly anticipated future release of the
Hydra and possibly Acropora genome drafts (Miller and Ball, 2008), will certainly shed more
light in this field. However, as far as we are aware, homologues of sea anemone toxins active
on Nays do not exist in the genomes of non-actinarian cnidarians, and therefore, the research
of genes encoding these toxins will still heavily depend on isolation and amplification of single
genes from genomic samples.

Expression of neurotoxins across the life cycle of sea anemones

Sea anemones begin their life as free swimming planulae that settle and metamorphose into
adult polyps (Ruppert and Barnes, 1994). A thorough survey of the literature reveals that all
sea anemone toxins reported thus far were isolated from polyps. Nevertheless, it is well
documented that nematocytes are common in planulae and that the precursor cells of
nematocytes, the nematoblasts, appear in cnidarian embryos as early as 12 hours after
fertilization (reviewed by Kass-Simon and Scappaticci, 2002), raising the question of whether
the embryonic and larval stages already produce toxins. Recently, an RT-PCR analysis
indicated that Nv1 is transcribed in all life stages of N. vectensis, but the transcripts are spliced
only in the polyp (Moran et al., 2008b). Since the intron introduces a stop codon prior to the
region encoding the mature toxin, it is evident that Nv1 is not produced in the larval stages
(Moran et al. 2008b). Immuno-staining assays on N. vectensis samples with an anti-Nv1
antibody indicated that toxin production begins at the four tentacle buds of primary polyps, the
first developmental stage which captures prey, supporting the RT-PCR results (unpublished
results). The rare mode of alternative splicing of the Nv1 transcript is called 'Intron retention’,
and it comprises approximately 3% of the documented cases of alternative splicing in animals
(Ast, 2004). The age-dependent post-transcriptional mechanism that controls the alternative
splicing of the neurotoxin transcripts is intriguing and raises new questions in the study of N.
vectensis development. In contrast to the embryonic Nv1 transcripts, Av2 transcripts, found in
A. viridis oocytes but not in sperm, are spliced (unpublished data). Furthermore, a transcript
encoding a pore forming toxin from Hydra is abundant in embryos (Genikhovich et al.,
2006). Thus it appears that various cnidarian toxins are expressed in embryonic and larval
stages, at least at the nucleotide level, which deserves further examination as to their role.

The selectivity of sea anemone toxins

Profound differences in selectivity of sea anemone toxins toward various animal groups have
been documented. Av1 and Av3 are very active in crustaceans but and inactive in mice, while
Av2 is highly active in both organisms (Schweitz et al., 1981). In contrast, Anthopleurin A
(ApA) and Anthopleurin B (ApB), Type | sea anemone toxins of Anthopleura
xanthogrammica, are more active on mammals than on crustaceans. Other studies using cell-
lines that express specific mammalian Na, subtypes and recombinant ApA and ApB toxins
have shown that ApA is active on cardiac Na,s, while ApB modifies equally well neuronal
and cardiac sodium channels Nays (Khera and Blumenthal, 1994; Gallagher and Blumenthal,
1994; Khera et al., 1995). However, these results were contradicted in later elecrophysiological
studies showing preference of both ApA and ApB for cardiac channels (Khera et al., 1995).
Attempts to ameliorate improve by site-directed mutagenesis ApB selectivity to the rat cardiac
sodium channel rNay1.5, while retaining the original potency, had limited success (Khera and
Blumenthal, 1996; Dias-Kadambi et al., 1996a; Dias-Kadambi et al., 1996b; Kelso et al.,
1996). Characterization of Av2 effects on various heterologously expressed mammalian
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Nays revealed that it was five times more active at hNa,1.5 (human cardiac channel subtype)
than at rNay1.4 (rat skeletal muscle channel subtype) (Chahine et al., 1996). Oliveira and co-
workers (2004) assayed the activity of Av2, AFT2 of Anthopleura fuscoviridis and Bc3 of
Bunodosoma caissarum (Fig. 2) on six distinct human Na,, subtypes (Na,1.1-Na,1.6)
expressed in human embryonic kidney (HEK293) cells. These assays demonstrated profound
differences in selectivity of the three toxins toward the human Na, subtypes. The most
remarkable result was the high potency of Av2 at the neuronal channel subtypes Na, 1.1 and
Nay1.2, while the effect of the other two toxins was very weak. As Av2 and AFT2 differ in
only two amino acid residues, this difference in selectivity is intriguing, but since these toxins
were isolated from whole sea anemones, traces amounts of other native compounds could affect
the activity measured. the purification process could lead to differences in activity.

Comparison of Av2 effects at the Drosophila melanogaster sodium channel DmNa,1 (Para)
and rNay1.2a (rat brain channel subtype) expressed in Xenopus laevis oocytes has shown clear
preference of Av2 for the insect sodium channel (Warmke et al., 1997). However, comparison
of Av2 action on DmNa, 1 and rNa,1.5 clearly indicated that this toxin is equally active at both
channels (Fig. 6A, B). A sharp difference in selectivity was observed when the effects of Bg2,
atoxin of Bunodosoma granulifera, were evaluated at insect versus mammalian Na,s expressed
in Xenopus oocytes (Bosmans et al., 2002). Bg2 affected DmNa, 1 in concentrations of 5 nM,
but affected the mammalian Nays only in 50-fold higher concentrations. However, this reported
insect-selectivity of Bg2 is in contrast to previous reports about anti-mammalian activity of
this toxin when examined in binding competition assays against the scorpion a-toxin Aah2 (of
Androctonus australis hector) at rat brain synaptosomes, and in electrophysiological assays
performed on rat neurons (Loret et al., 1994; Salceda et al., 2002).

The profound activity of sea anemone toxins on insects is puzzling considering the fact that
the two groups of organisms live in separate habitats. Still, taken that insects and crustaceans
are both arthropods suggests that their ion channels are similar. This assumption is corroborated
at the bioinformatic level when the sequence encoding Na, derived from the initial genome
draft of the crustacean Daphnia pulex (genome draft available at
http://genome.jgi-psf.org/Dappul/Dappul.home.html) is compared to that of DmNa,1
(GenBank accession P35500). Moreover, although most insects are terrestrial, in their larval
stage some of them could encounter sea anemones in shallow water. Indeed, N. vectensis was
reported to feed on insect larvae (Frank and Bleakney, 1978). At present, no Type | seaanemone
toxin that is truly invertebrate selective has been reported, although recent studies have raised
Av1l of A. viridis and Nv1 of N. vectensis as two promising candidates for invertebrate-selective
Type | sea anemone toxins: Avl of A. viridis and Nv1 of N. vectensis (Moran et al., 2008 and
Unpublished data).

Although the study of Type Il sea anemone toxins has not been as extensive as that of Type |
toxins, some of them exhibit high preference for invertebrates. While Rp4 of H. paumotensis
is more active on mice than on crabs, Rp2 from the same anemone is 280-fold more active on
crabs than on mice (Schweitz et al., 1985). Electrophysiological analysis of the toxin Sh1 of
Stychodactyla helianthus on crayfish and cockroach axons, as well as its injection to crabs,
cockroaches and mice has shown no effect on the injected mice, a much stronger toxicity on
crabs compared to cockroaches, and higher activity at the crayfish over cockroach axons
(Salgado and Kem, 1992). In this study, Calliactis toxin was also shown to have an almost
identical action on sodium channels. Evidently, The Type Il toxins still await further
characterization of toxin effects, especially on heterologously expressed channels, may
contribute to the knowledge about selectivity of Type Il sea anemone toxins.

The Type 11 sea anemone toxin, Av3, was found toxic to crabs but non-toxic to mice in
intraperitoneal injection (Beress et al., 1975; Schweitz et al., 1981). In addition, Av3 competed
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very poorly with the anti-mammalian scorpion a-toxin Aah2 on binding at rat brain
synaptosomes and had almost no effect on the sodium uptake of neuroblastoma cells (Schweitz
et al., 1981). These results have clearly indicated that Av3 is inactive on mammalian Na,s.
Analysis of Av3 in its recombinant form on insect sodium channels revealed profound toxicity
to blowfly larvae, high affinity for cockroach neuronal membranes in competition assays
against the site-3 scorpion a-toxin LghalT, and salient preference for the insect channel
DmNa,1 over rNay1.2a, rNa,1.4 and hNa, 1.5 mammalian channels (Moran et al., 2007; Fig.
6C, D). Since other Type 111 sea anemone toxins were rarely studied, it is unknown to what
extent this group of toxins shares the invertebrate specificity of Av3.

The bioactive surfaces of sea anemone toxins

The initial attempt to uncover residues with a functional role in a sea anemone toxin was by
chemical modifications of Av2 (Barhanin et al., 1981). This study raised the putative role in
bioactivity of Asp-7, Asp-9, Arg-14 His-32, His-37, Lys-35, Lys-36, Lys-46 and the C-
terminus. However, since (i) only charged residues were modified; (ii) in many instances a
number of residues have been modified simultaneously; and (iii) the toxin fold might have
been altered, the significance of these results is questionable. Indeed, mutagenesis of Av2 and
other Type | toxins has provided a different picture (Blumenthal and Seibert, 2003; Moran et
al., 2006).

The Type | sea anemone toxin that was most extensively studied during the last decade was
ApB (Gallagher and Blumenthal, 1992). With the advent of its recombinant production using
an Escherichia coli expression system, Blumenthal and his colleagues were able to modify the
toxin residue by residue and to assess the effect of these substitutions on bioactivity. All ApB
mutants were assayed either on cardiac rNa,1.5 and brain rNa,1.2a channels transiently
expressed in HEK cells, or mammalian cell lines that constitutively express these channels
among a minority of other channel subtypes. These studies have suggested a bioactive role for
Arg-12, Asn-16, Leu-18, Ser-19, Trp-33, Lys-37 and Lys-49, of which most bioactive residues
were associated with the Arg-14 loop and with the substitutions of Leu-18 having the strongest
effect on ApB activity (Blumenthal and Seibert, 2003; Khera and Blumenthal, 1996; Dias-
Kadambi et al., 1996a; Dias-Kadambi et al., 1996b; Kelso et al., 1996; Seibert et al., 2004; Fig.
2 and Fig. 7). In contrast to the results obtained by chemical modifications of Av2 (Barhanin
et al., 1981), this mutagenic analysis has indicated that Arg-14, His-34 and His-39 have no
bioactive role (Khera and Blumenthal, 1994, 1996).

Recombinant expression of novel neurotoxin transcripts from Anthopleura of unknown species
and activity assays using the contractile force of isolated rat atria, suggested that residues at
sites 14, 22 and 25 might have a bioactive role (Wang et al., 2004). Nevertheless, these results
await further validation using electrophysiological, binding and toxicity assays more common
in the analysis of toxins (Blumenthal and Seibert, 2003; Moran et al., 2006).

Functional expression of Av2 enabled thorough alanine scanning and elucidation of its
bioactive surface toward insects (Moran et al., 2006). Analysis of all mutants in toxicity to
blowfly larvae and binding assays on cockroach neuronal membranes revealed a functional
role for Val-2, Leu-5, Asn-16, Leu-18 and lle-41 (Fig. 2 and Fig. 7). Further
electrophysiological analysis of these mutants against at hNa, 1.5, indicated a bioactive surface
toward the mammalian channel similar to that toward insect channels with the exception of
Ser-19, whose substitution affected only the activity only at the cardiac channel. Av2 and ApB
are 79% identical in sequence and excluding Arg-12 and Lys-49, all other residues shown to
be important in Av2 appear also in ApB (Fig. 2). However, a major variation between both
toxins is the functional role proposed for Trp-33 and Lys-37 in ApB, whereas substitution of
their Trp-31 and Lys-35 equivalents in Av2 had no effect on the insecticidal activity, and
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affected only slightly the activity at Na,1.5 (Moran et al., 2006). Moreover, of the four
functional aliphatic residues on the Av2 surface, only Leu-18 was ascribed to the anti-
mammalian bioactive surface of ApB (Dias-Kadambi et al., 1996b). These glaring differences
suggest that despite some commonality in the bioactive surface of Av2 and ApB, the two toxins
may interact differently with receptor site-3 on insect and mammalian Na,s. This assumption
is corroborated by findings of Benzinger and co-workers (1997) that have suggested about
differences in the binding sites of ApA and ApB on rat skeletal muscle and cardiac Na,s.

Mutagenesis of the glycine residues spanning the flexible Arg-14 loop severely hampered the
ability of ApB and Av2 to affect Nays (Seibert et al., 2003; Moran et al., 2006). On the basis
of these results and the fact that glycines usually are found in protein sequences at positions
that may enlarge structural flexibility, it was proposed that the freedom of the Arg-14 loop to
tilt is an important feature for toxin interaction with the receptor site. Another residue whose
substitution by alanine affects toxin action is the conserved Asp-9 (Khera and Blumenthal,
1996; Moran et al., 2006; Fig. 2). Because substitution D9N had only little effect on toxicity,
the carboxyl group of Asp-9 is not critical for Av2 and ApB activity. As may be inferred from
the NMR structures of ApA and ApB, a hydrogen bond exists between the carbonyl group at
the side chain of Asp-9 and the amine of Cys-6 (Pallaghy et al., 1995; Monks et al., 1995).
Theoretically this bond should be maintained when the aspartate is substituted by asparagine.
Khera and Blumenthal (1996) reported that Asp-9 is critical for proper folding of recombinant
ApB on the basis of the prominent decline in polypeptide yield when mutated at this position.
However, the same phenomenon was not observed in Asp-9 mutants of Av2 (Moran et al.,
2006), suggesting that the role of the hydrogen bond formed by the carbonyl of Asp-9 with
Cys-6 is to limit the free tilting of the Arg-14 loop. Assuming that the binding of sea anemone
toxins to receptor site-3 includes a step of induced fit (Koshland, 1958), which involves the
Arg-14 loop, it is possible that its flexibility enables adoption of a shape necessary for binding.
Yet, it cannot be ruled out that the carbonyl of Asp-9 simply interacts with the Na,, receptor
site.

Although Type Il sea anemone toxins have been studied at the physiological level, none of
them was analyzed using a molecular approach. their study at the molecular level was limited
and focused on the charged residues in Sh-1 of Stichodactyla helianthus (Pennington et al.
1990). It was shown that substitutions of Lys-4, Asp-6, Asp-7, Glu-8 and Asp-11 impaired
severely the activity of Sh-1 with no effect on its structure, suggesting that the bioactive surface
of this toxin is highly charged. Although diverged from a putative common ancestor (Ishida et
al., 1996; Moran and Gurevitz, 2006), sequence comparison of Type Il toxins with Type |
toxins reveals less than 50% identity, and the bioactive residues in both toxin types differ
determined in Type I to be involved in bioactivity are not conserved in Type |1 toxins (Fig. 2).
Despite the difference, both toxin types exert similar effects on a crustacean axon (Rathmayer
etal., 1976; Salgado and Kem, 1992). Even more confusing is the fact that CLX-I (also known
as Cpl) of C. parasitica, which hardly shares any sequence similarity with other Type | and
Type Il sea anemone toxins, affects the crustacean axon in a very similar fashion (Cariello et
al., 1989; Salgado and Kem, 1992). It seems therefore that the similar general structure,
maintained by a conserved framework of 3 three disulfide cysteine bonds, and the flexibility
of the Arg-14 loop, are of major importance in the ability of sea anemone toxins to bind at
receptor site-3 of Na,s. However, the question of how this receptor is recognized by a variety
of toxin faces is still unclear.

Recombinant expression and mutagenesis of Av3 revealed that the bioactive surface of this
toxin is clustered at one hemisphere of the molecule and consists of Arg-1 and a patch of
hydrophobic residues, Pro-5, Tyr-7, Trp-8, Pro-12, Trp-13 and Tyr-18 (Fig. 7). This bioactive
surface is much more condensed than those of the Type | sea anemone toxins ApB (Seibert et
al., 2004) and Av2 (Moran et al., 2006). While the bioactive surface of Av2 lacks aromatic
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residues, the bioactive surface of Av3 heavily depends on them (Fig. 7). Moreover, some of
the residues most critical for Av2 activity appear on the flexible Arg-14 loop, whereas such
flexible determinant does not exist in Av3 (Manoleras and Norton, 1994). The bioactive surface
of Av3 [245 A2 (1 A=0.1 nm)] is considerably smaller than those of scorpion a-toxins (e.g.
430 AZ for LghalT), whose bioactive surfaces are divided into two major amino acid clusters
(Karbat et al., 2004,2007;Ye et al., 2005;Fig. 7). These prominent differences imply that the
three toxin types interact differently with receptor site-3 on DmNa,,1, providing further support
for the high heterogeneity of this site (Gordon et al., 1996,2007;Moran et al., 2007).

The putative receptor for sea anemone toxins on voltage-gates sodium

channels

Determination of receptor site-3 on the Na,, requires identification of channel residues or
determinants that constitute the face of interaction with toxin ligands defined
pharmacologically as site-3 toxins. Since this receptor site is targeted by scorpion, spider, and
sea anemone toxins that vary greatly in structure, the face of interaction between each toxin
and the Nay, evidently differs. Yet, considering that these three toxin types compete in binding
(Catterall and Beress, 1978; Gordon and Zlotkin, 1993; Little et al., 1998; Gordon et al.,
1996) suggests that their surfaces of interaction with the Na,, overlap to some extent, which
may explain the similar effect they induce on the Na,, (Gordon et al., 2007). In addition,
scorpion a-toxins and Type | and Type Il sea anemone toxins exhibit similar synergism with
site-4 toxins (Cohen et al., 2006; Moran et al. 2007). This implies that identification of channel
residues involved in the surface of interaction of one of these toxins would provide initial
information as to the channel extracellular surface, which that forms constitutes receptor site-3.

By using a variety of antibodies raised against synthetic peptides representing sequences of
Nay extracellular loops, the binding of the scorpion a-toxin Lgg5 of Leiurus quinquestriatus
quinquestriatus was inhibited by those recognizing the S5-S6 loops of domain 1 and domain
4 (Thomsen and Catterall, 1989; Fig. 1). Unfortunately, these antibodies were not used in the
context of sea anemone toxin binding. As determination of the structure of a channel-toxin
complex is still an unachievable task, attempts to expose channel regions or residues involved
in such interaction focus nowadays on mutagenesis accompanied by analysis of the effect on
toxin binding and action.

With the assumption that scorpion a-toxins and sea anemone toxins interact with the Na,, via
positively charged residues and on the basis of the results obtained with the antibodies
(Thomsen and Catterall, 1989), Rogers and co-workers (1996) neutralized by mutagenesis
acidic residues at the extracellular loops of domains 1 and 4 of rNa,1.2a and examined the
effects on Av2 and Lqg5 binding. These experiments highlighted a putative role for Glu-1613,
at the loop connecting S3 and S4 of domain 4 (D4/S3-S4; Fig. 1). When the charge of Glu-1613
was inverted, the binding of both Av2 and Lgqg5 was abolished. Substitutions E1616A, V1620A
and L1624A also diminished the binding affinity of Av2, but had a minor effect on the binding
of Lgg5 (Rogers et al., 1996). The difference in binding between the two toxins was further
substantiated as substitutions L1614A and S1621A improved significantly the binding of only
Av2. Thermodynamic mutant double cycle analysis of the K37A mutant of ApB against
D1612N of rNa,1.5 (Asp-1612 is the equivalent of Glu-1613 in rNa,1.2a; Fig. 1) revealed
coupling energy (AA G = 1.5 kcal/mol) between the two residues (Benzinger et al., 1998). This
result implies that Lys-37 of the bound toxin is in close proximity to Asp-1612 of the channel,
which therefore was suggested to be part of the receptor site of ApB on rNa,1.5. Nevertheless,
Lys-37 is not conserved in all Type | and Type Il sea anemone toxins (Fig. 2) and therefore,
despite the small effect on Av2 action when substituted (Moran et al., 2006), it could not be
considered part of the bioactive surface of this sea anemone toxin. In light of the results obtained
when the acidic residue at D4/S3-S4 was substituted in rNa,1.2a (Rogers et al. 1996) and
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rNa,1.5 (Benzinger et al., 1998), the equivalent residue in DmNa, 1, Asp-1701, was substituted
to arginine and the activities of LghalT, Av2 and Av3 were tested on the mutated channel
(Moran et al., 2007). While the scorpion and Type | sea anemone toxins lost their activity, the
Av3 effect changed only slightly (Moran et al., 2007), indicating that its interaction with
DmNa,1 differs from that of LghalT and Av2. This result clearly indicated that Asp-1701 is
not a common determinant for binding of all site-3 toxins. The data accumulated thus far
question the extent by which the D4/S3-S4 loop is involved in receptor site-3. While it cannot
be ruled out that for certain toxins, such as LghalT, ApB and Av2, this region is part of this
receptor site, it might not be involved with the receptor site of Av3 (unpublished results).
Another possibility is that D4/S3-S4 is in close proximity to receptor site-3 and therefore is
involved indirectly in the binding of certain site-3 toxins. Despite the putative interaction of
Lys-37 in ApB with Asp-1612 of rNa, 1.5 (Benzinger et al., 1998), further mutagenesis and
thermodynamic mutant double cycle analysis performed in ApB and D4/S3-S4 of rNa,1.5
failed to identify toxin-channel residue pairs that exhibit significant coupling energy (Siebert
et al., 2004).

All these results suggest that receptor site-3 is a non-continuous epitop that may reside in close
proximity to D4/S3-S4, yet identification of its constituents requires either swap of domains
or loops between different Na,s, or and extensive mutagenesis followed by thermodynamic
mutant double cycle analysis, as was recently shown in the initial determination of receptor
site-4 of scorpion B-toxins (Cestele et al., 1998, 2006; Leipold et al. 2006, Cohen et al.,
2007). It has been shown by domain swapping that ApA and ApB bind to a channel chimera,
composed of domain 4 of rNa, 1.5 and domains 1-3 of rNa, 1.4, in much higher affinity than
to rNay 1.4, but in lower affinity than to rNa,1.5 (Benzinger et al., 1997). It should be noted
that such an approach may highlight determinants that dictate toxin selectivity at different
Nays rather than determinants that constitute the receptor site. However, this approach should
be combined with a structural initiative, as it was recently suggested for LghalT and the D4/
S3-S4 loop of DmNa,1 (Schnur et al., 2008). Evidently, structural studies of a toxin-channel
complex based either on X-ray crystallography or NMR techniques, as well as fluorescent-
based biophysical studies could contribute to accurate mapping of this interaction. The recent
success in determining the structure of a scorpion toxin bound to a Recently, since new
crystallographic techniques have allowed structural determination of a voltage-gated
potassium channel binding a scorpion toxin (Lange et al., 2006) suggests that it may not be
long before a complex of a Na,, channel with a site-3 ligand can be solved.
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Fig. 1. Schematic illustration of the sodium channel a-subunit and regions that are putatively
associated with receptor site-3

Segments SS1 and SS2 form the pore region (in red), around which the four homologous
domains (D1-D4) assemble. The main region identified as affecting site-3 binding is loop S3-
S4 in D4 (Rogers et al., 1996; Benzinger et al., 1998) marked in blue. Channel regions (D1/
S5-SS1, D1/SS2-S6, D4/S5-SS1) whose blocking by antibodies affected Lgg5 binding
(Thomsen and Catterall, 1989) are marked in light green. Multiple sequence alignment of D4/
S3-S4 from DmNa, 1 of Drosophila melanogaster and several mammalian sodium channel
subtypes is presented at the lower panel. The negatively charged residue equivalentto Glu-1613
in rNay1.2a (Rogers et al., 1996) is in bold red.
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Av2 —-GVPCLCDSDGPSVRGNTLSGI IWL————— AGCPSGWHNCKKHGPTIGWCCKQ———
Av]l —-GAACLCKESDGPNTRGNSMSGI IWV—————— FGCPSGWNNCEGRA-IIGYCCKQ———
AFT2 GGVPCLCDSDGPSVRGNTLSGI IWL——————— AGCPSGWHNCKAHGPTIGWCCKQ——-—
hk2 -GVPCLCDSDGPSVRGNTLSGTIWL———— AGCPSGWHNCEKAHGPTIGWCCKE———
ApA —-GVSCLCDSDGPSVRGNTLSGTIWLYPS———— GCPSGWHNCKAHGPTIGWCCKQ———
ApB —GVPCLCDSDGPRPRGNTLSGIIWEYPS———— GCPSGWHNCEKAHGPNIGWCCEK———
Ael —GIPCLCVSDGPSTRGNKLSGT IWMKTGGY GGNGCPEKGWHFCGKSRGLLSDCCKQ———
Bc3 —-GVACRCDSDGPTSRGNTLTGTIWLTG—————— GCPSGWHNCEGSGPFIGYCCKE———
Bg2 —GASCRCDSDGPTSRGNTLTGIIWL———— IGRCPSGWHNCRGSGPFIGYCCKQ———
Nv1l —-GIPCACDSDGPDIRSASLSGIVWM—————— GSCPSGWKKCKSYYSIVADCCNQ———
Halcurin —VACRCESDGPDVRSATFTGTVDL————— WNCNTGWHEKCIATYTAVASCCKEKD——
Shl ——AACKCDDEGPDIRTAPITGTVDL———————— GSCNAGWEKCASYYTITADCCREKE—
Gigt3 ——AACKCDDDGPDIRSATITGTVDL——————— GSCNEGWEECASEFYTITLADCCRERFPEG
Rp2 ——ASCKCDDDGPDVRSATFTGTVDEF————— WNCNEGWEKCTAVYTPVASCCREEKE—
Rp3 ——GNCEKCDDEGPNVRTAPLTGYVDL————— GYCNEGWEKCASYYSPIAECCREEKE-
CLX-1 ——TECKCEGDAPDLSHMTGTVYFSC==————— KGGDGSWSKCNTY-TAVADCCHEA——
I |

Av3 ———-RS-CCPC————YWGGCPWGQNCY PE-GCSGPKV

Erl AGGKSTCCPCAMCKYTAGCPWGQ-CAHHCGCSE———

Eal AGGKSTCCPCAMCKYTAGCPWGQ-CAHHCGCS ———

Dal -GGKATCCPCFMCSYTAGCPWGQ-CAHHCGCD————

Fig. 2. Multiple sequence alignment of sea anemone toxins active on Nays

Conserved cysteine residues are designated by a yellow background. Disulfide bridges are
indicated on top. Highly conserved residues are in blue. Arg-14 of the conserved loop is
numbered. Residues assigned to the putative bioactive surface are in red (Pennington et al.,
1990; Blumenthal and Seibert, 2003; Moran et al., 2006, 2007). For most toxin references see
Honma and Shiomi (2006) Bosmans and Tytgat (2007). Avl, Av2 and Av3 are from Anemonia
viridis; AFT2 is from Anthopleura fuscoviridis; hk2 is from an uncharacterized species of the
genus Anthopleura; ApA and ApB are from Anthopleura xanthogrammica; Ael is from Actinia
equina; Bc3 is from Bunodosoma caissarum; Bg2 is from Bunodosoma granulifera; The Nv1
sequence was deduced from the genome sequence of Nematostella vectensis (Moran and
Gurevitz, 2006; Putnam et al., 2007); Halcurin is from an uncharacterized species of the genus
Halcurias; Shl is from Stichodactyla helianthus; Gigt3 (Gigantoxin I11) is from Stichodactyla
gigantea; Rp2 and Rp3 are from Heteractis paumotensis; CLX1 is from Calliactis
parasitica; Erl is from Entacmaea ramsayi; Eal (previously PaTx) is from Entacmaea
actinostoloides; Dal is from Dofleinia armata.
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Fig. 3. The structure of the genes encoding toxins affecting voltage-gated ion channel

A graphic scheme of three genes encoding voltage-gated ion toxins. clx-1 encodes the Nay
modifier CLX-1 (also known as Calitoxin 1) from the sea anemone Calliactis parasitica
(Spagnuolo et al., 1994). The genes encoding the Na, modifier Mesotoxin-1 and the potassium
channel blocker HmK are from the scorpion Mesobuthus martensii (Zhu and Gao, 2006) and
the sea anemone Heteractis magnifica respectively. The intron is illustrated as a thin line and
the exons as filled boxes. The exon region that encodes the 5’ untranslated region is represented
by striped boxes. Gray boxes represent exon regions which encode the leader part, and the
black boxes represent exon regions encoding the mature toxin.
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Fig. 4. The genomic region containing Nv1 neurotoxin genes

A, Graphic map of the region on scaffold 116 in the N. vectensis genome draft, which contains
eight Nv1 genes (positions 580,000-620,000). The genes colored in gray and indicated by
vertical lines are named according to the JGI website nomenclature
(http://genome.jgipsf.org/Nemvel/Nemvel.home.html) and their transcriptional orientations
are indicated by arrows. Sequencing gaps are colored in red. B, Enhanced graphic output of a
BLASTN query on part of the Nv1 region on scaffold 116 (positions 605,800-623,000) using
the 116.39.1 gene and its adjacent sequences (1000 bp upstream and 1000 bp downstream).
Gene names are indicated above their location on the scaffold. The conserved gene structure
of Nv1 and its relative share of the query appear above the BLAST diagram. The two exons
appear in blue and the intron appears as a black line.
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Fig. 5. Phylogenetic tree of sea anemone toxin sequences

Complete-deletion and number of differences based distance were used in constructing the
tree. Bootstrap values are based on 1,000 replications, and only those greater than 50% are
shown. All GenBank accession numbers appear in Moran et al. (2008a) except for CLX-1 and
CLX-2 (accession numbers AAB30193 and AAD14039, respectively) that form an outgroup.
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Fig. 6. Difference in Av2 and Av3 preferences for insect and cardiac Nays

DmNa,1 of Drosophila melanogaster and hNa, 1.5, the cardiac Na, subtype from human, were
heterologously expressed together with their auxiliary subunits, TipE and 1 in Xenopus
laevis oocytes. The oocytes were clamped at —80 mV and currents were elicited by step
depolarization to either —20 mV (hNa,1.5) or —10 mV (DmNa,1). A and B, Av2 strongly
inhibited the inactivation of the two channels with maximal effect obtained at 1 pM of toxin.
C and D, Av3 is highly active at the insect channel (C) but practically inactive at the cardiac
channel (D) compared with Av2.
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Fig. 7. Comparison of the bioactive surfaces of toxins that bind receptor site-3

The residues of the bioactive surfaces of the scorpion a-toxin LghalT (Karbat et al., 2004), the
Type | sea anemone toxin Av2 (Moran et al., 2006), the Type | sea anemone toxin ApB
(Blumenthal and Seibert, 2003; Seibert et al., 2004) and the Type 1l sea anemone toxin Av3
(Moran et al., 2007) are presented as ‘sticks’ on a Ca ribbon structure. The PDB entries for the
LghalT, ApB and Av3 structures are accessions 1LQI, 1APF and 1ANS, respectively. Amino
acids carrying aromatic side chains are in magenta; those with aliphatic side chains are in green;
those with polar side chains are in orange; positively-charged residues appear in blue and
negatively-charged in red.
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