Check for
updates

Australian funnel-web spiders evolved human-lethal
d-hexatoxins for defense against vertebrate predators

Volker Herzig*™'2®, Kartik Sunagar“'®, David T. R. Wilson®', Sandy S. Pineda™*"®, Mathilde R. Israel®,
Sebastien Dutertre®, Brianna Sollod McFarland?, Eivind A. B. Undheim®"i, Wayne C. Hodgson'®, Paul F. Alewood?,
Richard J. Lewis®®, Frank Bosmans, Irina Vetter®'®, Glenn F. King*?®, and Bryan G. Fry™?

%Institute for Molecular Bioscience, The University of Queensland, St Lucia, QLD 4072, Australia; bGeneCoIogy Research Centre, School of Science and
Engineering, University of the Sunshine Coast, Sippy Downs, QLD 4556, Australia; “Evolutionary Venomics Lab, Centre for Ecological Sciences, Indian
Institute of Science, Bangalore 560012, India; “Centre for Molecular Therapeutics, Australian Institute of Tropical Health and Medicine, James Cook
University, Smithfield, QLD 4878, Australia; Brain and Mind Centre, University of Sydney, Camperdown, NSW 2052, Australia; finstitut des Biomolécules
Max Mousseron, UMR 5247, Université Montpellier, CNRS, 34095 Montpellier Cedex 5, France; 9Sollod Scientific Analysis, Timnath, CO 80547; hCentre for
Advanced Imaging, The University of Queensland, St Lucia, QLD 4072, Australia; 'Centre for Ecology and Evolutionary Synthesis, Department of Biosciences,
University of Oslo, 0316 Oslo, Norway; 'Monash Venom Group, Department of Pharmacology, Monash University, Clayton, VIC 3800, Australia; “Basic and
Applied Medical Sciences Department, Faculty of Medicine, Ghent University, 9000 Ghent, Belgium; 'School of Pharmacy, The University of Queensland,
Woolloongabba, QLD 4102, Australia; and ™Venom Evolution Laboratory, School of Biological Sciences, The University of Queensland, St Lucia, QLD 4072,

Australia

Edited by David M. Hillis, The University of Texas at Austin, Austin, TX, and approved August 9, 2020 (received for review March 10, 2020)

Australian funnel-web spiders are infamous for causing human
fatalities, which are induced by venom peptides known as
8-hexatoxins (5-HXTXs). Humans and other primates did not fea-
ture in the prey or predator spectrum during evolution of these
spiders, and consequently the primate lethality of §-HXTXs re-
mains enigmatic. Funnel-web envenomations are mostly inflicted
by male spiders that wander from their burrow in search of fe-
males during the mating season, which suggests a role for
8-HXTXs in self-defense since male spiders rarely feed during this
period. Although 35 species of Australian funnel-web spiders have
been described, only nine §-HXTXs from four species have been
characterized, resulting in a lack of understanding of the ecologi-
cal roles and molecular evolution of §-HXTXs. Here, by profiling
venom-gland transcriptomes of 10 funnel-web species, we report
22 §-HXTXs. Phylogenetic and evolutionary assessments reveal a
remarkable sequence conservation of 8-HXTXs despite their deep
evolutionary origin within funnel-web spiders, consistent with a
defensive role. We demonstrate that §-HXTX-Ar1a, the lethal toxin
from the Sydney funnel-web spider Atrax robustus, induces pain
in mice by inhibiting inactivation of voltage-gated sodium (Nay)
channels involved in nociceptive signaling. §-HXTX-Ar1a also
inhibited inactivation of cockroach Nay channels and was insecti-
cidal to sheep blowflies. Considering their algogenic effects in
mice, potent insecticidal effects, and high levels of sequence con-
servation, we propose that the §-HXTXs were repurposed from an
initial insecticidal predatory function to a role in defending against
nonhuman vertebrate predators by male spiders, with their lethal
effects on humans being an unfortunate evolutionary coincidence.
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espite their fearsome reputation, only a few species of spi-

ders can cause death or serious harm to humans (1). An
infamous exception is the Australian funnel-web spider, arguably
the world’s deadliest spider (2). These spiders produce extraor-
dinarily complex venoms, with each venom containing up to
several thousand peptide toxins (3, 4). Despite this chemical
complexity, a single family of toxins known as the &-hexatoxins
(8-HXTXs) is responsible for the human envenomation syn-
drome (5). There are currently 35 described species of Austra-
lian funnel-web spiders and 38 species of related non-Australian
funnel-web spiders in the genus Macrothele, but to date only 12 &-
HXTX sequences have been reported from six species within this
broad clade. A homologous &-actinopoditoxin (5-AOTX) is pre-
sent in the venom of the related Australian mouse spider Mis-
sulena bradleyi (6), which can cause serious human envenomations
with symptoms resembling those from funnel-web spider bites (7).
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§-HXTXs and 8-AOTX comprise 42 to 44 residues and con-
tain four disulfide bonds, three of which are arranged in an in-
hibitor cystine knot (ICK) motif (8, 9). §-HXTXs slow the
inactivation of vertebrate tetrodotoxin-sensitive voltage-gated
sodium (Nay) channels and insect Nay channels by binding to
the voltage sensor in channel domain IV (10, 11). In human bite
victims, 6-HXTXs cause disturbances in respiration, blood
pressure, and heart rate, followed by severe hypotension. With-
out treatment with commercial antivenom (5), fatalities can oc-
cur by respiratory and circulatory failure within a few hours of
the bite (12). Interestingly, in striking contrast to humans and
other primates, some vertebrates such as dogs and cats are in-
sensitive to funnel-web envenomation (13).

Humans did not feature in the prey or predator spectrum
during evolution of funnel-web spiders, as primates were not
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Fig. 1. Phylogenetic reconstruction of 8-HXTXs. Tree representing the phylogenetic history of 8-HXTXs as estimated by maximum-likelihood inference. The
thickness of branches corresponds to node supports (thick branch, bootstrap > 75; thin branch, bootstrap < 75), and various species are presented in distinct
colors. The cysteine pattern (black lines) and activities (red lines) are annotated (Right). Fly and mouse icons indicate insecticidal and vertebrate activity,
respectively. The underscore sequence numbers refer to the unique preprotoxin nomenclature used in the ArachnoServer database (23).

present 150 to 200 million y ago (MYA) when these spiders
originated (14). Thus, the underlying reason for the peculiar
susceptibility of humans to §-HXTXs and the ecological role of
these toxins remain enigmatic. The §-HXTXs are insecticidal

Herzig et al.

(15, 16), which might suggest a role in prey capture. However, in
some species, these toxins are secreted in very low abundance in
the venoms of female spiders and immature males, consistent
with the fact that only sexually mature male spiders cause severe
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or lethal human envenomations (17). Moreover, it is hard to
reconcile a role for these toxins in predation given that sexually
mature males, in whose venom the toxins are most abundant,
rarely feed during the mating season. Rather, the fact that adult
males leave the safety of their burrows to search for female
spiders (2), making them more susceptible to predators, suggests
a role for the 8-HXTXs in predator deterrence. A well-
documented strategy for defensive toxins is to induce pain
(18-20), and pain is a common symptom following funnel-web
envenomation (2, 17). Consistent with the idea that the
8-HXTXs serve a defensive role by inducing pain in vertebrate
predators, Magi 4 from the venom of a Japanese funnel-web
spider potentiates the activity of Nayl.l and Nayl.6 (21),
which are involved in pain signaling (19, 22).

W = 0.47 ® =0.52 ® = 0.58
| -
Signal Propeptide Mature Peptide

In the current study, we identified 22 §-HXTX sequences from
10 species of Australian funnel-web spiders, and evaluated their
molecular evolution, phylogenetic histories, insecticidal activity,
and potency against human Nay channels involved in pain sig-
naling. Taken together, our data provide strong evidence that the
8-HXTXs were recruited by funnel-web spiders as a weapon to
deter vertebrate predators, and that their lethal effects on hu-
mans is an unfortunate evolutionary coincidence.

Results

5-HXTX Sequences. 3-HXTXs from seven funnel-web spider spe-
cies (Hadronyche infensa, Hadronyche valida, Hadronyche ven-
enata, Hadronyche versuta, Atrax robustus, Atrax sutherlandi, and
Illawarra wisharti) were sequenced via rapid amplification of

Atrax robustus 5-HXTX-Ar1a

Atrax sutherlandi 6-HXTX-As1a
Hadronyche cerberea 0-HXTX-Hc1b
Hadronyche formidabilis 5-HXTX-Hf1a
Hadronyche infensa 5-HXTX-Hi1a
Hadronyche infensa 0-HXTX-Hi1b
Hadronyche modesta 3-HXTX-Hmo1a
Hadronyche valida 5-HXTX-Hvalc
Hadronyche venenata 6-HXTX-Hvn1a
Hadronyche versuta 5-HXTX-Hv1a
lllawarra wisharti 5-HXTX-lw1a
Macrothele gigas 6-HXTX-Mg1a
Missulena bradleyi 3-AOTX-Mb1a
Macrothele gigas [l-HXTX-Mg1c
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Fig. 2. Molecular evolution of 5-HXTXs. (A) Toxin precursor domains and their rate of evolution, indicated as o values (i.e., nonsynonymous-to-synonymous
substitution rate ratio). (B) Structure of 5-HXTX-Hv1a (Protein Data Bank ID code 1VTX) (8), depicting the locations of positively selected sites. (C) Sequence
alignment of 5-HXTXs from representative species. The positions of the four disulfide bonds are indicated by lines above and below the sequence alignment,
while the extent of evolutionary conservation of amino acids (calculated from the complete alignment of 114 sequences) is denoted by the illustrated color
code. Note: Loop IV is not present in the plesiotypic T. loki sequence and is instead characteristic of the apotypic 8-HXTX sequences. (D) Statistics associated
with selection analyses. ®Fast unconstrained Bayesian approximation (FUBAR); fsites experiencing episodic diversifying selection (0.05 significance) by the
mixed-effects model evolution (MEME); %positively selected sites detected by the Bayes empirical Bayes approach implemented in M8 of Phylogenetic
Analysis by Maximum Likelihood (PAML); "number of sites under pervasive diversifying selection at posterior probability >0.95 (FUBAR); 'number of sites
under pervasive purifying selection at posterior probability >0.95 (FUBAR).
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cDNA (complementary DNA) ends (RACE) (SI Appendix). In
addition, we generated cDNA libraries for H. infensa, Hadro-
nyche modesta, Hadronyche cerberea, and Hadronyche formida-
bilis. Our complete dataset (Dataset S1), based on our RACE
and transcriptomic data plus sequences available from the lit-
erature, comprised 169 mature peptide sequences and 167 cor-
responding nucleotide sequences (the latter were only missing
for 3-HXTX-Hv1b and 8-AOTX-Mbla). Our dataset contained
132 8-HXTXs, 1 8-AOTX, and 18 homologous U-HXTXs from
H. infensa, 17 related barytoxins (U-BATXSs) from Trittame loki,
and 1 p-HXTX from Macrothele gigas. Removal of 53 duplicate
or incomplete sequences and the two peptide sequences that
lacked a corresponding nucleotide sequence yielded a total of
114 nucleotide sequences for phylogenetic analysis. The data
revealed 22 mature 8-HXTX sequences to complement the 12
published §-HXTX sequences.

Phylogenetic History and Molecular Evolution of §-HXTXs. The
identification of homologous sequences from the barychelid
spider T. loki in this study reveals that these U-BATXs,
p-HXTX-Mglc, and the 6-HXTXs were probably derived from a
common ancestral toxin. However, there are also important
differences between the U-BATXs and p-HXTX-Mglc in com-
parison with all 8-HXTXs from atracid and macrothelid funnel-
web spiders. First, U-BATXs and p-HXTX-Mglc have only six
Cys residues that form an ICK motif, whereas the §-HXTXs
usually contain eight Cys residues, with one additional disulfide
bond. Second, the §-HXTXs comprise a rare triplet of Cys res-
idues in positions 14 to 16 (based on §-HXTX-Arla), which is
not present in u-HXTX-Mglc or any of the U-BATXs. More-
over, in the Bayesian phylogenetic analyses, all funnel-web spider
sequences clustered together and were well-separated from the
T. loki sequences (Fig. 1). All of these considerations taken to-
gether highlight the divergent evolution of §-HXTXs in atracid
and macrothelid funnel-web spiders following their phylogenetic
separation from other mygalomorph lineages (Fig. 1).

In contrast to the massive sequence variations observed in
most venom proteins, the 6-HXTXs are surprisingly well-
conserved (Fig. 2). The signal peptide, propeptide, and mature
peptide coding regions in the §8-HXTXs were characterized by
extremely low omega (w) values (i.e., the ratio of non-
synonymous to synonymous substitutions) (Fig. 24 and Table 1),
indicative of strong sequence conservation despite being
recruited into the venoms of funnel-web spiders around 150 to
200 MYA (14). Consistent with the findings of the maximum-
likelihood method, the Bayesian approaches identified only
three positively selected sites (2.6% of sites)—positions that
rapidly diversify across time—while many sites (15.6%) were
found to be evolving under the pervasive influence of negative
selection, which ensures sequence conservation across time. A

Table 1.

Species Collection site

few amino acid sites (n = 7) were found to be experiencing di-
versifying selection, albeit in an episodic fashion (i.e., in short
bursts across time) (Fig. 2 B-D).

Cys Derivations and Codon Usage. The three-dimensional structure
of many venom peptides, including the §-HXTXSs, relies heavily
on the formation of disulfide bonds. Analysis of the arrangement
of eight Cys residues in the 5-HXTXs (Fig. 34) indicates that Cys
residues 1 to 5 are extremely well conserved in all funnel-web
spiders. However, many subtypes were discovered with either
missing or novel cysteines, indicating the probable evolution of
novel forms and functions. For instance, while one derivation
each was found with a missing cysteine at positions 6 and 7,
8-HXTXs lacking Cys-8 were more common with 11 deriva-
tions in 8-HXTXs from H. infensa, with one of them even
possessing a novel cysteine residue (which we refer to as po-
sition 9). The precursor peptides with the eighth Cys residue
missing correspond to four mature toxin sequences, and
comparison with combined matrix-assisted laser desorption/
ionization (MALDI) and Orbitrap mass spectrometry (MS)
data for H. infensa venom (4) reveals closely matching mo-
lecular masses for three of the monomers, one homodimer,
and four heterodimers (Fig. 3B). Analysis of the codons used
for Cys residues also revealed some genus-specific variations
(Fig. 3C). In all funnel-web 8-HXTXs, Cys-2 is encoded by
TGT, whereas Cys-3 is encoded by TGC. In Atrax and Il
awarra, all other Cys residues are encoded only by TGT (ex-
cept for Cys-8 in Illawarra being solely encoded by TGC). In
Hadronyche, Cys-1, 5, 6, 7, and 8 are dominated by TGT and
Cys-4 is preferentially encoded by TGC. In contrast to all
other funnel-web spider genera, in Macrothele all Cys residues
(except for Cys-2) are dominantly encoded by TGC. The ob-
served codon bias could be important for the rapid expression
of toxins in the venom gland.

Nay Channel Subtype Selectivity of 5-HXTX-Ar1a. In order to ex-
amine the biological role of the 8-HXTXs, we used reversed-
phase high-performance liquid chromatography (RP-HPLC) to
isolate 8-HXTX-Arla (hereafter Arla) from the venom of A.
robustus (Fig. 4). We then used a Fluorescent Imaging Plate
Reader (FLIPR)-based fluorescence assay to assess the ability of
Arla to potentiate currents from human Nayl.l to Nayl.8
channels stably expressed in HEK293 cells. This assay was pre-
viously used to determine the pharmacological activity of the
scorpion venom peptide OD1. OD1 activates several Nay
channel subtypes and the potency and subtype selectivity of OD1
as determined by FLIPR was found to be comparable to data
obtained using electrophysiological assays (24).

Arla had no effect on Nay 1.4, Nay1.5, Nay1.7, and Nay1.8 at
concentrations up to 150 nM, whereas a concentration-dependent

Collection sites and species used for venom-gland library construction

Number and sex of specimens Collector

Atrax robustus

Atrax sutherlandi
Hadronyche infensa
Hadronyche infensa
Hadronyche modesta
Hadronyche valida
Hadronyche venenata
Hadronyche versuta
Hadronyche formidabilis
Hadronyche cerberea
lllawara wisharti

Sydney, NSW
Gerringong, NSW
Fraser Island and Toowoomba, QLD
Fraser Island and Toowoomba, QLD
Kalorama, Dandenong Ranges, VIC
Binna Burra, QLD
Tooms Lake, TAS
Blue Mountains, NSW
South Tamborine, QLD
Blue Mountains, NSW
Gerringong, NSW

1MMF Graham Nicholson
™ D.T.R.W.
5 F (RACE) D.T.R.W.
3 F (454) S.S.P.
4F B.G.F.
1 juvenile M D.T.R.W.
1F Glenn Gregg
1F Graham Nicholson
1 F/4 juveniles S.D.
2F S.D.
T™ D.T.R.W.

F, female; M, male.
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Fig. 3. Cys derivations and codon usage in 8-HXTXs. (A) Alignment of 8-HXTXs representing major changes in the Cys framework. (B) Expected and ex-
perimentally determined molecular masses for the seven Cys residue derivations of 8-HXTX homologs from H. infensa. Several masses closely matching either
monomers or homo/heterodimers were observed using MALDI or Orbitrap mass spectrometry. (C) Codon usage for Cys residues in 5-HXTXs from different
funnel-web genera. Lines at the top represent the four disulfide bonds in the prototypical Ar1a toxin.

potentiation of veratridine-evoked responses was observed in cells
expressing Nay1.1, Nay1.2, Nay1.3, and Nay1.6 (Fig. 54). Arla
was an equipotent potentiator of Nay1.1 (half-maximum effective
concentration (ECsg) of 30.2 nM), Nayl2 (ECso 38.9 nM),
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Nay1.3 (ECso 38.9 nM), and Nay1.6 (ECsy 91.2 nM) with com-
parable mean pECs (i.e., negative logarithm of the ECsg) values
of 752 + 0.24, 7.41 + 0.09, 741 + 0.15, and 7.04 + 0.08,
respectively.
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Fig. 4. Isolation and purification of Arla from A. robustus venom. (A)

Chromatogram from C;g RP-HPLC fractionation of A. robustus venom with
the peak containing Ar1a highlighted in red. (A, Inset) Photo of a female A.
robustus. (B) Chromatogram from hydrophobic interaction liquid chroma-
tography (HILIC) of the Arla-containing peak from A. The dashed line in-
dicates the solvent gradient, with the percentage of solvent B (90%
acetonitrile/0.045% trifluoroacetic acid) indicated on the right ordinate axis.
(B, Inset) MALDI-MS spectrum of purified Ar1a.

Mammalian Nocifensive Responses. Administration of Arla (100
nM, 20 pL) by shallow subcutaneous (intraplantar) injection into
the foot pad of male C57BL/6 mice elicited mild, transient
nocifensive responses consisting of flinching, lifting, licking, and
shaking of the hind paw. This nocifensive behavior was charac-
terized by relatively slow onset (5 min postinjection) to a peak at
15 min postinjection with 10.5 + 1.5 flinches per 5 min. No
systemic effects, such as the muscle fasciculations, salivation, or
other effects associated with the human envenomation syn-
drome, were observed at this dose.

Toxicity of Ar1a in Blowflies. Injection of Arla into sheep blowflies
(Lucilia cuprina) caused contractile paralysis with a median
paralytic dose (PDsg) of 319 + 42 pmol/g at 1 h postinjection
(Fig. 5B). However, even at the highest dose tested (which was
limited by the amount of native §-HXTX-Arla available), all
flies fully recovered within 24 h, indicating that the toxin’s in-
secticidal effects in blowflies are reversible.

Effect of Ar1a on BgNay1. Given its activity on human Nay chan-
nels, we decided to examine if the insecticidal effects of Arla are
due to potentiation of the activity of insect Nay channels. For
this purpose, we examined the effects of Arla on the BgNay1
channel from the German cockroach Blattella germanica
expressed in Xenopus oocytes. At 1 nM, Arla had no effect on
BgNay1 currents whereas 10 nM Arla induced a substantial
persistent current (Fig. 5C). BgNay1 fast inactivation was
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completely inhibited by 100 nM Arla. Boltzmann fits of the
normalized conductance—voltage relationships and steady-state
inactivation relationships revealed no significant difference in
V1, before and after addition of 1 or 10 nM Arla (¢ test, P > 0.01)
but 100 nM Arla caused substantial hyperpolarizing shifts in
the 1, of both channel activation (from —37.2 + 0.6 to —44.9 +
0.7 mV) and steady-state inactivation (from —50.3 + 0.1 to —63.3 +
0.7 mV) (Fig. 5D).

Discussion

In the present study, we employed a multipronged approach
involving venom-gland transcriptomics, molecular and phyloge-
netic analyses, and functional assays to determine the role of the
lethal 8-HXTXs in the ecology of funnel-web spiders.

Enigmatic Evolutionary Conservation of 5-HXTXs. Molecular evolu-
tionary assessments revealed that the genes encoding for
8-HXTXs have remained nearly unchanged despite originating
in the common ancestor of atracid and macrothelid funnel-web
spiders 150 to 200 MYA (14). Together with our phylogenetic
analysis, this indicates that despite the single early origin of
8-HXTXs in funnel-web spiders, they have diversified at a much
slower evolutionary rate than many other spider toxins (25-29).
The increased level of sequence conservation is consistent with a
role for the 5-HXTXs in defense. Due to their relatively limited
use and consequent exclusion from the typical Red Queen mode
of competitive evolution, defensive toxins are theorized to evolve
slower than their predatory counterparts (30).

Our phylogenetic analysis demonstrates that all 3-HXTX se-
quences evolved from a common ancestral toxin scaffold, with
early gene duplications and diversification present before the
recently proposed split into the families Macrothelidae and
Atracidae (31). Further support of a split between these families
is provided by the nucleotide sequences used to encode the Cys
residues, with Atracidae being dominated by TGT and Macro-
thelidae being dominated by TGC. Our phylogeny also provides
evidence for at least two neofunctionalization events. The first
event occurred during the early evolution of §-HXTXs.
p-HXTX-Mglc, the most basal of the funnel-web spider se-
quences included in our analysis, has an ICK motif but lacks the
two Cys residues involved in the formation of the fourth disulfide
bond (32). p-HXTX-Mglc is a homolog of p-HXTX-Mgla and
p-HXTX-Mglb, which are both known to be insecticidal but not
active against vertebrates (33). On the other hand, §-HXTX-
Mgla, which is sister to the remaining 6-HXTX sequences, has
both vertebrate and insecticidal activities (33). These activities
would be consistent with a repurposing of §-HXTXs from the
purely insecticidal activity of their ancestral plesiotypic form to
dual activity against both mammals and insects, which occurred
around 150 to 200 MYA (14). Given the absence of primates in
Australia at the time when 8-HXTXs originated [humans first
populated Australia 65,000 y ago (34), and Australia lacks in-
digenous nonhuman primates], the primate toxicity of 8-HXTXs
can only be regarded as coincidental. The second neo-
functionalization event is apparent in the genus Hadronyche with
multiple convergent losses of the last Cys residue. Such conver-
gence points toward a strong selection pressure, possibly result-
ing in a change in selectivity or potency. The fact that an odd
number of Cys residues is energetically unfavored led us to in-
vestigate whether these seven Cys residue derivations of
§-HXTXs form dimers. Mass spectrometry analysis of H. infensa
venom (4) revealed the presence of masses corresponding to
monomers and homo- and heterodimers. Unfortunately, nothing
is yet known about the activities of these §-HXTX derivations or
the dimers that are formed, which provides an exciting area for
future investigations.
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Fig. 5. Biological characterization of Ar1a. (A) Nay subtype selectivity of Ar1a. The effect of Ar1a on Nay1.1 to Nay1.8 heterologously expressed in HEK293
cells in combination with the human b1 subunit was assessed using a membrane potential assay. Arla elicited a concentration-dependent increase in
membrane potential in the presence of veratridine (5 pM) in cells expressing Nay1.1 (pECs 7.52 + 0.24), Nay 1.2 (pECso 7.41 + 0.09), Nay 1.3 (pECso 7.41 + 0.15),
and Nay1.6 (pECso 7.04 + 0.08). Data are presented as mean + SEM (n = 3). (B) Dose-response curve for paralysis of L. cuprina blowflies (shown in Inset)
injected with Ar1a. Paralysis was assessed at 1 h postinjection. Error bars indicate SEM. The PDs, was determined as the mean + SEM of three independent
experiments. All paralytic effects were reversible within 24 h and no lethal effects were observed. (C) Dose-dependent inhibition of BgNay 1 fast inactivation
by Ar1a. Representative sodium currents were elicited by a depolarization to —20 mV before (black) and after (red) addition of toxin from a holding potential
of =90 mV. (D) Normalized conductance-voltage relationships (G/G.x; black filled circles) and steady-state inactivation relationships (//,ax black open circles) of
BgNay 1 before (black circles) and after (red circles) Ar1a application. Channel-expressing oocytes were depolarized in 5-mV steps from a holding

potential of =90 mV. Error bars represent SEM; n = 3 to 5.

Clues from the Activity of Ar1a. 5-HXTXs were previously dem-
onstrated to inflict potent but reversible paralysis in blowfly
larvae and crickets (16). We found that Arla potently inhibits
fast inactivation of the cockroach BgNay channel, which is
consistent with the contractile paralysis induced in blowflies and
reminiscent of the effects of other toxins that target insect Nay
channels (reviewed in ref. 35).

Employing venom components to cause pain iS a common
evolutionary strategy for self-defense in venomous animals (19,
30, 36-38). Strong support for a defensive role of §-HXTXs is
therefore provided by the nocifensive response that Arla in-
duced following intraplantar injections in mice. Although the
lethal dose of 8-HXTXs varies considerably within vertebrates
(13), we presume that high local tissue concentrations of
8-HXTXs resulting from a funnel-web spider bite will induce
algogenic effects in a much wider range of vertebrates than half-
maximum lethal dose (LDsg) experiments might indicate.

With regard to the subtype selectivity of 8-HXTXs, 6-HXTX-
Mgla (Magi 4) from the Japanese funnel-web spider preferen-
tially activated rat Nay1.1 and Nay1.3 and mouse Nay1.6 while
also showing weak activity on rat Nay1.2 channels (3). For Arla,
we observed equipotent activity across Nay1.1, Nay1.2, Nay1.3,
and Nay/1.6. Overall, this is consistent with a defensive role, as
both Nayl.1 and Nayl.6 are known to be involved in pain
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signaling (19, 22, 39). The activity of Arla at Nay1.6 is further
consistent with the observed effects of Australian funnel-web
venoms in the chick biventer assay (SI Appendix, Fig. S1) (40),
as Nay1.6 is the predominant isoform at the nodes of Ranvier in
motor neurons. Thus, inhibition of the inactivation of this Nay,
channel isoform could contribute to both sensory and motor
effects in envenomed individuals, making 6-HXTXs a powerful
weapon to deter predators.

Differential Expression of 5-HXTXs. The clinical syndrome resulting
from funnel-web spider envenomation of vertebrates is driven by
the 8-HXTXs (5). Male A. robustus venom was reported to be at
least six times more potent than the female venom (41). In ad-
dition, the venoms of six male funnel-web species were found to
be more potent than females’ in inducing toxic effects in the
chick biventer nerve-muscle preparation (40), consistent with
increased expression of §-HXTXs in male venoms. Male funnel-
web spiders are more exposed to vertebrate predation once they
leave the safety of their burrows to search for female mates, so
increased expression of a defensive toxin would make ecological
sense to allow adult males to defend against these predators.
Moreover, since adult male mygalomorph spiders consume less
food than females (42), the increased expression of 3-HXTXs in
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mature male spiders is inconsistent with a role for these toxins in
prey capture.

Conclusion

In summary, our data suggest that the 8-HXTXs likely evolved
from having an ancestral role in predation to a primary role in
defense against ecologically important vertebrate predators, with
their lethal potency against humans being an unfortunate
evolutionary coincidence.

Materials and Methods

Australian funnel-web spiders were collected from various locations and
states across Australia, as summarized in Table 1. The spiders were individ-
ually housed at ~23 to 25 °C in dark cabinets until venom and venom glands
were dissected.

Nomenclature. Toxins were named according to the rational nomenclature
described previously (43). Spider taxonomy was taken from World Spider
Catalog version 21.0 (44).

Messenger RNA Isolation and cDNA Library Construction. Messenger RNA and
cDNA libraries were isolated and constructed using the protocols summarized
in SI Appendix. For details of RACE, Sanger, and next-generation sequenc-
ing, see S/ Appendix.

Phylogenetics and Selection Analyses. Reconstruction of the phylogenetic
history and molecular evolution of 5-HXTXs was performed as detailed in
SI Appendix.

RP-HPLC Purification of Ar1a. Milked lyophilized venom from male A. robustus
specimens was supplied by the Australian Reptile Park. The venom was
reconstituted in MilliQ water to a concentration of ~5 mg/mL and Ar1a was
purified using RP-HPLC as outlined in S/ Appendlix.

Determination of the Nay Subtype Selectivity of Arla. The activity of Ar1a on
human Nay channels stably expressed in HEK293 cells was determined using
a FLIPR™@ assay (24) as described in S/ Appendix.

Algogenic Effects of Ar1a. Ethical approval for in vivo experiments was
obtained from The University of Queensland Animal Ethics Committee
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