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Preface to ” Animal Venoms—Curse or Cure?”

This book is a compilation of all articles that have been published in the special issue of
Biomedicines entitled Venoms—Curse or Cure?. It covers recent research and review articles on
venoms, poisons and toxins from a taxonomically diverse selection of animals. With the broad range
of toxin activities and their related molecular targets, this book is not only aimed at experimental
and clinical toxinologists, but should also be of interest to related disciplines such as structural
and molecular biology, ecology, evolution, genetics, physiology, pharmacology, and parasitology.
Furthermore, some of the suggested potential applications of animal toxins such as molecular
research tools, bioinsecticides or human and veterinary therapeutics are also reflected in this book.
I would like to thank all authors, many of whom are leading researchers in their field, for their
excellent contributions. I further hope the audience will not only find these articles both interesting
and informative, but that some readers might gain inspirations leading to novel discoveries in this

exciting field of research.

Volker Herzig
Editor
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Abstract: An estimated 15% of animals are venomous, with representatives spread across the majority
of animal lineages. Animals use venoms for various purposes, such as prey capture and predator
deterrence. Humans have always been fascinated by venomous animals in a Janus-faced way. On the
one hand, humans have a deeply rooted fear of venomous animals. This is boosted by their largely
negative image in public media and the fact that snakes alone cause an annual global death toll in
the hundreds of thousands, with even more people being left disabled or disfigured. Consequently,
snake envenomation has recently been reclassified by the World Health Organization as a neglected
tropical disease. On the other hand, there has been a growth in recent decades in the global scene
of enthusiasts keeping venomous snakes, spiders, scorpions, and centipedes in captivity as pets.
Recent scientific research has focussed on utilising animal venoms and toxins for the benefit of
humanity in the form of molecular research tools, novel diagnostics and therapeutics, biopesticides,
or anti-parasitic treatments. Continued research into developing efficient and safe antivenoms and
promising discoveries of beneficial effects of animal toxins is further tipping the scales in favour of
the “cure” rather than the “curse” prospect of venoms.

Keywords: venom; toxin; toxicity; lethality; envenomation; antivenom; venoms to drugs; therapeu-
tics; biopesticide; anti-parasitic

1. Introduction to Venomous Animals and Their Venoms

With an estimated 220,000 species or 15% of the global animal biodiversity being
venomous [1], the majority of all animal lineages (57.5%) actually contain venomous rep-
resentatives (Figure 1). Venom usage has convergently evolved in many animal lineages,
and a recent estimate for arthropods, which are by far the most speciose venomous ani-
mals, suggested that venom systems have independently evolved in at least 19 lineages
or even 29 times, if secretions that facilitate hemolymph or blood-feeding parasitism are
also accounted for [2—4]. In comparison, flight (which, like venom, is also a trait that can
endow animals with an evolutionary advantage but that comes at a high energetic cost)
has convergently evolved only four times in the animal kingdom (i.e., in birds, bats, insects,
and pterosaurs) [5]. Thus, with the exceptional abundance of independent evolutionary
origins of animal venoms comes a vast diversity of venom system anatomies and venom
application strategies. Direct injection into prey or predators has been realised via modified
fang-like extremities (spiders, centipedes, crustaceans), antennae (beetles), pincers (pseu-
doscorpions), modified teeth (snakes), beaks (octopuses), stingers (scorpions), modified
ovipositors (hymenopterans), proboscis (flies and bugs), barbs (fish), spurs (monotremes),
hairs (caterpillars), harpoons (cone snails), and nematocysts (jellyfish, sea anemones). Even
external application by spraying (snakes, scorpions, ants) [6-8] or release of toxins into the
surrounding aqueous environment (cone snails) have also been reported [9]. Poisonous
(i.e., lacking a morphological structure for direct venom delivery) amphibians have glands
for the secretion of their toxins in order to deter predators when being ingested [10]. How-
ever, while the delivery strategies might differ between poisonous and venomous animals,
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the main purpose of animal poisons and venoms is to cause physiological changes that
incapacitate or deter the targeted victim, primarily for predatory or defensive reasons.
These physiological changes can affect a variety of molecular targets and form the basis
of both the detrimental as well as beneficial aspects of these toxic secretions. For this
reason, this Editorial and the related Special Issue of Biomedicines cover both perspectives
in relation to animal poisons, venoms, and toxins.

Jellyfish, Sea Anemones

Velvet Worms

~f
Spid ¢
M:u:.r':i:ks \T;l%-

True Bugs

Beetles
Ants, Wasps, Bees

Flies
Butterflies, Moths

ﬁﬂf dl

Snails, Slugs
Octopuses, Squid
Starfish

Sea Urchins

Sea Cucumbers

Rays, Sharks -,
Bony Fish
ungfish
Turtles 3
Snakes, Lizards e
FC=5
Tuatara -

Birds

Marsupials
Eutherians

Figure 1. Evolutionary tree of animals (modified from [1]). Lineages with venomous representatives are indicated in red.

2. History of Human Interactions with Venomous Animals

Humans have always been fascinated by venomous and poisonous animals, with
their toxic secretions being exploited for traditional medicine for thousands of years. The
usage of honeybee venom for a variety of therapeutic applications [11] dates back to at
least the second century BC in Eastern Asia [12,13]. Leeches have also been used by many
ancient cultures (e.g., Egyptian, Indian, Greek, and Arabian), mainly for bloodletting, but
also for the treatment of diseases such as inflammation, skin diseases, rheumatic pain, or
reproductive problems [14]. Various Amazonian tribes are known to utilise painful ant
stings for their puberty rituals [15]. Another interesting example is poison dart frogs from
the family Dendrobatidae, which have been employed by several South American tribes as
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a source of poison to cover their arrow tips used for hunting [16]. It is a remarkable twist
that poison dart frogs do not even produce their toxic alkaloids themselves, but sequester
them (in the majority of cases in an unmodified form) from their mostly arthropod diet
(e.g., ants and millipedes) [17]. Thus, the human usage of poison dart frog alkaloids can
be considered a sequential recycling of toxic compounds originating from arthropods.
Furthermore, this example might also blur the separation between venoms and poisons, if
venom components are recycled into a poisonous secretion. Some venomous animals such
as honeybees have even been domesticated, with records of beekeeping dating back at
least 4500 years to Egypt [18] or 3000 years to Israel [19]. In modern agriculture, honeybees
are indispensable as production animals for the pollination of a wide variety of crops to
ensure the survival of billions of people, with the yield of honey and other bee products
merely being an added economic benefit. In the last few decades, a number of other
venomous animals have even made the status of human “pets”, with a growing global
scene of enthusiasts mainly in developed countries keeping venomous snakes, spiders,
scorpions, insects, and centipedes in their homes [20].

3. The “Curse”: Detrimental Effects of Animal Venoms

In its infancy, venom research was incited by an urgent need for antivenoms to combat
human fatalities caused by envenomations from snakes, spiders, and scorpions [21,22].
The most common strategy for developing antivenoms comprises injecting small and
then increasing doses of venoms into mammals (e.g., horses, sheep, or rabbits) and then
isolating the antibodies produced in their blood as antivenom for treating envenomated
humans. The production of heterologous antivenoms was pioneered by Albert Calmette in
1895 to raise cobra antivenom [22] and has since been successfully adapted to a range of
other venomous animals. Nowadays, antivenoms are available against a wide range of
venomous animals including spiders (Phoneutria, Loxosceles, Atrax, Latrodectus), scorpions
(only from the family Buthidae, e.g., the genera Androctonus, Buthus, Centruroides, Leiurus,
Parabuthus, and Tityus), ticks (Ixodes holocyclus = “paralysis tick”), caterpillars (Lonomia
obliqua), box jellyfish (Chironex fleckeri), stonefish (Synanceia), and many species of snake
(belonging to the families Elapidae and Viperidae). Modern molecular techniques have
also started to tackle a major disadvantage of heterologously produced antivenoms, which
is their potential incompatibility with the human immune system. A recent study, for
example, showed that oligoclonal mixtures of recombinant human immunoglobulin G can
be successfully and cost-efficiently used for neutralising snake venoms [23].

The majority of commercially available antivenoms are already targeted against snakes.
Nevertheless, a large deficit still remains in developing effective antivenoms for treating
snake envenomations. The reason that snakes have to be considered as the most dangerous
venomous animals from a human perspective is not only their large venom amounts but
also the fact that most snakes have evolved their venoms to overcome vertebrate prey
and therefore many of their toxins also exhibit activity in humans. Another reason is
that some snake antivenoms lack cross-reactivity and are therefore only effective to treat
envenomations from the particular (or closely related) snake species against which they
were raised [24]. Thus, even the use of polyvalent (i.e., raised against several species)
antivenoms will be limited to certain geographical areas and cannot simply be applied
on a larger or even global scale [24]. Unfortunately, the countries that are most affected
by snake envenomations are usually those that are most economically disadvantaged and
therefore lack the funding and expertise required for the development of snake antiven-
oms specific to their region [25]. This became particularly obvious when the commercial
production of Fav-Afrique was discontinued in 2014 for economic reasons, which is esti-
mated to have resulted in an additional 10,000 annual deaths in Africa [26]. Due to the
global scale of 1.8-5 million annual snake envenomations, the resulting 81,000-138,000 fa-
talities, and the even larger number of permanent disfigurements and disabilities, snake
envenomations have been reclassified as a neglected tropical disease by the World Health
Organisation [24-26]. Additionally, due to poor record keeping and many unreported



Biomedicines 2021, 9, 413

cases in developing countries affected by snake envenomations, these staggering numbers
might even be a gross underestimate of the real numbers [24]. While a range of other
venomous organisms, including arachnids, hymenopterans, cone snails, and jellyfish, have
also been reported to cause human fatalities [27-30], their resulting global fatality numbers
are dwarfed by the number of snakebite fatalities. Nevertheless, some of these animals,
such as scorpions, can be responsible for a large number of fatalities in those geographical
regions where they occur in high population densities [27,31-33].

4. The “Cure”: Beneficial Effects of Animal Venoms

In recent decades, the majority of toxinologists have shifted their attention towards
potential benefits of toxins from animal venoms for humanity, with various applications,
including diagnostics [34], therapeutics [35-42], molecular tools in basic research for study-
ing physiological processes [43-47], and treatments against pests and parasites [48,49].
Most of these applications involve peptide toxins and rely on their exquisite potency
and selectivity against their respective molecular targets [50], but also their stability [51]
and economical means of production at a large scale [52]. In cases where a molecular
target of an animal toxin is also involved in the pathophysiology of a disease, this can
then be exploited to develop novel therapeutics [39]. So far, six venom-derived drugs
have made it to the market, including an antidiabetic peptide from a lizard, an analgesic
peptide and a monomeric insulin from cone snails, a sea anemone peptide for treatment
of autoimmune disease, a scorpion peptide for imaging brain tumours during surgery,
and a spider peptide bioinsecticide (for further details, see [36]). Moreover, many more
animal toxins or toxin-derived drugs are still in the pipeline for a wide variety of potential
applications [35,38,40,42]. Importantly, the presence of promising toxin candidates as novel
therapeutics or biopesticides is not correlated with their harmful effects on humans. Thus,
even venomous species that are completely harmless to humans (which are, by far, the
majority of all venomous organisms) might contain potentially interesting toxins in their
venoms that could benefit humanity. In addition, the rapid technical advancement of
modern -omics techniques has increased not only the speed of venom research but also
the depth and quality of generated data and enabled a deeper understanding of various
aspects relating to venom evolution and biochemistry. Furthermore, improvements in
the sensitivity of modern research equipment have enabled access to venoms from much
smaller specimens, such as tiny pseudoscorpions of only a few millimetres in length [53,54].
With the vast majority of venomous animals being less than 1 cm in size, a continuous
improvement in the sensitivity of equipment and assays will further increase the quantity
and diversity of venomous animals that are accessible to future research. The diversity of
venom components is further increased by some animals producing specific venoms for
different purposes [55-57] and the potential of microorganisms living inside the venom
glands, which also contribute to the chemical complexity of animal venoms [58].

5. Contributions to This Special Issue

This Special Issue of Biomedicines comprises 12 research and four review articles about
a wide range of venomous or poisonous invertebrates and vertebrates, including sea
anemone, cone snails, leeches, spiders, scorpions, ants, caterpillars, frogs, and snakes. The
breadth of these contributions covers not only their taxonomic diversity but also both the
detrimental and beneficial aspects of animal toxins from a human perspective, which is
reflected in the title of this Special Issue: “Animal Venoms—Curse or Cure?”. The “curse”
aspect of venoms is covered in a number of contributions. For example, the review arti-
cles by Ahmadi et al. [59] and Seldeslachts et al. [60] discuss the dangers that venomous
scorpions and caterpillars pose to humans, but they also provide insights into current
and future treatment options, such as the next-generation recombinant antivenoms [59].
Two contributions from Jeroen Kool’s group examine the usefulness of the small-molecule
PLAZ2 inhibitor Varespladib as a potential drug for the treatment of snake bites. In these
studies, cutting-edge nanofractionation analytics are employed to determine the effects
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of Varespladib and other small molecules on the coagulopathic effects of various crotalid
and viperid snake venoms [61,62]. The Hodgson lab examined the neutralising abilities
of different antivenoms against the effects of venom from the Chinese cobra by using the
chick biventer nerve muscle preparation [63]. Another study on Australian snake venoms
by Isbister et al. found that phospholipase A2 levels in human snakebite victims could be
used as an early indicator of envenomation by Australian elapids (with exception of brown
snakes) [64]. The contribution by Nixon et al. reveals that the dimeric ant peptide Mpla is
responsible for a broad range of activities, including the extremely painful symptoms expe-
rienced by humans that are stung by jack jumper ants [65]. Potential biosecurity concerns
of conotoxins are discussed and largely rejected by Bjorn-Yoshimoto et al. [66], with the
benefits of peptides from cone snails by far outweighing their potential negative impacts.
Nevertheless, this review article nicely exemplifies how scientifically unsubstantiated
political red tape can negatively impact the progress of toxinological research.

Several other contributions to this Special Issue cover the “cure” aspect of animal
venoms, which is their potential usage for the benefit of humans. The review by Lemke and
Vilcinskas, for example, highlights the resurging interest in leeches, which have been used
in traditional medicine for thousands of years [14]. Today’s research focusses on a variety of
bioactive leech peptides and proteins affecting blood coagulation and inflammation. Spider
venom peptides, on the other hand, might be promising candidates for novel analgesics by
targeting particular subtypes of voltage-gated sodium (Nay) channels. Yin et al. [67] not
only provide the first characterisation of a toxin from the theraphosid genus Poecilotheria.
They also demonstrate that, by simply introducing one additional residue, the toxin is
converted from a Nay1.7 activator into an inhibitor, which can be crucial for designing
effective analgesic leads. Novel toxins with potential anti-inflammatory activity are further
reported from the venom of a sea anemone [68]. In addition to their proposed medical
applications, venom components are also useful tools for research. The structural diversity
of peptide toxins from venoms, for example, provides an excellent source of novel mod-
ulators for studying the pharmacological properties of ion channels and receptors. The
article from Wilson et al. [69] describes the new a-conotoxin P1168 from Conus planorbis,
belonging to the well-known A superfamily of conus toxins. However, unlike other mem-
bers of the A superfamily, P1168 shows no activity on a range of nAChRs or Ca?* and Na*
channels. P1168 also comprises a new structural type within the A superfamily, with a pre-
sumed novel pharmacological target. Even more potential pharmacological probes could
be hidden among the peptides [70] and small molecules [71] found in scorpion venoms.
Another study adds to the list of venom compounds with interesting pharmacology by
employing a combined transcriptomic and proteomic approach to uncover not only some
new bradykinin potentiating peptides but also the first evidence of three-finger toxins from
a viperid snake venom [72]. On the other hand, a bradykinin-antagonising peptide was
identified from a Chinese frog species and characterised by Zhou et al. [73].

6. Conclusions

I trust that the audience of this Special Issue of Biomedicines will enjoy reading the
excellent contributions from many of the leading researchers in the field. I further hope that
they will inspire the next generation of scientists to turn their attention towards studying the
fascinating world of animal venoms and toxins. Despite the horrible and yet too often fatal
consequences that venomous animals (in particular, snakes) can have on humans, I believe
that their potential benefits for basic research and towards health and food production for
billions of people by far outweigh their negative effects. Continuous progress in antivenom
development will help in making antivenoms more efficient, cheaper to produce, and more
tolerable by reducing unwanted side effects. Thus, continued toxinological research will
help in further reducing the negative effects of animal venoms, thereby tipping the scales
even more in favour of their beneficial effects for humanity.
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Abstract: The Kunitz/BPTI peptide family includes unique representatives demonstrating various
biological activities. Electrophysiological screening of peptides HCRG1 and HCRG2 from the sea
anemone Heteractis crispa on six Kv1l.x channel isoforms and insect Shaker IR channel expressed in
Xenopus laevis oocytes revealed their potassium channels blocking activity. HCRG1 and HCRG2
appear to be the first Kunitz-type peptides from sea anemones blocking Kv1.3 with ICs of 40.7 and
29.7 nM, respectively. In addition, peptides mainly vary in binding affinity to the Kv1.2 channels.
It was established that the single substitution, Ser5Leu, in the TRPV1 channel antagonist, HCRG21,
induces weak blocking activity of Kv1.1, Kv1.2, and Kv1.3. Apparently, for the affinity and selectivity
of Kunitz-fold toxins to Kv1.x isoforms, the number and distribution along their molecules of charged,
hydrophobic, and polar uncharged residues, as well as the nature of the channel residue at position
379 (Tyr, Val or His) are important. Testing the compounds in a model of acute local inflammation
induced by the introduction of carrageenan administration into mice paws revealed that HCRG1 at
doses of 0.1-1 mg/kg reduced the volume of developing edema during 24 h, similar to the effect of
the nonsteroidal anti-inflammatory drug, indomethacin, at a dose of 5 mg/kg. ELISA analysis of the
animals blood showed that the peptide reduced the synthesis of TNF-, a pro-inflammatory mediator
playing a leading role in the development of edema in this model.

Keywords: sea anemone; Kunitz fold; type 2 potassium channel toxins; electrophysiology;
anti-inflammatory activity

1. Introduction

Peptides of the Kunitz/BPTI family contain one of the most evolutionarily ancient and conserved
structural motifs, i.e., the Kunitz fold, which is widely distributed among both venomous terrestrial
and marine organisms [1]. Historically, the firstly discovered representative of this family, the bovine
pancreatic trypsin inhibitor (BPTI) [2], is known as an inhibitor of different serine proteases and capable
of carrying out an anti-inflammatory function participating in proliferation and angiogenesis [3-5].
Kunitz-type peptides from snake, spider, scorpion, and sea anemone venoms are encoded by multigene
families and form combinatorial libraries of homologous peptides [6-10]. Differing by single amino
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acid substitutions, some of these peptides not only exhibit protease inhibitory activity, but also can
block voltage-gated potassium (Kv) [10-19], calcium (Cav) [20], acid-sensing ion (ASIC) channels [21],
and transient receptor potential vanilloid 1 (TRPV1) [22-24]. Furthermore, some of them can interact
with integrins [25] and vasopressin receptor 2 [26] as well.

Sea anemone Kv toxins are represented by six unique peptide folds: ShK (type 1), Kunitz-domain
(type 2), B-defensin-like (type 3), boundless 3-hairpin (type 4), an unknown fold predicted to form an
inhibitor cystine knot (type 5), and the PHAB fold (type 6) [27,28]. Type 2 toxins, having the Kunitz fold,
include k1.3-ATTX-As2a-c (AsKC1-AsKC3 or kalicludines 1-3) from Anemonia sulcata [16], APEKTx1
from Anthopleura elegantissima [17], «1.3-SHTX-Sha2a (SHTX III) from Stichodactyla haddoni [18],
and ShPI-1 from Stichodactyla helianthus [19]. Kalicludines block Kv1.2 in uM concentrations and
strongly inhibit trypsin [16]. APEKTx1, similarly to dendrotoxins (DTX), selectively blocks Kv1.1
channels along with effectively inhibiting trypsin [17]. It was determined that SHTXIII also inhibited
trypsin and competed with the binding of x-DTX (alpha-dendrotoxin from mamba snake) in rat
synaptosomal membranes at the level of Kv1.1, Kv1.2, and Kv1.6 channels [18]. Since SHTXIII paralyzes
crabs, it can block not only mammalian but also crustacean Kv channels [18]. A pseudo wild-type
variant of the natural peptide ShPI-1, rShPI-1A, known as an inhibitor of serine, aspartate, and cysteine
proteases, was shown to bind to Kv1.1, Kv1.2, and Kv1.6 channels with ICs) values in the nM range [19].
Therefore, all known type 2 toxins block Kv channel subtypes widely expressed in neurons of the
central nervous system (CNS), in particular Kv1.1, Kv1.2, and Kv1.6 [29].

In contrast to type 2, toxins of types 1, 3, and 5 [30,31] block also the Kv1.3 channelsubtype.
Since Kv1.3 channels are expressed in the CNS and immune cells, including microglia, dendritic
cells, T (TEM cells), B lymphocytes, and macrophages [32], they mediate autoimmune diseases [33],
participate in chronic inflammatory diseases and cancer progression (due to its double role in
proliferation and apoptosis regulation) [34]. The most selective toxin ShK from S. helianthus with
high affinity to Kv1.3 channel (11 pM) [35] has been the subject of intense research, both fundamental
and clinical [30,31]. Its designed analog, ShK-186 (Dalazatide), is now undergoing clinical trials
on psoriasis [36]. Blocking of Kv1.3 channels decreases the expression levels of pro-inflammatory
mediators and may be used in many conditions like neurodegenerative, autoimmune, and chronic
diseases accompanied by inflammation. It has been established that the treatment of autoreactive
T-lymphocytes by ShK-186 decreases the levels of IL-2, interferon-y, TNF-«, and IL-4 [37]. Therefore,
peptide inhibitors of Kv1.x channels can be assumed as promising compounds for drug design, as well
as valuable tools for the investigation of these channels.

Here we report an in vivo anti-inflammatory activity and potassium channel blocking the activity
of Kunitz peptides of the sea anemone Heteractis crispa by the electrophysiological screening on six
isoforms of Kv1.x channels and insect Shaker IR channel expressed in Xenopus laevis oocytes.

2. Experimental Section

2.1. Purification and Characterization

The native peptides HCRG1 and HCRG2 were isolated as described in [38]. In brief, the peptides
were precipitated from a water extract of the sea anemone Heteractis crispa (collected by dredging) with
80% acetone; next gel filtration chromatography on an Akrilex P-4 column was carried out, followed
by cation-exchange chromatography on a CM-32 cellulose column, with a final purification step using
an RP-HPLC Nucleosil C18 column.

The mutant peptide HCRG21 S5L was made using the QuikChange® Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA, USA), based on the wild type plasmid pET32b-HCRG21 using gene-
specific primers (dir 5-CGTGGTATCTGCTTAGAACCGAAAGTTG-3’; rev 5'-CAACTTTCGGTTCT
AAGCAGATACCACG-3'). The resulting mutant plasmid was verified by DNA sequencing, and the
target peptide was expressed and purified using the same conditions as was reported for the recombinant
peptide HCRG21 [23]. The target peptide was isolated by HPLC on a Jupiter C4 column (10 x 250 mm,
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Phenomenex, Torrance, CA, USA), equilibrated by 0.1% TFA, pH 2.2, and eluted in gradient of
acetonitrile concentration (Solution B) for 70 min at 3 mL/min.

2.2. MALDI-TOF/MS Analysis

MALDI-TOF/MS spectra of peptides were recorded using an Ultra Flex Il MALDI-TOF/TOF mass
spectrometer (Bruker, Bremen, Germany) with a nitrogen laser (SmartBeam, 355 nm), reflector and
potential LIFT tandem modes of operation. Sinapinic acid was used as a matrix. External calibration
was employed using a peptide InhV] with m/z 6107 [39] and its doubly-charged variant at m/z 3053.

2.3. NMR Spectroscopy

The NMR spectrum was acquired at 30 °C on a Bruker Avance III 700 MHz spectrometer (Bruker
Biospin, Billerica, MA, USA) equipped with a triple resonance z-gradient TXO probe. Peptide HCRG21
S5L was dissolved in 90% H,0/10% D,O (Deutero GmbH, Kastellaun, Germany) at a concentration of
2 mg/mL. Excitation sculpting with gradients [40] was applied to suppress strong solvent resonance,
the chemical shift of their signal was arbitrary chosen as 4.7 ppm. TopSpin 3.6 (Bruker Biospin, Billerica,
MA, USA) was used for spectrum acquisition and processing.

2.4. Inhibitory Activity

The trypsin inhibitory activity of HCRG21 S5L was tested through the standard procedure [41]
using N-a-benzoyl-D,L-arginine p-nitroanilide hydrochloride (BAPNA). Determination of the peptide
trypsin inhibition constant was performed according to the method of Dixon [42] using substrates
concentrations of 0.1, 0.16, and 0.256 mM. The concentration of trypsin in the reaction mixture was
50 nM and the tested peptide ranged from 0 up to 512 nM. The inhibitory constants were calculated
based on the results of three parallel experiments.

2.5. Expression of Voltage-Gated Ion Channels in Xenopus laevis Oocytes

For the expression of rKv1.1, hKv1.2, hKv1.3, rKv1.4, rKv1.5, rKv1.6, and Shaker IR in Xenopus
laevis oocytes, the linearized plasmids were transcribed using the T7 or SP6 mMESSAGE-mMACHINE
transcription kit (Ambion, Austin, TX, USA). The harvesting of stage V-VI oocytes from anaesthetized
female X. laevis frog was as previously described [43]. Oocytes were injected with 50 nL of cRNA at a
concentration of 1 ng/nL using a micro-injector (Drummond Scientific, Broomall, PA, USA). The oocytes
were incubated in a solution containing (in mM): NaCl, 96; KCl, 2; CaCl,, 1.8; MgCl,, 2; and HEPES,
5 (pH 7.4), supplemented with 50 mg/L gentamicin sulfate.

2.6. Electrophysiological Studies

The physiological activity in oocytes expressing heterologously the voltage-gated ion channel
proteins was determined by the two-electrode voltage-clamp technique, using a Geneclamp
500 amplifier (Molecular Devices, Austin, TX, USA) controlled by the pClamp database system
(Axon Instruments, Union City, CA, USA). The measurements were performed at room temperature
(18-22 °C). Whole-cell currents were recorded 1-4 days after the mRNA injection. The electrode
resistance was 0.7-1.5 MQ). The signal was amplified, preliminarily filtered by the amplifier embedded
four-polar Besselian filter (cutoff frequency 500 Hz) after digitization of the signal at 2000 Hz. Recordings
obtained before the activation of the examined currents were used for subtraction of the capacitive
and leakage current. The cells were kept at a holding potential of —90 mV. The membrane potential
was depolarized to 0 mV for 250 ms with a subsequent pulse to =50 mV for 250 ms in the case of
the Kv1.1-Kv1.6 and Shaker channels. For statistical analysis, the Student’s coefficient (P < 0.05) was
used. All the results were obtained from at least three independent experiments (n > 3) and are
expressed as mean value + standard error. The use of the X. lnevis animals was in accordance with the
license number LA1210239 of the Laboratory of Toxicology and Pharmacology, University of Leuven
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(Belgium). The use of X. laevis was approved by the Ethical Committee for animal experiments of
the University of Leuven (P186/2019). All animal care and experimental procedures agreed with the
guidelines of the European Convention for the protection of vertebrate animals used for experimental
and other scientific purposes (Strasbourg, 18.111.1986).

2.7. Acute Toxicity of HCRG1

The animal studies were performed under the European Convention for the human methods for
the animal welfare (Directive 2010/63/EU), the National Standard of the Russian Federation “Good
Laboratory Practice” (GOST P 53434-2009, Russia), and was approved by G.B. Elyakov Pacific Institute
of Bioorganic Chemistry (Far Eastern Branch, Russian Academy of Sciences) Committee on Ethics of
laboratory animal handling 2017/78-A protocol. Adult male ICR line white mice weighing 20-22 g were
kept at room temperature with a 12-h light/dark cycle and with ad libitum access to food and water.

HCRGI was administered once intravenously at doses of 0.1 and 1 mg/kg, control group received
saline (0.9% NaCl) (10 mL/kg or 0.250 mL/mouse). Six mice in each group were used. Then, changes
in basic physiological parameters, such as motility, behavioral responses, and physical activity,
were registered in each group of animals within 24 h.

2.8. Carrageenan-Induced Paw Edema

Tests were performed on male ICR mice, with six individuals in each group. A peptide sample
was dissolved in sterile saline and administered intravenously at doses of 0.1 and 1.0 mg/kg. Control
animals received an equivalent volume of sterile saline. Indomethacin at a dose of 5 mg/kg was used as
a positive control and administered orally to animals. Each mouse received 20 uL of a 1% solution of
carrageenan in the hind paw pad after 30 min in the case of saline and tested peptide and after 60 min
in the case of indomethacin. Then, the resulting edema was measured at several time points (1, 3, 5,
and 24 h) using a plethysmometer (Ugo Basile, Gemonio (VA), Italy).

2.9. Animals Euthanasia Procedure and Blood Sampling

Animals were terminally anaesthetized with sodium pentobarbital (40 mg per mouse i.p., Euthatal,
Merial Animal Health, Essex, UK) 24 h after carrageenan injection. Then the thoracic cavity was
opened and blood was collected in tubes with the ethylenediaminetetraacetic acid (EDTA) directly
from the right atrium of the heart. The whole blood was centrifuged at 2.5 x 103x g for 10 min to
remove cells; the blood serum was then aliquoted and stored at —20 °C. These samples were analyzed
for TNF-« in the enzyme-linked immunosorbent assay (ELISA) using a diagnostic kit according to the
manufacturer’s protocol (CUSABIO BIOTECH Co., Ltd., Houston, TX, USA).

2.10. Molecular Modeling of Kunitz Peptides

The spatial structure models of HCRG1, HCRG2, HCRG21, and HCRG21 S5L were predicted
with I-TASSER server [44] and analyzed using UCSF Chimera program (http://www.cgl.ucsf.edu/
chimera) [45]. The ShPI-1 (PDB ID 1SHP) from the sea anemone S. helianthus was used as a template.

3. Results

3.1. Peptide Purification and Characterization

The peptides HCRG1 and HCRG2 were obtained following the final RP-HPLC step. According to
MALDI-TOF/MS data, their molecular weights were 6196 and 6148 Da, respectively, which is consistent
with our previously published results [38].

To obtain the mutant peptide HCRG21 S5L, a plasmid-based on pET32b-hcrg21 was generated
using the site-directed mutagenesis technique. The target peptide was expressed and purified
following the same conditions as reported for the recombinant peptide HCRG21 [23]. The retention
time of HCRG21 S5L differed from that of HCRG21 and was 36 min (Figure 1). According to the
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MALDI-TOF/MS spectra, the molecular weight of the peptide was 6254 Da, which is consistent with
the calculated value.
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Figure 1. RP-HPLC elution profile of mutant peptide HCRG21 S5L, obtained as the result of hydrolysis
of the fusion protein TRX-HCRG21 S5L by BrCN. The fraction containing the mature peptide is
underlined. The measured molecular mass of HCRG21 S5L after RP-HPLC is indicated.

To confirm the correct folding of the mutant peptide, the NMR spectroscopy technique was
applied. The 'H NMR spectrum (Figure 2) indicates that peptide has a well-defined fold, as evidenced
by the presence of resonance signals below 0 ppm and a wide chemical shift dispersion of amide
hydrogens (9-6 ppm).
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Figure 2. 'H NMR spectrum of HCRG21 S5L.

Peptide HCRG21 S5L was assayed for inhibitory activity against trypsin. The mutant peptide
inhibited the trypsin activity with a Ki value of 3.4 x 1077 M (Figure 3) similar to HCRG21
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(2 x 1077 M [23]) and one order higher than for HCRG1 and HCRG2 (2.8 x 1078 and 5 x 1078 M,
respectively [38]). This is due to the substitution of Thr to Lys in the P1 position which is functionally
important for the serine protease inhibition [8,41,46].
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Figure 3. Determination of HCRG21 S5L Ki for trypsin by Dixon method. Substrate concentrations
were 0.1 (¢), 0.16 (o), and 0.256 (O) mM. The constants were calculated based on the results of three
independent experiments (n > 3).

Comparison of the amino acid sequences of Kv toxins adopting the Kunitz-type fold showed that
almost all these peptides contained six Cys residues in a typical pattern (I-VI, II-1V, III-V), except
for the scorpion toxin LmKTT-1a and the cone snail toxin Conk-S1, which only had four residues
(Figure 4). The sequence identities varied from 44% to 87% for sea anemone toxins and from 33% to
51% for snake, cone snail, spider, and scorpion toxins.

1 Cyst Cyslt CysIit CysIV
HCRG1 E— KVVGECKAGLRRFYYDSETGEBK P T Y GECKGNKENEETL
HCRG2 E— KVVGECKAR TRRFYYDSETGKET PEIYGECEGNGENEETLHABRGIER
HCRG21 -——-HGICSEBKVVGPCTAYFRRFYFDSETGKCTPFI YGECEGNGNNFET
HCRG21 S5L -—--HGICLEHKVVGPCTAYFRRFYFDSETGKCTPFIYGGCEGNGNNEET
SHPI-1 ————|3IBSERKKVGRCKGY FPRFYFDSETGKET PRI YGECEGNGHNEETLHAE
Inhvd --——{SICLEBKVVGPCTAY FPRFYFDSETGKCT PEI YGGCEGNGNNFETLHA
APERTx1 —I SI|L1:.PMQGFCRARFERFYYNSSTRRIEM.YYQCGGNAININTLE
SHTXIII TEEMHALEHLOPDVFKCRGY FPRYYYNPEVGKEEQEI YGECCGNKNNEV SFER
AsKC1 ——— INKDELLEMDVGRCRASHPRYYYNSS SKREEKET YGECRGNANNEHTLEH
AsKC2 ——— INKDELLEMDVGRCRARHPRYYYNSS SRREEKET YGECRENANNE I THKY
AsKC3 ———INGDEELEKVVGRCRARFPRYYYNLS SRREEKETYGECCENANNEHTLE
DT¥1 -QPLEKLEILHRNPERCY QK I PAFYYNOKKKOBEGETWSECCENSEREKTIE
DTX-o —QFR RNPERCYDKIPAFYYNQKKKOBEREDWSECGENSHREKT IE
DTX K ———ARKY[BKLE RIGPCKRKIESFYYKWKAKQEL PEDY sECGENARREKTIEH
DTX-5 ———ARKYBKLHVRY EPCKKKIESFYYKWKAKQEL PEDY sECGENARREKTIE
HWllcd ———-IDTERLESDRERCKAS FERWY FNG--RTEBAKEIYGECGENGHEKEPTERA
Hgl GHHI! FIPKTGPCKGS FARYYFDIETGSEKABIYGECECN SENESEKHHE]
LmKTT-la  ———— Bls DVGKGKAS FTRYYYNEESGKBETELYGEvEGN SENELTKED
Conk-51 -KDRHSLEDLERDSGSGTKAEKR I YYNSARKOBLREDY TECEENERNERRT Y10
BPTI —-—-REDFELEHPYTGPCKART IRY FYNAKAGLEQ TEVYGECRAKREANEK SEENEMR
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Figure 4. Multiple alignment of Kunitz peptides, blockers of Kv channels and BPTI. APEKTx1 (P61541)

from the sea anemone A.
ShPI-1 (P31713) from S.
HCRG21 S5L, and InhV]J

elegantissima, AsKC1-AsKC3 (QITWGO0, Q9TWEF9, Q9TWES) from A. sulcata,
helianthus, SHTXIII (B1B5I8) from S. haddoni, HCRG1, HCRG2, HCRG21,
from H. crispa, HW11c4 (AOA023WBHS6) from spider Ornithoctonus huwena;

LmKTT-1a (P0DJ46) from scorpion Lychas mucronatus, Hgl (POC8W3) from Hadrurus gertschi; DTX1
(P00979), DTX-K (P00981) from snake Dendroaspis polylepis, DTX-a (P00980), DTX-6 (P00982) from
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Dendroaspis angusticeps; Conk-S1 (POC1X2) from cone snail Conus striatus; BPTI (P00974) from bovine
Bos taurus. Identical amino acids are shownondark-grey and conservative on light-gray background.
Hydrophobic amino acids are indicated by green, positively charged by blue, negatively charged by
red, and polar non-charged by pink letters. Frames highlight regions responsible for interaction with
Kv channels [19]. Asterisks indicate a reactive site with P1 residue and site of weak interaction with
serine proteases.

Garcia-Fernandez R. et al. suggested that functionally important amino acid residues for Kv
blocking activity in the Kunitz-type toxin sequences were located in the N- and C-terminal parts of the
molecule, in particular around Cysl and CysV—-CysVI, respectively (Figure 4) [19]. The differences in
HCRG1 and HCRG2 were limited only by point substitutions: Ser5Leu, Gly16Arg, Glu28Lys, Lys30Thr,
Lys38Gly, and Lys41Gly. Noteworthy, amino acid substitutions of HCRG1 near CyslII and CyslV,
Glu28Lys, Lys30Thr, Lys38Gly, and Lys41Gly, were non-conservative replacement in comparison
with HCRG2, which might influence the functional activity of these peptides. The main differences
between HCRG1, HCRG2, HCRG21, and its mutant were three substitutions: Ser5Leu, Lys14Thr,
and Lys/Gly38Glu.

3.2. Electrophysiological Experiments

The native peptides HCRG1 and HCRG2 were screened on a panel of six mammalian
voltage-gated potassium (Kv1.1-Kv1.6) and the insect Shaker IR channels expressed in X. laevis
oocytes. Electrophysiological testing revealed that the peptides, at a concentration 1 uM, inhibited
approximately 100% of the Kv1.1, Kv1.3, Kv1.6, and Shaker IR channel currents. Interestingly,
the potassium current through Kv1.2 channels was inhibited by HCRG1 and HCRG2 with 10% and 80%
respectively (Figure 5). Notably, HCRG1 and HCRG2 appeared to be the first Kunitz-type peptides
from sea anemones blocking Kv1.3. According to the dose-response curves, peptides HCRG1 and
HCRG2 mainly differed in binding affinity to the Kv1.2 (Figure 6, Table 1).

K1.4 K)1.5 Kl.6 Shaker I}

Hu.

.
™
;FL

HCRG1

HCRG2

Figure 5. Electrophysiological analysis of HCRG1 and HCRG2 activities on several cloned voltage-gated

potassium channel isoforms expressed in X. laevis oocytes. Representative whole-cell current traces
in control and toxin conditions are shown. The blue line marks steady-state current traces after the
application of 1 uM of peptides. Traces shown are representative traces of at least three independent
experiments (n > 3).

We tested the mutant peptide HCRG21 S5L on Kv1.1, Kv1.2, and Kv1.3 channels. It was found
that, in comparison with HCRG21 which did not exert any activity on the Kv channels, the mutant
peptide at a concentration of 10 uM blocked Kv1.1, Kv1.2, and Kv1.3 currents with approximately
33%, 11%, and 14%, respectively (Figure 7). The ICsy value on Kv1.1 was much higher than the value
obtained for HCRG1 and HCRG2 (Table 1).
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Figure 6. Dose-response curves of HCRG1 and HCRG2 on Kv1.1, Kv1.2, Kv1.3, Kv1.6, and Shaker
IR channels obtained by plotting the percentage of blocked current as a function of increasing toxin

concentrations. Traces shown are representative traces of at least three independent experiments

(n >3).

Table 1. Kunitz-type voltage-gated potassium channel toxins from animal venoms.

. IC50 (nM)
Peptide Kvl1 Kvl.2 Kvl3 Kvl.6  ShakerIR  Reference
Sea anemones
HCRG1 142.6 £28.1  52,199.0 + 2751.7 40.7 £ 4.1 1549 +204 433.1+439 Thi X
HCRG2 126 +1.72 181.7 + 385 297 +1.3 439+13 1149 +139 15 wor
HCRG21 - - - - - [23]
HCRG21S5L 15,600 + 0.24 - - n.d. n.d. This work
ShPI-1 117 + 15 9+2 . 9+2 . [19]
APEKTx1 09 - . . . [17]
AsKC1 n.d. 2800 n.d. n.d. n.d. [16]
AsKC2 n.d. 1100 n.d. n.d. n.d. [16]
AsKC3 n.d. 1300 n.d. n.d. n.d. [16]
SHTXIIT 270 * 270 * n.d. 270 * n.d. [18]
Snakes
DTX- 1.1 0.4 - 9 nd. [47]
DTXI 3.1 0.13 nd. ¥ nd. [48]
DTXK 0.03 - nd. - nd. [48]
DTX-5 0.01 n.d. n.d. nd. 1000 [49]
Cone snail
Conk-51 n.d. n.d. n.d. n.d. 1.33 [15]
Scorpions
LmKTT-1a >1000 >1000 1580 + 73 n.d. n.d. [50]
Hgl . - 6.2 . . [10]
Spider
HW1lc4 >10, 000 - - nd. nd. [14]

* 1251 -DTX dendrotoxin binding to synaptosomal membranes, n.d. not determined, - no or weak activity.

16



Biomedicines 2020, 8, 473

Kv1.1 Kv1.2 Kv1.3

1 l o i
U T O

(a)
100 g Kvi1
g”
2 o0
s
£ 404
i
04
1o 10t
Concentration (niVl)
(b)

Figure 7. (a) Electrophysiological analysis of HCRG21 S5L activity on Kv1.1-Kv1.3 isoforms expressed
in X. laevis oocytes. Representative whole-cell current traces in control and toxin conditions are
shown. The blue line marks steady-state current traces after the application of 10 uM of peptide.
(b) Dose-response curve for HCRG21 S5L on Kv1.1 channels. Traces shown are representative traces of
at least three independent experiments (n > 3).

3.3. Anti-Inflammatory Activity of HCRG1

Carrageenan-induced paw edema is widely used as an in vivo acute inflammatory response
model [51]. Since HCRGL is more specific to Kv1.3, it was tested in a model of acute local inflammation
induced by carrageenan administration into mice paws. Before testing, we studied HCRG1 acute
intravenous toxicity. After administration of the peptide, the animals exhibited normal behavior and
external signs of intoxication (convulsions, asphyxia) or mortality were not detected.

It was found that HCRG1 at doses of 0.1 and 1 mg/kg reduced the volume of developing edema
during 24 h. Its effect was close to that of the nonsteroidal anti-inflammatory drug, indomethacin, at a
dose of 5 mg/kg (Figure 8A). ELISA analysis of blood taken from animals showed that indomethacin
and HCRGI reduced the synthesis of TNF-«, a proinflammatory mediator that played a leading role in
the development of edema and hyperalgesia in that model (Figure 8B) [51].
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Figure 8. Effect of peptide HCRG1 on (a) paw swelling and (b) TNF-& production in mice with acute
local inflammation induced by carrageenan administration. Control animals received a similar volume
of saline (negative control) or indomethacin solution at a dose of 5 mg/kg (positive control). Intact
animals on (b) were not subjected to any manipulation. The reliability of differences is calculated by
the Student’s t-criterion. The value * p < 0.05, ** p < 0.01 is considered reliable in comparison with the
saline group.

4. Discussion

Kunitz-type toxins are members of an ancient family that have been identified in many animal
venoms, such as those of snakes, scorpions, spiders, cone snails, and sea anemones. Kunitz-type sea
anemone type 2 toxins retained the ability to inhibit serine proteases which might be a venom defense
mechanism against the prey’s proteases, similar to the toxins found in the venom of scorpions [52].
These peptides are believed to protect their own toxins from self-digestion by proteases. Moreover,
they act synergistically with other peptide compounds of the venom and as such, they help to
immobilize and kill the prey [1].
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Up to now, more than a dozen Kunitz-type peptides produced by sea anemones of Heteractis
genus (Stichodactylidae) have been described. Moreover, it has been determined that these peptides
are encoded by a multigene superfamily composed of distinct GS-, GG-, GN-, and RG-gene families
which are produced via a combinatorial library [8]. HCRG1, HCRG2, and HCRG21 are members of
HCRG-family which includes 33 mature peptides. HCRG21 shares a high percentage of sequence
identity with HCRG1 (82%) and HCRG2 (86%). Moreover, these peptides contain conserved amino
acids at the N- and C-termini. Besides trypsin, Kunitz-type peptides from sea anemone H. crispa
are also able to interact with other serine proteases (chymotrypsin, elastase, kallikrein) [19,39,53],
modulate or block TRPV1 channel [22-24], revealing different kind of biological effects such as
analgesic [22,54-56], anti-inflammatory [9,41,54,57], antihistamine [41,58], as well as neuroprotective
activity [59,60]. However, despite their high degree of homology with the known bifunctional peptides,
like kalicludines, SHTXIII, APEKTx1, and ShPI-1 [16,18,19], none of them has shown potassium
channels blocking activity.

In this work, we identified a new activity of two previously characterized Kunitz peptides, HCRG1
and HCRG2, from H. crispa [38], using electrophysiological screening on six isoforms of Kv1 channels
and insect Shaker IR channel expressed in X. laevis oocytes. Similar to toxin ShPI-1 from S. helianthus
(Stichodactilidae) [19], HCRG1 and HCRG2 have also been shown to be active against more than one
isoform of Kv1.x channels (Figure 5, (Table 1). The main difference compared to all sea anemone
type 2 toxins is the ability of HCRG1 and HCRG2 to block Kv1.3 channels. Hence, and to the best of
our knowledge, these peptides are the first Kunitz-type sea anemone toxins with activity towards
Kv1.3 channels.

Among known Kunitz-type toxins produced by poisonous animals (Table 1), HCRG1 and HCRG2
turned out to be the least selective with respect to Kv1.x isoforms. Kunitz-type toxins from snake and
scorpion venoms are more selective and usually modulate Kv1.x isoforms at lower concentrations (Table 1).
Notably, HCRGI inhibits Kv1.3 currents with an ICs; value of 40.7 nM, being about 3.5 and 1200 times
more powerful blocker for it than for Kv1.1 and Kv1.2, respectively. As for HCRG2, the IC5 values differ
by 2.5-6 times for all tested channels (Table 1). It is worth noticing that a large amount of a less selective
peptide, identical to HCRG2, was found in the mucus of the closely related sea anemone Heteractis
magnifica during proteomic analysis, which indicates its important place in the venom composition
within the genus [9]. For many snake and scorpion toxins, as well as for sea anemone type 1 toxins with
the Shk-fold, the amino acid determinants responsible for binding to Kv channels have already been
identified. However, for sea anemone type 2 toxins, this question remains unresolved. The importance
of a key basic residue (Lys or Arg) associated with a 6.6 + 1 A distant key hydrophobic residue (Leu,
Tyr or Phe), together with a functional ring of basic amino acids, has been established [17]. Nevertheless,
there are known examples of toxins lacking the dyad that still demonstrate blocking activities against Kv
channels, suggesting that other epitopes are involved in the high-affinity interaction between the toxin
and its target [17,61,62]. It seems that for type 2 toxins with the Kunitz fold, the number and distribution
of charged, hydrophobic, and polar uncharged residues are important.

Functionally important amino acid residues in the sequences of sea anemones and other venomous
animals Kunitz-type toxins are located in the N- and C-terminal regions of the molecule, in particular
around Cysl and CysV-CysVI respectively [19]. These amino acid residues form a molecular
recognition surface for interaction with Kvs, thanks to the conservative disulfide bond CysI-CysVI
which brings together the N- and C-terminal regions of the molecule. Thus, Argl, Ser5 or Leu5, Arg51,
and Arg55 can be responsible for the activity of HCRG1 and HCRG2 (Figure 9). The side chain of
Argl, similar to Argb of the peptide Hgl and Arg4 of the peptides DTX1 and DTX-«, can also make
a significant contribution to the binding to Kv. However, HCRG21 and InhV] which have the same
amino acid residues at the indicated positions as HCRG1, HCRG2, and ShPI-1, do not demonstrate
activity against Kv channels. Apparently, this is due to the presence in these peptide sequences of
the residues Gly1 (for InhV]), Thr14 and Glu38 (for both) (Figure 4) that impede interaction with the
studied Kv channels and, possibly, make them specific to other ion channels [19].
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In the HCRG1 and HCRG2 sequences, unlike those of the Kunitz type peptides AsKC1 and AsKC2
from A. sulcata, there is no distinct key residue identifiable for the interaction with Kv channel epitopes,
similar to the dyad Lys5/Leu9 typical for dendrotoxins [13,47]. It can be surmised that this role might
be partially fulfilled by Argl/Leu5 residues in HCRG2 (Figure 9), since the affinity of this peptide to
Kv1.1is an order of magnitude higher than for HCRG1. HCRG21 is a full blocker of the TRPV1 channel
but completely inactive against Kv1.x channels [23]. Interestingly, a single point mutation, Ser5 to
Leub, introduced for HCRG21 the properties of a weak blocker of Kv1.1, Kv1.2, and Kv1.3 channels
(Figure 7). Using site-directed mutagenesis and chemical synthesis, it has been shown that the dyad
Lys5 and Leu9 of DTX-o are crucial for channel blockage activity of this toxin [13,47]. We believe that
for the peptides HCRG2 and HCRG21 S5L, the Argl and Leub residues can play the role of such a
dyad. According to the results of molecular modeling, these residues are separated by 7.7 A (HCRG2)
and 6.2 A (HCRG21 S5L) (Figure 9).

Most likely, the higher affinity of HCRGI for Kv1.3 among the other Kv1 channels is caused by the
residues Glu28, Lys30, Lys38, and Lys41, which sets this peptide apart from other sea anemone type 2
toxins (Figure 4). It has been well-established that there is a difference between residues forming the
selective channel filter of Kv1.x channels: Asp377-Met378-Tyr379 for Kv1.1, Asp377-Met378-Val379
for Kv1.2, and Asp377-Met378-Hys379 for Kv1.3. The selectivity of different toxins to Kv1.x channel
isoforms is dictated by the nature of the residue at position 379 [63]. Structural and functional studies
using the site-directed mutagenesis method will further determine the functional significance of the
designated amino acids of HCRG1 and HCRG2.

Kv1.3 channels have gained a prominent role for their possibility to control neuroinflammatory and
autoimmune diseases [33,64-66]. Inflammation involves several processes including the activation of
inflammatory cells, the secretion of pro-inflammatory cytokines and the release of various inflammatory
mediators, leading to symptoms of inflammation such as redness, swelling, fever and pain [67].
Previously, we have shown that the peptides HCRG1 and HCRG2 are able to reduce the synthesis
of pro-inflammatory mediators, pro-IL-1p, IL-6, and TNF-«, induced by the addition of bacterial
lipopolysaccharide to J774A.1 macrophages [36]. These effects can be achieved by inhibiting the
proteases linked to inflammatory processes, as well as by blocking of Kv1.3 channels. On one hand,
an anti-inflammatory effect was shown for BPTI, known as an inhibitor of different serine proteases,
and bikunin, a human Kunitz-type peptide that inhibits the production of thromboxane B2, TNF-«,
and IL-8 in macrophages treated with LPS [68]. On the other hand, it has been established that the
treatment of autoreactive T-lymphocytes by ShK-186 (analog of ShK from S. helianthus) decreased the
levels of IL-2, IL-4, interferon-y, and TNF-« [37]. In this work, we have shown that HCRG1 mice
pretreatment (at doses of 0.1 and 1 mg/kg) significantly reduces (~40%) paw edema during 24 h after
carrageenan administration. In addition, HCRGI at a dose of 0.1 mg/kg inhibits the synthesis of TNF-«
similar to indomethacin after 24 h (Figure 8B). These data indicate that HCRG1 has an anti-inflammatory
effect by inhibiting the secretion of TNF-«, a pro-inflammatory mediator that demonstrates a leading
role in the development of edema and hyperalgesia in this model.

In summary, we found out that HCRG1 and HCRG2 from the sea anemone H. crispa are new
representatives of type 2 toxins demonstrating Kv inhibitory activity similar to other members.
Furthermore, they are the first Kunitz-type peptides blocking the activity of prospect pharmacological
channel Kv1.3. We first showed the ability of Kunitz-type peptides with dual inhibitory activity, namely
towards Kv and serine proteases, to demonstrate anti-inflammatory effects during acute inflammation.
We cannot clearly conclude which of the two activities results in the observed effect, but presumably,
both can contribute or enhance the peptide action in the organism. Artificial mutant HCRG21 S5L is
a curious example of how the substitution of one amino acid residue changes the specificity of sea
anemone Kunitz-type toxin from the channel of TRP to Kv family. It shows a fine line between a
specific inhibitor of TRPV1 channel and a toxin with a broader function. This manuscript is the starting
point for a deeper investigation of the importance of single amino acid residues and the establishment
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of the evolutionary patterns of Kunitz-type peptides from sea anemones, so similar in their amino acid
sequences and so different in the activities.
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Abstract: Before the advent of modern medicine, natural resources were widely used by indigenous
populations for the prevention and treatment of diseases. The associated knowledge, collectively
described as folk medicine or traditional medicine, was largely based on trial-and-error testing of plant
extracts (herbal remedies) and the use of invertebrates, particularly medicinal maggots of the blowfly
Lucilia sericata and blood-sucking leeches. The widespread use of traditional medicine in the West
declined as scientific advances allowed reproducible testing under controlled conditions and gave
rise to the modern fields of biomedical research and pharmacology. However, many drugs are still
derived from natural resources, and interest in traditional medicine has been renewed by the ability
of researchers to investigate the medical potential of diverse species by high-throughput screening.
Likewise, researchers are starting to look again at the benefits of maggot and leech therapy, based on
the hypothesis that the use of such animals in traditional medicine is likely to reflect the presence
of specific bioactive molecules that can be developed as drug leads. In this review, we consider the
modern medical benefits of European medicinal leeches based on the systematic screening of their
salivary proteins.

Keywords: medicinal leeches; drug discovery; Hirudo spec.; antistasins; hirudin; eglins; saratins

1. The Biology of Medicinal Leeches

European medicinal leeches of the genus Hirudo are blood-feeding annelids. The most relevant
species are H. orientalis (Asian leech), H. medicinalis (European leech) and H. verbana (Hungarian leech).
All three species are ectoparasites that live in freshwater ponds and slowly flowing streams, where they
locate their vertebrate hosts by sensing heat, chemicals or movement [1,2]. Leeches attach to the host
body surface and cut the skin using hundreds of calcified teeth [3]. They can then draw blood for up to
one hour while secreting saliva into the wound. The secreted salivary proteins and peptides reach the
vascular system of the host via thousands of tiny salivary gland cell ducts [4]. After ingestion by the
leech, the host blood is compressed in the crop by the excretion of water and salts [5,6]. The remaining
highly viscous blood comprises plasma proteins and blood cells and can be stored in the crop for up
to one year [7]. It is thought that the morphology of the concentrated erythrocytes remains stable
during storage [8], which means that proteolysis induced by host proteases released from leukocytes is
inhibited [5]. Furthermore, leeches inevitably make contact with (and thus ingest) some bacteria on the
surface of the host’s skin during feeding, but the stored blood does not become overrun with pathogens.
Indeed, foremost symbiotic core bacteria such as Aeromonas veronii, A. hydrophila and Rikinella-like
species survive in the alimentary tract of the leech [9-11]. It is supposed that symbionts like A. veronii
support the digestion of host blood by facilitating hemolysis [10,12,13] and may also help to suppress
the growth of other bacteria in the crop of the leech [9]. In most parasitic leeches the host blood is
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stored in the crop, while food digestion and the absorption of nutrients occur predominantly in the
intestine. It can be assumed that medicinal leech enzymes (e.g., endopeptidases, aminopeptidases,
phosphatases) promote digestion processes [14].

2. The Pharmacological Potential of Medicinal Leeches

Medicinal leeches were used by Egyptian, Indian, Greek and Arab physicians thousands of years
ago. The main application was bloodletting, but leeches were also recommended for the treatment
of systemic ailments such as inflammation, skin diseases, rheumatic pain or problems with the
reproductive system [15]. As an advocate of leech therapy, the Greek physician Galen of Pergamon
(130-201 AD) described leeches as an effective treatment for numerous diseases. Later, in the Middle
Ages, leech therapy was popular because it was less painful than conventional treatments and was
recommended even for diseases of the nervous system and eyes. The use of leeches declined in
the age of modern medicine, but medical interest was rekindled when one of the strongest natural
anticoagulants—hirudin—was discovered in leech saliva by John Berry Haycraft in 1884, further
characterized by Fritz Markwardt in the 1950s [15].

In the 1960s, physicians rediscovered the pharmacological potential of leech saliva. For example,
medicinal leeches were used to prevent vascular disorders after reconstructive surgery [16],
to re-establish disrupted blood vessel networks and as an alternative to anti-inflammatory drugs.
Most reports concerning medicinal leech therapy focus on cosmetic and reconstructive surgery.
However, leech therapy has been tested for many conditions over the past two decades, including
migraine [17,18], knee osteoarthritis [19-25], cardiovascular disease [26-28], skin disorders [29],
diabetic foot ulcers [30-32], priapism [33], macroglossia [34,35], cancer [36,37] and skin wounds [38,39].
For most of these conditions only individual case studies were published [39], but migraine and knee
osteoarthritis are exceptions. Migraine is a primary neurological disorder and, for most patients,
a lifelong illness associated with headaches, vomiting, nausea, photophobia and phonophobia. In a
case series of seven patients who were unresponsive to conventional drugs, post-auricular leech
therapy was shown to significantly reduce the frequency of migraine headaches, which the authors
attributed to the presence of potent anesthetic, anti-inflammatory and vasodilator substances in the
leech saliva [17]. Osteoarthritis is a disorder of the joints that is prevalent in older people (>65 years)
and causes pain after activity and stiffness after rest [40]. A meta-analysis of seven articles published
between 2000 and 2017 showed that leech therapy could improve the symptoms of knee osteoarthritis
and reduce pain [39]. Importantly, leeches placed on the knee often achieved comparable or even
better pain relief than conventional drugs, and patients reported that mobility was restored and the
benefits of leech therapy were sometimes still evident after six months [41]. Although the benefits of
leech therapy were evident from these studies, the salivary compounds responsible for these effects
and the underlying molecular mechanisms were not characterized in detail.

3. Salivary Proteins: Natural Drugs from Medicinal Leeches

Antagonistic interactions between parasites and their hosts have led to an evolutionary
“arms race”, during which ectoparasites adapted to feed on host body fluids [42,43]. To ingest
and digest host blood, medicinal leeches synthesize more than 100 salivary proteins and
peptides [44-47]. The molecules are secreted during feeding and target physiological pathways
involved in host defense, working as analgesics (kininases), anticoagulants (hirudin, calin, saratin and
apyrase), anti-inflammatories (eglins, bdellins and tryptase inhibitor), cell matrix-degrading proteins
(hyaluronidase) or antimicrobials [7,45,47-58]. Salivary transcriptome data from Macrobdella decora [59]
and Hirudo nipponia [60], as well as expressed sequence tag libraries constructed from the salivary
glands of H. verbana, M. decora and Aliolimnatis fenestrata [61], provided insight into the spectrum
proteins found in leech saliva. For European medicinal leeches, the combined transcriptomic analysis
of salivary gland cells and proteomic analysis of saliva in H. medicinalis, H. orientalis and H. verbana
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revealed a much wider repertoire of components than previously known [44], indicating that only
~15% of the salivary proteins in these species were identified and characterized (Table 1).

Analysis of the salivary transcriptomes of H. medicinalis, H. orientalis and H. verbana revealed the
presence of transcripts representing 189, 86 and 344 salivary proteins, respectively [44]. The three closely
related species were found to share 39 orthologous clusters, whereas 50 orthologous clusters were
shared by any two of the three species [44]. Many of these newly discovered leech salivary proteins are
either associated with blood feeding or related to proteins found in animal venoms [44]. The salivary
proteins predicted from transcriptomic and proteomic data can be assigned to various functional groups
based on their structural similarities, including metalloproteases representing the M12, M13 and M28
families, hyaluronidases, apyrases, adenosine deaminases, antistasins, cysteine-rich secretory proteins
(CRISPs), eglins, cystatins, PAN/apple domain proteins, a2-macroglobulins, low-density lipoprotein
receptors, R-type lectins, and salivary proteins containing a von Willebrand factor type A (vIWA)
domain. These proteins are likely to be involved in the regulation of blood coagulation, the temporary
adjustment of blood pressure, the regulation of inflammation, the suppression of microbial growth or
the digestion of blood in the crop [44]. Interestingly, differential gene expression analysis indicated
that genes encoding salivary proteins, such as hirudin, eglins, saratins and destabilases, were also
expressed in other leech tissues, showing that at least some leech “salivary proteins” are not restricted
to the saliva and may have additional physiological functions [44]. Some leech-specific anticoagulants
were also found in leeches that do not feed on blood, such as Whitmania pigra [62]. Interestingly,
these anticoagulants were upregulated after feeding [62] just as they are in blood-feeding leeches [63].

The identified metalloprotease families in leech salivary encompass astacins (M12), neprilysins
(M13) and aminopeptidase S (M28). Members of these metalloprotease families were also determined
in the salivary secretion of medicinal maggots of Lucilia sericata [64]. Astacin-like metalloproteases
are endopeptidases, which were originally identified in the crayfish Astacus astacus, which contribute
to digestion. A homologues were found in the venom of the brown spiders Loxosceles, with the
recombinant form able to induce morphological changes, such as loss of adhesion of muscular
aorta cells in vitro and hydrolyzed purified fibrinogen and fibronectin [65]. Mammalian neprilysin is
involved in reproduction and the modulation of neuronal activity and blood pressure [66]. Interestingly,
the transcriptomic analysis of the salivary glands from medicinal maggots L. sericata elucidated a
diversification of proteolytic enzymes [64], whereas the most diverse groups of molecules in the saliva
of leeches represented protease inhibitors.

Many leech salivary proteins, including antistasin-like inhibitors, hirudins, hirudin-like factors and
Kunitz-type proteinase inhibitors, show remarkable diversity [44,78], possibly reflecting target-oriented
evolution [83] promoted by gene duplication events [84]. Gene duplication events are likely to have
promoted the acquisition of two major salivary protein families—salivary blood coagulation inhibitors
and platelet aggregation inhibitors—in blood-feeding ticks [85]. Gene recruitment also supports
the diversification of salivary protein isoforms, based on the hypothesis that regulatory evolution
is fundamental for adaptive evolution [86]. Accordingly, at least some venom and salivary proteins
were recruited from other tissues, where they fulfilled distinct biological functions. The recruitment
of alternative splice variants and 5" exon evolution might explain the adaptation of vampire bats to
hematophagy and may be a more common source of genomic complexity in sanguivorous animals
than the evolution of new genes [86]. This led to the identification of novel and convergently recruited
venom proteins in blood-feeding leeches and vampire bats [86].
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Evolutionary models explaining the adaptation of leech salivary proteins to specific hosts are still
a matter of debate. Current challenges include the lack of well-characterized proteins in terms of mode
of action and target. The isoproteins in leech saliva may have more than one target in the host, or their
activity may be dependent on pH, temperature, the season or the developmental phase. Both the
redundancy of salivary proteins (multiple proteins directed against the same target) and the potential
cooperative interactions among multiple salivary proteins should be considered. The interplay of
several salivary proteins can be seen in the bloodsucking arthropod Rhodnius prolixus, which produces
four isoforms of salivary nitrophorin. All of them are vasodilators (working in cooperation) and
histamine suppressors, but one is a strong inhibitor of factor IXa, another is a weaker anticoagulant
and the remaining two isoforms appear to have lost their anticoagulant activity [87].

4. Antistasins as a Representative Leech Salivary Protein Family

Several antistasins were identified in leech species, including (1) the prototype antistasin, isolated
from the salivary glands of the Mexican leech, Haementeria officials; (2) hirustasin and bdellastasin,
identified in H. medicinalis; (3) ghilanten, identified in Haementeria ghilianii; (4) piguamerin, identified in
H. nipponia; and (5) guamerin I (H. nipponia) and guamerin II, isolated from Whitmania edentula [88-93].
All of these cysteine-rich proteins contain several repeated motifs, each consisting of six conserved
cysteine and two conserved glycine residues [94], but differ widely in terms of structure and function [89].

The prototype antistasin is a polypeptide of 119 amino acids that includes 10 disulfide bridges
and a twofold internal repeat, suggesting that it arose following a gene duplication event [54,95].
This protein is a potent competitive inhibitor of coagulation factor Xa, a serine protease which cleaves
antistasin at position Arg>* to yield a 10-kDa fragment [91]. The presence of antistasin therefore
maintains host blood in a liquid state [54]. The medical applications of antistasin are not restricted to
its role as an anticoagulant because its ability to inhibit serine proteases was also shown to prevent the
spread of tumors, probably by reducing the likelihood of metastasis [96].

Additional antistasin-type proteins known to inhibit factor Xa include ghilanten [93] and yagin [82].
In contrast, guamerin I [97] and guamerin II [88] are specific inhibitors of neutrophil and pancreas
elastases, whereas hirustasin is a potent inhibitor of trypsin, chymotrypsin, cathepsin G and tissue
kallikrein [55]. In contrast to hirustasin, piguamerin does not inhibit tissue kallikrein, but does inhibit
plasma kallikrein and trypsin [89]. The P1 residue of the reactive site determines the specificity of
serine protease inhibitors [98]. If it is lysine or arginine, the inhibitor targets trypsin and trypsin-like
enzymes. However, if it is tyrosine, phenylalanine, leucine or methionine, then chymotrypsin or
chymotrypsin-like enzymes are more likely targets [99]. If it is alanine or serine, the inhibitor will
tend to target elastase-like enzymes [98,99]. This was confirmed for a serine protease inhibitor
containing antistasin and whey acidic protein (WAP) domains (Stm AW-SPI) isolated from the tropical
sea cucumber Stichopus monotuberculatus [98].

5. Leech Salivary Proteins as Drug Leads

Natural products from plants and animals provide an astonishingly diverse source of active
compounds for drug development and clinical trials [100] and can be used as tools for pharmacological
or biotechnological applications [101]. Medicinal leeches are promising for the treatment of diseases
associated with pain, inflammation or blood disorders. However, the use of living animals poses a
risk of infection. Leeches carry bacteria in their digestive tract [10,11] and on their skin, and these
bacteria could infect patients undergoing treatment. The use of antibiotic prophylaxis to minimize
post-operative leech-borne infections only partially addresses this issue and encourages the emergence
of multidrug-resistant pathogens in a clinical setting [102]. One strategy to avoid contact with leeches
altogether is the extraction and purification of individual salivary components and their production
as recombinant proteins to be administered using sterile equipment. Linked sets of proteomic and
transcriptomic data are needed to explore bioactive proteins and peptides derived from natural animal
sources such as leech saliva [101]. Such combined analysis (e.g., RNA-Seq + MALDI-TOF-MS or

31



Biomedicines 2020, 8, 99

NanoLC-ESI-MS) allows researchers to compare salivary gland transcripts containing signal peptides
with salivary proteins secreted into the host wound. Because European medical leeches have thousands
of single salivary glands cells and their saliva secretion mechanisms are still unknown, it is necessary
to prepare salivary gland cell tissues for proteomics. Comparative proteomic analysis of unfed
leeches and fed leeches enabled researchers to separate proteins and to distinguish between secretory
and nonsecretory proteins [63]. The combination of proteomics and transcriptomics followed by a
conserved domain search made it possible to predict the functional domains of salivary proteins that
may be responsible for the observed therapeutic effects of leeches, leading to the identification of new
anti-inflammatory, analgesic or pro-coagulant leads (Figure 1). The pharmacological potential of a
protein can only be established if its target is known, and this is best achieved by expressing the drug lead
as a recombinant protein so that ample amounts are available for testing in vitro, in cells, in tissue-based
assays and in animal models. Multiple assays are available for the detection of targets related to blood
coagulation, pain pathways, antimicrobial activity, cytotoxicity and inflammation. Recombinant leech
proteins can be expressed in bacteria [77,103], yeast [104-106], insect cells [107] or a cell-free expression
system, or leech peptides can be prepared by chemical synthesis. Correct folding is important but
difficult to control, because leech salivary proteins often contain numerous cysteine residues that form
disulfide bonds and these structures must be replicated to ensure that synthetic and recombinant
proteins remain stable and functional. Eglins are an identified leech salivary protein family without
cysteine residues [74,75], while other described salivary proteins possess six cysteine residues (hirudin,
hirudin-like factors, leech-derived tryptase inhibitor, bdellin-B3; saratin; [48,51,56,57,68,76,77,81]),
eight cysteine residues (leech carboxypeptidase inhibitor; [80]), 10 cysteine residues (hirustasin; [55])
or 14 cysteine residues (destabilase; [71-73]). The formation of disulfide bonds is one of the most
important post-translational modifications, ensuring the bioactivity of the protein and underpinnig the
assignment of the protein to a given class or family [101]. Correct folding can be confirmed by X-ray
crystallography or nuclear magnetic resonance (NMR) spectroscopy, but large quantities of protein
are required. In contrast, preliminary structural analysis with limited sample quantities is possible
using approaches such as electron capture dissociation (ECD) or electron transfer dissociation (ETD)
coupled with liquid chromatography mass spectrometry (LC-MS) using a triple quadrupole ion trap
mass spectrometer [108].
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Figure 1. Workflow for the analysis of leech salivary proteins as drug leads. To analyze individual leech
salivary proteins, a combination of transcriptomics and proteomics provides the protein sequences.
Recombinant proteins are expressed to test their activities in cells, tissues and animal models, for example,
to determine whether they possess anticoagulation, analgesic, anti-inflammatory or antimicrobial effects.
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Abstract: Conotoxins form a diverse group of peptide toxins found in the venom of predatory
marine cone snails. Decades of conotoxin research have provided numerous measurable scientific
and societal benefits. These include their use as a drug, diagnostic agent, drug leads, and research
tools in neuroscience, pharmacology, biochemistry, structural biology, and molecular evolution.
Human envenomations by cone snails are rare but can be fatal. Death by envenomation is likely
caused by a small set of toxins that induce muscle paralysis of the diaphragm, resulting in respiratory
arrest. The potency of these toxins led to concerns regarding the potential development and use of
conotoxins as biological weapons. To address this, various regulatory measures have been introduced
that limit the use and access of conotoxins within the research community. Some of these regulations
apply to all of the 200,000 conotoxins predicted to exist in nature of which less than 0.05% are
estimated to have any significant toxicity in humans. In this review we provide an overview of the
many benefits of conotoxin research, and contrast these to the perceived biosecurity concerns of
conotoxins and research thereof.

Keywords: conotoxin; conopeptide; cone snail; venom; envenomations; fatalities; drugs;
biosecurity; biomedicine

1. Introduction

This article is divided into four sections. In the introductory section we provide an overview of
the definition and classification of conotoxins, their chemical and pharmacological diversity, and a
brief history of the methodologies used for conotoxin discovery. In the second section we highlight
measurable scientific and societal benefits of conotoxin research with a view toward the future.
The third section addresses biosecurity concerns and past and current regulations of conotoxins.
In this section we discuss fatalities resulting from cone snail envenomations, toxicity data of selected
conotoxins, the potential misuse of conotoxins as biological weapons, and their fictional use as murder
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weapons in the literature and popular media. In the concluding remarks, we assess the effectiveness
and justification of regulations and suggest revisions of some current regulatory measures.

1.1. Conotoxin Definition, Classification, and Discovery

Venomous cone snails comprise a large and diverse lineage of marine gastropods within the
family of Conidae (superfamily Conoidea) [1-4]. Based on molecular phylogenetic data, cone snails
can be grouped into ~57 distinct clades (or subgenera) [5], all of which use venom for prey capture
(examples shown in Figure 1).

Figure 1. Shells of selected cone snail species from nine subgenera (for subgenus classification see [5]).
Top row: fish-hunting cone snails (from left to right: Conus geographus (Gastridium), Conus magus and
Conus consors (Pionoconus), Conus purpurascens (Chelyconus)), middle row: snail-hunting cone snails
(Conus marmoreus (Conus), Conus textile and Conus ammiralis (Cylinder), Conus omaria (Darioconus)),
bottom row: worm-hunting species (Conus imperialis and Conus regius (Stephanoconus), Conus pulicarius
(Puncticulis), Conus mustelinus (Rhizoconus)). Shells not to scale.

In the most basic sense, a conotoxin is a toxin identified from any of the ~1000 living cone
snails. The majority of conotoxins are gene-derived peptides that are synthesized at the ribosome
and further processed in the endoplasmic reticulum (ER) and Golgi apparatus of the secretory cells
of the venom gland. Small molecules of non-peptidic nature have also been isolated from cone snail
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venom. These have traditionally not been defined as “conotoxins”, but instead named according to
their characteristic chemical structures (for example [6,7]). Cone snail small molecules have not been
subject to regulation and will therefore not be further discussed in this review.

The majority of conotoxins identified to date contain disulfide bonds that are formed between
cysteine residues to confer structural stability and resistance against proteolytic degradation [8].
However, not all conotoxins contain cysteines and it has been suggested that conotoxins should be
classified into those that are cysteine-rich (i.e., containing more than one disulfide bond) and those
that are cysteine-poor (i.e., containing only one or no disulfide bonds). The term “conopeptide” was
suggested to describe the latter group. However, this distinction has not received traction in the field
and both terms conotoxin and conopeptide are now being used interchangeably [9].

Three biochemical and pharmacological features have been used to broadly classify conotoxins
into distinct groups: their pharmacological target and activity (typically designated by a Greek letter),
their cysteine framework (designated by Roman numerals) and their gene superfamily (designated by
Latin letters). For example, conotoxins «A-GI and o«M-MIII]J both target the nicotinic acetylcholine
receptor (nAChR) as represented by the Greek letter & but their genes and cysteine frameworks do not
share any homology; one belongs to the A gene superfamily and has a type I cysteine framework while
the other belongs to the M gene superfamily and has a type III cysteine framework. To date, more
than 10 distinct pharmacological classes, 50 gene superfamilies, and 28 cysteine frameworks have been
described [10], and more are likely to be discovered in the future.

The five best studied pharmacological classes of conotoxins all target ion channels expressed
in the nervous and locomotor systems: « (inhibitors of nAChR), w (inhibitors of voltage-gated
calcium channels, VGCC), k (inhibitors of voltage-gated potassium channels, VGKC), u (inhibitors of
voltage-gated sodium channels, VGSC), and 6 (delayers of activation of voltage-gated sodium channels,
VGSC) (Table 1). Not all pharmacological classes of conotoxins have a Greek letter designation.
Instead, some have been named according to their sequence homology or similarity to other peptides
(e.g., conopressins share sequence homology to vasopressin-oxytocin and coninsulins to insulin) or
according to their phenotypic effect in mice (e.g., Conantokins, toxins that induce a sleep-like state in
mice, were named after the Filipino word for sleep, “antok”) (Table 1).

Table 1. Pharmacological families of conotoxins (in alphabetical order, modified from [10]).

antagonists

Pharmat:(.)loglcal Molecular Target Molecular Mechanism Referem.:e Reference
Family Conotoxin
Nicotinic acetylcholine receptors .
o (alpha) (NAChR) Receptor antagonists GI [11]
Neuronal pacemaker cation Channel activator,
Y (gamma) channels potentially indirect effect PnVIIA (2]
5 (delta) Voltage-gated Na channel Delay channel inactivation PVIA [13]
L (iota) Voltage-gated Na channels Channel activators RXIA [14]
k (kappa) Voltage-gated K channels Channel blockers PVIIA [15]
u (mu) Voltage-gated Na channels Channel blockers GIIIA [16]
o (rho) «1 adrenoreceptors Allosteric inhibitor TIA [17]
. 5-hydroxytryptamine 3 receptor .
o (sigma) (HTR3A) Receptor antagonist GVIIIA [18]
T (tao) Somatostatin receptor (SSTR) Receptor antagonist CnVA [19]
X (chi) Norepinephrine Transporter Inhibitor MrIA [17]
w (omega) Voltage-gated Ca channels Channel blockers GVIA [20]
@ (phi) Promotes cell proliferation Not determined MiXXVIIA [21]
Examples of pharmacological families without Greek letter designation

. N-methyl-D-aspartate receptor . .
Conantokins (NMDAR) Receptor antagonists Conantokin-G [22]
Coninsulins Insulin receptor Receptor agonists Con-Insulin G1 [23]
Conopressins Vasopressin receptor Receptor agonists and Lys-Conopressin-G [24]
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1.2. Conotoxin Discovery

In the early days of conotoxin discovery, dating back to the 1960s, conotoxins were directly isolated
from dissected venom, usually by bioassay-directed fractionation and sequencing (for example [11,
25-27]). Thus, discovery was focused on the biological activity of a newly identified toxin, and as
such, the toxin’s pharmacological activity and classification was usually determined. A common assay
used to identify new toxins was by intracranial (IC; into the brain) or intraperitoneal (IP; into the
abdominal cavity) injection of fractionated venom compounds into mice followed by observational
recording [11,22,25-30]. Sequencing of active components required several rounds of purification
from the complex venom mixture. As the conotoxins that elicited the most severe phenotypes when
injected in mice could be more easily traced during purification, most conotoxins identified early
on were those that were potently active in vertebrates and elicited severe effects such as seizures,
shaking, paralysis, respiratory distress, or death [11,22,25-30]. Conotoxins that did not elicit a strong
physiological response were not pursued or not reported (for example, see [31]). This may have resulted
in the perception that most conotoxins have severe toxicity in vertebrates. Additionally, early studies
predominantly focused on the venom of fish-hunting (piscovorous) cone snails. However, fish hunters
constitute fewer than 20% of the total species diversity of cone snails [32]. The vast majority of cone snails
prey on worms (vermivorous), and a small fraction of species prey on other mollusks (molluscivorous).
Conotoxins isolated from piscovorous species are more likely to show toxicity in vertebrates than those
isolated from vermivorous and molluscivorous species. Indeed, as conotoxin research expanded to
the venoms of worm- and snail-hunting species and to more diverse sets of toxins from fish-hunters
(e.g., a-conotoxins that target neuronal nAChRs, coninsulins, conopressins), the number of conotoxins
with no or very low phenotypic activity in vertebrates steadily increased [10,33]. The vast majority of
conotoxins isolated from venom to date have little to no toxicity in vertebrates.

The advent of genome sequencing in the 2000s dramatically changed how conotoxins could be
identified; toxin sequences could now be readily deduced from genomic DNA or mRNA without the
need to physically isolate toxins from venom. This led to a dramatic increase in the rate of conotoxin
discovery; today more than 20,000 conotoxin sequences have been identified with thousands more
anticipated to be sequenced in the coming years. The vast majority of these conotoxins have never been
directly isolated from venom and their pharmacological activity remains unknown. For toxin sequences
that share significant homology with toxins of known pharmacologies, activity can sometimes be
predicted, but potencies and subtype selectivity profiles are difficult to predict. Activities of conotoxin
sequences that do not share significant homology with known toxins are impossible to predict and, one
may argue, these should not even be called conotoxins until a biological activity or presence in venom
has been verified. To address this issue we previously proposed the usage of “conotoxin candidate” or
“putative conotoxin” until future evidence can verify that a newly identified sequence indeed encodes
a biologically active toxin (and is not merely predicted to do so) [34]. However, currently, there is no
consensus in the field about how to best define newly identified conotoxin sequences.

While the difficulty of defining and classifying toxin sequences from large datasets has not been
perceived as a limitation in the field of conotoxin research, the lack of a clear definition combined with
the complexity of biological activities and toxicities has complicated the generation of well-reasoned
regulations for research on, and access to, conotoxins (see Section 3.4).

2. Conotoxin “Cures”—Scientific and Societal Benefits of Conotoxin Research

2.1. The Conotoxin Drug Ziconotide (Tradename Prialt®)

w-Conotoxin MVIIA (or ziconotide) is arguably the most famous conotoxin discovered to date.
First isolated from the venom of the magician cone, Conus magus, at the University of Utah in 1982 [26],
it was developed as a drug for the treatment of intractable pain by the biotech company Neurex Corp,
approved by the United States Food and Drug Administration (FDA) in 2004, and marketed as Prialt®
(the primary alternative to morphine) (Table 2). The history of the discovery of w-conotoxin MVIIA
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has recently been reviewed in more detail elsewhere [35]. Here, we focus on the initial scientific goals
that led to the discovery of w-MVIIA and the societal benefits of this conotoxin today.

Table 2. Overview of conotoxin drug leads.

. - C Stage in
Conotoxin Molecular Target Clinical Indication Development Company
MVIIA (ziconotide, Refractory chronic TerSgra Therapeutics,
Prialt®) Cay2.2 channel and cancer pain Approved Riemser Pharma
GmbH, Eisai Co., Ltd.
a-RglA4 (KCP-400) nACI;I;O(Cslté?type Neuropathic Pain Pre-clinical (ongoing) Kineta, Inc.
Mini-Ins
(conotoxin insulin Insulin receptor Type 1 diabetes Pre-clinical (ongoing) Monolog LLC
analog)
Contulakin-G . . . Phase I (on hold, .
(CGX-1160) Neurotensin receptor Neuropathic Pain demise of company) Cognetix, Inc.
Phase I .
«-Vcl.1 (ACV1) NACHR (subtype Neuropathic Pain (discontinued, lack of Metabohg
«9x10) . Pharmaceuticals
efficacy)
w-CVID Cay2.2 channel Chronic Pain . Phas? 1 Amrad, Inc.
(discontinued)
g Norepinephrine . . Phase I
X-MrIA (Xen2174) transporter Postoperative pai (discontinued) Xenome, Inc.
Conantokin-G NMDA receptor Intractable ( dﬁz;ﬂg‘:\iﬂ d Cognetix, Inc
(CGX-1007) (subtype NR2B) Epilepsy demise of company)
K-PVIA Ky 1 subfamil Cardioprotection (drzzcririlrllflaeld Cognetix, Inc
(CGX-1051) v y P ’ gnetx, nc.

demise of company)

w-MVIIA was discovered as part of an initiative into understanding why the venom of fish-hunting
cone snails could be paralytic. In fish, w-MVIIA was found to block neuromuscular transmission at the
presynaptic terminus by inhibiting a specific voltage-gated calcium channel [36,37]. However, in the
early 1980s, calcium channels had not been defined at a molecular level and it was uncertain how many
different voltage-gated calcium channels were present in the vertebrate nervous system. The isolation
of w-MVIIA and a related peptide from Conus geographus, w-GVIA, provided key pharmacological tools
to define different types of voltage-gated calcium channels. Both peptides were selective for a calcium
channel subtype that had not previously been recognized (initially known as the N-type calcium
channel, and later as Cay2.2). While exploring the potential biomedical applications of w-MVIIA,
experiments conducted by Neurex Corp with a radiolabeled analog revealed specific binding to layers
of the spinal cord dorsal horn previously established to be important for the perception of pain [38].
This finding paved the way for the subsequent development of w-MVIIA as an analgesic [39].

The commercial drug Prialt® is an exact synthetic copy of w-MVIIA. When approved by the
FDA in 2004, Prialt was a welcome addition to the repertoire of anesthesiologists as an agent with
a non-opioid mechanism. Unlike opioids, Prialt does not cause addiction or respiratory depression,
but at high doses can lead to other severe, albeit not fatal, side effects, including psychomotor effects
ranging from mild ataxia and auditory hallucinations (typically completely reversible with a small
dose reduction) to more debilitating ataxia and psychosis. Furthermore, because Prialt acts by targeting
Ca,2.2 channels expressed in the central nervous system, it must be administered intrathecally using
an implanted pump. This is an invasive and relatively costly procedure that has been a barrier to
more widespread use. Thus, clinically, Prialt was often used a last resort. However, due to the
lack of availability of effective, non-opioid therapeutics, recent guidelines now encourage the use of
Prialt as a first-line agent in various pain conditions including neuropathic and nociceptive pain [40].

43



Biomedicines 2020, 8, 235

Furthermore, Prialt has been increasingly used in combination with an intrathecal opioid, exploiting
the potentially synergistic effect of Prialt and opioids in the treatment of refractory chronic and cancer
pain [41].

2.2. Conotoxin Drug Leads

In addition to the clinical development of w-MVIIA several other conotoxins have been at various
stages of development as drug leads for pain, epilepsy, heart disease, and diabetes (for recent reviews
on these toxins see [35,42—44]). Table 2 provides an overview of these drug leads. Despite their
promising therapeutic applications, none of these conotoxins has (yet) reached clinical approval. It is
difficult to assess the underlying reasons for this because information on commercial developments
of drug leads is typically not made accessible to the public when the development of a compound
is discontinued (e.g., information on lack of efficacy in clinical trials, safety concerns, change in
a company’s development program, demise of a company, intellectual property disputes, etc.).
Where known, we list the current development status of conotoxin drug leads and the reason for why
past development efforts were halted (Table 2).

Regardless of their drug development status, many of these toxins have become valuable
pharmacological and biomedical tools for the study of signaling pathways important in health
and disease.

2.3. Diagnostic Tool

One hallmark feature of conotoxins is their target specificity for closely related subtypes of receptors
and ion channels. The selectivity profile of w-conotoxin GVIA from the venom of Conus geographus,
a homolog of the approved drug Prialt, led to its development as a diagnostic tool for Lambert-Eaton
myasthenic syndrome (LEMS). LEMS is an autoimmune disorder, which results in muscle weakness,
and is associated with lung cancer. LEMS is caused by the production of antibodies against presynaptic
voltage-gated calcium channels (VGCCs), which results in the inhibition of acetylcholine release at
the neuromuscular junction [45-47]. While it has historically been difficult to differentiate LEMS
from symptomatically related disorders, in 1989 Sher and coworkers showed that antibodies against
VGCCs produced in LEMS could immunoprecipitate 2°I-w-conotoxin GVIA-bound N-type VGCCs
(Cay2.2), which are elevated in about half of LEMS patients [45,48]. This laid the basis for a diagnostic
radio immunoprecipitation assay to differentiate LEMS from similar disorders, such as myasthenia
gravis. By labeling solubilized cell membrane expressing Ca,2.2 with 12I-labeled w-conotoxin GVIA,
and exposing this to LEMS patient serum, antibodies against Cay2.2 can bind the receptor-conotoxin
complex. These are then precipitated, and the radioactivity can then be detected, indicating that the
patient serum contains Ca,2.2 antibodies. This diagnosis was later improved by the use of a different
conotoxin that binds P/Q-type VGCCs (Cay2.1), w-conotoxin MVIIC. Antibodies against Cay2.1 are
elevated in about 85 % of LEMS patients [49,50]. Differentiating these disorders is critical for guiding
clinical care [51]. The emergence of medically relevant diagnostic tools provides an important example
for the societal benefits of conotoxin research.

2.4. Cosmetics

Similarly to botulinium toxin (Botox®), conotoxins that have myorelaxant properties can be
developed as anti-wrinkle creams or injectable formulations. One such conotoxin is pu-CIIIC, originally
isolated from the fish-hunting cone snail Conus consors as part of the European Commission-funded
CONCO project (“CONCO: the cone snail genome project for health”). p-CIIIC preferentially blocks
the skeletal muscle sodium channel, Nay 1.4, and the neuronal sodium channel Nay 1.2 [52]. Due to the
blocking of Nay1.4, it can act as a myorelaxant. p-CIIIC was initially investigated as a drug for the
treatment of pain and as a local anesthetic but is now sold as the active ingredient in a non-prescription
cosmetic anti-wrinkle product under the name “XEP™-018".
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2.5. Research Tools

Conotoxins that target mammalian receptors are often selective for certain receptor subtypes,
or subunit compositions. This feature renders conotoxins excellent tools for a plethora of studies in
the areas of pharmacology, neuroscience, biochemistry, and structural biology. Table 3 lists a small
number of these conotoxins, and examples of their use in basic biology and biomedical research.
There is of course overlap with clinically developed conotoxins (Table 2), which are also often used as
research tools. For instance, w-conotoxin MVIIA (the drug Prialt), has been used as a tool compound
in thousands of studies.

Another conotoxin that has been extensively used as a research tool in the scientific literature
(> 3000 publications) is w-conotoxin GVIA, a potent and selective blocker of the presynaptic N-type
calcium channels, Cay2.2. The Ca,2.2 channels play a crucial role in neurotransmitter release in
response to action potentials in the kidneys, where they regulate the dilation of arteries, and in the
heart, where they regulate cardiac excitability [53-55]. Hence, w-conotoxin GVIA has been used
extensively in numerous studies of various topics, including neurotransmission, pain, cardiology,
epilepsy, renal function, and nuclear signaling (selected references in Table 3).

Another example is the x-conotoxin, ImlI, from the vermivorous Conus imperialis (as well as the
subsequently discovered x-conotoxin, ImII [56]). ImI and ImII are inhibitors of the neuronal &7 subtype
of the nAChRs [57]. These toxins, like most other subtype- or subunit-selective conotoxins, have been
used to elucidate the importance of receptor subunits in numerous biological- and pathophysiological
studies [58-60]. However, they have also seen other more specialized uses. For instance, in a 2014
study Heghinian and co-workers used several different o-conotoxins to perform structurally guided
mutations in the D. melanogaster x7 nAChR, allowing this receptor to display similar selectivity for
various conotoxins as the mammalian counterpart. This, in turn, resulted in D. melanogaster cholinergic
synapses that mimic the synaptic behavior of vertebrate synapses, improving the suitability of these
mutant flies as a tool for in vivo drug discovery [61].

In a 2015 study, Lin and co-workers utilized the specificity of a-ImI for cellular targeting of the
chemotherapy drug, paclitaxel [62]. The authors showed that linking paclitaxel-containing micelles
to o-Iml significantly decreased the mass of tumors in mice when compared to either unlinked
paclitaxel-filled micelles or free paclitaxel. In addition, they observed a lower systemic toxicity of the
a-Iml-linked micelles.

In addition, several conotoxins have served as tools in structural biology to elucidate specific
receptor binding sites or mechanisms of receptor activation. For instance, the X-ray crystal structure
of the conotoxin con-ikot-ikot from Conus striatus [63] in complex with the GluR2 AMPA receptor
subunit revealed the molecular mechanism underlying receptor activation [64]. Another example is
the conotoxin Con-Insulin G1 from Conus geographus that revealed a minimum binding motif of insulin
at the human insulin receptor [65].

Conotoxins undergo post-translational processing (folding and modification) in the ER and Golgi
prior to packaging and secretion into the lumen of the venom gland. Due to their small size, chemical
diversity, and high degree of post-translational modifications, conotoxins are ideal candidates to study
general principles of peptide folding, modification, and secretion. Several conotoxins have been
repeatedly used as model substrates for studies into enzyme-assisted peptide biosynthesis and folding,
such as a-GI [66,67], u-SmIIIA [68,69], and conantokin-G [70,71].

Lastly, conotoxins are among the most rapidly evolving gene products known in nature and have
served as tools in a diverse range of studies on the effects of feeding ecology, prey taxa, dietary breadth,
age and geographical heterogeneity on the evolution of venom genes [72-76], and studies on the role
of gene duplication and positive selection on venom gene expression and diversification [77-79].
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Table 3. Examples of conotoxins used as research tools.

Conotoxin

Target

Feature

Useful in Field(s) of Research

o-GI, u-SmlIIA,
Conantokin-G

Various targets

Substrates for enzymes
involved in peptide
biosynthesis

Elucidating peptide biosynthesis
and folding [68-70]

Targeted drug delivery in
cancer [62], engineering

o-Iml a7 nAChR Subtype selectivity [56] D. melanogaster as better human
disease model [61], chromaffin cell
signaling [57]
. Inflammation [81], reward and
«-MII nAChR Subtype selective [80] addiction [82,83]
Neuropathic pain and
a-Vcl.l and a-RglA 9010 nAChR Subtype selective [84,85] inflammation [86-88],
immunology [89-91]
Disrupts desensitization,
Con-ikot-ikot AMPA receptor stabilizes open Receptor crystallization [64]

conformation [63,64]

Con-Insulin G1

Insulin receptor

Minimized binding motif
at the insulin receptor [65]

Receptor binding and drug
design [92]

k-PVIIA

Voltage-gated K*

Voltage-sensitive
binding/blocking of

Cancer [93], cardioprotection in

channels voltage-gated ischemia [94]
K-channels [15]
Neuronal profiling [5,6,97,98],
- +
kM-RIIIJ Voltage-gated K Subtype selectivity [95,96] channel subtype expression
channels 1
profiling [96,99]
Neurotransmission [100-102],
Voltage-gated . pain [103], cardiology [55],
w-GVIA Ca?* channels Subtype selective [37,99] epilepsy [104], renal function
[105], nuclear signaling [106]
W-MVIIC Voltage-gated Inhibits various subtypes Epilepsy [109], long-term

Ca?* channels broadly [107,108] depression [110], pain [111,112]

2.6. Conotoxin Research—A View toward the Future

Recent advances in throughput and sensitivity of next-generation DNA and peptide sequencing
have resulted in a massive increase in the rate of conotoxin discovery (for example [34,113]).
This is unlikely to decrease any time soon given that the cost of sequencing continues to fall. In
combination with the generation of easier, less computationally heavy bioinformatic tools for data
analysis, conotoxin discovery can now be done without the need of expensive or highly specialized
equipment. The increasing rate of conotoxin discovery is being met with advances in methodologies
for conotoxin production (for example [114-116]), high-content target screening and identification
(for example [117-119]), and with a newly sparked interest in peptide-based drug development by the
pharma industry [120]. We anticipate that this combination will lead to the development and design of
many more conotoxin-based biomedical tools and pharmacological agents in the future.

3. Conotoxin “Curses”—Biosecurity Concerns

3.1. Cone Snail Envenomations and Human Fatalities

From the very first report of a human fatality from a cone snail sting ~350 years ago, through to
2017, 141 cases of human envenomations have been recorded, of which 36 were fatal [121]. No human
fatalities have been reported for the past 20 years. Most, if not all, of the 36 human fatalities caused by
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cone snail stings have been attributed to a single species, Conus geographus [121]. All of these were
accidental, and there have been no reports of the use of cone snail venom as a weapon for murder.

In humans, symptoms from cone snail envenomations vary depending on several factors,
including cone snail species. Often, pain or numbness is reported, but symptoms can include edema,
vision impairment, fatigue and faintness, dyspnea, loss of reflexes, and nausea. Some victims have
noticed a burning sensation at the site of the sting, while others have reported that the sting itself
initially went unnoticed. Subsequently, reports of faintness, palpebral ptosis, dysphagia, as well as
vision and speech impairment are common in more severe cases, though in some cases no obvious
symptoms have been reported prior to the onset of muscle paralysis, which in the worst case can lead
to death due to respiratory or cardiac arrest within a few hours [122-124]. No effective antivenom
exists against cone snail venom.

While the venom of a small subset of the ~800 species of cone snails is toxic to humans,
the number of human envenomations by these animals pales in comparison to those reported for
other venomous animals. Snake bites undoubtedly comprise the largest contribution of serious human
envenomations by any group of animals. While exact data can be difficult to obtain, the World Health
Organization estimates that ~2.7 million people are envenomated by snakes every year, resulting
in 81,000-138,000 deaths per year, and 400,000 permanent disabilities, including amputations [125].
The large number of deaths from snake bites result, in part, from a much larger rate of human-snake
encounters. Nevertheless, it is clear that snake envenomations present a significantly larger concern to
human health and life, compared to cone snails.

Another large contributor to human envenomations are scorpions, with an estimated 1.2 million
global envenomations, and more than 3250 deaths each year [126]. One of the most venomous stings,
the eastern red scorpion Hottentotta tamulus, has an estimated fatality rate of ~30% when untreated.
Similarly to cone snails, no effective antivenom exists for H. tamulus venom, though treatment with the
anti-hypertension drug prazosin can lower this fatality rate to 2—4% [127,128].

As with cone snails, other venomous animals have also been an important source of biological,
and biomedical research, research tools, as well as drugs and drug leads. Snake venom has
provided several clinically important drugs, including blood pressure medication, coagulants,
and anticoagulants [129-131]. Numerous scorpion venom components are likewise being investigated
for biomedical uses, including novel peptide antimicrobial drugs [132].

3.2. Fictional Use of Conotoxins as Bioweapons

As envenomation by some species can be deadly, cone snails and their toxins have gained notoriety,
both in national biodefense considerations (see Section 3.4), as well as in fiction. Some of these have
recently been reviewed elsewhere [121,133].

For instance, in the Michael Crichton novel “The Lost World” (the sequel to “Jurassic Park”),
as well as in the movie and video game adaptations of the novel, the “Lindstradt air gun”, a gun
shooting a dart containing “enhanced venom” from the cone snail Conus purpurascens is used to kill
or paralyze dinosaurs. In the movie, Conus purpurascens venom is described as the most powerful
neurotoxin in the world that acts within 1/2000th of a second, which is stated to be faster than the
velocity of nerve conduction.

In a 1972 episode of the television show Hawaii five-0 (season 4, episode 20: “Cloth of Gold”),
a Conus textile, also called the “cloth of gold”, is intended to be used as a murder weapon. Instead it
ends up being used as a tool for suicide by the main antagonist who presses it against his throat and
is stung.

The Danish/Swedish television show, “Broen” (“The Bridge”, season 4, episode 5), featured the
venom of Conus geographus (although an image of Conus textile was shown) as a weapon for murder.
The toxin used was allegedly manufactured in a conotoxin production facility in Hamburg, Germany.

47



Biomedicines 2020, 8, 235

Another example is an episode of the animated British children’s show “Octonauts” (season 3,
episode 3) that featured a cone snail shooting poison-loaded harpoons at crew members after being
lost inside an underwater vessel.

Conotoxins have also appeared in several written murder mysteries, such as in James Patterson’s
2018 thriller “Murder in Paradise” or the novel “Murder on the Mataniko Bridge” by Ann Kengalu.

3.3. Conotoxin Toxicity

Contrary to their appearance as powerful murder weapons in fiction, no real-life incident for the
nefarious use of a cone snail, its venom or toxin components has ever been reported. In this section,
we report on the toxicity of some conotoxins in mammals that inspired both their use as weapons in
fiction, and the introduction of regulatory measures for scientists working with conotoxins.

Due to the way conotoxins were traditionally identified (i.e., by behavioral bioassays in mice,
see Section 1.2), the toxins that are the most potent in mammals were typically among the first to
be identified [11,26,27]. As discussed above, these include a toxin from C. geographus, x-conotoxin
GI, a potent inhibitor of nicotinic acetylcholine receptors of the neuromuscular junction [134-136]
(Table 4). «-conotoxin GI significantly contributes to the comparably high fatality rate of C. geographus
envenomations where it is believed to induce muscle paralysis and, ultimately, respiratory arrest due
to paralysis of the diaphragm [137]. This toxin was described more than 40 years ago, and yet, to our
knowledge, no incidents have ever been reported of its misuse. On the contrary, a-conotoxin GI been
a valuable research tool in neurosciences and biochemistry (Table 3). As with all cone snail species,
the venom of C. geographus contains more than 100 different toxins, the majority of which are not
considered harmful to humans. As with a-conotoxin GI, numerous other C. geographus toxins have
been valuable as drug leads and biomedical tools as well as one diagnostic agent (see Sections 2.2, 2.3
and 2.5).

Since conotoxins comprise a large and diverse class of compounds with many different
biomolecular targets in various species, the mammalian toxicity of different conotoxins likewise
covers a range of orders of magnitude. The median lethal dose (LDsp) of x-conotoxin Gl is 12 pg/kg
when injected intraperitoneally (IP) in mice [11]. Indeed, several conotoxins in the x-conotoxin family
that target muscle-type nicotinic acetylcholine receptors of the neuromuscular junction, are quite
potent toxins in mammals. However, this group forms a very small subset of x-conotoxins (most
target neuronal nAChR subtypes and have very little to no toxicity in mammals) and a minuscule
percentage of all conotoxins. For the vast majority of other conotoxins, the toxicity in mammals is so
low that no LDs( has ever been determined. This not only includes many toxins from worm- or snail
hunting species that have little to no effect in vertebrates, but also numerous toxins from fish hunters.
For instance, the venom of C. geographus contains a vasopressin-like toxin (conopressin-G) that elicits a
grooming behavior in mice when injected intracerebrally [24], and insulin-like toxins (coninsulins),
that are used by the snail to induce low blood sugar in fish prey but activate the mammalian insulin
receptor at much lower potency than human insulin [138]. As stated above, even within the family
of a-conotoxins, most toxins have very low to no toxicity in mammals. For instance, a-conotoxin
GIC, also from C. geographus, targets neuronal nAChRs, does not block human neuromuscular nAChR
subunit compositions in electrophysiological assays, nor do mice display any motor deficits or paralysis
when injected with up to 5 nmol IP (corresponding to >250 pug/kg) [139].

While certain conotoxins are indeed toxic to humans, these toxins are significantly less potent than
certain toxins produced in other animals (see Table 4). For instance, even the most lethal conotoxin is
more than one order of magnitude less potent than both textilotoxin, a protein toxin from the eastern
brown snake, Pseudonaja textilis, as well as ciguatoxins and maitotoxins, which are produced by various
dinoflagellate species.

Furthermore, conotoxins appear to only be toxic when injected. While not every route of
administration has been described, attempts have been made to improve the oral activity of conotoxin
drug leads. An example is the o-conotoxin Vcl.1, where numerous modifications were tested in order
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to increase its oral bioactivity. The analog obtained with the highest oral bioactivity was still ~1000
fold less potent when administered orally, than when injected [86,140].

Table 4. Comparison of the median lethal dose (LDsp) of different toxins and toxic substances.

LD50 in Route of Type of Known
Toxin Mice A dmi:istration %I(I))xin Source Antivenom/  Reference
(ug/kg) Antidote
a-conotoxin GI 12 jig Peptide Conus geographus No [11]
w-conotoxin GVIA ~60 jicd Peptide Conus geographus No [141]
Textilotoxin 1 i Protein Pseudonaja textilis Depends * [142]
Volkensin 1.38-1.73 iy Protein Adenia volkensii No [143]
Ciguatoxin-1 0.25 IP and oral Polycyclic Various dinoflagellates No [144]
poylethers
Maitotoxin 0.13 g Polycyclic Various dinoflagellates No*t [145]
poylethers
Polvevdic Palythoa corals and
Palytoxin 0.15 v yey dinoflagellates (or bacteria No [146]
poylethers livi N
iving on these)
Batrachotoxin 2 sC Alkaloid Various beetles, birds, and frogs No [147]
Saxitoxin 10 i Alkaloid Various marine dinoflagellates Inp?gx;r;‘ea [148]

Various marine bacteria (e.g.,
Pseudoalteromonas tetraodonis)
symbiotically living with
Tetrodotoxin 8 v Alkaloid numerous marine animals, Not [149]
e.g., Tetraodontidae fish,
Hapalochlaena octopodes, and
Naticidae snails

t Supportive treatment provided [150]. * After initial binding phase completed, antivenom seems to have no
effect [151,152]. # 4-Aminopyridine (marketed as Ampyra in the US, and used to manage symptoms of multiple
sclerosis) has been shown to reverse the effect of saxitoxin poisoning in guinea pigs [153].

3.4. Past and Current Regulations of Research on Conotoxins

Worldwide, various governing bodies are responsible for maintaining lists of regulated substances
that are deemed biosecurity concerns. Items on these regulatory lists are subject to certain restrictions
in their export and use, including in research. These lists contain various pathogens (e.g., Ebola virus,
sheeppox virus) but also include toxins of biological origin. Most of these toxins have a well-defined
chemical identity and biological activity, e.g., tetrodotoxin, botulinum toxin, or T2-mycotoxin.
However, for conotoxins, this is not the case, and the term “conotoxin” or “conotoxins” is used
without additional classification. For example, at the time of writing, the European Union (EU) includes
“conotoxin” as a controlled substance [154] and Australian regulations cover “conotoxins” [155], both of
which are virtually identical to how the United States regulated conotoxins prior to a 2012 revision.
Thus, these two lists not only include conotoxins that have toxicity in vertebrates, but also those that
elicit little or no physiological response in vertebrates and those with unknown biological activity.
Given the chemical, structural, and biological diversity of conotoxins (see Section 1.1) regulating
conotoxins as a single entity is clearly problematic. It is worth noting that to the best of our knowledge,
no regulatory agency has ever had “snake toxins” or “scorpion toxins” as a regulated substance in the
same manner as “conotoxins”. Neither does any country, to the best of our knowledge, regulate any of
the specific components of any animal venoms, even ones that are more potent toxins in mammals
than any conotoxin (see Table 4 for examples). Without a clear definition of the term “conotoxin”,
as currently the case in many countries, interpretation is often left to the individual evaluating a given
case, who is typically not an expert in the field.

To address this, some countries have more narrowly defined their classification of regulated
conotoxins. For example, until 2012, the select agent list in the United States included “conotoxins”.
This has since been revised to only include the paralytic x-conotoxins containing a very distinct sequence
pattern, which corresponds to the sequence motifs found in the conotoxins that block muscle-type
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nicotinic acetylcholine receptors ([156]; “Short, paralytic alpha conotoxins containing the following amino
acid sequence X;CCX,PACGX3X4X5XsCX7 where C = Cysteine residues with the 1st and 3rd Cysteine, and the
2nd and 4th Cysteine forming specific disulfide bridges; X1 = any amino acid(s) or Des-X; X, = Asparagine or
Histidine; P = Proline; A = Alanine; G = Glycine; X3 = Arginine or Lysine; X4 = Asparagine, Histidine, Lysine,
Arginine, Tyrosine, Phenylalanine or Tryptophan; X5 = Tyrosine, Phenylalanine, or Tryptophan; X4 = Serine,
Threonine, Glutamate, Aspartate, Glutamine, or Asparagine; X; = Any amino acid(s); “Des X” = “an amino
acid does not have to be present at this position.”). This narrower definition was also recently adopted by
the Danish Center of Biosecurity and Biopreparedness (CBB) [157].

In 1985, the “Australia Group” was formed as an informal arrangement aimed at allowing
members to harmonizing export, while minimizing the risk of this export aiding in chemical and
biological weapon proliferation [158]. At the time of writing, the Australia Group has 44 members,
including Australia, New Zealand, the United States, Argentina, Mexico, Japan, the Republic of Korea,
the United Kingdom, Switzerland, and members of the European Union. Conotoxins are listed as
biological agents, thus requiring members to control their international trade with the exception of
medical or clinical formulations of conotoxins designated for human use.

The exact implementation of the regulations, in regard to research activities utilizing conotoxins,
varies in different countries, but typically researchers are allowed to work with threshold amounts
(often 100 mg is used), while being subject to lower regulatory requirements for handling, training,
and/or reporting to authorities, whereas higher amounts of conotoxin are typically subject to more
stringent restrictions and requirements. Where regulatory agencies have differentiated various
conotoxins, this typically applies to a very select group of paralytic and potent toxins in mammals,
such as the paralytic x-conotoxins. If differences between conotoxins are not specified, these limitations
are typically interpreted to mean that even small amounts of any conotoxin are regulated in this
manner, regardless of the toxicity of the specific conotoxin in question.

It is interesting to note that the crude cone snail venom, even from the most venomous species,
has never been regulated. Only “conotoxin” components of the venom are regulated, even in cases
where the term “conotoxins” is used to encompass every single component of the venom. This is
despite the fact that the venom components elicit a synergistic effect, in fact being more potent as crude
venom than as the individual components that are regulated [15,159].

3.5. Potential Use of Conotoxins as Bioweapons

Although, to our knowledge, there has not been a single incident on the use of cone snail
venom or conotoxins outside of legitimate research and drug development programs, the regulatory
measures described in the previous Section 3.4 reflect concerns about the potential misuse of conotoxins
in bioterrorism.

One such concern is that conotoxins could potentially be aerosolized and thus more easily spread
between different compounds [160-163] making it difficult to predict whether any conotoxin would
retain toxicity in an aerosolized form. If indeed they did, this would provide an alternate route of
administration. However, the toxin would still need to be formulated for aerosolization purposes,
and formulating peptides for aerosol delivery is not trivial. Producing the appropriate particle sizes,
as well as the being able to retain peptide integrity during the process remains challenging [164].

Another potential concern is that some conotoxins could be injected thereby acting as a murder
weapon. However, this also applies to many other biological and non-biological compounds that are
lethal when directly injected into the human body, many of which have never been regulated.

The small amount needed for some conotoxins could potentially render them difficult to detect,
complicating the determination of the cause of death. The pharmacokinetics of conotoxins in humans
are not well described. It has been reported that for x-conotoxin GI, no breakdown was detected after
a 3-h incubation in human plasma [165], and for «-conotoxin MII, more than 60% remained after 24 h
of incubation in human plasma [166], though the in vivo clearance of these and other conotoxins could
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be much faster due to metabolism outside of systemic circulation [167]. While modern forensic testing
methods are able to detect peptide concentration in plasma of ~0.1 parts-per-billion [168], it is possible
that a conotoxin could metabolize beyond this limit before an autopsy would be performed. A further
and likely more pressing concern could be that no antivenom exists. This means that even if a victim
could receive care in time, life-saving medical interventions are limited to supportive care (for example,
for a-conotoxin GI mouth to mouth or mechanical ventilation can be performed until the paralysis
wears off). This, however, is also true for numerous compounds that are not regulated, several of them
being more potent than any conotoxin (see Table 4).

Another avenue for potentially using conotoxins as bioweapons could be their incorporation
into the genomes of pathogenic viruses and bacteria genomes in order to enhance their deadliness.
According to an interview with a former scientist in the United States senate a program of such nature
was allegedly carried out in the Soviet Union. This program allegedly led to the generation of a smallpox
virus that carried conotoxin sequences before it was ultimately terminated [169]. As stated in the
interview these conotoxins contained two specific cystine bridges and, thus, were likely o-conotoxins.
While this report could have led to the strict regulations regarding conotoxin research, it should be
noted that many other toxins could be used in such a manner and research on dangerous pathogens,
including the smallpox virus, is already strictly regulated.

In 2017, El-Aziz and co-workers published a method for in vivo neutralization of toxic peptides
using DNA oligonucleotides [170]. As a proof of concept, they used o-conotoxin PrXA from Conus parius,
a fast acting and potent toxin targeting the nAChRs of the skeletal muscles. They showed that the
oligonucleotides (“adaptamers”) could efficiently counteract the binding to receptors, inhibition of
diaphragm contraction, and death induced by this conotoxin in mice. While not yet available for
clinical use, the World Health Organization has classified envenomations as category A (the highest
priority concern available), mostly due to snake bites. Since this approach could also be useful for
toxins from other animals, including snakes, these promising efforts could lead to the generation of
effective medical treatment options in the future.

4. Concluding Remarks

4.1. Concluding Remarks on Conotoxin “Cures”

Since the dawn of conotoxin research ~60 years ago [6,171,172], the number of new conotoxins
being identified has exploded. Through the decades, their increasing chemical and pharmacological
diversity became apparent and, to date, >5000 research articles have been published in this field of
research. Furthermore, conotoxins have been used as tools in thousands of additional research studies,
many of which could only be conducted due to the unique properties of certain conotoxins. From a
basic understanding of receptor subunit compositions, receptor structures, and peptide folding and
expression, to more physiological studies on such diverse topics as epilepsy, inflammation, cancer,
pain, cardiology, renal function, and addiction (see Table 3), and even clinical studies and an FDA
approved drug (see Table 2), these peptides have already provided immense benefits to basic and
applied research and society. With the advances in genomics sequencing, the number of available
conotoxin sequences is rapidly increasing. Every new sequence is a new opportunity for furthering
research into novel biology, as well as clinical treatments. As long as researchers can use these valuable
tools in their research, novel discoveries will continue for many more decades to come.

4.2. Concluding Remarks on Conotoxin “Curses”

A few select conotoxins are indeed toxic to humans, but the vast majority are not. It seems
self-evident that the harmless conotoxins should not be subject to regulations. However, here we
argue that even for the more potent toxins, regulations on researchers are unlikely to prevent their use
in bioterrorism, but instead will impede research that, as outlined above, provides many impactful
benefits. As we have explained, even the most potent conotoxins appear to be poor candidates for the
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development of biological weapons (see Section 3.5). Moreover, knowledge of toxin sequences and
their synthesis has been publicly available for decades, and the reagents and equipment needed are,
to the best of our knowledge, not regulated. In fact, some of these toxins can be readily purchased
from commercial providers. However, as discussed, the actual formulation of conotoxins for an
aerosol delivery is likely to prove challenging, and it is unclear whether conotoxins would even
be bioavailable in such a formulation. With cheap, easy alternatives readily available and proven
effective (e.g., phosgene gas), there would seem to be little incentive to pursue this. Consider too,
that if successful, recent efforts in developing oligonucleotide-based blockers of peptide toxins may
provide broadly applicable treatments. This would further lower the potential of conotoxins as
bioweapons. Likewise, concerns about using conotoxins as injectable weapons, while possible, seem
largely irrelevant outside of fiction, considering the plethora of other toxins or toxic substances that
could easily replace conotoxins in such a scenario.

4.3. Suggestions

First, the lack of a clear definition of “conotoxin” or “conotoxins” in legislative work is highly
problematic. At the very least, a clear distinction should be made between different conotoxins.
If, after a careful consideration of the available literature, any regulatory authority still sees a reason to
keep certain conotoxins on the list of potential bioweapon threats, it is essential that these are clearly
differentiated from other conotoxins.

Second, it is our opinion that listing even the most potent toxins will have little effect in regard to
their potential use in bioterrorism. As discussed, toxin sequences and information on synthesis and
recombinant production are publicly available and have been for decades. Limiting the use of these
toxins in research is unlikely to reduce a potential bioterror threat. Instead, it is a barrier to research in
this important field.
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Abstract: Conopeptides belonging to the A-superfamily from the venomous molluscs, Conus, are
typically a-conotoxins. The a-conotoxins are of interest as therapeutic leads and pharmacological
tools due to their selectivity and potency at nicotinic acetylcholine receptor (nAChR) subtypes.
Structurally, the x-conotoxins have a consensus fold containing two conserved disulfide bonds that
define the two-loop framework and brace a helical region. Here we report on a novel a-conotoxin
P1168, identified from the transcriptome of Conus planorbis, which has an unusual 4/8 loop framework.
Unexpectedly, NMR determination of its three-dimensional structure reveals a new structural type of
A-superfamily conotoxins with a different disulfide-stabilized fold, despite containing the conserved
cysteine framework and disulfide connectivity of classical x-conotoxins. The peptide did not
demonstrate activity on a range of nAChRs, or Ca?* and Na* channels suggesting that it might
represent a new pharmacological class of conotoxins.

Keywords: conopeptide; NMR spectroscopy; disulfide framework

1. Introduction

Cone snail venoms comprise mainly small peptides, termed conotoxins, and represent one of the
most extensive libraries of bioactive compounds from marine creatures. Conotoxins generally have
selectivity and potency for a range of ion channels and G-protein coupled receptors and consequently
have been useful as pharmacological tools and therapeutic leads [1]. Several conotoxins have been
tested in clinical trials, with an N-type calcium channel blocker from Conus magus (w-MVIIA) approved
by the Federal Drug Administration (FDA) as Prialt® for the treatment of chronic pain [2-4]. While the
majority of studies aimed at developing conotoxins as drug leads focussed on treatment of pain
(e.g., w-CVID and x-MrIA [5]) other studies have expanded the potential applications of conotoxins.
Conantokin G, a N-methyl-D-aspartate (NMDA) antagonist from Conus geographus, has been of interest
for development as an anticonvulsant [6], while more recent studies have shown antimycobacterial
activity (O1_cal29b from Californiconus californicus) [7] and inhibitory effects against the growth of
lung cancer cells (TxID from Conus textile) [8]. The venom of a single species can contain hundreds
of different peptides and with at least 750 different species of cone snails [9,10], it is estimated that
more than 1 million unique peptides exist [10]. However, despite extensive study in the field, we have
currently sampled less than 1% of this diversity [10].
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Conotoxins have been classified into various gene superfamilies based on signal sequence
conservation, in addition to classification into families based on cysteine framework and receptor
targets [11]. The number of disulfide bonds is typically 2-4, but the connectivity can vary even amongst
conotoxins containing the same number of cysteine residues, as can the bioactivity. The known cone snail
venom peptide sequences and their known functions have been collated in the database Conoserver [12,13].
Twenty-nine superfamilies and thirty different cysteine frameworks have been identified in Conoserver
to date, highlighting the diversity in the sequences of conotoxins. The A-superfamily is one of the
most well characterised, with the majority containing cysteine framework I (CC-C-C). This framework
is primarily associated with the x-conotoxin family, members of which specifically antagonise the
nicotinic acetylcholine receptors (NnAChRs) [14,15]. nAChRs are ligand-gated ion channels involved in a
range of physiological and pathophysiological processes, including muscle contraction, pain sensation
and nicotine addiction. They are classified as muscle-type and neuronal, and have been implicated
in neurological disorders such as Parkinson’s and Alzheimer’s diseases [16] making them potential
drug targets. nAChRs exist as homopentamers or heteropentamers comprising a range of different
subunits [17]. a-Conotoxins are one of the most medically relevant families of conotoxins, highlighted by
a cyclic version of Vcl.1 displaying oral activity in an animal model of neuropathic pain [3,18]. Additional
engineering studies have further highlighted the potential of this peptide in drug design [19,20].

«-Conotoxins are generally less than 20 residues in length, have a CysI-CyslIll, CyslI-CysIV
disulfide connectivity and the majority have a 4/7 loop spacing, which represents 4 residues in the first
inter-cysteine loop and 7 in the second loop (Figure 1a). A well-studied example containing this loop
spacing is Vcl.1[21]. Several other loop spacings have been identified in the x-conotoxin family, and the
size of the loops correlates to some extent with specificity for different nAChR subtypes. For example,
3/4 a-conotoxins target homomeric neuronal nAChRs, 3/5 «-conotoxins target muscle-type nAChRs
and 4/4, 4/6 and 4/7 a-conotoxins target different heteromeric and/or homomeric neuronal nAChRs [14].

(a) Il i v

(b)

PI168 GIRGNCCMFHTCPIDYSRFYCP
Vel.1 GCCSDPRCNYDHPEI-C
Mil GCCSNPVCHLEHSNL-C

Figure 1. Framework and sequences of a-conotoxins. (a) Framework I is represented highlighting
the two inter-cysteine loops; the number of residues within each of these loops is used to define the
a-conotoxin class. In addition, the globular disulfide bond connectivity present in x-conotoxins is also
shown. (b) The sequence of P1168 from Conus planorbis, which contains a 4/8 framework. The sequences
of related 4/7 x-conotoxins, Vcl.1 and MII are also shown. Cysteine residues are highlighted in bold.

The structures of several x-conotoxins have been determined using nuclear magnetic resonance
(NMR) spectroscopy. This technique is well suited to the determination of the structures of x-conotoxins
because of their small size, high aqueous solubility and relatively well-defined structures [22].
In addition, some studies used X-ray crystallography to study a-conotoxins either in isolation or in
complex with binding partners. Despite the variation in inter-cysteine loop sizes across the family,
the majority of a-conotoxins are characterised by a small helical structure, which is braced by the
Cysl-CyslII disulfide bond. The additional disulfide bond connecting CysII-CysIV generally tethers
the C-terminal region to the N-terminus.

Here we show that a minor change in the inter-cysteine loop spacing in framework I can have a
significant impact on the structure and bioactivity. P1168, a 22-residue framework I peptide that contains
an unusual 4/8 spacing, was identified in the transcriptome of Conus planorbis as a new x-conotoxin [23].
The sequence of P1168, along with the sequences of two well characterised «-conotoxins, Vcl.1 and
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MII, are given in Figure 1b. The three-dimensional structure of P1168 differs significantly from the
characteristic a-conotoxin fold and the peptide does not block a range of nAChRs or Ca>* and Na*
channels, indicating that it might represent a new pharmacological class of A-superfamily toxin.

2. Experimental Section

2.1. Peptide Synthesis, Purification and Characterisation

Synthetic P1168 was manually synthesised using standard solid-phase peptide synthesis
fluorenylmethyloxycarbonyl (Fmoc) methods and 2-chlorotrityl-chloride resin. The Fmoc protected
amino acids (Auspep, Australia) were activated using O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HCTU) (Iris, Germany) and coupled on resin with
N,N-diisopropylethylamine (DIPEA) (Auspep, Australia)/dimethylformamide (DMF) (Auspep,
Australia) by stepwise solid-phase peptide synthesis chemistry. Cleavage of the peptide chain
from the solid support was achieved with a mixture of trifluoroacetic acid (TFA) (Auspep,
Australia):triisopropylsilane (TIPS) (Auspep, Australia):HpO (95%:2.5%:2.5% v/v) followed by purging
with nitrogen to evaporate TFA. The peptide was then precipitated in ice-cold diethyl ether
(Auspep, Australia) and dissolved in 50% acetonitrile (Sigma, Australia):50% H0:0.1% TFA (v/v) and
subsequently lyophilised to dryness. Crude peptide was purified by reversed-phase high performance
liquid chromatography (RP-HPLC) on a Phenomenex Jupiter Cyg preparative column (300 A, 10 um,
250 x 21.2 mm) (Phenomenex, Torrance, CA, USA), using a gradient of 0-60% solvent B (Solvent A:
99.95% H,0:0.05% TFA; Solvent B: 90% acetonitrile:10% H,0:0.045%TFA) over 60 min. Collected
fractions were analysed using a SCIEX 5800 matrix-assisted laser desorption ionisation (MALDI)
time-of-flight (TOF)/TOF mass spectrometer (SCIEX, Foster City, CA, USA) and then lyophilised.
Formation of the disulfide bonds was carried out in ammonium bicarbonate pH 8.0 (Sigma, Australia)
at room temperature and the major isomer from the oxidation reaction purified using RP-HPLC and
the mass confirmed using MALDI-TOF mass spectrometry (SCIEX, Foster City, CA, USA).

2.2. NMR Spectroscopy

Lyophilised peptide was dissolved in 90% H,0:10% D,O at a concentration of approximately
0.2 mM. All NMR spectra were acquired on a Bruker 600 MHz AVANCE III NMR spectrometer (Bruker,
Karlsruhe, Germany) equipped with a cryogenically cooled probe. Two-dimensional 'H-'H TOCSY,
'H-TH NOESY, 'H-'"H DQF-COSY, and collected at 290 K were used for sequence-specific assignments
and structure calculations. Thus, 'H-"N HSQC, and 'H-13C HSQC spectra were acquired for carbon
and nitrogen chemical shifts, respectively. All spectra were recorded with a 1 s interscan delay
using standard Bruker pulse sequences with an excitation sculpting scheme for solvent suppression.
Two-dimensional spectra were collected over 4096 data points in the f2 dimension and 512 increments
in the f1 dimension over a spectral width of 12 ppm. Homonuclear NOESY and TOCSY spectra were
acquired with a mixing time of 200 and 250 ms, and a spin lock time of 80 ms, respectively. All spectra
were processed using Bruker TopSpin (Version 3.5pl7) and assigned using CCPNMR analysis [24]
based on the approach described in Wiithrich et al. [25]. The «H secondary shifts were determined by
subtracting random coil "H NMR chemical shifts from the experimental oH chemical shifts [26].

2.3. Structure Calculations

Structures were calculated with the CYANA program using an automated NOE assignment
protocol [27]. Torsion-angle restraints were predicted using TALOS-N [28] and hydrogen bonds
predicted based on preliminary structures calculated without disulfide bond restraints. Calculations
were also performed with the three possible disulfide bond connectivities to determine the most likely
connectivity. A set of 100 final structures was calculated with the globular disulfide connectivity and
20 structures with the lowest target function chosen to present the final ensemble. Structures were
visualized and the root-mean-square deviation (RMSD) values were assessed using MOLMOL [29].
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2.4. Electrophysiological Measurements

Rat nAChR cDNAs were provided by J. Patrick, Baylor College of Medicine, Houston, TX,
and subcloned into the oocyte expression vector pNKS2. The cRNA was synthesized with the SP6
mMessage mMachine kit (Ambion, Austin, TX, USA), and Xenopus laevis (Nasco International) oocytes
were kindly provided by Prof. Luis Pardo, Gottingen). Oocytes were injected with 50 nL aliquots
of cRNA (0.05 mg/mL). The nAChR subunits of heteromeric receptors were mixed at the ratio of 1:1
(«3:B2) or 5:1 (x4:32).

Recordings were performed as described [30] in ND96 (96 mM NaCl, 2 mM KCI, 1 mM CaCl,,
1 mM MgCl,, and 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.4). Briefly,
current responses to 100 pM acetylcholine (ACh) or 100 uM nicotine (in the case of x7) were recorded
at =70 mV using a Turbo Tec 05X Amplifier (NPI Electronic, Tamm, Germany) and Cell Works software.
A fast and reproducible solution exchange (<300 ms) was achieved with a 50 uL funnel-shaped oocyte
chamber combined with a fast solution flow (~150 uL s7!) fed through a custom-made manifold
mounted immediately above the oocyte. Agonist pulses were applied for 2 s at 4 min intervals.
Peptide up to 100 uM was applied for 3 min in a static bath.

2.5. FLIPR™ Jon Channel Assays

The effect of P1168 on human ion channels was assessed using a high-throughput Ca?* imaging
assay as previously described [31-34]. In brief, SH-SY5Y human neuroblastoma cells (ATCC) were
cultured in Roswell Park Memorial Institute (RPMI) medium supplemented with L-glutamine (1 mM)
and 15% foetal bovine serum and maintained at 37 °C/5% CO,. Cells were plated on black-walled
384-well imaging plates (Corning, NY, USA) 48 h prior to loading with Calcium 4 No-wash dye
(Molecular Devices, Sunnyvale, CA) in physiological salt solution (PSS, composition in mM: 140 NaCl,
11.5 glucose, 5.9 KCl, 1.4 MgCly, 1.2 NaH,POy, 5 NaHCO3, 1.8 CaCl,, 10 HEPES, pH 7.4). Fluorescence
responses (excitation 470-495 nm; emission 515-575 nm) were measured at 1 s intervals using a
FLIPR™ fluorescence imaging plate reader (Molecular Devices, Sunnyvale, CA), with peptide (30 M)
added 300 s prior to stimulation of ion channel specific responses, followed by a further 300 reads.
Cay2.2 responses were elicited by addition of KCI (90 mM)/CaCl, (5 mM) in the presence of nifedipine
(10 uM); «7 nAchR responses by choline (30 uM) in the presence of PNU-120596 (10 uM); a3-containing
nAChR responses by nicotine (30 tM); Cay1 responses by KCI (90 mM)/CaCl, (5 mM) in the presence
of w-conotoxin CVIF (10 uM); and Nay responses by veratridine (50 uM). Data was analysed using
ScreenWorks 3.2.0.14 (Molecular Devices, Sunnyvale, CA, USA) and expressed as response over
baseline, with baseline defined as 10 reads prior to agonist addition.

3. Results

3.1. Peptide Synthesis and Characterisation

To allow structural and functional characterisation of P1168, the peptide was synthesised using
Fmoc chemistry and oxidation of the cysteine residues to form disulfide bonds was carried out in
ammonium bicarbonate pH 8.0 at room temperature. A major isomer was present in the oxidation
reaction and was purified using RP-HPLC and the mass analysed using MALDI-TOF mass spectrometry.
The sample was lyophilised and stored at 4 °C until subsequent analyses were carried out.

3.2. Structural Characterisation

The three-dimensional structure of P1168 was determined using NMR spectroscopy. The spectra
display sharp peaks, and only one conformation is evident based on the number of amide proton peaks.
This qualitative analysis suggests that the two proline residues in the sequence are not in cis/trans
isomerisation, a phenomenon which is relatively common in small peptides. Backbone and side-chain
assignments were determined using established procedures [25] and dihedral angle restraints were
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predicted based on the chemical shift assignments using TALOS [28]. Slowly exchanging amide
protons were analysed by dissolving lyophilized peptide in 100% D,O and recording one-dimensional
and TOCSY spectra over time. More than eight amide protons were evident in the spectra following
10 min of dissolution in D,0, with three (Thr1l, Tyr20 and Cys21) still present after three hours.
The protection of amide protons from the solvent indicates they are involved in hydrogen bonds.
Preliminary structures were calculated using CYANA, based on the predicted dihedral angle restraints
and incorporating a protocol for automated assignment of the NOESY inter-residue cross-peaks to
derive distance restraints. Analysis of the preliminary structures and slowly exchanging amide protons
allowed the incorporation of hydrogen bond restraints into the calculations.

Initial structures were calculated without disulfide bond restraints. Analysis of these structures
indicated that Cys6 forms a disulfide bond with Cys12, based on 11 out of 15 structures having
sulfur-sulfur distances for these two cysteine residues in close proximity. The sulfur atoms of Cys7 and
Cys21 were not in close proximity to other cysteine residues. The presence of the Cys6-Cys12 disulfide
bond implies that the peptide contains the globular disulfide connectivity (CysI-CyslIlI, CysII-CysIV)
present in x-conotoxins. To confirm this is the likely connectivity, structures were calculated with the
three different disulfide connectivities (Table 1). Consistent with the structures calculated without
disulfide bond restraints, the globular disulfide bond connectivity had the lowest target function of
all three connectivities. An overlay of the 20 lowest energy structures incorporating the globular
connectivity, and the secondary structure present in P1168 is given in Figure 2. The main elements of
secondary structure are a-helices from Cys6 to Phe9, and Ile14 to Tyr20. The N-terminal region, prior
to the first cysteine residue, is disordered in the structures, consistent with the lack of NOE:s in this
region. By contrast, residues 6-21 are well defined. The structural statistics for the final ensemble of
structures are given in Table 2.

(c)
N\ Gyen | Cyelv
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Lo il

Figure 2. Three-dimensional structures of P1168 (a,d), Vcl.1 (b,e; PDB code 2h8s) and MII (¢ f; PDB
code 1mii). Superposition of the lowest energy structures are shown at the top of the diagram and the
ribbon representation showing the secondary structure shown at the bottom. The disulfide bonds are
shown as yellow lines on the top of the figure, and in ball-and-stick format on the bottom.
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Table 1. Analysis of P1168 structures calculated with the three possible disulfide bond connectivities.

Connectivity Fold Target Function !

Cys6-Cys12, Cys7-Cys21 Globular  0.046 + 0.037
Cys6-Cys21, Cys7-Cys12 Ribbon 1.23 +0.099
Cys6-Cys7, Cys12-Cys21 Beads 3.3 +0.090

! Average target function from 15 structures calculated using CYANA.

Table 2. Structural statistics for pl168 with a globular disulfide connectivity.

Experimental Restraints

Interproton distance restraints

Intraresidue 57

Sequential 50

Medium range (i—j < 5) 17

Long range (i—j > 5) 8
Total 132
Dihedral-angle restraints 30
Hydrogen bonds (2 per bond) 12
R.m.s. deviations from mean coordinate structure (A) (in residues 6-21)
Backbone atoms 0.44 +/-0.14
All heavy atoms 1.51 +/-0.25
Ramachandran Statistics *
% in most favoured region 77.8
% in additionally allowed region 222

* Based on the PROCHECK analysis https://servicesn.mbi.ucla.edu/PROCHECK/.

3.3. Electrophysiology

The influence of P1168 on a range of cloned nAChR subtypes expressed in Xenopus laevis oocytes
was assessed by two-electrode voltage clamp measurements as previously described [30]. No effect
was observed on the «7, x432, 332 or muscle-type nAChRs at peptide concentrations up to 100 uM.

3.4. FLIPR™® Jon Channel Assays

The effect of P1168 (30 uM) on ion channel responses (response over baseline; mean + S.E.M,
n = 4) was assessed using fluorescent Ca?* imaging in the human neuroblastoma cell line SH-SY5Y
endogenously expressing nAchR, Cay and Nay channels. P1168 (30 uM) had no effect on a7 nAChR
responses (control, 2.6 + 0.14; P1168, 2.5 + 0.06), no effect on nicotine-induced «3 nAChR responses
(control, 0.69 = 0.05; P1168, 0.54 = 0.09), no effect on L-type (Cay1) voltage-gated Ca?* channel responses
(control, 1.8 + 0.23; P1168, 1.9 + 0.14) or voltage-gated Na* channel responses (control, 0.65 + 0.07;
P1168, 0.74 + 0.07), and only a small (18%) inhibition of N-type (Cay2.2) voltage-gated Ca?* channel
responses (control, 0.17 + 0.008; P1168, 0.14 + 0.01) (Figure 3). Addition of the peptide also caused no
increase in Ca?", suggesting it does not act as an agonist at endogenously expressed ion channels or
receptors linked to Ca2* signalling.
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Figure 3. The effect of P1168 (30 M) on ion channel responses assessed using fluorescent Ca>* imaging
in the human neuroblastoma cell line SH-SY5Y endogenously expressing nAChR, Cay and Nay
channels. No effect was observed with the exception of a small (18%) inhibition of N-type (Cay2.2)
voltage-gated Ca?* channel responses. (o) P1168 (30 uM) on Cay2.2 channels; (m) Control KCI (90
mM)/CaCl; (5 mM) in the presence of nifedipine (10 uM) on Cay2.2 channels; (a) P1168 (30 M) on o7
nAchRs; (¥) Control «7 nAchR response by choline (30 M) in the presence of PNU-120596 (10 uM);
(®) P1168 (30 uM) on a3 nAchRs; (O) Control a3-containing nAChR response by nicotine (30 uM);
(8) P1168 (30 pM) on Cay1 channels; (A) Control Cay1 response by KCI (90 mM)/CaCl, (5 mM) in the
presence of w-conotoxin CVIF (10 uM); (V) P1168 (30 uM) on Nay channels; (¢) Control Nay channel
response by veratridine (50 uM).

4. Discussion

We have determined the three-dimensional structure of an A-superfamily conotoxin containing an
unusual 4/8 spacing and shown that it represents a new structural sub-family. a-Conotoxins, the major
family of A-superfamily peptides, have been well studied with more than 70 structures submitted to
the Protein Data Bank. In general, the fold is very similar across the family, but we show here that an
additional residue in loop 2 appears to have a significant effect on the structural fold.

PI1168 was synthesized without selective protection of the cysteine residues, but nonetheless a
major isomer was produced, which was purified and structurally analysed using NMR spectroscopy.
Structural analysis indicated that the globular disulfide bond connectivity was present in the synthetic
version of P1168. The P1168 sequence was identified from transcriptomic data and therefore a co-elution
with the native material was not possible. Although unlikely, it is conceivable that the native peptide
present in the venom displays a different connectivity given that the folding conditions can have a
significant influence on the isomers present. For instance, a recent study showed that recombinant
expression of the a-conotoxin TxIA resulted in the ribbon isomer in contrast to synthetic studies
which allowed production of the globular isomer [35]. In the absence of a direct comparison of the
synthetic peptide with native material we cannot say definitively that this connectivity is present in the
venom, but the well-defined structure displayed by the synthetic version of P1168 and the propensity of
A-superfamily framework I toxins to contain the globular connectivity is consistent with the synthetic
peptide being equivalent to the native peptide.

The structures of P1168 comprise two helical regions connected by a loop region. Comparison of
P1168 with the 4/7 conotoxin Vcl.1 indicates that the folds are similar in that both are characterised by
a-helices braced by two disulfide bonds as shown in Figure 2. It should be noted, however, that not all
the Vcl.1 structures in the ensemble [36] contain the N-terminal helix, and many «-conotoxins only
contain the one helical region centered around CyslIII as shown for «-conotoxin MII [37] (Figure 2).
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However, the structural differences between «-conotoxins such as Vcl.1 and MII, and P1168 relate
to the bracing of the disulfide bonds. Whereas CysIII in Vcl.1 and MII is located within the a-helix,
Cys IIl in P1168 is present in the loop region and this distinction prevents an effective superposition of
these structures. These structural differences, and the presence of a related peptide in Conus planorbis
with only one residue different to P1168 (Y20N mutation; GenBank: ADJ67509.1), suggests that P1168
could represent a new structural class and possibly a new sub-family of conotoxins.

Extensive mutational studies have been done on a range of x-conotoxins, which have identified
residues important for bioactivity, including a recent study on MillA, the first conotoxin isolated from
Conus milneedwardsi [38]. Interestingly, mutations in MillA allowed elucidation of residues important in
switching between muscle and neuronal nAChRs preference. However, the «-conotoxin family is large
with diverse inter-cysteine loop sequences and there does not appear to be a common pharmacophore.
The lack of activity of P1168 against a range of nAChRs suggests that the overall three-dimensional
structural and side-chain orientations are not optimal for interaction with the mammalian nAChRs
tested in this study. However, given the range of different nAChRs subunits, it is still possible that
it inhibits a subtype not tested or a prey-specific nAChR (C. planorbis feeds on polychete worms).
Although P1168 contains a conserved signal sequence with other a-conotoxins, it might target another
receptor or ion channel as peptides from the A-superfamily are very diverse in their sequence and
bioactivity [11]. However, the lack or minimal activity against Ca® and Na* channels suggests that a
wide screen is required to determine the bioactivity of this peptide.
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Abstract: Scorpion venom may cause severe medical complications and untimely death if injected
into the human body. Neurotoxins are the main components of scorpion venom that are known to be
responsible for the pathological manifestations of envenoming. Besides neurotoxins, a wide range of
other bioactive molecules can be found in scorpion venoms. Advances in separation, characterization,
and biotechnological approaches have enabled not only the development of more effective treatments
against scorpion envenomings, but have also led to the discovery of several scorpion venom peptides
with interesting therapeutic properties. Thus, scorpion venom may not only be a medical threat
to human health, but could prove to be a valuable source of bioactive molecules that may serve as
leads for the development of new therapies against current and emerging diseases. This review
presents both the detrimental and beneficial properties of scorpion venom toxins and discusses the
newest advances within the development of novel therapies against scorpion envenoming and the
therapeutic perspectives for scorpion toxins in drug discovery.

Keywords: scorpion venom; potassium channel toxins; calcins; scorpionism; fungicide; parasiticide;
bradykinin potentiating peptide; analgesics; antivenom

1. Introduction

According to national public health data, about 1.5 million scorpion envenomings, resulting
in 2000-3000 deaths, are recorded annually worldwide [1,2]. While large regions in the Northern
Hemisphere, such as the United States, Canada, Europe, and Russia, as well as Australia in the Southern
Hemisphere are not associated with severe scorpionism [3], more than two billion people living in
northern Saharan Africa, African Sahel, South Africa, Near and Middle East, southern India, eastern
Andes, Mexico, and South America are at risk of being stung by scorpions [1]. Climate change together
with urban expansion and poor city sanitation management in many of these areas have increased the
likelihood of encountering scorpions. For instance, in Brazil alone, malign incidences with scorpions
have nearly doubled from 64,000 to 124,000 annual envenoming cases since 2012 [4].

To date, over 2000 scorpion species have been described. The vast majority of the scorpion species
that are dangerous to humans belong to the Buthidae family [5], but some species in the families of
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Scorpionidae and Hemiscorpiidae have also been classified as harmful [6,7]. Geographical distributions
of most of these medically significant species correlate with the local prevalence of scorpionism. Hence,
the density of dangerous species is especially high in northern Africa, Iran, Saudi Arabia, Brazil, Mexico,
and Venezuela [3,8,9]. Local pain is often the first symptom of scorpion envenoming, which may set in
only minutes after a sting has occurred. Depending on the scorpion species, the symptoms can progress
to severe complications over the course of a few hours. Inducing a massive release of neurotransmitters,
scorpion venom neurotoxins usually cause sweating, nausea, vomiting, hypersalivation, restlessness,
and, in more severe cases, arrhythmia, unconsciousness, and heart failure, which may lead to death [10].
However, in spite of the hazardous and life-threatening effects of scorpion envenoming, therapeutic
properties of scorpion body parts and venoms in ancient medicine have been utilized by humans
for thousands of years [10]. Nowadays, the potential therapeutic value of different scorpion venom
compounds is being increasingly investigated, as these compounds may represent promising leads for
the development of new pharmaceuticals.

In this review, we survey the field of scorpion venom research from different angles focusing
both on the detrimental and beneficial properties of scorpion venom toxins. First, scorpion venom
compounds together with clinical manifestations and symptoms of different levels of scorpionism are
introduced. Then, currently available treatments and research into new alternatives, i.e., next-generation
antivenoms, are discussed. Finally, the latest reported results from the scientific literature focusing on
the widespread potential applications of scorpion venom compounds are presented.

2. Scorpion Venom Compounds

Scorpions use their venom to defend against predators and to capture prey. The composition of
scorpion venom is highly complex and heterogeneous. Up until now, small scorpion venom peptides
are the most studied compounds, mainly due to their diversity and broad pharmacological properties.
Accordingly to their structure, these small peptides are classified into three large superfamilies:
peptides containing cysteine-stabilized (CS) /3 motifs, calcins, and non-disulfide bridged peptides
(NDBPs) [11]. However, enzymes (larger proteins), mixtures of inorganic salts, free amino acids,
nucleotides, amines, and lipids are also found in scorpion venom [12].

2.1. Peptides Containing CS a/p Motifs

These peptides consist of an «-helix joined to a double or triple-stranded (3-sheet via a disulfide
bridge (Figure 1) [12]. These molecules present two completely conserved disulfide bonds in the
GG and C;14-Cji positions; although some of them also exhibit an extra link connecting the two
endings of the peptide chain [11]. All scorpion peptides containing CS «/f motifs act in a similar way.
Their interaction with ion channels result in blocking or modulation of the normal mode of action of
these channels [12]. Members of this superfamily can be subdivided into long or short scorpion toxin
families, corresponding to their respective structures.
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Figure 1. Ribbon diagrams of the 3D structure of selected scorpion venom peptides containing
the cysteine-stabilized (CS) o/ motif. (A) AaHII from Androctonus australis is a classical a-NaTx.
(B) Cn2 from Centruroides noxius venom is a classical 3-NaTx. (C) Cn12, also from C. noxius venom,
shows structural resemblance to 3-NaTxs, but exhibits an «-NaTx function. (D) Agitoxin 1 from
Leiurus hebraeus (previously L. quinquestriatus hebraeus) is an x-KTx toxin. The Protein Database accession
numbers are 1PTX for AhHII; 1CN2 for Cn2, 1PE4 for Cn12, and 1AGT for agitoxin 1. KTx: potassium
channel toxins, NaTx: sodium channel toxins.

2.1.1. Long Scorpion Toxins

Peptides from the long scorpion toxin superfamily are 55-76 residue-long molecules with generally
four disulfide bridges [13]. Due to their mode of action, they can also be called sodium channel toxins
(NaTxs), as their main targets are sodium ion channels [12]. This family can be further divided into two
groups, « and B-NaTxs, depending on their specific interaction with the voltage-gated Na* channels
(Figure 1A,B). a-NaTxs block site 3 of sodium ion channels, and therefore inhibit the inactivation
of the channels and prolong their action potential. In contrast, 3-NaTxs interact with site 4 of Na*
channels and shift the activation voltage of the channels to a more negative potential, which results in
channel inactivation (opposite to the effects of site 3 toxins) [14]. It is noteworthy that not all NaTxs
can be assigned to these two groups. For example, Cn12, from Centruroides noxius, and Ts2, from
Tityus serrulatus venom, structurally resemble a 3-NaTx but exhibit an x-NaTx effect (Figure 1C) [15,16].
In addition, AaH IT4, a toxin from Androctonus australis hector, displays both « and (3-NaTx effects [11].

2.1.2. Short Scorpion Toxins

The short scorpion toxin family is composed of peptides of 23-64 residues in length with three or
four disulfide bridges. These peptides, also known as potassium channel toxins (KTxs), mainly act as
potassium ion channel blockers (Figure 1D) [17]. Considering their sequences and cysteine pairs, KTxs
can be divided into «, 3, v, k, §, A, and e-KTx groups [18,19]. The x-KTx group, which is considered
to be the largest subgroup of the short scorpion toxin family, contains 23-42 residue-long peptides
with three or four disulfide bridges [20]. The 3-KTx group comprises longer chain peptides of 50-57
residues in length [21]. The y-KTx group can be found in the genera Centruroides, Mesobuthus, and
Buthus, and it mainly blocks the human Ether-a-go-go-Related Gene (hERG) channels [22]. Instead of
having a CS &/ structure, similar to the «, 3, and y-KTx subfamilies, toxins of the k-KTx group are
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composed of two parallel short a-helices connected by a B-turn that is stabilized by two disulfide
bridges, yet their interaction with potassium ion channels is similar to that of the x-KTx group [23].

Although the §, A, and ¢-KTx groups do not contain a CS «/ motif, they are mentioned in
the continuation of other KTxs. The 8-KTx group contains a Kunitz-type structural fold with a
double-stranded antiparallel 3-sheet flanked by an x-helix in both the C-terminal and N-terminal
segments. Since the Kunitz-type structural folds are the active domains of proteins that inhibit the
function of serine proteases, 5-KTxs exert both protease and potassium channel-inhibiting properties [24].
The A-KTx group, similar to calcins, contain an inhibitor cystine knot (ICK) motif (see Section 2.2) that
contains a triple-stranded antiparallel 3-sheet stabilized by three cystine linkages [25,26]. The e-KTx
group has recently been defined and, so far, it has just two members, Ts11 and Ts12 from T. serrulatus
venom. Ts11 shows less than 50% identity with KTxs from other subfamilies. Ts11, similar to A -KTxs,
contains an ICK motif. However, A-KTxs possess only three disulfide bridges, while Ts11 has four
disulfide bridges assembled in a unique pattern [19].

2.2. Calcins

This small, but growing, family of scorpion toxins consists of calcium channel-modulating
peptides, such as imperacalcin (imperatoxin), maurocalcin, hemicalcin, hadrucalcin, opicalcin, urocalcin,
and vejocalcin [27]. Sharing high sequence similarity (>78% identity), calcins include an ICK motif
stabilized by three disulfide bridges [28]. Calcins mainly act as agonists of ryanodine receptors (RyRs),
which are intracellular ligand-activated calcium channels that are found in endoplasmic/sarcoplasmic
reticulum membranes. RyRs play an essential role during excitation—contraction coupling in cardiac
and skeletal muscles by releasing Ca?* from intracellular reservoirs [29]. In general, calcins induce
long-lasting subconductance states on the RyR channels, which lead to an increase in the intracellular
Ca?* level and subsequently contractile paralysis [30].

Calcins also present the ability to pass through cell membranes without causing their lysis [31].
It has been hypothesized that the clustering of positively charged, basic residues on one side of the
calcins gives them a dipole moment that possibly interacts with negatively charged membrane lipid
rafts, such as gangliosides. Once these toxins interact with the outer membrane, interaction between
the hydrophobic regions of the toxin and the inner membrane is favored, and the toxin is transiently
translocated. Further electrostatic interactions with negatively charged molecules from the cytoplasm
trigger the entrance of calcins into the cell without disrupting its membrane [32]. This feature makes the
calcins excellent candidates for intracellular drug delivery, since they can enter cells without disrupting
them, even when large membrane-impermeable molecules are conjugated to them [33].

A calcium channel modulator, distinct from the toxins that act on RyRs was recently identified
through transcriptome analysis of T. serrulatus and designated as a cell-penetrating peptide (CPP)-Ts.
The synthetic CPP-Ts is the first described scorpion toxin that activates Ca®* signaling through the
nuclear inositol 1,4,5-trisphosphate receptors. This toxin, together with the calcium channel toxin-like
BmCal from Mesobuthus martensii, forms a new subfamily of calcium toxins and shows promising
anticancer effects (see Section 4.8) [34].

Itis noteworthy that calcins are not the only cell-penetrating scorpion toxins. The transient receptor
potential cation channel subfamily V, member 1 (TRPV1) is a chemosensory ion channel, which is also
known as the wasabi receptor. Generally, TRPV1 is activated through a unique mechanism involving the
covalent modification of specific cysteine residues located within the channel’s cytoplasmic N-terminus.
Recently, it has been reported that Wasabi Receptor Toxin (WaTx), from Urodacus manicatus venom,
is capable of activating this receptor. This means that WaTx can cross the plasma membrane and bind
to the same allosteric nexus that is covalently modified by other agonists [35].

2.3. Non-Disulfide Bridged Peptides (NDBPs)

NDBPs are small, 13-56 amino acid-long peptides with a very heterogeneous composition.
Compared to scorpion peptides with disulfide bridges, NDBPs do not present a conserved or
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predictable structure-function relationship [36]. Most of these peptides are cationic molecules that
display notable structural flexibility. In aqueous solutions, these peptides exhibit a random coil
conformation. However, under membrane-mimicking environments, such as 50%-60% of aqueous
trifluoroethanol, they readily adopt an amphipathic «-helical structure [37]. This characteristic enables
them to interact with a broad spectrum of biological targets; however, they do not have any known
specific molecular targets [38,39].

2.4. Enzymes

Few enzymes have been found in scorpion venoms, in part because up until recently, interest
has been focused on small proteins and peptides. However, during the past years, hyaluronidases,
phospholipases, and metalloproteases, among other enzymes, have been detected in venoms of
different scorpion species.

Different hyaluronidases have been identified in different families of scorpions, including Buthidae,
Bothriuridae, and Urodacidae [40]. It is known that these enzymes potentiate the toxicity of venom by
disrupting the integrity of the extracellular matrix and connective tissues surrounding blood vessels at
sting point, and they thereby ease the systemic diffusion of other relevant scorpion toxins [41]. It has
recently been demonstrated that hyaluronidases also play an essential role in venom distribution from
the bloodstream to the target organs [42]. The same study also indicated that the neutralization of
hyaluronidases could be considered as a first-aid strategy in scorpion envenoming treatment.

Phospholipases are known to be potent hemolytic agents, as they disrupt cell membranes by
hydrolyzing phospholipids. They can also cause tissue necrosis and hemorrhages. Phospholipase
activity has been detected in several scorpion species, including Opisthacanthus cayaporum [43] and
Heterometrus laoticus [44].

Generally, venoms from Tityus species exhibit significant proteolytic activity, and the first scorpion
metalloprotease was discovered in the venom of T. serrulatus [45]. Metalloproteases and serine proteases
have also been detected in T. discrepans venom [46] and, apart from Tityus species, in the venom of
Hemiscorpius lepturus [47]. It is believed that proteases play a key role in activating toxin precursors
through post-translational modifications [48]. In addition, these enzymes inhibit platelet aggregation,
modulate cytokine production, and activate the complement system [49,50]. Altogether, these effects
facilitate the diffusion of scorpion venom toxins via the degradation of matrix proteins.

2.5. Other Venom Compounds

Only a very limited number of studies on non-peptidic scorpion venom compounds have been
reported. However, it has been shown that the venoms of some scorpions, including M. tamulus, contain
serotonin, which is a monoamine that may cause vomiting and considerable local pain in scorpion
envenomings [51]. The metal and salt composition of some scorpion species have also been evaluated
by Al-Asmari et al. [52]. In their study, they found copper, zinc, calcium, magnesium, iron, lead,
manganese, arsenic, and nickel ions in the venom of A. bicolor, A. crassicauda, and Leiurus quinquestriatus.
They suggested that these components are associated with enzyme activity, as they probably act as
enzyme cofactors. In addition, two 1,4-benzoquinone compounds, with antimicrobial activity, have
recently been isolated from the venom of Diplocentrus melici, a scorpion species endemic to Mexico [53]
(see Table 1). Moreovet, it has been reported that one of the low-molecular-weight compounds with
anticoagulant activity isolated from the Heterometrus laoticus venom is adenosine, which is a well-known
inhibitor of platelet aggregation [54,55].

3. Detriments of Scorpion Venom: Scorpion Envenoming

Scorpion envenomings can cause severe pathological effects and even death in humans.
The intensity of an envenoming usually depends on the victim’s sensitivity and body mass,
the anatomical location of the sting, the amount of injected venom, and the scorpion species.
Commonly, based on the severity of symptoms, scorpion envenomings are classified into three
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levels: mild, moderate, and severe (Figure 2) [56,57]. Mild envenomings result in local inflammatory
reactions, whereas moderate and severe envenomings may provoke lethal systemic responses.

Local pain

Erythema and edema

Sweating

Tremors and agitation

Moderate Severe

Figure 2. Clinical manifestations and symptoms of mild, moderate, and severe scorpion envenomings.
Typical symptoms of mild stings last for minutes to hours and include great local pain, a reddened
and swollen site of sting (erythema and edema), numbness, sweating, body tremors, and agitation.
More intense stings from scorpions with venom containing cytolytic toxins may result in blood blisters,
hemorrhages, and necrosis of the surrounding tissue. In moderate envenoming cases, the body
additionally reacts with fever, abdominal and joint pain, hyperglycemia, abnormally rapid breathing,
increased heart rate, and nausea with vomiting. These symptoms can reside for days and are mostly
caused by neurotoxins: Na*, K*, and Ca?* ion channel modulators. Neurotoxins can also cause severe
envenomings, which can lead to cardiovascular, neurological, pulmonary, and/or gastrointestinal
complications, such as pulmonary edema, myocardial failure, arrhythmia, congestive heart failure,
extreme muscular convulsion, hypertensive encephalopathy, acute peptic ulcers, pancreatitis and lethal
multiple organ failure, mental confusion, and coma. After several days, most victims of lethal scorpion
stings die from cardiac or respiratory failure.

3.1. Scorpion Envenoming Treatment

Generally, the first treatment strategies that are undertaken after an envenoming event focus on
pain relief and possibly intravenous hydration to decrease the negative effects of strong salivation and
sweating. In order to relieve acute pain after a scorpion sting, either cooling by ice or intravenous
injection of paracetamol or nonsteroidal anti-inflammatory drugs, such as diclofenac and indomethacin,
or topical administration of lidocaine cream at the site of the sting can be used [58]. However, it is not
surprising that the analgesic effect of lidocaine might be superior to the former treatments [59]. Further
substances that are considered for application in envenoming cases are prazosin (which counteracts
catecholamine-induced hypertension) [60], antihistamines and steroids (which reduce inflammatory
responses) [61], sodium phenobarbital (which prevents convulsions and lung edema) [8,62], and calcium
gluconate (which eases muscle spasms) [63]. While partially being used in practice, there does not
seem to be a general consensus on the efficacy and possible adverse effects of these treatment options.
Yet, in the case of prazosin, it has been shown that the mortality and the mean residence time in
the hospital could be significantly reduced by the administration of two doses of the drug, one
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immediate and one three hours after the envenoming incident [64]. Additionally, small molecules, such
as heparin, ethylenediaminetetraacetic acid EDTA, and aristolochic acid have been shown to neutralize
scorpion venom enzymes, such as hyaluronidases, phospholipases A;, and metalloproteases. Thus,
these molecules might be considered as a starting point for the development of future treatments [5].
In more severe envenoming cases, antivenoms are employed to neutralize the venom and diminish the
morbidity and mortality of scorpion stings (Figure 3).

Conventional Pharmaceuticals

Figure 3. Scorpion envenoming treatments. Conventional pharmaceuticals are used for mild
envenomings, while antivenom therapy is applied in moderate and severe cases. Recombinant
antivenoms are suggested to have higher therapeutic value over the conventional antivenoms and may

become the future mainstay of treatment.
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3.1.1. Conventional Plasma-Derived Antivenoms

Conventional plasma-derived antivenoms are produced by the purification (and digestion) of
polyclonal immunoglobulin G (IgG) molecules harvested from the plasma of hyperimmunized animals,
such as horses or sheep. These polyclonal antivenoms can cause severe adverse reactions due to their
heterologous origin [65] and are known from the field of snakebite envenoming to generally possess
low percentages of venom-neutralizing antibodies [66,67]. Moreover, conventional antivenoms may
have limited efficacy against the medically most important toxins, such as small neurotoxins, as these
toxins are often weakly immunogenic and therefore fail to raise a strong antibody response in the
production animal [68]. Nonetheless, the administration of these types of antivenoms is effective for
clinical use and has been life-saving since the 1900s. Thus, plasma-derived antivenoms are still the
standard of treatment for systemic scorpion envenomings [69].

Recently, in pursuit of finding alternatives to equine IgGs for scorpion envenoming treatment,
strategies involving avian egg-yolk-derived immunoglobulin Ys (IgYs) have been developed [70].
In contrast to equine IgGs, avian IgY antibodies are obtained noninvasively from egg yolks from laying
hens that have been immunized with scorpion venom. These IgY molecules have been argued to
activate the mammalian complement system much less than animal-derived IgGs and not interact
with rheumatoid factors. They are produced in amounts comparable to those found in the plasma
of large mammals and have been argued to be more affordable. Previous studies on IgY-based
antivenoms against snake and scorpion venoms have demonstrated that neutralizing antibodies
can be raised by this method, albeit with lower neutralizing capacity than antibodies present in
plasma-derived antivenoms [71]. Nevertheless, there has been a slightly increased interest in the use
of egg-yolk-derived IgY antibodies for antivenom manufacture [72-75]. As an example, in a recent
study, it was demonstrated using a rescue assay involving mice that the lethality of A. australis hector
(Aah) venom could be neutralized with IgY antibodies. However, in addition to having the same
drawbacks as equine IgGs in terms of polyclonality and batch-to-batch variation, avian-derived IgYs
are phylogenetically even more distantly related to mammals [76] and still require the use of production
animals for their manufacture. Therefore, it seems likely that the development of next-generation
antivenoms based on recombinant monoclonal antibodies and antibody fragments may be a more
promising research avenue for developing effective, safe, and cost-competitive antivenoms with defined
therapeutic composition for future envenoming therapy.

3.1.2. Recombinant Antivenoms

In the field of next-generation antivenoms, the development of phage display technology and
recent advances in toxicovenomics have enabled researchers to pursue new therapeutic strategies
with the purpose of creating better envenoming therapies [77]. These technology-driven approaches
have made it possible to identify the most toxic, and thus medically relevant, components in a
given venom, and to efficiently and systematically discover human monoclonal antibodies against
these components. In turn, this has paved the way for developing recombinant antivenoms with
anticipated improved safety profiles compared to conventional antivenoms. As an example, using
phage display technology, the discovery of a human monoclonal single-chain variable fragment
(scFv) antibody against T. serrulatus toxins, serrumab, was reported in 2012 [78]. This monoclonal
antibody was demonstrated to have a high neutralizing capacity against 3-toxins from T. serrulatus,
while it was also capable of cross-neutralizing toxins from C. suffusus suffusus and L. quinquestriatus.
More recently, in 2019, the field of recombinant scorpion antivenoms took another step forward
when the discovery of a broadly-neutralizing monoclonal scFv antibody (scFv 10FG2) capable of
neutralizing an estimated 13 different neurotoxins from different scorpion species belonging to the
Centruroides genus was reported [79]. Using a rescue assay, this study demonstrated that scFv 10FG2
was capable of neutralizing 3 LDsps of freshly obtained whole venoms from five different scorpion
species, belonging to the Centruroides genus, in 1:10 and 1:20 molar ratios of venom to antibody.
The implementation of broadly-neutralizing antibodies in the formulation of recombinant antivenoms
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is a significant simplification in their pharmaceutical composition, since the inclusion of only a few
broadly-neutralizing antibodies may be sufficient to neutralize the entire venoms of several different
species. Reducing the product complexity of recombinant antivenoms is an important challenge to
solve to enable cost-competitive manufacture of such medicines [80,81].

Next to scFvs, single-domain VyH antibodies, also known as nanobodies (Nb), are being
intensively explored for their utility in relation to recombinant antivenoms. Nbs are native to the
immune system of camelids and sharks and constitute the smallest natural antibody fragments known
to date [82]. The low molecular mass of Nbs allows for their distribution into deep tissues throughout
the body [83,84]. This property, in addition to their high ex vivo stability and low immunogenicity,
makes them an interesting format for the development of next-generation scorpion antivenoms [5,85].
As an example of their utility, a preclinical study on a bispecific Nb, targeting Aahl and AahllI toxins
from A. australis venom, demonstrated that this Nb was able to provide in vivo protection against
100 LDss of intracerebroventricularly administered Aahl (toxin to Nb molar ratio of 1:2) and 5 LDsys
of subcutaneously administered whole venom. These results were significantly better than controls,
in which equimolar amounts of traditional equine antibody fragments were unable to neutralize
2 LDsps of subcutaneously administered whole venom [86]. Finally, using a murine model, it was
demonstrated that low molecular mass toxin-Nb complexes seemed to be quickly cleared through
glomerular filtration, while uptake in the liver remained low [87]. Thus, these studies demonstrated
that Nbs may possess promising pharmacokinetic and pharmacodynamic characteristics. Similar
studies on H. lepturus and Hottentotta saulcyi with comparable results also support the notion that Nbs
may find their utility for developing novel treatments for scorpion envenomings [83,88].

Finally, monoclonal IgGs are another recombinant antibody format that has been investigated for its
ability to neutralize animal toxins. As an example, in vivo lethality studies assessing the neutralization
capacity of several murine monoclonal IgGs have shown positive results for the neutralization of
A. australis and C. noxius toxins [66]. In the future, however, it is likely that research in this area will
focus more on human monoclonal IgGs, rather than non-human IgGs, as human IgGs have a range of
benefits over heterologous IgGs. An overview of the benefits and drawbacks of different antibody
formats can be found elsewhere [66].

4. Benefits of Scorpion Venom: Ongoing Research on Scorpion Toxins with Potential
Therapeutic Applications

It is widely reported in the literature that scorpion venom is a rich source of bioactive compounds,
and as such, their toxins are of interest to the pharmaceutical and biotech industries [89]. However,
despite the fact that substantial research efforts are ongoing and the prospects for scorpion-derived
therapeutic peptides are very promising, chlorotoxin is the only toxin from scorpion venom that has
been taken into clinical trials [90]. Moreover, no scorpion toxin-based drug is currently found in the
market [91]. In this section, potential applications of scorpion venom compounds, which have been
the subject of therapeutic research, are presented (Figure 4), with a focus on results recently reported
in the scientific literature. A comprehensive overview of such compounds, including older research
reports, can be found elsewhere [12].

4.1. Antibacterial Effects

In the past century, antimicrobial drugs revolutionized the control of diseases caused by
microorganisms, such as bacteria, fungi, viruses, and parasites. However, due to the global problem of
antimicrobial resistance (AMR) development, new antimicrobial agents are crucially needed for the
21st century. These agents must be discovered at a rate that is sufficiently fast to combat the evolving
rate of multidrug resistance (MDR) in microorganisms [92]. Natural product research holds promise for
providing new molecules as a basis for novel antimicrobial drug development. In 1991, it was reported
that the folding pattern of charybdotoxin, a KTx isolated from L. quinquestriatus hebraeus venom, was
strikingly similar to that of the insect antibacterial component, defensin [93]. This discovery set the
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stage for studies on scorpion-derived antimicrobial peptides (AMPs), which have led to a large number
of discoveries that may be of relevance for therapeutic applications. Comprehensive reviews on the
different classes of AMPs found in the venom of several scorpion species can be found elsewhere [94,95].
Here, the focus will be directed only on more recent discoveries, with an overview of AMPs with
bactericidal activity that have been reported in the last five years, which is summarized in Table 1.

Anticancer Antifungal

Potential
therapeutic
applications

Analgesic

Immuno-
suppressive

Figure 4. The potential therapeutic applications of scorpion venom compounds discussed in this article.

Table 1. Scorpion-derived compounds with antibacterial activities. MDR: multidrug resistance.

. . . . MW (S-S
Year Scorpion Species Antibacterial Agent Bridge) Target Reference
AaeAP1 2016.18 Da (0)
2015 A. aeneas AaeAP2 1986.15 Da (0) S. aureus [96]
2015 C. margaritatus Cm38 2149 Da (2) Kilebsiella pneumonia [97]

Gram-positive bacteria including
2015 T. stigmurus Stigmurin 179522 Da (0)  S. aureus and Methicillin-resistant [98]
S. aureus (MRSA)

Bacterial species in general,

Low molecular including Listeria monocytogenes,

2016 M. gibbosus . 3220 Da (0) Bacillus subtilis, Salmonella [99]
mass chitosan * A
enteritidis, and the yeast
Candida albicans

. Highest activity against

2016 lS corp {0 mautﬁts' Smp-24 2578 Da (0) Gram-positive bacteria, limited [100]
palmatus (synthetic) Smp-43 46543 Da (0) activity against C. albicans
Im-4 1714 Da (0) Gram-positive bacteria

Gram-positive and

2017 Isometrus maculatus Im-5 2803.7 Da (0) G . . [101]
ram-negative bacteria
Im-6 1707 Da (0) Gram-positive bacteria

2018 T. obscurus ToAP2 9486 Da (0) Mycobacterium massiliense [102]
Meucin-49 5574.93 Da (?) Gram-positive bacteria

2018 M. eupeus Meucin-18 2107.13 Da (0) Gram-negative bacteria [103]
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Table 1. Cont.

MW (S-S

Year Scorpion Species Antibacterial Agent Bridge) Target Reference
M. martensii Marcin-18 2135.63 Da (0?) Gram-positive bacteria,
2018 M. gibbosus Megicin-18 2068.04 Da (?) including some clinical [104]
M. eupeus Meucin-18 2107.13 Da (0) antibiotic-resistant strains
) ) LalT2 6628.2 Da (3) o )
2018  Liocheles australasiae N-LalT2 3326 Da (2) Gram-negative bacteria [105]
. StigA6 1908 Da (0?) Gram-positive and
2018 T. stigmuris StigA16 1949 Da (0?) Gram-negative bacteria [10e]
Red 1,4-benzoquinone:
3,5-dimethoxy-2- S. aureus
(methylthio) : ”
L cyclohexa-2,5-diene-
2019 D. melici B 168.15 Da 53
1,4-dione * M. tuberculosis, including an 1531
Blue 1,4-benzoquinone: MDR strain
5-methoxy-2,3-
bis(methylthio)cyclohexa-
2,5-diene-1,4-dione *
UyCT1 1603.9 Da (0)
UyCT3 1433.7 Da (0)
. UyCT5 1442.7 Da (0) Gram-positive and
2017 U. yascherkoi Uyl7 1369.43 Da (0) Gram-negative bacteria (1071
Uy192 1459.98 Da (0)
Uy234 1986.19 Da (0)
Uy234 1986.19 Da (0) . .
2019 U. yaschenkoi Uyl7 1369.43 Da (0) ﬁ_hsfn?f pacteria, including [108]
Uy192 1459.98 Da (0) ytie Strep
Um?2 2034.56 Da (?)
. . Um3 1577.23 Da (?) Gram-positive and
2017 U manicatus Um4 1428.58 Da (?) Gram-negative bacteria (o7
Um5 1508.82 Da (?)
T. serrulatus . Gram-positive and
?
2019 (hemolymph) Serrulin 3564 Da (7) Gram-negative bacteria (1091
2019 A. australis hector G-TI 7390 Pa < B. cereus [110]
predicted)

The compounds mentioned in Table 1 are from the scorpion venom, unless otherwise specified. Whenever data on
the number of disulfide bridges were not available for a compound, a question mark (?) is used. Non-peptidic
compounds are marked with a star (*).

Recently, the spotlight has been put on the general and intrinsic multifunctionality of scorpion
venom components, including AMPs [103]. For instance, native scorpion AMPs, UyCT3, and UyCT5
from U. yaschenkoi and an enhanced UyCT peptide (designated as D3) were demonstrated to be potential
bioinsecticides and promising candidates for the engineering of aphid-resistant crops. When pea
aphids (Acyrthosiphon pisum) that are known as severe agricultural pests were fed with these AMPs,
the AMPs displayed activity against aphid bacterial symbionts and reduced the number of symbionts,
leading to a reduction in pest survival and delay in pest reproduction [111]. Meucin-49 from M. eupeus
also showed insecticidal activity in addition to having broad-spectrum activity against Gram-positive
and Gram-negative bacteria [103]. The red and blue benzoquinones from D. melici are multifunctional
components that, besides showing antibacterial activity, also exert cytotoxic effects on neoplastic cell
lines. In mouse models of MDR tuberculosis infection, blue benzoquinone showed comparable activity
to commercially available antibiotics, while it did not cause adverse side effects in healthy mice [53].
Similarly, the low molecular mass chitosan obtained from M. gibbosus had a strong inhibitory effect
against the bacterium L. monocytogenes and the yeast C. albicans. In addition, its antibacterial activity
against B. subtilis and S. enteritidis was higher than the antibiotic, gentamicin [99].

Despite the multifunctionality and desirable potent action against microbes, natural scorpion
AMPs generally have cytotoxic effects on eukaryotic cells, which is an obstacle that must be overcome.
To this end, protein engineering techniques have been used to improve the potency and spectra of
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antimicrobial activity of the natural scorpion AMPs [107,112,113]. Employing these techniques, it has
been demonstrated that scorpion AMPs can be effectively used as scaffolds to design more specific and
less harmful antibiotics [114,115]. In addition, combining low concentrations of fast-killing scorpion
AMPs with classical antibiotics is another approach that can be pursued in order to circumvent their
cytotoxic effects against eukaryotic cells [116]. All in all, using natural scorpion AMPs as scaffolds for
the rational design of novel antimicrobial agents and mixed formulations of antibiotics opens a new
window of research to be pursued in the future.

4.2. Antifungal Effects

The most important opportunistic fungal pathogens that are responsible for high mortality,
especially in hospitalized and immunocompromised/critically ill patients, belong to the Candida,
Aspergillus, Cryptococcus, and Pneumocystis genera [117]. It has been reported that the prevalence
of invasive fungal infections has increased from 6.3% in 1999 to 20% in 2013 [118]. Among the
aforementioned genera, Candida is the most common cause of fungal infections worldwide, and invasive
candidiasis occurs in more than 100,000 patients every year [119]. Antifungal drug resistance among
Candida species is increasingly reported, and the emergence of MDR C. glabrata, which can acquire
resistance following exposure to antifungal agents, presents significant challenges in many medical
centers [120]. Moreover, only three drug classes are licensed for monotherapy against Candida infections
including azoles, polyenes, and echinocandins [120]. Therefore, new antifungal drug candidates from
additional drug classes are sought after. A summary of the scorpion-derived antifungal agents reported
in the last five years is found in Table 2.

Table 2. Reported work on scorpion derived antifungal agents.

Scorpion Antifungal MW (S-S

Year Species Agent Bridge) Target Reference
. . . C. albicans, C. krusei,
2015 T. stigmurus Stigmurin 1795.22 Da (0) and C. glabrata [98]
AaeAP1 2016.18 Da (0) .
2015 A. aeneas AaeAP2 1986.15 Da (0) C. albicans [96]
. Hypotensin C. albicans, C. tropicalis
2016 T. stigmurus TistH 2700 Da (0) and Aspergillus flavus [121]
ToAcP, ToAP1, Cryptococcus neoforman
2016 T. obscurus ToAP2, ToAP3, 2 (0) yp . . [122]
and Candida species
ToAP4
2017 T. serrulatus Tsl 8300 Da (3) A. nidulans [123]
. StigA6 1908 Da (0?) C. albicans, C. krusei,
2018 T stigmurus StigA16 1949 Da (07) and C. glabrata [106]
2019 T serrulatus Serrulin 3564Da(0)  A.niger and C. albicans [109]

(hemolymph)

The compounds mentioned in Table 1 are from the scorpion venom, unless otherwise specified. Whenever data on
the molecular weight and/or the number of disulfide bridges were not available for a compound, a question mark (?)
is used.

Stigmurin, selected and synthesized based on a transcriptomic analysis of the T. stigmurus venom
gland, exhibits both antibacterial and antifungal activity. It is effective against the Gram-positive
bacterial species, S. aureus, including methicillin-resistant strains. Stigmurin has also been demonstrated
to be effective against the fungi C. albicans, C. krusei, and C. glabrata, with low toxicity against healthy
human erythrocytes [98]. These data suggested that stigmurin could be considered for the treatment
of candidiasis. More recently, two analog peptides, StigA6 and StigA16, were designed from the
original peptide that demonstrated improved antimicrobial and antifungal activity. These peptides
could inhibit the growth of both Gram-positive and Gram-negative bacteria, as well as C. albicans,
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C. krusei, and C. glabrata, at lower minimal inhibitory doses compared to stigmurin [106]. StigA6 and
StigA16 also showed high antiparasitic activity against Trypanosoma cruzi (see Section 4.4). This study
demonstrated that rational design using scorpion toxins as scaffolds may be useful for obtaining leads
with improved therapeutic features against a wide range of pathogens, including fungi.

4.3. Antiviral Effects

Few antiviral vaccines and drugs are commercially available against the more than 200 viruses
known to infect humans [124], which is a situation that has been highlighted by the current SARS-CoV-2
pandemic and puts an emphasis on the importance of discovery and development of new antiviral
agents. To this end, venomous animals are considered by many researchers as promising sources
for such discoveries [124,125]. While some scorpion toxins show specific antiviral effects against
just one type of virus, other toxins are active against several different viruses. Mucroporin-M1, a
derivative of mucroporin from the Lychas mucronatus venom, presents antiviral activities against three
RNA viruses (measles (MeV), severe acute respiratory syndrome-related coronavirus (SARS-CoV),
and influenza H5N1). Binding assays demonstrated that there is a significant and specific interaction
between immobilized mucroporin-M1 on CM5 biosensor chips and MeV. Following the mixing
of 1 x 10° plaque-forming units per milliliter (PFU/mL) of MeV with different concentrations of
mucroporin-M1 and incubating the mixture for 1 h at 37 °C, two probable mechanisms of action were
assessed. These assessments included measurements of the direct effects of mucroporin-M1 on the
virus through the inhibition of MeV plaque formation and evaluation of the compound’s ability to
compromise the infectivity of the virus through the suppression of MeV replication. The results showed
that MeV infectivity could be inhibited almost completely by 10 pg/mL of mucroporin-M1 within
40 min. In a similar way, mucroporin-M1 showed inhibitory effects against both SARS-CoV and H5N1
pseudoviruses [126]. Later, it was demonstrated that mucroporin-M1 can inhibit the replication of the
Hepatitis B virus through the activation of the mitogen-activated protein kinase (MAPK) pathway
and downregulation of HNF4« in vitro and in vivo [127]. Given the dual inhibitory activities against
viruses and bacteria, mucroporin-M1 may be considered as a lead compound for treating viral and
bacterial co-infections. Mucroporin-M1 also serves as an example demonstrating the potential of
peptides from scorpion venoms to be used as scaffolds for designing multifunctional antiviral agents.

Another example is the recombinant peptide, rEv37, from the scorpion Euscorpiops validus,
which was been demonstrated to possess inhibitory effects against dengue virus type 2 (DENV-2),
hepatitis C virus (HCV), Zika virus (ZIKV), and herpes simplex virus type 1 infections at non-cytotoxic
concentrations. The inhibitory effects of rEv37 against DENV-2, HCV, and ZIKV infections were
determined in the hepatoma cell line Huh? via real-time fluorescent quantitative PCR for mRNA in
the infected cells. rEv37 was able to reduce the level of DENV-2, HCV, and ZIKV infection at the
mRNA level at a concentration of 10 uM by 91%, 97%, and 87%, respectively. Since the cellular entry
processes of these four viruses are similar, it has been suggested that a specific molecular mechanism,
in which the rEv37 peptide alkalizes acidic organelles to prevent low pH-dependent fusion of the viral
membrane to the endosomal membrane, blocks the release of the viral genome from the endosome
to the cytoplasm and thus restricts viral late entry [128]. The propensity to cause adverse reactions,
lack of or low efficacy, and high price of the very few vaccines and therapeutics that are available
against the aforementioned viruses [129,130] emphasize that rEv37 may be a relevant lead that possibly
could be developed into an antiviral drug.

Smp76, a scorpine-like peptide from the venom of S. maurus palmatus, is another recent example
of a scorpion-derived agent that is effective against different viruses. The recombinantly expressed
peptide (rSmp76) can inhibit RNA replication and protein synthesis of DENV-2 and ZIKV in primary
mouse macrophages, the human lung adenocarcinoma cell line (A549), the Huh? cell line, and the
human monocytic cell line (THP-1) in a dose-dependent manner. At a concentration of 10 mM,
the inhibitory effects of rSmp76 were 75.7% against infections caused by DENV-2 (TSV01) and its
more virulent strain (NGC), while for ZIKV infection, inhibition was evaluated to be 73.8%. Although
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the detailed molecular mechanisms of the rSmp76-induced inhibitory effects need to be elucidated,
it seems that the mechanism of inhibition did not include direct inactivation of the viral particles. It has
been suggested that rSmp76 suppresses an established viral infection by upregulating interferon-3
expression through the phosphorylation of the interferon regulatory factor 3, which enhances type-I
IFN responses and thus inhibits viral infection [131]. Since the achievement of viral clearance is very
difficult, antiviral agents, such as rSmp?76, that can suppress established viral infections are considered
to be more efficient than traditional antiviral therapeutics, which exert their antiviral effects through the
direct inactivation of viral particles or the inhibition of viral cell entry [131]. Enhancing the protective
effects of host innate immunity, such as interferon (IFN) activation, by antiviral agents, such as rSmp76,
may potentially circumvent the development of drug resistance and the effects of genetic variability in
the viral genome [132]. These examples, selected from dozens of ongoing studies, demonstrate the
potential of scorpion-derived peptides to be developed as antiviral therapeutics.

4.4. Antiparasitic Effects

Parasitic diseases are considered a health problem, particularly in developing countries, where
people are frequently infected by parasites belonging to the genera, Plasmodium, Trypanosoma, and
Leishmania, among others [133,134]. Since antiparasitic therapeutic agents available for clinical use are
often toxic [135], there is an urgent need for the discovery and development of novel therapeutics [136].

Scorpion toxins have been demonstrated to possess inhibitory effects against a number of
parasites. Scorpine, purified from Pandinus imperator venom, was the first isolated scorpion toxin that
demonstrated antiprotozoan effects against Plasmodium berghei [137]. Later on, recombinantly expressed
scorpine produced 98% mortality in the sexual stage of P. berghei and 100% reduction in P. falciparum
parasitemia [138]. Similarly, meucin-24 and meucin-25, two linear NDBPs synthesized from a cDNA
library of the M. eupeus venom gland, demonstrated antimalarial activity. Both peptides inhibited
the development of P. berghei and killed intra-erythrocytic P. falciparum parasites at micromolar
concentrations without harming mammalian cells [139], making them potential candidates for
antimalarial therapies.

Scorpion-derived agents can be effective against other parasites as well. Taenia solium (pork
tapeworm) is a parasite responsible for taeniasis (intestinal infection) and cysticercosis (tissue infection)
in humans [140]. In 2010, T. solium cysticercosis was added to the list of major Neglected Tropical
Diseases of the World Health Organization (WHO) [141]. T. crassiceps is another species of the Taeniidae
family of tapeworms that, due to extensive antigen similarity with T. solium, functions as an experimental
model to test and screen promising antigens before testing them in pigs [142]. It has been demonstrated
using in vitro assays that Hge36, a naturally occurring truncated form of a scorpine-like peptide
from the Hoffinannihadrurus gertschi venom, can reduce the viability of T. crassiceps larval cysts at
submicromolar concentrations while having a minimal effect on human lymphocytes [143]. This study
demonstrated that scorpion-derived agents may hold potential as therapeutic agents for human
cysticercosis disease.

Human African trypanosomiasis (sleeping sickness) and American trypanosomiasis (Chagas
disease) are induced upon infection with the protozoan parasites, T. brucei and T. cruzi, respectively.
Being considered endemic in Latin America, Chagas disease is a potentially life-threatening illness that
affects 6-7 million lives according to the WHO [144]. In an in vitro assay, it was recently demonstrated
that stigmurin and its analogs, StigA6, StigA16, StigA25, and StigA31, show high antiparasitic activity
against epimastigote forms of T. cruzi that is a form naturally found in the gut of infected insect
vectors [106,113]. StigA6 and StigA16 have also been shown to have activity against trypomastigote
forms of T. cruzi, which are mainly found in the blood of patients in the acute phase of Chagas
disease. In addition, these peptides demonstrate higher antiparasitic activity at a lower concentration
compared to benznidazole, which together with nifurtimox are currently available as Chagas disease
medicines [106]. Therefore, StigA6 and StigA16 may be utilized in the development of therapeutics
against Chagas disease.
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It has been demonstrated that Leishmania parasites are sensitive to peptides with antimicrobial
and ion channel inhibitory activity. Since scorpion venoms are rich sources of such peptides, Borges
et al. demonstrated that T. discrepans crude venom and its main fractions (Tdl, II, and III) could
inhibit the growth of promastigote forms (the motile, long-elongated flagellated infective form of
the Leishmania parasite that develops in the midgut of the sandfly) of L. mexicana, L. braziliensis,
and L. chagasi that eventually led to parasite death in vitro [145]. Unfortunately, to the best of our
knowledge, leishmanicidal activity of compounds from the venoms of other scorpion species/families
has not been reported, and it should be investigated whether the leshmanicidal effects are restricted to
the genus Tityus.

4.5. Bradykinin-Potentiating Effects

Bradykinin is a potent endothelium-dependent vasodilator peptide with hypotensive properties
that belongs to the kinin group of proteins. The angiotensin-converting enzyme (ACE) inactivates
bradykinin by degrading it [146,147]. The inhibition of ACE via bradykinin-potentiating peptides
(BPPs), such as captopril, which is derived from a peptide found in the venom of the lancehead
viper (Bothrops jararaca), has been established as a clinically approved strategy for preventing
hypertension [148].

The multifunctionality of scorpion toxins is in the limelight once again regarding the
bradykinin-potentiating effects of scorpion venoms. It has been demonstrated that the C-terminal
fragment of BmKbpp, an AMP from M. martensii venom with antibacterial and antifungal activities,
shows significant sequence similarity with the peptide K12, which is a known ACE inhibitor
from B. occitanus venom. In an in vitro assay using guinea pig ileum segments of nearly 3 cm
in length, both BmKbpp whole peptide and its C-terminal fragment (BmKbpp-C) demonstrated
bradykinin-potentiating activity at a concentration of 50 nM. However, BmKbpp whole peptide and
BmKbpp-C were less potent than peptide K12, with BmKbpp-C being more active than the whole
peptide [149]. The sequence similarity between a fragment of a toxin and BPPs is also observed
for T. serrulatus venom peptides. The N-terminal of Ts3, an «-toxin acting on voltage-gated sodium
channels, demonstrated a striking sequence similarity with Ts10 (former Peptide T) that is a known
BPP [150]. Ts10 was originally reported as an ACE inhibitor, since it could inhibit the ACE-catalyzed
hydrolysis of bradykinin [151]. Later, using male Wistar rats and their aortic rings, in vitro and in vivo
assays demonstrated that the N-terminal of Ts3 (Ts31.14{c12s]) and Ts10 were not able to directly inhibit
ACE activity; instead, they induced a strong vasodilatory effect that could be reversed in the presence of
the nitric oxide (NO) synthase inhibitor, N(w)-nitro-L-arginine methyl ester (L-NAME). This suggests
that Ts10 and Ts31.14/c125] play their role by activating molecular targets in the vascular endothelium,
which leads to NO production and eventually vasodilation [150]. In addition, it has been reported that
T. serrulatus hypotensins (TsHpt-I, II, III, and IV) and TistH from T. stigmurus also potentiate bradykinin
through improvement of the endothelial function and NO release in rats [152,153]. These cases show
that scorpion peptides can potentiate bradykinin through mechanisms other than ACE inhibition.

Besides vasodilation and hypotension, scorpion-derived BPPs play important roles in other
physiological processes. It is estimated that a considerable number of cancer patients receive radiation
therapy during their course of illness [154]. However, radiation therapy might lead to side effects,
including radiation-induced heart disease (RIHD) in patients having lymphoma, breast, lung, and
esophageal cancer [155,156]. It has been demonstrated that BPPs obtained from L. quinquestriatus
improved cardiomyopathy induced by y-radiation in rats, probably by acting as a scavenger of free
radicals to protect the heart from negative effects derived from radiation exposure [157].

4.6. Immunosuppressive Effects

Several scorpion toxins can modulate the immune system [158]. Indeed, the contribution of
released inflammatory mediators (e.g., cytokines, eicosanoids, and reactive oxygen species) and
activation of the complement system is well explored in the envenoming pathophysiology following
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scorpion stings [57,158,159]. For instance, an increase in the regulatory cytokines, interleukin (IL)-10
and IL-4, has been observed in experimental envenomings by A. australis hector and C. noxius, as well
as in real human envenomings by T. serrulatus [160-163]. Although most of the studied scorpion toxins
exhibit pro-inflammatory effects and activate the immune system [20,58,160,164,165], a few of them
demonstrate potential therapeutic applications by controlling the immune responses and acting as
immunosuppressive agents.

The most studied class of immunosuppressive scorpion toxins is the blockers of voltage-gated
potassium channel type 1.3 (Ky1.3). Although many cells express K1.3, most of the studies have
focused on effector memory T cells (Tgyp) due to the high expression profiles of Ky 1.3. The Tgy cells
are a subpopulation of T cells regarded as an attractive pharmacological target because of their role in
the development of autoimmune diseases [166]. A recent review covering the structure and function
of these channels, as well as the therapeutic implications of blocking Ky 1.3 using toxins derived from
scorpion venom, has summarized the studies of more than 60 scorpion toxins from the Androctonus,
Buthus, Mesobuthus, Lychas, Parabuthus, Leiurus, Centruroides, and Tityus genera [167].

Beside K, 1.3 channels, other ion channels, such as K3.1 and K,2.1, have also been demonstrated
to be important for T-cell activation and function [168,169]. Pucca et al. described Ts6 and Ts15,
from T. serrulatus, which block K,2.1 and inhibit the proliferation and function of different T-cell
subpopulations in vitro. The study also showed that Ts15 was capable of inhibiting delayed-type
hypersensitivity (DTH) response in vivo, indicating the potential of the peptide to be developed into
a treatment for autoimmune diseases [169]. Another study performed by Xiao et al. described the
immunosuppressive and anti-inflammatory properties of St20, a disulfide-bridged o-KTx found in the
venom of Scorpiops tibetanus. In vitro functional studies showed that this peptide was able to inhibit
the expression of the cell surface marker CD69, as well as the secretion of IL-2, tumor necrosis factor
(TNF)-«, and IFN-y in activated human T cells. In vivo experiments using a rat autoimmune disease
model showed that DTH was ameliorated in the presence of St20 [170]. Thus, new immunosuppressive
therapeutic drugs may be derived from scorpion venom toxins, which can be optimized in regard to
structure and function, possibly facilitating the future use of such agents in clinical settings.

4.7. Analgesic Effects

Generally, scorpion stings are reported as very painful events. Most known scorpion toxins
are known to modulate voltage-gated ion channels (mainly sodium and potassium channels) [20].
Voltage-gated sodium (Nay) channels play a key role in nociception (pain) [171]. The Na, channels
comprise a family of nine homologous a-subunits (Nay1.1-Nay1.9), which together with B-units
(B1-p4) generate the ion-conducting pore [172]. However, only four Na, channel subtypes are
involved in pain: Nay1.1, Nay1.6, Nay1.7, and Nay1.9 [173-176]. Throughout the last decades, scorpion
toxins capable of inducing pain mediated by these channels have been widely explored [20,177-180].
Most recently, two peptides, Hjla and Hj2a, have been isolated from the Hottentotta jayakari venom that
are potent agonists of Nay1.1. Demonstrating dual «/f activity by modifying both the activation and
inactivation properties of the channel, Hjla and Hj2a may be used as alternative tools for developing
selective Nay 1.1 modulators for the treatment of epileptic diseases, such as Dravet syndrome [181].
In addition, scorpion toxins that induce pain, mediated by different ion channels, such as voltage-gated
potassium channel 4.2 (Ky4.2) [182] and TRPV1 [35,183], have also been encountered.

Moreover, scorpion toxins capable of controlling pain (i.e., analgesics) have been reported in the
literature. Many of these analgesic toxins are not toxic to mammals, as they belong to a group of
insect-specific neurotoxic « or 3-toxins that interact with Nay, Ky, and/or Ca, pathways [114,184-188].
During the last two decades, over 20 scorpion venom-derived peptides and proteins have been
reported to exert anti-nociceptive effects in vitro and in vivo. Due to the absence of toxicity in
mammals and comparable effects to standard of care medications, such as carbamazepine, most of
the scorpion-derived proteins are intriguing agents that could be used for future development of
analgesics. The scorpion M. martensii (previously known as B. martensii Karsch) has been thoroughly
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studied as the source of more than 15 analgesic peptides [189,190]. Analgesic properties have also
been reported in A. mauretanicus mauretanicus (AmmVIIl, x-anatoxin), L. quinquestriatus quinquestriatus
(LqqIT2, B-toxin), H. laoticus (Hetlaxin, -toxin), B. occitanus tunetanus (BotAF, 3-toxin), and T. serrulatus
(TsNTxP) (Table 3). However, there is still much unexplored venom territory for future discovery in
the field of analgesic venom components.

In 2019, Rigo et al. reported the presence of anti-nociceptive effects of a non-toxic protein from
T. serrulatus, TSNTxP [191]. This protein is described to be structurally similar to Nay,-modulating
neurotoxins, such as Ts7. However, TsSNTxP is non-toxic to animals. Effects of TSNTxP were studied in
184 adult male and female Swiss mice in regard to acute and neuropathic pain. The results demonstrated
that TsNTxP has potent anti-nociceptive properties in both models, which is potentially due to a
substantial reduction of glutamate release. These results, combined with the lack of acute adverse
effects, suggest that TSNTxP may possibly be utilized in future pain treatment.

Table 3. Summary of known anti-nociceptive scorpion toxins.

Toxin Name Scorpion Species MW (S-S Bridge) Target Reference
TTX-R (Nay1.8, 1.9), TTX-S
BmK AS M. martensii 7701 Da (4) neg:lvel)‘i)i'tarﬁﬁi;t‘:?;efml [192-195]
muscle RyR
BmK IT2 M. martensii 6650 Da (4) TTX-R and TTX-S Nay, [192,196]
BmK IT-AP M. martensii 8157 Da (4) N/A [197]
BmK dITAP3 M. martensii 6740 Da (4) N/A [187]
BmK Aﬁ;ﬁB‘“K M. martensii 6738 Da (4) Navl1, 1;:1? Nav16, [198-200]
BmK AS1 M. martensii 7712 Da (4) :Ejlelf;rr‘fugé Iiylia‘l [201]
Prevention of peripheral
and spinal MAPKs
BmK AGAP M. martensii 7281 Da (4) expression; Decrease of 165 55 95
spinal c-Fos expression;
Nay1.7, Nay1.8, Nay 1.4,
Nay1.5; Cay
BmK Ang P1 M. martensii 8141 Da (4) N/A [206]
BmK Ang M1 M. martensii 7040 Da (4) Nay, Ky [114,207]
BmK(M)9 M. martensii 7106 Da (4) Nay 1.4, Nay1.5, Nay1.7 [208,209]
BmK AGP-SYPU1 M. martensii 7227 Da (4) N/A [210]
BmK AGP-SYPU2 M. martensii 7457 Da (4) Nay [211,212]
BmK AGAP-SYPU2 M. martensii 7253 Da (4) Nay (suspected) [213]
BmK-YA M. martensii 871 Da (0) 1, K, 5-opioid receptor [188]
BmKBTx M. martensii 6800 Da (3) Nay1.7 [214]
BmNal-3552 M. martensii 7338.26 Da (3) Nay1.7 [214]
A. mauretanicus Nay1.2, endogenous
AmmVIII . . 7383 Da (4) opioid system, no data on [186]
mauretanicus
other Nays yet
L. quinquestriatus Endogenous opioid
LqqlT2 L . 6845 Da (4) system, no data on other [186]
quinquestriatus
Nays yet
TsNTXP T, serrulatus 6702 (4) N/A (possibly [191]
glutamate release)
BotAF B. occitanus 7446 Da (4) Peripheral or spinal [198]
tunetanus mechanisms
Hetlaxin H. laoticus 3665 Da (4) Ky1.3, K 1.1 [184,215]

4.8. Anticancer Effects

The discovery of specific and selective anticancer drugs that can directly act on tumors, display
a synergistic effect with existing chemotherapeutics, or function as cargoes for drugs with low
bioavailability is significantly on the rise [216]. Chlorotoxin (CTx) from L. quinquestriatus venom
is a molecule that interacts with chloride channels. CTx was the first scorpion-derived agent that
demonstrated inhibitory effects on glioma cell migration and invasion. It also exhibited the advantage
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of being able to penetrate deep into tumor tissue [217,218]. Since the discovery of CTx, the list
of scorpion crude venoms and isolated toxins with anticancer activity has been growing rapidly,
hence a comprehensive review of all reported compounds exceeds the scope of this review, but can
be found elsewhere [216-219]. Here, we present a few cherry-picked recent studies with the most
significant findings.

T. serrulatus crude venom was tested in 2019 for possible anticancer effects against the SiHa and
HeLa cervical cancer cell lines, and the venom was shown to induce apoptosis in HeLa cells [220].
Wang et al. had previously obtained similar results with the crude venoms of H. liangi and M. martensii.
The two venoms were tested for potential anticancer effects toward HeLa cells, and both venoms
showed dose-dependent anti-proliferative and apoptosis-inducing effects through upregulation of the
CDK-inhibitor, p21. However, neither of the venoms showed significant effects on non-cancer HUVEC-21
cells, suggesting specificity toward cancer cells [221]. Additionally, the venoms of A. crassicauda and L.
quinquestriatus have been examined using breast (MDA-MB-231) and colorectal (HCT-8) cancer cell
lines [222]. This examination revealed that the venoms exhibited significant time and dose-dependent
cytotoxicity, and that they caused an increase in the number of apoptotic cells and reactive oxygen
species for both cancer cell lines when the cell lines were subjected to the venoms. The observed arrests
in the cell cycle could be an indication of tumor suppressor p21 upregulation and could, hence, suggest
selectivity toward cancer cells. Anticancer properties have been recently associated to the crude venom
of Rhopalurus junceus and a mix of five peptides from the same venom [223,224]. Despite generating
promising results, further investigations on the aforementioned scorpion crude venoms are needed to
characterize the effective anticancer constituents among other venom components.

In 2018, Li et al. constructed a scorpion venom library of A. australis and A. mauretanicus that led
to the discovery of a highly potent novel anticancer peptide from A. mauretanicus named Gonearrestide.
This peptide was subsequently tested against several colorectal cancer cell lines (DLD-1, Hke3, Dks8,
and HCT116) and the glioma cell line, U-251. Extensive in vitro, in vivo, and ex vivo studies on
HCT116 cells demonstrated that this peptide possessed high specificity toward cancer cells, could
significantly arrest the cell cycle in the G1 phase, and could thus strongly inhibit tumor growth.
Additionally, proliferation and cytotoxicity studies with the non-cancer human epithelial cell lines
FHC (colon), MCE-10A (breast), and human erythrocytes only identified negligible off-target effects
of Gonearrestide [225]. Another study by BenAissa et al. investigated the activity of the negatively
charged fractions of A. australis venom against DU145 prostate cancer cells and successfully identified
strong anti-proliferative effects mediated by the Nay1.6-directed peptide AaHIV [226]. However,
regardless of its potent anti-proliferative effects, this peptide was not able to inhibit cell migration.
Another study on AGAP and AGAP-SYPU2 from M. martensii venom (see Section 4.7 for their analgesic
effects) demonstrated that these two peptides possessed in vivo antitumor properties in mouse Ehrlich
ascites tumor models and mouse S-180 fibrosarcoma models [213,227]. Furthermore, AGAP showed
strong anticancer effects, including the inhibition of stemness, epithelial-mesenchymal transition,
migration, and invasion toward MCF-7 and MDA-MB-231 breast cancer cells [228]. It also inhibited
the voltage-gated proton channel Hv1 [229], which has been investigated as a possible target for cancer
therapy and has been extensively reviewed elsewhere [230]. Two studies on a third M. martensii peptide,
BmKn2, indicated that this peptide could selectively induce apoptosis in cancerous human oral cells,
while normal cells were affected to a much lesser extent [231,232]. Another interesting study highlights
anewly discovered short (14 residues) peptide from B. occitanus tunetanus, RK1, with potent anticancer
effects toward glioblastoma (U87) and melanoma (IGR39) cancers [233]. While showing no apparent
in vivo neurotoxicity toward intracerebroventricularly injected mice, RK1 was demonstrated to possess
cytotoxicity against U87 and IGR139 cells in vitro, and it was able to inhibit cell proliferation and
migration of these two cancer cell lines. RK1 also inhibited angiogenesis in a chicken chorioallantoic
membrane model. A cell-penetrating peptide (CPP) from T. serrulatus venom, named CPP-Ts, is the
final promising member of the long list of scorpion-derived agents with anticancer effects discussed
here. Using a CPP-Ts-derived peptide (subpeptide!*°), a study demonstrated that this peptide has
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selective internalization properties in specific cancer cell lines, such as SK-MEL-188, HEP G2, Caco-2,
MDA-MB-231, A549, and DU 145, which make it a potential intranuclear delivery tool for cancer cell
targeting [34]. These handful of studies from the growing body of recently published papers indicate
the potential of utilizing scorpion venoms as a source for discovering new cancer therapeutics.

5. Conclusions

The large diversity of scorpion venom components has fueled a wide range of studies on these
molecules, from toxicology to antivenom development and therapeutic applications. In particular,
therapeutic applications of scorpion venom compounds have attracted a lot of attention due to
the urgent need for either finding or improving treatments against a broad spectrum of diseases.
The emergence and spread of superbugs (AMR microorganisms) represent an increasingly serious
threat to global public health, which is projected to get much worse in the years ahead. Therefore,
the exploration of the utility of novel bioactive molecules, scaffolds, and mechanisms of action
represents a potentially powerful approach to develop new antimicrobial therapeutics and diagnostic
tools for current and future diseases. Dozens of scorpion-derived bioactive molecules have been
shown to possess promising pharmacological properties, of which around 100 have been mentioned
in this review. These pharmacological properties of scorpion-derived bioactive molecules include
antimicrobial, immunosuppressive, bradykinin-potentiating, analgesic, and anticancer effects among
others. In addition to chlorotoxin, which has already entered clinical trials, the CPP-Ts peptide (which
is a potential intranuclear delivery tool for targeting cancer cells) is likely to be a molecule receiving
significant scientific interest in the future. However, before venom-derived biotherapeutics can be
introduced to the market, a number of technological issues must be overcome, including obtaining
access to material (venoms and toxins), characterizing isolated venom components, establishing
manufacturing approaches for novel compounds, and reducing the potential propensity to cause
adverse effects, especially for long-term therapy. Nevertheless, the scientific literature reviewed here
shows several examples of promising scorpion venom-derived proteins and peptides that may be
used as leads for the development of new biotherapeutics. Thus, if the data observed in vitro and in
preclinical models translates well to the clinical setting, there may indeed be great promise in exploiting
the benefits of scorpion toxins.
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Abstract: Nay1.3 is a subtype of the voltage-gated sodium channel family. It has been implicated
in the pathogenesis of neuropathic pain, although the contribution of this channel to neuronal
excitability is not well understood. Tf2, a 3-scorpion toxin previously identified from the venom
of Tityus fasciolatus, has been reported to selectively activate Nay1.3. Here, we describe the activity
of synthetic Tf2 and assess its suitability as a pharmacological probe for Nay1.3. As described for
the native toxin, synthetic Tf2 (1 uM) caused early channel opening, decreased the peak current,
and shifted the voltage dependence of Nay1.3 activation in the hyperpolarizing direction by —=11.3 mV,
with no activity at Nay1.1, Nay1.2, and Nay1.4-Nay1.8. Additional activity was found at Nay1.9,
tested using the hNav1.9_C4 chimera, where Tf2 (1 uM) shifted the voltage dependence of activation
by —6.3 mV. In an attempt to convert Tf2 into an Nay1.3 inhibitor, we synthetized the analogue
Tf2[S14R], a mutation previously described to remove the excitatory activity of related 3-scorpion
toxins. Indeed, Tf2[S14R](10 M) had reduced excitatory activity at Nay1.3, although it still caused a
small —5.8 mV shift in the voltage dependence of activation. Intraplantar injection of Tf2 (1 uM) in
mice caused spontaneous flinching and swelling, which was not reduced by the Nay1.1/1.3 inhibitor
ICA-121431 nor in Nay1.97 mice, suggesting off-target activity. In addition, despite a loss of excitatory
activity, intraplantar injection of Tf2[S14R](10 uM) still caused swelling, providing strong evidence
that Tf2 has additional off-target activity at one or more non-neuronal targets. Therefore, due to
activity at Nay1.9 and other yet to be identified target(s), the use of Tf2 as a selective pharmacological
probe may be limited.

Keywords: Tf2; sodium channel; Nay1.3; Nay1.9; scorpion; toxin

1. Introduction

Voltage-gated sodium channels (VGSCs) are large pore-forming transmembrane-spanning proteins
with four homologous domains (I-IV) that regulate the influx of Na* ions across neuronal membranes
in response to local changes in voltage [1]. This Na* influx is essential for action potential initiation
and propagation in electrically excitable cells and crucial for the physiological function of neurons.
In humans, nine different isoforms with relatively high sequence homology have been identified
(Nay1.1-Nay1.9), each with discrete expression profiles and distinctive biophysical properties [2].
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While several VGSC isoforms expressed in peripheral sensory neurons, such as Nay1.7, Nay1.8,
and Nay1.9, have a well-established role in somatosensation and nociception, the contribution of
Nay 1.3 to peripheral neuronal excitability is less well understood.

Nay1.3 is a tetrodotoxin (TTX)-sensitive channel with fast-activating and fast-inactivating currents
capable of rapid repriming and sustaining repetitive firing [3]. Interestingly, Nay1.3 is expressed
at very low levels in adult rodent dorsal root ganglion (DRG) neurons but is upregulated in DRGs
following nerve injury or streptozotocin-induced diabetes, suggesting the channel may contribute to
the development and maintenance of neuropathic pain [4-6]. Indeed, shRNA-mediated knockdown
of Nay1.3 in DRG neurons attenuates the development of mechanical allodynia in rodent models of
spared nerve injury (SNI) and diabetic neuropathy [7,8], while global Nay 1.3 knockout has confounding
results, with minimal effect on the development of mechanical allodynia following chronic constriction
injury (CCI), spinal nerve transection (SNT), and spinal nerve ligation (SNL) [9,10]. Therefore, selective
pharmacological modulators of Nay1.3 are required to further elucidate the contribution of the channel
to neuronal excitability in physiological and pathological pain states.

Venoms from scorpions, spiders, and cone snails are a rich source of novel bioactive peptides
with activity at ion channels. Many venom-derived peptides have high potency and selectivity for
VGSCs and have provided us with unique insights into VGSC gating, structure, and function [11].
Scorpion peptides that act on VGSCs can be functionally distinguished as o- or $-scorpion toxins,
depending on how they modulate channel opening or closing. x-Scorpion toxins cause a marked delay
in fast inactivation, resulting in prolonged Na* influx; whereas, 3-scorpion toxins shift the voltage
dependence of activation to more hyperpolarized potentials, resulting in toxin-bound channels that
open closer to the resting membrane potential [12,13]. Tf2 is a 3-scorpion toxin originally identified
from the venom of Tityus fasciolatus that, at a concentration of 1 uM, selectively activates Nay1.3,
with no effect at the other Nay subtypes (Nay1.1, Nay1.2, and Nay1.4-Nay1.8 tested) expressed in
Xenopus oocytes [14]. We therefore hypothesized that Tf2 could be used as a pharmacological tool to
assess the contribution of Nay1.3 to the excitability of peripheral sensory neurons. The remaining
sodium channel subtype Nav1.9 is historically hard to express, but recent progress showed that the
chimera of the human Nav1.9 with the C-terminus of Nav1.4 (hNav1.9_C4) reveals reasonable currents
in HEK293 cells [8]. As Tf2 is not thought to interact with the C-terminus, this chimera is a valuable
tool for testing its influences on Nav1.9 gating.

Here, we report the chemical synthesis of Tf2 and the mutant Tf2[S14R], along with previously
undescribed -scorpion activity of Tf2 at hNay1.9_C4 in vitro. We show for the first time that Tf2
causes Ca?* influx in small, medium, and large diameter mammalian sensory neurons and explore the
activity of Tf2 on the peripheral somatosensory system in vivo.

2. Experimental Section

2.1. Peptide Synthesis

Tf2 was synthesized in two segments consisting of Tf2(1-26)-a-thioester and Tf2(27-62),
which were linked by native chemical ligation. Tf2(1-26)-«-thioester was synthesized via Boc
chemistry on trityl-associated mercaptopropionic acid lysine resin to yield the C-terminal -thioester
upon hydrogen fluoride (HF, BOC Australia, Sydney, NSW, Australia) cleavage. Tf2(27-62) was
synthesized using Fmoc chemistry on Rink amide resin to yield the C-terminally amidated peptide
segment after trifluoroacetic acid (TFA, Auspep, Melbourne, VIC, Australia) cleavage. The cleaved
crude peptides were precipitated and washed twice with cold diethyl ether. The peptides were then
dissolved in 50% acetonitrile, 0.1% TFA (v/v) in water and lyophilized. Peptides were purified by
preparative reverse-phase (RP) HPLC on a Shimadzu Prominence system (Sydney, NSW, Australia).
HPLC fractions containing the desired peptide (judged by HPLC/MS) of similar purity were pooled,
lyophilized, and stored at —20 °C.
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Tf2(1-26)-«-thioester: KEGYAMDHEGCKFSCFIRPSGFCDGY-[COS-CH2-CH2-CO]-Lys, expected
MW (assuming average isotope composition): 3164.5 Da, observed MW: 3164.4 + 0.5 Da. Tf2(27-62):
CKTHLKASSGYCAWPACYCYGVPSNIKVWDYATNKC-NH;, expected MW (assuming average
isotope composition): 4031.7 Da, observed MW: 4031.2 + 0.5 Da.

Native chemical ligation was done as previously described [11]. Briefly, 8.7 umol (35.3 mg)
of peptide Tf2(27-62) and 8.7 umol (27.6 mg) of Tf2(1-26)-«-thioester were dissolved in 8.7 mL
of ligation buffer consisting of 6 M guanidine hydrochloride, 0.2 M Na,HPOy4, 40 mM Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), and 50 mM 4-mercaptophenylacetic acid (MPAA),
pH 7.25. The solution was stirred under nitrogen for 16 h and the reaction progress was monitored by
HPLC-UV. The reduced full-length Tf2 (1-62) ligation product was isolated via RP-HPLC on an Agilent
Zorbax 300SB, C3 column (9.4 x 250 mm, 5 pm Phenomenex Australia, Sydney, NSW, Australia).
Yield: 42.5 mg; expected MW (assuming average isotope composition): 6963.0 Da, observed MW:
6962.8 + 1.0 Da.

For oxidative folding of Tf2, 1.7 umol (15 mg) of reduced Tf2 were dissolved in 3.75 mL of 6 M
guanidine hydrochloride. Folding was initiated by diluting the peptide solution with 150 mL of
folding buffer (0.1 M Tris, 0.5 M arginine, 1 M urea, 10 mM reduced glutathione, 1 mM oxidized
glutathione, pH 8.0) and stirring for 72 h at 4 °C. Oxidized Tf2 was then purified by RP-HPLC on
a Agilent Zorbax 300SB, C3 column (9.4 x 250 mm, 5 um, Phenomenex Australia, Sydney, NSW,
Australia). Yield: 2.2 mg. Calculated MW (assuming most abundant isotope composition): 6949.03 Da,
observed MW: 6949.12 + 0.20 Da. All reagents were obtained from Sigma-Aldrich (St Louis, MI, USA)
unless otherwise stated.

2.2. Cell Culture

Human embryonic kidney (HEK) 293 cells that constitutively express the human VGSC channel o
subunits Nay1.1-1.7/31 (SB Drug Discovery, Glasgow, UK) were maintained in minimum essential
media (MEM) supplemented with 10% fetal bovine serum (FBS) and 2 mM r-glutamine, along with the
selection antibiotics blasticidin, geneticin, and zeocin as recommended by the manufacturer. Chinese
hamster ovary (CHO) cells expressing hNay1.8/33 via a tetracycline inducible system (ChanTest,
Cleveland, OH, USA) were maintained in MEM, 10% FBS, and 2 mM L-glutamine. Tetracycline (1 ug
mL~") was added to culture media 48-72 h prior to assay to induce hNay1.8 expression. Cells were
passaged every 3—4 days after reaching 70-80% confluence with TrypLE Express (Thermo Fisher
Scientific, Scoresby, VIC, Australia) and grown in an incubator at 37 °C with 5% CO,.

ND?7/23 cells (Sigma-Aldrich, St. Louis, MO, USA) were maintained in high glucose Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with a glucose
level of 4.5 g/L and supplemented with 10% FBS (Biochrom AG, Berlin, Germany). ND7/23 cells
were transiently transfected with 2.75 ug hNay1.9_C4 plasmid (chimera of human Nay1.9 and the
C-terminus of rat Nay1.4; pCDNAS3 vector [8]), 0.25 ug of green fluorescent protein (GFP) DNA (Lonza,
Basel, Switzerland), and 6 uL of JetPEI reagent (Polyplus Transfection, Illkirch, France). GFP was
co-transfected to detect transfected cells via green fluorescence. Then, 24 h after transfection, cells were
split either onto glass coverslips coated with poly-D-lysine (PDL) hydrobromide (Sigma-Aldrich) for
treatment with 1 pM Tf2, or split into plastic petri dishes for control conditions. After recovering for
2-3 h, the cells were recorded with whole-cell patch clamp. Cells were passaged every 3—4 days after
reaching 70-80% confluence with TrypLE Express (Thermo Fisher Scientific, Scoresby, VIC, Australia)
in the case of HEK and CHO cells, and with accutase (Sigma-Aldrich) in the case of the ND7/23 cells.
All cells were grown in an incubator at 37 °C with 5% CO,.

2.3. Fluorescent Membrane Potential Assay

To rapidly assess the activity of Tf2 and Tf2[S14R] at hNay1.1-1.7, we utilized the FLIPRT2
fluorescent imaging plate reader (Molecular Devices, Sunnyvale, CA, USA). Cells were plated in
384-well black-walled plates at a density of 10,000-15,000 per well in normal growth media 2448 h
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before membrane potential experiments. Cells were loaded with red membrane potential dye
(Molecular Devices) diluted in physiological salt solution (PSS; 140 mM NaCl, 11.5 mM glucose, 5.9 mM
KCl, 1.4 mM MgCly, 1.2 mM NaH,POy4, 5 mM NaHCO3, 1.8 mM CaCly, 10 mM HEPES) and incubated
for 30 min at 37 °C as per the manufacturer’s instructions. All synthetic toxins were diluted in PSS
and 0.1% bovine serum albumin (BSA) to avoid adsorption to plastic surfaces. Changes in membrane
potential (excitation/emission 510-545 nm/565-625 nm) were recorded each second for 5 min after the
addition of toxin and the area under the curve (AUC) was computed using ScreenWorks (Molecular
Devices, Version 3.2.0.14).

2.4. Whole Cell Patch-Clamp Electrophysiology

Whole cell patch-clamp experiments on hNay1.3, hNay1.7, and hNay1.8 cell lines were performed
using the QPatch-16 automated electrophysiology platform (Sophion, Ballerup, Denmark). This set-up
utilizes 16-well planar chips plates (QPlates, Sophion) with a standard resistance of 2 + 0.02 mQ).
Cells were expanded in T-175 flasks and maintained in 37 °C and 5% CO, 48-72 h prior to assay.
On the day of experiment, cells were harvested with TrypLE Express and resuspended in DMEM with
25 mM HEPES, 100 U/mL penicillin-streptomycin, and 0.04 mg/mL trypsin inhibitor from Glycine max
(soybean) and stirred for 30-60 min prior to use.

The external solution (ECS) for all automated VGSC recordings contained (in mM): NaCl (140),
KCl (4), CaCl; (2), MgCl, (1), HEPES (10), TEA-CI (20), and glucose (10) containing 0.1% BSA. The pH
was adjusted to 7.4 with NaOH and osmolarity adjusted to 305 mOsm with sucrose. The intracellular
solution (ICS) consisted of (in mM): CsF (140), EGTA/CsOH (1/5), HEPES (10), and NaCl (10) adjusted
to pH 7.4 with CsOH and 320 mOsm with sucrose. The cell positioning pressure was set to —60 mbar,
minimum seal resistance 0.1 G, holding pressure —20 mbar, and currents were filtered at 25 kHz
(8th order Bessel, cut off 5 kHz). A standard P/4 leak subtraction protocol was included, and as such,
leak subtracted and non-leak subtracted currents were acquired in parallel.

After obtaining the stable whole-cell configuration, voltage clamp experiments proceeded as
follows from a holding potential of —90 mV. All protocols included a brief (15 ms) pre-conditioning
pulse to 0 mV followed by a 120 ms recovery to allow voltage-sensor trapping by (3-scorpion toxins [15].
Current-voltage (IV) relationships were determined using a series of 500 ms pulses ranging from
=90 to +55 mV (in 5 mV steps), followed by a 20 ms pulse to =20 mV for hNay1.3 and hNay1.7 or
+10 mV for hNay1.8 to assess the voltage dependence of fast inactivation. Peak current values were
normalized to a buffer control. Toxins were diluted in ECS with 0.1% BSA and incubated for 5 min
prior to recording.

Whole-cell patch-clamp experiments on ND7/23 cells transfected with hNav1.9_C4 were performed
at room temperature, using an EPC-10 USB amplifier and PatchMaster software (HEKA Elektronik,
Lambrecht, Germany) and analysis was done using Igor Pro 6.3 (WaveMetrics, Lake Oswego, OR,
USA). Glass pipettes were prepared with a DMZ puller (Zeitz Instruments, Martinsried, Germany)
to a resistance of 0.9 to 2.5 MQ) and filled with ICS. The ICS for hNav1.9_C4 recordings consisted of
(in mM): CsF (140), EGTA (1), HEPES (10) and NaCl (10), sucrose (18) adjusted to pH 7.33 with CsOH,
and 310 mOsm with additional sucrose. The ECS for hNav1.9_C4 recordings contained (in mM):
NaCl (140), KCl1 (3), CaCl, (1), MgCl, (1), HEPES (10), glucose (20), and 0.1 % BSA. The pH was
adjusted to 7.4 with NaOH and osmolarity adjusted to 305 mOsm with glucose. TTX (500 nM) was
added to the ECS to block endogenous Na* currents in ND7/23 cells. Tf2 (1 pM) was diluted in ECS
with 0.1% BSA and incubated for 5 min prior to recording. Capacitive transients were cancelled and
series resistance (<6 M()) was compensated by at least 70%. Leak current was subtracted online
using a P/4 procedure following each test pulse. Signals were sampled with 100 kHz and filtered
at 10 kHz for activation and fast inactivation protocols and at 30 kHz for the deactivation protocol.
Recording protocols were started 5 min after establishing the whole-cell configuration to allow for
current stabilization. The holding potential for all recordings was —120 mV. The voltage dependence of
activation was measured using a series of 40 ms pulses ranging from —120 mV to 30 mV in 10 mV steps
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at an interval of 5 s. The voltage dependence of steady-state fast inactivation was measured using
a series of 500 ms pre-pulses ranging from —160 to —20 mV, in steps of 10 mV, followed by a 40 ms
depolarizing test pulse at —40 mV. The voltage dependence of deactivation was measured using a
series of 1.5 ms depolarizing pre-pulses to —20 mV. This was followed by a repolarization test pulse
ranging from —130 to =20 mV, in 10 mV steps, at an interval of 5 s.

2.5. Ca** Imaging of Isolated Dorsal Root Ganglion Neurons

Primary cultures of mouse DRG neurons were prepared as previously described [16,17]. Briefly,
DRG ganglia, removed from all spinal levels of 4-week-old male C57BL/6 mice, were incubated in
DMEM (Gibco, Waltham, MD, USA) with 1 mg mL™! Collagenase IV (Gibco, Life Technologies, NY,
USA) for 90 min at 37 °C, then triturated with fire-polished Pasteur pipettes and plated in 96-well
plates coated with PDL (Corning, ME, USA). After 1 h, wells were flooded with DMEM supplemented
with 10% FBS and pencillin/streptomycin (Gibco, Waltham, MD, USA) and maintained for 1624 h
before assay. Cells were loaded with Fluo-4 AM calcium indicator, according to the manufacturer’s
instructions (ThermoFisher Scientific, MA, USA). After loading (1 h), the dye-containing solution
was replaced with assay solution (1 x Hanks” balanced salt solution, 20 mM HEPES). Fluorescence
corresponding to [Ca®*]; of 100-200 DRG cells per experiment was monitored in parallel using a
Nikon Ti-E Deconvolution inverted microscope (Nikon, Tokyo, Japan), equipped with a Lumencor
Spectra LED Lightsource (Lumencor, Beavertown, OR, USA). Images were acquired at 10X objective
at 1 frame/s (excitation 485 nm, emission 521 nm). For each experiment, baseline fluorescence was
monitored for 30 s. At30s, 60 s, and 180 s, assay solution was replaced with fresh assay solution
(as a negative control), Tf2 (1 uM in assay solution), and KClI (30 mM in assay solution), respectively.
Experiments with TTX and Tf2[S14R] were performed in the same way. Cells responding to KCl
and/or Tf2 were considered neuronal and grouped according to size: Large (>600 pm?), medium
(300-600 um?), and small diameter (<300 um?). Experiments involving the use of mouse tissue were
approved by The University of Queensland Animal Ethics Committee. Data were derived from
2-3 independent experiments, and plotted using GraphPad Prism 8. Where differences were tested,
unpaired ¢-tests were used.

2.6. Animals

For behavioral assessment, we used adult male wildtype or homozygous Nay1.9-deficient
(Nay1.97") mice aged 6-8 weeks (~25g) on a C57BL/6] background. Homozygous Nav1.9 knockout
mice on a C57BL/6] background were generated using CRISPR/Cas9 technology by the Queensland
Facility for Advanced Genome Editing (The University of Queensland, Australia). In brief, two sgRNAs
were designed to target exon 2 of the Scnlla gene. The deletion of exon 2 generated a frame shift
mutation resulting in the introduction of stop codons in exon 3. The guide sgRNAs were microinjected
together with Cas9 mRNA into fertilized eggs collected from C57BL/6] mice and transferred into
pseudopregnant surrogate CD1 female mice. Offspring born to the foster mothers were genotyped by
PCR (see below) and DNA sequencing. One FO male mouse was bred to C57BL/6] female mice to generate
F1 heterozygous mice, and F1 heterozygous mice were inbred to obtain homozygous mice. Genomic
DNA was extracted from ear clippings and mice were genotyped by PCR using the following primers
(forward: 5-GCTGCTCAGACACTCACAGT-3’) and (reverse: 5’ ATTCTGCCACCAGAGACTGC-3')
by the AEGRC genotyping and sequencing facility (The University of Queensland). Animals were
housed in groups of 3 or 4 per cage, under 12-h light-dark cycles, and had standard rodent chow
and water ad libitum. Age-matched controls were used for studies involving knockout animals.
All behavioral assessment was performed by a blinded observer unaware of the genotype and/or
treatments received.

Ethical approval for in vivo experiments was obtained from The University of Queensland Animal
Ethics Committee prior to experimentation. All animals experiments were conducted in accordance with
local and national regulations, including the International Association for the Study of Pain Guidelines
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for the Use of Animals in Research in agreement with the Animal Care and Protection Regulation Qld
(2012), and the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes,
8th edition (2013) (TRI/IMB/093/17, 31 March 2017; IMB/PACE/421/18, 18 October 2018).

2.7. Behavioral Assessment

First, Tf2 (1 uM), Tf2[S14R] (10 uM), or ICA-121431 (500 nM) were diluted in saline with 0.1%
w/v BSA and administered either alone or in combination by intraplantar (i.pl) injection into the
left hind paw in a volume of 40 uL under light isoflurane (3 %) anesthesia. Mice were then placed
individually into polyvinyl boxes (10 X 10 x 10 cm) and recorded by video for 20 min post-injection.
The number of spontaneous pain behaviors, including licks, shakes, and flinches, were counted later by
a blinded observer. Once spontaneous pain behavior had ceased, mechanical thresholds were assessed
using an electronic von Frey apparatus (MouseMet Electronic von Frey, TopCat Metrology, Ely, UK),
heat thresholds were assessed using the thermal probe test (MouseMet Thermal), and weight bearing
was assessed using the Catwalk XT (Noldus Information Technology, Wageningen, The Netherlands)
as previously described [18,19]. To quantify weight bearing, the parameter ‘mean intensity of the
15 most intense pixels’ was used as a surrogate measure.

2.8. Paw Thickness

In a separate cohort of animals, paw thickness was measured along the distal-proximal axis at the
metatarsal level using a digital vernier caliper (Kincrome, Vic, Australia) 10 min after i.pl. injection of
Tf2 (1 uM) or Tf2[S14R] (10 uM).

2.9. Data Analysis

Data were plotted and analyzed by GraphPad Prism, versions 8.2.0 and 8.4.2. Statistical significance
was defined as p < 0.05 and was determined by t-test or one-way ANOVA with Dunnett’s post-test,
as indicated. In case of deactivation, multiple ¢-tests (one per row) were used without assuming equal
standard deviation and with the Holm-Sidak method for correcting p-values for multiple comparisons.
Concentration-response curves were fitted with a four-parameter Hill equation with a variable Hill
coefficient. Conductance—voltage relationships for activation were calculated for each voltage step
using G = W where V,ey is the reversal potential. Resulting data were fitted using a Boltzmann
GNa,max
Lel(vm=v)/K’

maximal sodium conductance, Vm is the membrane potential, Vi), is the membrane potential at
half-maximal activation, and k is the slope factor. Current-voltage relationships for inactivation

equation: Gn, = ; GNa is the voltage-dependent sodium conductance, Gnamax is the

INa,max
el (vm-vE)/k
current, INg max is the maximal sodium current, Vi, is the membrane potential, Vy, is the half-maximal
inactivation, and k is the slope factor. The time course of current decay at deactivating voltages over

were fitted using a Boltzmann equation: In, = INa is the voltage-dependent sodium

10 ms was fitted by the double-exponential equation, y = y, +amp; *e 4 amp, e B , where yq is
the current amplitude at steady state, amp; and amp; are the amplitude coefficient for the fast and
slow time constants, and T; and T, are the fast and slow time constants. Data are expressed as the
mean + standard error of the mean (SEM).

3. Results

3.1. Chemical Synthesis of Tf2

We used chemical synthesis to prepare multi-milligram quantities of Tf2. This toxin is a relatively
large (62 amino acid residues) and post-translationally modified protein, whose 3-D structure is
stabilized by four disulfide crosslinks. The target polypeptide chain was split into two segments of
manageable size (26 and 36 residues), which were assembled individually by solid-phase peptide
synthesis and purified. The full-length polypeptide chain was obtained in good yield by native
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chemical ligation of the two segments. Folding of the 62 amino acid peptide chain and oxidation of the
eight cysteines required extensive optimization and allowed the isolation of synthetic Tf2 in acceptable
yields and excellent purity for further functional studies. Functional equivalence with venom-derived
Tf2 was established through activity testing (see below) as well as partial assignment of NMR data,
which are in agreement with the expected cysteine-stabilized «f3 fold that is characteristic for this class
of scorpion toxins (Figure S1).

3.2. Synthetic -Scorpion Tf2 Causes Early Channel Opening at Nay1.3 and Nay1.9

To examine the potency and selectivity of synthetic Tf2, we used a high-throughput
fluorescence-based assay to measure changes in the membrane potential at hNay1.1-1.7 expressed
heterologously in HEK293 cells. Synthetic Tf2 potently activated hNay 1.3, with an EC5 of 213 + 57 nM
(Figure 1A). Consistent with the activity previously reported for venom-derived Tf2 [14], synthetic
Tf2 retained selectivity for hNay1.3, with no effect on hNay1.1, hNay1.2, or hNay1.4-1.7 up to 10 uM
(Figure 1A), making it more than 50-fold selective over these isoforms. To assess the mechanism of
action of synthetic Tf2, we used whole-cell patch-clamp electrophysiology in HEK293 cells expressing
hNay1.3. Consistent with the (3-scorpion activity previously reported for the native toxin, synthetic Tf2
(hereafter Tf2) at 1 uM caused a decrease in the peak current and a hyperpolarizing shift (A —11.3 mV)
in the voltage dependence of activation (Vsy control: —=29.5 + 0.7 mV; Vi Tf2: —40.8 + 1.3 mV; p < 0.05;
Figure 1B,C). The slope factor of the conductance-voltage curve also significantly increased in the
presence of Tf2 at 1 uM, indicating a higher conductance at more hyperpolarizing membrane potentials
(control: 3.6 + 0.6 mV; Tf2: 8.0 + 1.1 mV; p < 0.05; Figure 1C).

It has previously been shown that Tf2 does not alter the voltage dependence of activation of
hNay1.7 or hNay1.8 expressed in Xenopus oocytes [14]. We thus sought to confirm this in mammalian
cells and extend these studies to include the human Nay 1.9 isoform. For this, we utilized the previously
described hNav1.9_C4 construct in which the C-terminus from rNay1.4 replaces the C-terminus of
hNay1.9, enabling trafficking of the channel to the cell surface [8,20]. Consistent with previous reports,
1 uM T2 does not shift the voltage dependence of activation at hNay1.7 (Vs5q control: —23.1 + 0.6 mV;
V5o Tf2: —24.3 + 0.7 mV; p > 0.05; Figure 1D) or hNay1.8 (Vs5y control: —1.1 £ 0.3 mV; V5y Tf2:
-1.2+ 0.4 mV; p > 0.05; Figure 1E). Interestingly, 1 uM Tf2 was active at hNav1.9_C4, causing a
hyperpolarizing shift (A —6.3 mV) in the voltage dependence of activation (Vs control: —=55.1 £ 1.9 mV;
Vso Tf2 —61.4 + 1.2 mV; p < 0.05, Figure 1F) and a change (A —1.3) in the slope factor (control: 8.8 + 0.4;
Tf2: 7.6 + 0.2; p < 0.05, Figure 1F). Given the novel activity at hNav1.9_C4, we also assessed whether
Tf2 affects any other parameters of hNav1.9_C4 channel kinetics. Tf2 did not change the current
density (control: 61.8 + 12.6 pA/pF; Tf2: 68.1 + 10.3 pA/pF; p > 0.05), or the voltage dependence of
fast inactivation (Vs control: —98.16 + 1.9 mV; V55 Tf2 —98.16 + 1.5 mV; p > 0.05) or deactivation
(see Figure S2A-C).
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Figure 1. Synthetic Tf2 shifts the voltage dependence of activation at hNay1.3 and hNay1.9_C4.
(A) Synthetic Tf2 retains selectivity for hNay1.3, with no effect on hNay1.1, hNay1.2, or hNay1.4-1.7
up to 10 uM in the FLIPR™" membrane potential assay (1 = 4-6 wells) (B) hNay1.3 current-voltage
relationship before (white circles) and after the addition of 1 uM Tf2 (blue circles). Tf2 causes early channel
opening and an overall decrease in the peak current (n = 5 cells). (C) hNay1.3 conductance-voltage
relationship before (white circles) and after the addition of 1 uM Tf2 (blue circles). Tf2 causes a significant
(A =11.3 mV) hyperpolarizing shift in the voltage dependence of activation and increases the slope
factor (n = 4 cells). (D) hNay 1.7 conductance-voltage relationship before (white circles) and after the
addition of 1 uM Tf2 (blue circles) (1 = 4 cells). (E) hNay1.8 conductance-voltage relationship before
(white circles) and after addition of 1 uM Tf2 (blue circles) (n = 12 cells). (F) hNav1.9_C4 conductance—
voltage relationship incubated with vehicle (0.1% BSA, white circles) or with 1 uM Tf2 (blue circles).
Tf2 causes a significant hyperpolarizing (A —6.3 mV) shift in the voltage dependence of activation and
decreased the slope factor (A —1.3) (n = 11-14 cells). Data presented as mean + SEM.

3.3. Tf2[S14R] has Reduced Excitatory Activity at Nay1.3

It has been demonstrated for several 3-scorpion toxins that a single amino acid residue replacement
of S14 (in Ts1) or E15 (in Cn2 and Css4) with an arginine can uncouple the ‘excitatory” activity from the
‘inhibitory” activity, producing 3-scorpion toxin mutants that inhibit the peak current without causing
early channel opening [11,20,21]. We therefore synthesized a Tf2[S14R] mutant and assessed activity at
hNay1.3. Unlike Tf2, the S14R mutant, at concentrations up to 10 uM, did not activate hNay1.3in a
fluorescence-based membrane potential assay (Figure 2A). In patch-clamp electrophysiology, 10 uM
Tf2[S14R] caused a reduction in peak current, although a small hyperpolarizing shift (A —5.8 mV) in
the voltage dependence of activation remained (control: —24.3 + 0.4 mV; Tf2[S14R]: =30.1 + 0.7 mV;
p < 0.05; Figure 2B,C). However, unlike wildtype Tf2, the slope factor of the conductance-voltage
curve was not significantly different in the presence of Tf2[S14R] at 10 1M, indicating the S14R mutant
had lost significant excitatory activity (control: 3.9 + 0.4; Tf2[S14R]: 4.0 + 0.6; p > 0.05; Figure 2C).
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Figure 2. Tf2[S14R] loses excitatory activity at hNay1.3. (A) Comparative activity of Tf2 and Tf2[S14R]
on hNay1.3 assessed using the FLIPR™" membrane potential assay. Tf2 (blue circles) concentration-
dependently increased the membrane potential (ECsj 213 + 57 nM) while Tf2[S14R] (pink circles) had
no effect up to 10 uM (n = 3—4 wells). (B) hNay 1.3 current—voltage relationship before (white circles)
and after the addition of 10 uM Tf2[S14R] (pink circles). Tf2[S14R] decreased the peak current with a
smaller effect on early channel opening compared to Tf2 (1 = 5 cells). (C) hNay1.3 conductance-voltage
relationship before (white circles) and after the addition of 10 uM Tf2[S14R] (pink circles). Tf2[S14R]
causes a smaller but significant (A —5.8 mV) hyperpolarizing shift in the voltage dependence of
activation without affecting the slope factor (n = 5 cells). Data presented as mean + SEM.

3.4. Tf2 Induces Calcium Influx in DRG Neurons

It has been reported that Nay1.3 is expressed at low levels in the adult rodent peripheral
nervous system [4]. Application of 1 uM Tf2 to isolated mouse DRG neurons caused an immediate,
rapid, and sustained increase in the intracellular Ca?* concentration ([CaZ*];) in a subset of neurons
(Figure 3A,B). Small, medium, and large diameter neurons were activated (Figure 3C). Activation was
completely blocked (p < 0.05) in the presence of 1 uM TTX (Figure 3D), indicating that the effects of Tf2
on Ca?* influx in mouse DRG neurons is dependent on the expression of TTX-sensitive VGSCs. At the
same concentration (1 uM), Tf2[S14R] was not significantly different to cells treated with the negative
control (p = 0.71), indicating that this analogue lacks the capacity to activate DRG neurons, consistent
with its reduced excitatory activity of Nay1.3.
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Figure 3. Tf2 activates mouse dorsal root ganglion neurons. (A) DRG cells before (background) and
after the addition of 1 uM Tf2 and 30 mM KCl. (B) Traces from all neurons (defined as cells responding
to 30 mM KCl and/or 1 uM Tf2) of one representative experiment. (C) Percentage of large (>600 pm?),
medium (300-600 um?), and small diameter (<300 pm?) neurons activated in the presence of 1 M Tf2.
(D) Percentage of neurons (total) activated in the presence of 1 uM Tf2, 1 uM Tf2 + 1 uM TTX, 1 uM
Tf2[S14R], or buffer (negative control). Data are presented as SEM with the total number of neurons
from 2-3 independent experiments; 1.d., large diameter, m.d., medium diameter; s.d., small diameter;
K*, 30 mM KCI; *, p < 0.05 using unpaired f-test; n.s., not significant.
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3.5. Tf2 Causes Spontaneous Pain and Swelling In Vivo

Intraplantar injection of 1 uM (40 pL) Tf2 in mice caused a rapid induction of spontaneous pain
behaviors, including flinching, licking, and shaking of the injected hind paw;, that slowly subsided over
20 min (Figure 4A,B). In contrast, 10 uM Tf2[S14R] caused no spontaneous pain behaviors, consistent with
the loss of excitatory activity at Nay1.3 and in DRG neurons seen in vitro (flinches/10 min: control, 5 + 3;
Tf2,102 + 12; Tf2[S14R], 5 + 1; p < 0.05, Figure 4B). To assess if 10 uM (40 uL) Tf2[S14R] could compete with
wild-type toxin for Nay1.3 binding in vivo, we co-administered it with 1 M (40 uL) Tf2; however, it had
no effect on Tf2-induced spontaneous flinching (flinches/10 min: Tf2 + Tf2[S14R] 101 + 11; Figure 4B).
In addition, the Nay1.1/1.3 inhibitor ICA-121431 (500 nM) had no effect on Tf2-induced spontaneous
flinching (flinches/10 min: Tf2 + ICA-121431 88 + 6; p > 0.05; Figure 4B), suggesting the flinching is not
mediated via Nay1.3. Spontaneous pain was accompanied by erythema (redness) and swelling (Figure 4C),
which occurred immediately after injection of Tf2 and also unexpectedly after Tf2[S14R], suggesting that
this inflammatory response is not mediated via activation of Nay1.3 but instead through an additional
target (paw thickness: control, 2.5 + 0.2 mm; Tf2, 3.2 + 0.1 mm; Tf2[S14R], 3.5 + 0.1 mm; p < 0.05; Figure 4D).
As Tf2 also activated hNay1.9_C4, we assessed whether activation of Nay1.9 contributed to Tf2-induced
spontaneous pain and swelling in vivo using Nay1.97- mice. Compared to wildtype (WT) controls, Nay1.97
mice did not exhibit a significant reduction in spontaneous pain behaviors (flinches/10 min: WT, 197 + 25;
Nay1.97,218 + 32; p > 0.05) or paw swelling (paw thickness: WT, 3.3 + 0.1 mm; Nay1.97,3.3 + 0.1 mm;
p > 0.05) after injection of Tf2 (Figure 4E,F). Once spontaneous pain subsided (~40 min post injection),
we also assessed the effect of intraplantar Tf2 on mechanical thresholds, thermal thresholds, and weight
bearing behavior in WT mice. Tf2 had no significant effect on mechanical thresholds (paw withdrawal
threshold (PWT): control, 2.7 + 0.4 g; Tf2, 1.9 + 0.4 g; p > 0.05; Figure 4G) or paw thermal thresholds (PWT:
control, 49.0 + 0.5 °C; Tf2, 48.2 + 0.3 °C; p > 0.05; Figure 4H) but did cause a significant reduction in weight
bearing (arbitrary fluorescent unit (AFU): control, 108.9 + 1.7; Tf2, 97.5 + 1.9; p < 0.05; Figure 4I).
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Figure 4. Intraplantar injection of Tf2 causes spontaneous pain behaviors and local swelling in mice (A) Time
course of spontaneous pain behaviors induced by Tf2 (1 uM i.pl.). (B) Intraplantar injection of Tf2 (1 uM)
causes spontaneous pain behaviors while intraplantar injection of Tf2[S14R] (10 M) does not. Co-injection
of Tf2[S14R] (10 uM) with Tf2 (1 uM) or ICA-121431 (500 nM) causes no reduction in spontaneous pain
behaviors. (C) Intraplantar injection of Tf2 (left hind paw) causes local erythema (redness) and swelling.
(D) Intraplantar injection of both Tf2 (1 uM) and Tf2[S14R] (10 tM) causes a significant increase in paw swelling.
(E) Tf2-induced spontaneous pain behaviors are not attenuated in Nay1.97 mice. (F) Tf2-induced swelling is
not attenuated in Nay1.97" mice. (G) Intraplantar injection of Tf2 (1 1M) has no effect on mechanical thresholds.
(H) Intraplantar injection of T2 (1 tM) has no effect on heat thresholds. (I) Intraplantar injection of Tf2 (1 tM)
causes a reduction in weight bearing (as measured by arbitrary fluorescence units; AFU). Data are presented as
mean + SEM with individual values plotted (1 = 3-7 mice). Statistical significance was determined using t-test
or one-way ANOVA with Dunnett’s post-test as appropriate, * p < 0.05 compared to control or WT.
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4. Discussion

Here, we describe for the first time the activity of synthetic 3-scorpion toxin Tf2 on the full panel
of human VGSCs (Nay1.1-1.9) constitutively expressed in mammalian cells, on the calcium influx in
primary sensory DRG neurons, and on nociceptive behaviors in mice in vivo, with the overall aim
to investigate its suitability as a selective Nay1.3 pharmacological probe. Modern chemical peptide
synthesis strategies applied to «- and 3-long chain scorpion toxins have allowed the production of
these molecules on the multi-milligram scale and have allowed structural and functional studies
that are difficult to perform with the small quantities usually isolated from scorpion venom [22-25].
Synthetic Tf2 faithfully reproduced the activity and mode-of-action of venom-derived Tf2 reported
previously, strongly suggesting that both samples are also structurally identical. Whilst previously
described as a selective Nay1.3 activator [14], we found that Tf2 had additional activity at hNay1.9_C4,
which is a TTX-resistant isoform preferentially expressed on small diameter DRG neurons that is
associated with both ‘painless” and “painful” channelopathies [26,27].

The pharmacology of scorpion toxins at Nay1.9 remains largely unexplored, partly due to
difficulties in the functional expression of Nay1.9 in heterologous systems. However, the 3-scorpion
toxin Ts1 (also known as TsVII), which has 73.4% sequence identity to Tf2, is also active on Nay1.9 [28].
This suggests that activity at Nay1.9 may be broadly conserved amongst other related (3-scorpion
toxins, but this remains to be assessed. Despite shifting the voltage dependence of activation at
Nay1.9 (A —6.3 mV), Tf2-induced spontaneous pain and swelling developed normally in Nay1.97
mice, indicating that this isoform had a minimal contribution to in vivo activity. This result was
somewhat surprising, given the mutation L1158P in human Nay1.9 causes a similar hyperpolarizing
shift in activation (A —6.7 mV), and has been linked to increased excitability of DRG neurons and
painful peripheral neuropathy [29]. However, this mutation also slows deactivation, which was a
channel parameter unaffected by Tf2, suggesting that changes in Nay1.9 deactivation may be important
for neuronal excitability.

Selective VGSC modulators remain useful tool compounds for delineating the contribution of
particular isoforms to the excitability of neurons in both physiological and pathological states [17,30].
Despite being implicated in neuropathic pain and epilepsy, there is a lack of highly potent and selective
inhibitors of Nay1.3 available. The small molecule ICA-121431 is the most potent Nay1.3 inhibitor
described to the date, but off-target activity at Nay1.1, which is also expressed on peripheral and central
neurons, limits its use as a research tool in vivo [31]. In an attempt to rationally design a selective
Nay1.3 inhibitor, we synthesized Tf2[S14R], where we mutated the serine at position 14 to a positively
charged arginine. In the homologous 3-scorpion toxin Ts1, mutation of S14 to an arginine resulted in a
toxin that could still bind to Nay1.4 but no longer shifted the voltage dependence of activation [32].
In line with this observation, Tf2[S14R] inhibited the peak current of Nay1.3 without causing the same
early channel opening as the native Tf2; however, it was unable to reverse Tf2-induced spontaneous
pain behaviors in vivo. This is possibly due to the mutation causing a loss in potency, as the related
toxin Cn2[E15R] required application at a concentration 200 times higher than the native to inhibit
Nay1.6 in vivo [11]. Unfortunately, because the potency of Tf2 is already relatively weak, and Tf2[S14R]
caused paw swelling at 10 uM, higher concentrations could not be assessed.

Tf2 caused Ca?* influx in both small and large mouse adult DRG neurons, which was surprising
given Nay1.3 is only expressed at significant levels in embryonic sensory neurons or in adult neurons
after axotomy [4]. Interestingly, colonic neurons isolated from mouse thoracolumbar (T10-L1) and
lumbosacral (L5-S2) DRGs express Nay 1.3 mRNA transcripts at similar levels to Nay1.1 and Nay1.2 [33].
As DRG neurons in this study were isolated from all spinal levels, we cannot rule out the presence of
these Nay1.3-expressing neurons in culture. However, given the definitive lack of proteomic evidence
for Nay1.3 expression in adult uninjured DRG neurons, and that Tf2 activated a large proportion of
all DRG neurons, it is more likely that the observed effect on Ca?* influx is due to activity at other
neuronal targets. This is consistent with Tf2-induced spontaneous flinching not being reversed by
the Nay1.1/1.3 inhibitor ICA-121431 in vivo. Indeed, it is not uncommon for scorpion toxins to have
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promiscuous activity on both VGSCs and voltage-gated potassium (Ky) channels, and blockade of
a Ky channel could also result in Ca?* influx [34,35]. Furthermore, there are scorpion toxins that
modulate members of the family of voltage-gated calcium channels (Cay), such as kurtoxin from
Parabuthus transvaalicus [36]; however, the activity of Tf2 at voltage-gated potassium and calcium
channels in heterologous expression systems remains to be tested. Inhibition of Tf2-induced Ca?*
influx by TTX could also be explained by a global depression of neuronal excitability rather than direct
opposition of Tf2-induced Nay1.3 activation. The observation that Tf2[S14R], which lost activity at
Nay 1.3, also lost excitatory activity in DRG neurons suggests that the pharmacophore of Tf2 at this
other neuronal target(s) overlaps at least partially with that of Nay1.3. In addition, the observation
that Tf2[S14R], which lost excitatory activity in DRG neurons, still caused swelling in vivo suggests
that Tf2-induced inflammation is mediated by an additional non-neuronal target. Scorpion venom-
or toxin-induced inflammatory responses have been described previously and have been linked to
the activation of innate immune cells via interaction with pattern recognition receptors [37]. The use
of global and sensory neuron-specific Nay1.3 knockout mice would be required to tease out what
contribution, if any, Nay1.3 has to Tf2-induced pain and inflammation.

In summary, Tf2 does not appear to be a suitable tool to study the effects of Nav1.3 channel
activation in sensory neurons. This is due to additional activity at Nay1.9 and the probability of other
neuronal and non-neuronal targets. Results from in vivo experiments that use Tf2 should be interpreted
accordingly. There is, however, scope to use Tf2 in studying the activity of Nay1.9 in vitro, particularly
in heterologous expression systems. Indeed, very few toxins to date are known to modulate the Nay1.9
isoform. Finally, the somewhat surprising finding that Tf2 and Tf2[S14R] cause inflammation in vivo
could be explored further to understand how scorpion toxin envenomation affects inflammatory
processes in humans.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2227-9059/8/6/155/s1.
Figure S1: NMR secondary Hx chemical shift analysis of synthetic Tf2. Figure S2: Activity of Tf2 on other channel
parameters of hNay1.9_C4.
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Abstract: Despite scorpion stings posing a significant public health issue in particular regions of
the world, certain aspects of scorpion venom chemistry remain poorly described. Although there
has been extensive research into the identity and activity of scorpion venom peptides, non-peptide
small molecules present in the venom have received comparatively little attention. Small molecules
can have important functions within venoms; for example, in some spider species the main toxic
components of the venom are acylpolyamines. Other molecules can have auxiliary effects that
facilitate envenomation, such as purines with hypotensive properties utilised by snakes. In this
study, we investigated some non-peptide small molecule constituents of Hormurus waigiensis venom
using LC/MS, reversed-phase HPLC, and NMR spectroscopy. We identified adenosine, adenosine
monophosphate (AMP), and citric acid within the venom, with low quantities of the amino acids
glutamic acid and aspartic acid also being present. Purine nucleosides such as adenosine play
important auxiliary functions in snake venoms when injected alongside other venom toxins, and
they may have a similar role within H. waigiensis venom. Further research on these and other small
molecules in scorpion venoms may elucidate their roles in prey capture and predator defence, and
gaining a greater understanding of how scorpion venom components act in combination could allow
for the development of improved first aid.

Keywords: venom; scorpion; adenosine; purine; nucleoside; nucleotide; citric acid; glutamic acid;
aspartic acid

1. Introduction

Scorpion envenomation poses a significant public health issue in certain areas of the world,
particularly in northern Saharan Africa, South and East Africa, the Near- and Middle-East, southern
India, Mexico, Brazil, and within the Amazonian basin [1]. Although the effects of scorpion venom can
be severe when injected by a scorpion, individual venom components can have a wide range of positive
applications in medicine when administered in a controlled way [2]. Past research into scorpion
venoms has primarily focused on peptide constituents, as these molecules display the greatest diversity
within the venom, are often responsible for the greatest toxic effects, and have the largest potential for
development of therapeutics or bioinsecticides [3—-6]. However, scorpions possess complex venom
containing a mixture of proteins, peptides, small molecules, and salts [7]. Whilst non-peptide small
molecules are often reported to be present within scorpion venom, and despite being known to play
important roles in the venom of different taxa [8-10], the identities and functions of small molecules
in scorpion venom remain poorly described. Identifying the small molecules present in scorpion
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venoms may allow a greater understanding of how scorpion venoms function, have evolved, and may
help improve treatment of stings. Additionally, certain venom-derived small molecules may have
applications as therapeutics [11]. At present, only a very small number of non-peptide small molecules
(<1 kDa) have been confidently characterised from scorpion venoms, including an alkaloid described
from Megacormus gertschi [12], two 1,4-benzoquinone derivatives from Diplocentrus melici [13], adenosine
from Heterometrus laoticus [14,15], and citric acid from Centruroides sculpturatus [16]. Other published
material identified the presence of spermidine in the venom of Palamneus phipsoni (Heterometrus
phipsoni) [17,18] and 5-hydroxytryptamine (serotonin) in Leiurus quinquestriatus and Buthotus minax
(Hottentotta minax) [17,19]; however, no definitive data were collected, and therefore re-examination of
these venoms with modern analytical techniques would help to confirm their presence. Furthermore,
free amino acids, nucleotides, lipids, amines, heterocyclic compounds, and inorganic salts are reportedly
present in scorpion venoms [4,20,21], but their specific molecular compositions and functions remain
generally unknown.

Venomous organisms commonly possess low-molecular weight non-peptide molecules within
their venom [9,10]. The identities and functions of the low-molecular weight non-peptide molecules
found in different organisms may provide insights into those that may be found in scorpions. Spiders
are one of the most closely related groups of venomous organisms to scorpions, and are also one
of the most widely studied groups of venomous animals. Different spider species possess a large
range of small molecules within their venom, including acylpolyamines and polyamines [11,22-26];
alkaloids [27-29]; nucleosides, nucleotides, and analogues [30-35]; and free-amino acids [33,36],
alongside other molecules that have been subject to less intensive study [37-39]. Given that scorpions
use their venom against similar predators and prey to spiders, the small molecules they possess may
be similar to those found in spiders.

Small molecules can act directly as toxins within venom, have facilitatory roles that increase
the overall toxicity or effectiveness of the venom, or alternatively have functional roles linked to the
maintenance of toxins within the venom gland [8,40-42]. For example, polyamines in the venom of
spiders in the genus Nephila are sufficiently toxic towards insects to directly aid in the incapacitation
of prey [42]. Alternatively, nigriventrine from the Brazilian armed spider (Phoneutria nigriventer) can
induce convulsions in mammals, and therefore help the spider to defend against predators [40]. Whilst
such molecules directly contribute to venom toxicity when targeting prey or potential predators,
some small-molecule venom constituents do not induce a toxic effect when injected into a target
organism, but can still play an important role within venom by acting in conjunction with toxins to
facilitate envenomation or incapacitation of the target [8,43]. For example, purine nucleosides such
as adenosine, guanosine, and inosine are present within a wide range of elapid and viperine snake
venoms, and whilst these molecules generally have very low toxicity and are naturally present within
the target organism, injection of high concentrations alongside other toxins can improve the overall
effectiveness of the venom by facilitating envenomation and incapacitation [8,43]. Aird [8] explains
that snake venom has three primary modes of action against prey—immobilisation by hypotension,
immobilisation by paralysis, and digestion—and that the suite of small molecules injected have key
roles in all three functions. As the body of research investigating the small molecule constituents of
snake venoms is expanding, there is growing understanding that non-toxic small molecules can play
important auxiliary roles within venoms, and future research should aim to elucidate the complex
interactions that occur during envenomation [10]. In addition to these functions as toxins or facilitators
of toxins, small molecules can have functions within the venom gland associated with maintenance
and production of toxins. For example, citrate, which can inhibit the action of venom proteins within
the gland, may be in the venom to prevent self-harm [16,41,44]. As scorpion venoms contain a suite of
uncharacterised small molecules, it is possible that some may induce toxicity directly, have auxiliary
effects that increase overall venom toxicity, or have functions associated with the production and
storage of toxins.
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In this study, we investigated some of the small molecule compositions of Australian rainforest
scorpion (Hormurus waigiensis) venom using reversed-phase high-performance liquid chromatography
(RP-HPLC), liquid chromatography/mass spectrometry (LC/MS), and nuclear magnetic resonance
(NMR) spectroscopy. H. waigiensis is a burrowing scorpion that is widely distributed across Southeast
Asia, the Pacific, New Guinea, and Australia [45]. Within Australia, it is found in tropical and
sub-tropical forests along the eastern coast from northern New South Wales to Cape York, with reports
of populations also present in the Northern Territory and Western Australia [46]. Stings from this
species are considered mild, with the venom causing moderate pain and swelling [47]. Presently just
one toxin, @-liotoxin-Lw1la (@-LITX-Lw1a), has been characterised from H. waigiensis [48,49]. The toxin
@-LITX-Lw1la was the first scorpion toxin reported to adopt a disulfide-directed -hairpin (DDH)
structure and may provide a missing link explaining how the three-disulfide inhibitor cystine knot
(ICK) motif has evolved in scorpions [48,49]. The remaining constituents of H. waigiensis venom have
not been characterised. Scorpion venom research has historically been skewed towards medically
significant species, all of which belong to the family Buthidae [50]. H. waigiensis is a member of the
family Hormuridae, which has been subject to far fewer investigations by toxinologists. Given the
structural novelty of @-LITX-Lwla, H. waigiensis venom may contain other molecules with significant
structural differences to those present in more thoroughly studied Buthid venoms.

2. Materials and Methods

2.1. Scorpion Collection

Scorpions were collected from rainforest sites in the vicinity of Kuranda (QLD, Australia), and
kept on the premises of Minibeast Wildlife, Kuranda. The scorpions were housed in plastic food
containers with substrate and a piece of bark, and kept at ambient temperature. Prior to milking,
individuals had been maintained in captivity for less than one year.

2.2. Venom Extraction and Purification

Venom samples were collected from H. waigiensis using a square-wave stimulator (Arthur H. T.
Thomas Co. Scientific Apparatus, Philadelphia, PA, USA) to electrostimulate the venom gland at 25V
DC, 0.5 ms pulse duration, at a frequency of 1 pulse/sec. The samples were pooled into 20 pL of MilliQ
water and stored at —20 °C. Pooled samples collected on two separate dates were further pooled prior
to analysis. A further five scorpions (two male and three female) were milked and the samples were
stored separately in 30 pL of MilliQ water for LC/MS analysis.

Crude pooled venom was fractionated by reversed-phase HPLC (RP-HPLC) using a Phenomenex
]upiter® Cyg column (250 x 10 mm, 10 um, 100 A; Phenomenex, Torrence, CA, USA). Fractionation
of the venom components was achieved using a linear gradient of two mobile phases: H,O/0.05%
trifluoroacetic acid (TFA; Auspep, Tullamarine, VIC, Australia) (solvent A) and 90% acetonitrile (ACN;
Sigma-Aldrich, St. Louis, MO, USA)/H,0/0.045% TFA (solvent B). Separation used a gradient of 0-60%
solvent B in 120 min, 60-90% solvent B in 5 min, 90% solvent B for 10 min, and 90-0% solvent B in
5 min, at a flow rate of 3 mL/min. The venom component elution was monitored at 214 nm and 280 nm,
and 0.5 min fractions were collected.

2.3. Liquid Chromatography/Mass Spectrometry (LC/MS)

Five individual scorpion venom samples and serial dilutions of adenosine and adenosine
monophosphate (AMP) standards were analysed by liquid chromatography/mass spectrometry
(LC/MS) using a Shimadzu LCMS-2020 mass spectrometer coupled to a Shimadzu Prominence HPLC
system (Shimadzu, Kyoto, Japan) to allow quantitation of these molecules within the venom. A small
amount of pooled venom was also analysed by LC/MS to observe the composition and determine the
molecular weights of the molecules present. Then, 8 pL of the individually stored venom samples
were injected in triplicate, 5 uL of the adenosine and AMP serial dilutions were injected in triplicate,
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and 10 pL of pooled venom (3 uL in 7 uL MilliQ water) was injected. The samples were injected via an
autosampler (Shimadzu SIL-20ACy7) onto a reversed-phase high-performance liquid chromatography
(HPLC) column (Phenomonex Aeris 3.6 um PEPTIDE XB-C18 100 A; Phenomenex, Torrence, CA, USA)
at 30 °C. Solvent delivery (solvent A: 0.1% formic acid (FA; Sigma-Aldrich, St. Louis, MO, USA)/water;
solvent B: 90% acetonitrile (ACN; OPTIMA LCMS grade, Thermo Fisher Scientific, Scoresby, VIC,
Australia)/0.09% formic acid/water) was via Shimadzu LC-20AD pumps at a flow rate of 0.250 mL/min.
Samples were eluted with a 1% gradient (0-60% solvent B, 60 min; 60-90% solvent B, 5 min; 90% solvent
B, 5 min; 90—0% solvent B, 5 min; 0% solvent B, 10 min), and the UV absorbance was observed at
214 nm and 280 nm on a Shimadzu SPD-20A detector. Mass spectra were collected in positive ion mode
over a scan range of m/z 130-2000 and negative mode with a scan range of 11/z 200-2000, with a detector
voltage of 1.15 kV, nebulizing gas flow of 1.5 L/min, and drying gas flow of 3.0 L/min. Data were
collected and analysed using the Shimadzu LabSolutions v5.96 software (Shimadzu, Kyoto, Japan).
The 280 nm peak areas for the peaks containing adenosine and AMP, both in the individual venom
samples and serial dilutions, were exported and analysed further in R version 3.6.1 [51]. The peak areas
for standard samples and venom samples run in triplicate were averaged prior to further analysis.
A linear model was fit to the serial dilution data to produce a standard curve, which was used to predict
the quantity of adenosine and AMP in the 8 uL injection of each venom sample. These quantities were
then divided by eight and multiplied by thirty to provide an estimate of the quantity contained within
the whole venom samples. As the crude venoms were suspended in 30 uL of water, the total volume
would be slightly greater than 30 uL; therefore, we calculated a slight underestimate of the quantity of
adenosine and AMP contained within the venom.

2.4. Mass Spectrometry and NMR Analysis

NMR spectra were recorded at 290 K on a Bruker Avance III 600 MHz spectrometer (Bruker,
Billerica, MA, USA) equipped with a cryoprobe. Samples were dissolved in 90% H,O/10% D,O (v/v)
(100 uM). D, O (99.9%) was obtained from Cambridge Isotope Laboratories, Woburn, MA, USA, for H
NMR measurements. Spectra were referenced to the water signal. Two-dimensional spectra included
TOCSY, NOESY, DQF-COSY, HSQC, HMBC, and HSQC-TOCSY. TOCSY and NOESY mixing times
of 80 ms and 500 ms, respectively, were used. Spectra were analysed using Topspin v3.6.1(Bruker,
Billerica, MA, USA).

High-resolution mass spectrometry (MS) was performed using a SCIEX TOF/TOF™ 5800 MALDI
(SCIEX, Framingham, MA, USA) and a SCIEX TripleTOF 6600 (SCIEX, Framingham, MA, USA) mass
spectrometers. Matrix-assisted laser desorption ionisation mass spectrometry (MALDI-MS) samples
were spotted on 384-well stainless steel target plates using 0.5 uL of sample and 0.5 uL of either
a—cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich, St. Louis, MO, USA) matrix (7.5 mg/mL
in 50% ACN/0.1% TFA) or a 2,5-dihydroxybenzoic acid (DHB; Sigma-Aldrich, St. Louis, MO, USA)
matrix (10 mg/mL in 50% ethanol/0.1% TFA). Calibration was performed before spectra collection
for each sample using Calibration Mix Solution 2 (SCIEX, Framingham, MA, USA). Spectra were
acquired in reflector positive ion mode from m/z 200 to 400, and averaged over 2000 laser shots.
Tandem-MS (MS/MS) was performed in 1 kV positive ion mode with collision-induced dissociation
(CID) and averaged over 2000 shots. Samples were manually infused to the SCIEX TripleTOF 6600
mass spectrometer equipped with a DuoSpray Ion Source using the syringe pump and a 1 mL 4.61 mm
i.d. Hamilton syringe (Reno, NV, USA) at a flow rate of 5 pL/min. Data acquisition was performed
with Analyst® TF 1.7.1 software (SCIEX, Framingham, MA, USA). Product ion mass spectra were
collected in positive ion mode with an accumulation time of 500 ms and a mass range of 1/z 100 to 400.
The source temperature was 470 °C, the curtain gas was set to 45 psi, the ion source gas 1 and 2 were
set to 40 and 50 psi respectively, and the ion-spray voltage floating set to 4.9 kV. MS/MS data were
collected on manually selected product ions under the same conditions with an accumulation time of
250 ms and a mass range of m/z 20 to 350.
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3. Results

3.1. Venom Collection and Fractionation

Crude venom pooled from ~15 venom extractions of H. waigiensis scorpions was fractionated using
RP-HPLC with a Cg semi-preparative RP-HPLC column, and 30 s fractions were collected (see Figure 1).
A small sample of the pooled venom (3 uL) was also subjected to liquid chromatography/mass
spectrometry (LC/MS) analysis, which provided a venom mass profile and identified the presence of a
number of small molecules in early eluting peaks.
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Figure 1. Reversed-phase high performance liquid chromatography (RP-HPLC) chromatogram of
pooled crude H. waigiensis venom (Phenomenex ]upiter® Cyg column; 250 X 10 mm, 10 um, 100 A;
3 mL/min flow rate; solvent A H,0/0.05% TFA, solvent B 90% ACN/H,0/0.045% TFA; 0-60% solvent B in
120 min, 60-90% solvent B in 5 min, 90% solvent B for 10 min, and 90-0% solvent B in 5 min; absorbance
at 214 nm). The inset shows an expanded view of the highlighted area in the full chromatogram.
The fractions of interest and corresponding peaks in the chromatogram are highlighted in dark
blue (glutamic acid and aspartic acid), red (adenosine), and light blue (adenosine monophosphate),
respectively. The pink section shows the fractions containing citric acid. The fraction highlighted in
green is likely to be inosine. The dashed line shows the solvent B gradient.

3.2. NMR Analysis of RP-HPLC Fractions

Fractions collected from 5.5 to 23 min were analysed by one-dimensional 'H NMR spectroscopy to
observe the presence of small molecules, typified by sharp peaks and an absence of or minimal peaks in
the amide region (see Figures 2-5). Fractions corresponding to the RP-HPLC peaks highlighted in dark
blue and red in Figure 1 appeared to be relatively clean and produced good signal-to-noise ratios in
the "H NMR spectra. Therefore, these fractions were selected for further analysis by two-dimensional
NMR spectroscopy and the structures were elucidated based on correlations observed in the HMBC,
HSQC, and COSY spectra. The dark blue peak highlighted in Figure 1 represented 1.28% of the total
peak area within the 214 nm RP-HPLC chromatogram and was shown to contain glutamic acid and
aspartic acid (see Figure 2). The red peak (Figure 1) represented 7.68% of the total peak area within the
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214 nm RP-HPLC chromatogram and contained adenosine (see Figure 3). AMP (see Figure 4) was
present within the light blue peak, which represented 2.42% of the total peak area of the RP-HPLC
chromatogram (Figure 1). Fractions collected in the pink coloured region (Figure 1) contained citric
acid, although as it does not have an absorbance profile at 214 nm nor 280 nm, it was not observed in
the RP-HPLC chromatogram and was characterised based on NMR data (Figure 5). The green peak
representing 0.33% of the total peak area of the 214 nm RP-HPLC chromatogram (Figure 1) contained a
molecule with a mass 1 Da greater than adenosine, suggesting it may be inosine; however, we were
unable to confirm its identity due to its low abundance and coelution with adenosine. A molecule
was also observed with the mass of inosine monophosphate (IMP); however, low abundance and
coelution with AMP on the RP-HPLC system prevented us from confirming its identity. Full 1D NMR
spectra of RP-HPLC fractions and standards labelled with peak integration values used for molecular
characterisation are contained within the Supplementary Materials.
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Figure 2. Chemical structure and 1D NMR spectrum of a fraction from H. waigiensis venom containing
aspartic acid and glutamic acid. The assignments were derived based on two-dimensional NMR spectra
and one-dimensional NMR spectra of glutamic acid and aspartic acid standards.

3.3. High-Resolution Mass Spectrometry

High-resolution mass spectrometry data collected using a SCIEX TripleTOF 6600 (SCIEX,
Framingham, MA, USA) and SCIEX TOF/TOF™ 5800 MALDI (SCIEX, Framingham, MA, USA)
were consistent with and confirmed the elucidated structures. For the dark blue peak fraction, [M + H]*
ions were observed at m/z 148.0350 and m/z 134.0187, confirming the presence of glutamic acid
(147.053158 Da) and aspartic acid (133.037508 Da). For the red peak fraction, a [M + H]* ion was
observed at m/z 268.0783, confirming the presence of adenosine (267.096741 Da). Using a precursor
ion of m/z 268.1, the red peak fraction showed a strong ion at m/z 136.0827 corresponding to adenine
following fragmentation and cleavage of the ribose. For the light blue peak fraction, an [M + H]* ion
was observed at m/z 348.0649, confirming the presence of AMP (347.063084 Da). Using a precursor
ion of m/z 348.06 on this fraction showed an ion at 11/z 136.1006, which also corresponded to adenine
following fragmentation and cleavage of the ribose.

122



Biomedicines 2020, 8, 259

a b
Adenosine NH,
N
=
a</ | )N
HQ #b
f,go N
d
¢ eH He
OH OH
f.g
e
d
I
) A N &
T T T N I T T T 1
9 8 7 6 5 4 3 2 1 0

Figure 3. Chemical structure and 1D NMR spectrum of a fraction from H. waigiensis venom
containing adenosine. The assignments were derived based on one-dimensional NMR spectra
of an adenosine standard.
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Figure 4. Chemical structure and 1D NMR spectrum of a fraction from H. waigiensis venom containing
adenosine monophosphate. The assignments were derived based on one-dimensional NMR spectra of
an adenosine monophosphate standard. The presence of citric acid is also highlighted.
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Citric acid

Figure 5. Chemical structure and 1D NMR spectrum of a fraction from H. waigiensis venom containing
citric acid. The assignments were derived based on one-dimensional NMR spectra of a citric
acid standard.

3.4. Adenosine Quantitation by LC/MS

Five adult scorpions were milked individually to estimate the quantities of adenosine and AMP
contained within the total venom by comparing the LC/MS 280 nm absorbance peak areas against
those of a serial dilution of standards run under identical chemical conditions. All five scorpion
venoms contained adenosine. Quantities of approximately 4.462 ug and 2.448 ug were present within
the two male venoms; and 4.555 pg, 2.016 ug, and 5.808 g were present within the female venoms.
The abundance of AMP displayed greater variation between individuals and was absent from two of
the female scorpions at detectable levels. The estimated quantity of AMP within the whole venoms of
the two males were 0.682 ug and 2.778 pg, while the single female venom contained 0.318 ug. It is
important to note that these values are slight underestimates of the true quantity contained within the
venom gland. By comparing the volumes of venom collected in the pipette tip against set volumes
of water, we estimated that each scorpion produced between 1.5 uL and 3.5 uL during milking, and
therefore an average milking contained roughly 2.5 uL of venom. This indicates that the values
calculated from 30 uL of the sample are slight underestimates of the true total, but this variation is
small in comparison to the large differences observed between individuals.

4. Discussion

Adenosine, AMP, citric acid, glutamic acid, and aspartic acid were all found to be present within
the venom of H. waigiensis. Molecules were also observed with masses corresponding to inosine and
IMP; however, we were unable to confirm their identity due to low abundances and coelution with
adenosine and AMD, respectively.
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4.1. Adenosine

Adenosine has been previously identified within the venom of the scorpion Heterometrus
laoticus [14,15], and is a known constituent of other arthropod venoms, including those belonging
to the spiders Haplopelma lividum and Latrodectus menavodi [31,52], the wasp Cyphononyx dorsalis [53],
and the ant Pseudomyrmex triplarinus [54]. Inosine was also found to be present within the venom
of L. menavodi [31] and other spider species, including Parawixia bistriata [32], Cyriopagopus hainanus
(Selenocosmia huwena) [55], Loxosceles reclusa [56], and six more species [57]. Purine nucleosides
such as adenosine and inosine are common constituents of elapid and viperine snake venoms and
are thought to play important accessory roles in helping snakes envenomate and incapacitate their
prey [8,10,43,58]. Adenosine has a wide range of physiological effects in mammalian targets, including
inducing vasodilation, causing increased vascular permeability, increasing blood coagulation time, and
inhibiting neurotransmitter release [8,14]. The effects of inosine are not so well understood, but it is
also known to increase vascular permeability and induce hypotension through selective binding with
mast cell Az receptors [59], as well as having vasodilatory properties ([60]; reviewed in [8]). Aird [8]
provides an overview of the large body of literature studying the physiological effects of adenosine and
inosine in mammalian targets, and summarises how these properties may translate to a functional role
within a venom. For example, by inducing vasodilation and increasing vascular permeability venomous
organisms may improve their systemic envenomation of the target [8,10,43,58].

Whilst the effects of adenosine and inosine in mammalian targets are relatively well understood,
scorpions do not solely utilise their venom to defend against mammals [61]. Unlike elapid and viperid
snakes, which frequently target vertebrates, scorpions predominantly hunt invertebrates, although in
certain environments they are known to take small vertebrates such as blind snakes [62]. Whilst Aird [8]
discusses the role of adenosine and inosine in snake venoms that target mammalian prey, it is unclear
how closely this translates to scorpions aiming to incapacitate invertebrate prey. Purinoreceptors
evolved at an early date, and therefore structural similarities exist between the receptors that vertebrates
and invertebrates possess [63]. It is, therefore, possible that adenosine will interact with invertebrate
and vertebrate purinoreceptors in similar ways [8,63], but morphological differences between them
may lead to different overall effects. For example, insects and mammals have distinctly different
circulatory systems, and therefore the hypotensive effects induced by adenosine in mammals may
not directly translate to an insect model. It is, however, likely that other effects of adenosine, such
as reducing the release of neurotransmitters, may be more closely paralleled between insects and
mammals [43]. IMP induces delayed paralysis when injected into termites, but it remains untested
whether inosine would have the same effect [32]. Because H. waigiensis scorpions generally attack
invertebrate prey but have to defend themselves against vertebrates, their venom contains components
effective specifically against vertebrates and invertebrates, as well as components against both [64]. Itis
currently unclear whether adenosine facilitates the envenomation and incapacitation of invertebrate
prey when injected alongside other venom components, or whether it is more heavily involved in
defence against vertebrates. It could also function within the venom to aid capture of small vertebrate
prey in environments with low invertebrate prey abundance [62].

4.2. AMP

In addition to adenosine, we identified AMP within the venom of H. waigiensis. Similar to
adenosine, AMP has hypotensive properties, and therefore could act in a similar way to facilitate
envenomation in mammalian aggressors [43,65]. Aird [43] found that only a small number of
snake venoms contained AMP compared with adenosine, but stated that the presence of purine
monophosphates within venoms is unsurprising due to the hypotensive effects they share with free
purines. We are unaware of previous reports of AMP, adenosine diphosphate (ADP), or adenosine
triphosphate (ATP) from scorpion venoms; however, they are present within different tarantula
venoms, including those belonging to H. lividum, Lasiodora sp., Aphonopelma sp., and Aphonopelma
hentzi (Dugesiella hentzi and Eurypelma californicum) [30,33,52,66,67]. Unlike adenosine, which binds to
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P1 receptors, ADP and ATP bind to P2 receptors [68], with evidence suggesting that they also have
auxiliary roles alongside toxins within venom [30,66]. As with adenosine, ADP and AMP possess
hypotensive properties and may fulfil a similar auxiliary function within the venom [8,66]. On the
other hand, ATP is less vasodilatory and can lead to hypertension [8,65], and therefore may function
differently within the venom. However, Chan, Geren, Howell, and Odell [30] showed that ATP works
synergistically with the specific toxins to increase toxicity towards mice. It is possible that adenosine
and AMP may act in a similar way to increase the overall toxicity of scorpion venom. To test this,
future work could perform a bioassay injecting adenosine and AMP alongside other venom toxins,
looking for synergistic or auxiliary effects. Of the five scorpions we tested, the whole venoms contained
between 2.016 ug and 5.808 ug of adenosine. Intravenous injection of much lower quantities (0.1 pg) in
mice induced hypotension [65], while topically applied 10~ M adenosine solution increased vascular
permeability in hamster cheek pouches [69]. This suggests that it is likely that the quantity of adenosine
contained within the venom is large enough to elicit such effects at the site of injection.

4.3. Citric Acid/Citrate

Citric acid or citrate is a common constituent of venoms, present within spider, snake, bee, wasp,
ant, and scorpion venoms [16,38,41]. Its presence within spider venoms is particularly well documented,
having been recorded from at least 48 species belonging to 16 families [38]. Despite the common
occurrence of citrate within venoms, its role is not fully understood, and it may serve multiple functions.
One proposed function of venom citrate is the inhibition of toxins within the venom gland, thereby
preventing self-harm [44]. As citrate can act as a chelator and form strong complexes with divalent metal
ions such as Ca?*, Mg2+, and Zn?*, it can inhibit venom proteins that are dependent on these metal
ions [44]. Citrate, therefore, inhibits venom proteins such as calcium-ion-dependant phospholipase A,
(PLA;) neurotoxins and myotoxins, as well as zinc-ion-dependant venom metalloprotease haemorrhagic
toxins [38,41]. For example, it has been demonstrated experimentally that honey bee (Apis mellifera)
venom PLA, is at least partially inhibited by citrate [16], and that the citrate concentration present
within the fer-de-lance snake (Bothrops asper) venom is high enough to likely completely inhibit PLA,
and 5'-nucleotidase activity, whilst partially inhibiting (75%) phosphodiesterase activity [44]. Scorpion
venoms can contain both PLA; proteins [70] and metalloproteases [71] within their venom; therefore,
citrate may act as an inhibitor of these toxins within the venom gland. One study found that dried
Arizona bark scorpion (Centruroides sculpturatus) venom contained 7.77 + 1.2% citrate, but the extent
that citrate is present in the venoms of different scorpion species remains unknown [16]. It is, therefore,
important to test more scorpion venoms for the presence of citrate, particularly those well known to
contain PLA; or metalloproteases, to identify if this is its primary function within scorpion venom.
Other proposed functions of citric acid within the venom gland include having direct antimicrobial
effects or enhancing the effects of antimicrobial molecules [38,72]. Furthermore, it has been suggested
that in spiders citric acid may be present to counter cationic peptides and acylpolyamines within the
venom gland [38]. At the time of writing no acylpolyamines have been characterised from scorpion
venoms, but cationic peptides are present [73-75]. It is likely that citrate has multiple functions
within the venom gland of scorpions, but additionally it may have a role once injected into the
target organism. An example of this has been demonstrated with the cardiotoxin A3 (CTX A3) from
the Taiwan cobra (Naja atra), where heparin-sulphate-mediated cell retention of CTX A3 is citrate
dependant [76]. However, it is currently unknown if citrate acts in conjunction with any scorpion
toxins within an envenomated organism.

4.4. Free Amino Acids

Free amino acids have been widely reported from snake venoms [10,77] and spider venoms [33,36,78],
but to our knowledge their possible functions within the venoms remain unknown. We found aspartic
acid and glutamic acid to be present within H. waigiensis venom, but these molecules were only present
in low abundance (Figure 1). The fraction containing glutamic acid and aspartic acid contained other
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small molecules at lower abundance, indicated by the presence of extra peaks within the NMR spectra
(Figure 2), but we were unable to characterise these molecules. A cocktail of amino acids is naturally
found in body fluids and can be released from degrading cells, and these molecules may not have a
function contributing to the toxicity of the venom. However, if this was the case we might expect to see a
more diverse range of amino acids present within the venom. It is possible that other amino acids are
present within the venom of H. waigiensis and we were only able to identify aspartic acid and glutamic
acid as we were able to attain the cleanest NMR spectra for these molecules, but the presence of these same
amino acids in spider venoms suggests they may have some specific function. In tarantulas, glutamic acid
has been found in the venom of H. lividum, and in two separate studies both aspartic acid and glutamic
acid were identified from A. hentzi [33,36]. Furthermore, NMR screening has shown that aspartic acid is
found within the venom of the spider Pisaura mirabilis, while glutamic acid is a common component of
many different araneomorph spider venoms [34]. Glutamic acid, or the conjugate base glutamate, is an
important neurotransmitter in the central nervous system [79], and injection in certain parts of the body
will likely disrupt the nervous system. More work is required to explain the presence of these molecules
in venom.

4.5. Conclusions

Whilst scorpion venoms have been subject to intensive study, research has been heavily skewed
to focus on peptide venom constituents. Members of the family Buthidae have also been subject
to more intensive study than other scorpion families, as Buthidae contains all medically significant
species [50]. H. waigiensis belongs to the family Hormuridae [80], which has received comparatively
little attention from researchers. It may be that members of this family and other neglected families also
utilise small molecules within their venom arsenals. To our knowledge, adenosine has previously been
reported from just one other scorpion species, H. laoticus, which belongs to the family Scorpionidae [15].
Scorpions show great toxin diversity between species, and the presence of adenosine in two scorpion
species belonging to different families suggests that it may be more commonly utilised by other
species. Furthermore, to our knowledge this study provides the first direct evidence of nucleotides
(AMP) and specific amino acids within a scorpion venom. Our investigation highlights that the
small molecules contained within H. waigiensis venom are similar to those found in other closely
and distantly related venomous organisms, suggesting that such molecules may have important
functions in the venoms of a wide range of organisms. Future work should aim to investigate the
extent that small molecules are utilised by different scorpion species, paying particular attention to
understudied families. Characterising the suite of small molecules within scorpion venoms will help
us gain a greater understanding of the biochemical mechanisms involved in scorpion envenomation.
This understanding may allow for the development of improved and optimised treatment of scorpion
envenomation, or allow facilitation or modulation of the action of developed scorpion-venom-derived
therapeutics and bioinsecticides. Furthermore, the abundance and diversity of small-molecule venom
constituents in different species of scorpions remains largely unstudied, and uncharacterised bioactive
molecules could have potential applications in pharmacology.
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Abstract: Spider venom is a novel source of disulfide-rich peptides with potent and selective activity
at voltage-gated sodium channels (Nay). Here, we describe the discovery of p-theraphotoxin-Pmela
and p/6-theraphotoxin-Pme2a, two novel peptides from the venom of the Gooty Ornamental tarantula
Poecilotheria metallica that modulate Nay channels. Pmela is a 35 residue peptide that inhibits Nay1.7
peak current (ICsy 334 + 114 nM) and shifts the voltage dependence of activation to more depolarised
membrane potentials (Vy, activation: A=+11.6mV). Pme2a is a 33 residue peptide that delays fast
inactivation and inhibits Nay1.7 peak current (ECsp > 10 uM). Synthesis of a [+22K]Pme2a analogue
increased potency at Nay1.7 (ICsp 5.6 = 1.1 uM) and removed the effect of the native peptide on fast
inactivation, indicating that a lysine at position 22 (Pme2a numbering) is important for inhibitory
activity. Results from this study may be used to guide the rational design of spider venom-derived
peptides with improved potency and selectivity at Nay channels in the future.

Keywords: sodium channel; Nay1.7; Nay1.8; venom; spider; peptide

1. Introduction

Voltage-gated sodium channels (Nay) are pore-forming transmembrane proteins that regulate
the influx of Na* ions across excitable cell membranes, making them essential for the initiation and
propagation of action potentials. In humans, nine different subtypes have been described (Nay1.1-1.9),
each with unique biophysical properties and tissue-specific expression profiles [1]. Several subtypes,
including Nay1.7 and Nay1.8, are highly expressed in peripheral sensory neurons and are therefore
critical for somatosensation and nociception.

Nay1.7 and Nay1.8 are almost exclusively expressed in the peripheral nervous system, with
preferential expression in small-diameter unmyelinated nociceptive or “pain-sensing” neurons [2—4].
In humans, loss-of-function mutations in SCN9A, the gene encoding Nay1.7, leads to congenital
insensitivity to pain, while several gain-of-function mutations in SCN9A and SCN10A (the gene
encoding Nay1.8) are associated with painful peripheral neuropathies [5-7]. This is consistent with
studies in rodents, whereby knockout of Scn9a or Scn10a leads to deficits in mechanical, thermal and
inflammatory pain [8,9], making both Nay1.7 and Nay1.8 promising therapeutic targets of interest for
the treatment of pain.
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While many small-molecule Nay inhibitors are used in the clinic, non-selective activity over
other Nay subtypes, including the central isoforms Nay1.1 and Nay1.2 and the cardiac specific
isoform Nay1.5 [10,11], limits their widespread use as analgesics. Therefore, there has been a push
to develop novel Nay inhibitors with improved subtype selectivity that target the less conserved
voltage-sensing domains of the channel [12]. One source of novel Nay modulators is venoms
from spiders, cone snails and scorpions, from which many peptides with exquisite Nay subtype
selectivity have been described [13,14]. However, compared to tetrodotoxin (TTX)-sensitive Nay
subtypes, relatively few venom-derived peptides with sub-micromolar potency at Nay1.8 have been
characterised [15].

Therefore, the aim of this study was to use a high-throughput screen at Nay1.8 to identify novel
bioactives from spider venom. Here, we describe the isolation and characterisation of two novel
peptides from the Gooty Ornamental tarantula Poecilotheria metallica that modulate sodium channels.

2. Experimental Section

2.1. Cell Culture

Human Embryonic Kidney (HEK) 293 cells stably expressing human Nay1.7/#1 (SB Drug
Discovery, Glasgow, UK) were cultured in Minimum Essential Medium (MEM) supplemented with
10% fetal bovine serum (FBS), 2 mM 1r-glutamine, and the selection antibiotics G-418 (0.6 mg/mL) and
blasticidin (4 ug/mL), as recommended by the manufacturer. Chinese Hamster Ovary (CHO) cells
stably expressing human Nay1.8/p33 in a tetracycline-inducible system (ChanTest, Cleveland, OH,
USA) were cultured in MEM supplemented with 10% FBS and 2 mM r-glutamine. Expression of
hNay1.8 was induced by the addition of tetracycline (1 pug/mL) for 48-72 h prior to assays. HEK293
cells stably expressing rat transient receptor potential vanilloid 1 (TRPV1) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% FBS under selection with hygromycin B (100 ptg/mL),
generated as previously described [16]. Cells were grown in an incubator at 37 °C with 5% CO; and
passaged every 3—4 days (at 70%-80% confluency) using TrypLE Express (Thermo Fisher Scientific,
Scoresby, VIC, Australia).

2.2. Venom Collection

Venom of female P. metallica spiders was extracted by weak electrical stimulation as previously
described [17] and dried and stored at —20 °C, before being pooled and redissolved in milliQ water for
further analysis.

2.3. Membrane Potential Assay at Nay1.8

CHO cells stably expressing hNay1.8/33 were plated 48 h before the assay on 384-well black-walled
imaging plates coated with CellBIND (Corning, MA, USA) at a density of 10,000-15,000 cells/well and
loaded with red membrane potential dye (Molecular Devices, Sunnyvale, CA, USA) plus TTX (1 uM)
diluted in physiological salt solution (PSS; 140 mM NaCl, 11.5 mM glucose, 5.9 mM KCl, 1.4 mM
MgCl,, 1.2 mM NaH, POy, 5 mM NaHCOj3, 1.8 mM CaCl,, 10 mM HEPES) and incubated for 30 min at
37 °C. Crude dried venom (10 pg/well) was diluted in PSS with 0.1% bovine serum albumin (BSA)
and added using the FLIPRTETRA (Molecular Devices) and incubated for 5 min before activation of
Nay1.8 by addition of deltamethrin (150 uM). Changes in membrane potential were assessed using
the FLIPRTETRA (excitation, 515-545 nm; emission, 565-625 nm) every 2 s for 25 min after adding the
agonist. To quantify the activity of crude venom at Nay1.8, the area under the curve (AUC) after the
addition of deltamethrin was computed using ScreenWorks (Molecular Devices, Version 3.2.0.14).

2.4. Isolation of Pmela and Pme2a

Crude P. metallica venom (1 mg dried mass) was dissolved in 5% acetonitrile (ACN)/0.1%
trifluoroacetic acid (TFA) and loaded onto an analytical Cg Reversed-Phase (RP) High-Pressure Liquid
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Chromatography (HPLC) column (Vydac 4.6 X 250 mm, 5 um; Grace, Columbia, MD, USA) attached
to an UltiMate 3000 HPLC system (Dionex, Sunnyvale, CA, USA). Venom fractions were collected
in 1 min intervals eluting at a flow rate of 0.7 mL/min with solvent A (0.1% formic acid in H,O) and
solvent B (90% ACN, 0.1% formic acid in H,O) using the gradient: 5% solvent B over 5 min, followed
by 5%-50% solvent B over 45 min followed by 50%-100% solvent B over 25 min.

Venom fractions were assessed for activity at hNay 1.8 using the FLIPRTETRA membrane potential
assay as described above. The active fraction was further fractionated to near-purity and peptide
masses were determined using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry (MS) using a Model 4700 Proteomics Analyser (Applied Biosystems, Foster City,
CA, USA) with a-cyano-4-hydroxycinnamic acid (7 mg/mL in 50% ACN + 5% formic acid in H,O) as
the matrix. Peptide sequences were determined by Edman degradation performed by the Australian
Proteome Analysis Facility (Macquarie University, NSW, Australia). Sequence ambiguity was clarified
by MS/MS sequencing.

2.5. Peptide Synthesis

Peptides (Pmela, Pme2a and [+K22]Pme2a) were assembled using a Symphony (Protein
Technologies Inc., Tuscon, AZ, USA) automated peptide synthesizer on Fmoc-Rink-amide polystyrene
resin on 0.1 mmol scale. Amino acid sidechains were protected as Asn(Trt), Arg(Pbf), Asp(OtBu),
Cys(Trt), GIn(Trt), Glu(OtBu), His(Trt), Lys(Boc), Ser(tBu), Thr(tBu), Trp(Boc) and Tyr(tBu).
Fluorenylmethyloxycarbonyl (Fmoc) removal was achieved using successive treatments with 30%
piperidine/dimethylformamide (DMF) of 1 min then 3 min. Couplings were performed using 5
equivalents of HCTU/Fmoc-amino acid/N,N-diisopropylethylamine (DIEA) (1:1:1) in DMF, repeated
twice (4 min then 8 min). Peptide-resins were cleaved using 3% triisopropylsilane (TIPS)/3% H,O/TFA
for 2 h. Following evaporation of TFA under a stream of nitrogen, peptides were precipitated and
washed with cold diethyl ether, dissolved in 50% ACN/0.1 % TFA/H,O and lyophilised. Crude peptides
were purified by preparative RP-HPLC. Oxidative folding was performed in the presence of oxidised
and reduced glutathione for 2 day at 4 °C, and the major folded products of correct mass were isolated
by preparative RP-HPLC.

2.6. Calcium Responses in TRPV1-HEK Cells

HEK cells stably expressing rTRPV1 were plated 48 h before the assay on 384-well black-walled
imaging plates coated with poly p-lysine (ViewPlate-384, Perkin Elmer, Victoria, Australia) at a density
of 10,000-15,000 cells/well and loaded with Calcium 4 no-wash dye (Molecular Devices) diluted in PSS
and incubated for 30 min at 37 °C. Capsaicin and Pmela were diluted in PSS with 0.1% bovine serum
albumin (BSA) at the concentrations stated and added using the FLIPRTETRA | Changes in fluorescence
were assessed using the FLIPRTETRA (excitation 470-495 nm, emission 515-575 nm) every 1 s for 300 s
after the addition of compounds. Fluorescence responses were quantified by the maximum increase in
fluorescence calculated using ScreenWorks 3.2.0.14.

2.7. Electrophysiology

Whole-cell patch-clamp experiments in Nay1.7-HEK cells and Nay1.8-CHO cells were performed
on a QPatch-16 automated electrophysiology platform (Sophion Bioscience, Ballerup, Denmark) as
previously described [18]. The extracellular solution contained in mM: NaCl 140, KCl 4, CaCl, 2,
MgCl, 1, HEPES 10 and glucose 10; pH 7.4; osmolarity 305 mOsm. The intracellular solution contained
in mM: CsF 140, EGTA/CsOH 1/5, HEPES 10 and NaCl 10; pH 7.3 with CsOH; osmolarity 320 mOsm.
Concentration—response curves were acquired using a holding potential of —90 mV and a 50 ms
pulse to =20 mV (for Nay1.7) or +10 mV (for Nay1.8) every 20 s (0.05 Hz). Peptides were diluted
in extracellular solution with 0.1% BSA and each peptide concentration was incubated for 5 min.
Peak current was normalized to buffer control. The time constant of fast inactivation (T) was computed
by fitting the current decay traces with a single exponential function using the QPatch Assay Software
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5.6 (Sophion). I-V curves were obtained with a holding potential of —-90mV followed by a series of
500 ms step pulses that ranged from —110 to +55mV in 5 mV increments (repetition interval 5 s) before
and after 5 min incubation or Pmela (1 uM). Conductance-voltage curves were obtained by calculating
the conductance (G) at each voltage (V) using the equation G =I/(V — V), where V, is the reversal
potential and were fitted with a Boltzmann equation.

2.8. Data Analysis

Data were plotted and analysed using GraphPad Prism, version 8.2.0. For concentration-response
curves, a four-parameter Hill equation with variable Hill coefficient was fitted to the data. Data are
presented as the mean + SEM.

3. Results

3.1. Isolation of the Novel Spider Venom Peptides y1-TRTX-Pmela and p/5-TRTX-Pme2a from P. metallica

Crude venom isolated from P. metallica (Figure 1A) inhibited deltamethrin-induced membrane
potential changes in CHO cells stably expressing hNay1.8, with activity guided fractionation
isolating this activity to a single peak eluting at ~35% solvent B (Figure 1A). Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) indicated that this fraction
was dominated by two masses (M + H)* of 3911.6 m/z and 3808.5 m/z (Figure 1B). N-terminal
sequencing revealed two novel 35 and 33 residue peptides that we named p-TRTX-Pmela (hereafter
Pmela) and p/5-TRTX-Pme2a (hereafter Pme2a) based on the rational nomenclature for peptide toxins
(Figure 1C) [19]. The calculated masses and observed masses differed by —1 Da, indicating both Pmela
and Pme2a have an amidated C-terminus. Synthetic Pmela and Pme2a with C-terminal amidation
were used for all further experiments.
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Toxin name Sequence Observed Calculated

mass (Da) mass (Da)*
pu-TRTX-Pme1a GGCRYFLGGCSEHSDCCEHLRCKMGLNYCAWDGTF* 3910.6 39106
Wa-TRTX-Pme2a -GCTKFMGSCKTDADCCEHLEC-YKYKWCGWDGTF* 3807.5 3807.5

Figure 1. Isolation of novel spider peptides p-TRTX-Pmela and p/5-TRTX-Pme2a from the venom
of P. metallica. (A) Chromatogram resulting from fractionation of the crude venom using RP-HPLC.
Blue line indicates gradient of solvent B. Colour indicates the active peak that was further purified using
activity guided fraction. (B) MALDI-TOF MS spectrum showing the M + H* ions for the dominant
masses present in the active peak. (C) Sequences of u-TRTX-Pmela and §-TRTX-Pme2a identified
by N-terminal sequencing and their observed (uncharged) and calculated (uncharged) monoisotopic
masses. The calculated mass was —1 Da due to the amidated C-terminus (as indicated by *).
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3.2. Pharmacological Activity of Pmela

Alignment of Pmela to peptide sequences from the Universal Protein Resource (www.uniprot.org)
revealed that the peptide shares high sequence homology (56%-80%) with the vanillotoxins (Figure 2),
a family of peptides from Psalmopoeus cambridgei that activate TRPV1 with ECsps ranging between
0.32 and 12 uM [20]. We therefore tested the activity of Pmela on TRPV1 heterologously expressed in
HEK293 cells. In comparison to the TRPV1 activator capsaicin (ECsy 83 nM), Pmela (up to 30 uM) had
no activity on TRPV1, suggesting that amino acid residue(s) crucial for TRPV1 activity are missing from
this peptide (Figure 3A). As Pmela was discovered using a Nay channel screen, we next characterised
its activity on Nay channels using automated whole-cell patch-clamp electrophysiology.

Name Sequence Target (%)
u-TRTX-Pmela  ----GGC-RYFLGGCSEHSDCCEHLRCKMGLNYCAWDGTF-* Nay 100
Pf32 - - - -AGC-RYFLGGCTEHSDCCEHLSCKMGLNYCAWDGTF-  Unknown 91
P29 - CSRYFLGGCTEHSDCCEHLSCKMGLNYCAWDGTF-  Unknown 86
1-TRTX-Pc1b - - --GAC-RWFLGGCKSTSDCCEHLSCKMGLDYCAWDGTF-* TRPV1 80
5-TRTX-Cg2za  ----- EC-TKFLGGCSEDSECCPHLGCKDVLYYCAWDGTF-* Nay 77
T/k-TRTX-Pc1a - - --SEC-RWFMGGCDSTLDCCKHLSCKMGLYYCAWDGTF-* TRPV1/K,2.1 73
k-TRTX-Cgla ~ ----- EC-RKMFGGCSVDSDCCAHLGCKPTLKYCAWDGTF-*  K2.1 70
5-TRTX-Hm1a ~ ----- EC-RYLFGGCSSTSDCCKHLSCRSDWKYCAWDGTFS  Nay1.1 67
u-TRTX-Pn3a  ----- DC-RYMFGDCEKDEDCCKHLGCKRKMKYCAWDFTFT  Nay1.7 58
1-TRTX-Pclc ~ ----- EC-RWYLGGCKEDSECCEHLQCHSYWEWCLWDGSF-* TRPV1 56
B-TRTX-Cm2a GVDKEGC - RKLLGGCTIDDDCCPHLGCNKKYWHCGWDGTF-*  Nay1.5 56
u/d-TRTX-Pme2a ----- GC-TKFMGSCKTDADCCEHLEC- YKYKWCGWDGTF-*  Nay 51

Figure 2. Sequence alignment of Pmela and Pme2a. Sequence alignment of Pmela and Pme2a with %
sequence identity (to Pmela) to selected mature spider peptides with a known target from Universal
Protein Resource (www.uniprot.org) and two sequences identified from the venom gland of the related
species P. formosa with unknown activity. Cysteine residues are shown in bold and * indicates amidated
C-terminus. Pmela and Pme?2a align to spider peptides belonging to NaSpTx2 family 2.
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Figure 3. Activity of synthetic Pmela on TRPV1, Nay1.8 and Nay1.7. (A) Concentration-response
curves for capsaicin and Pmela at rTRPV1 assessed by calcium dye. Data are presented as the
mean + SEM, with n=3-5 wells per data point. (B) Representative hNay1.8 current trace before
(black) and after addition of Pmela (blue). Currents were elicited by a 50 ms pulse to +10 mV
from a holding potential of —90 mV. (C) Representative hNay1.7 current trace before (black) and
after addition of Pmela (blue). Currents were elicited by a 50 ms pulse to =20 mV from a holding
potential of =90 mV. (D) Concentration-response curve for Pmela at hNay1.7 (IC5p 334 + 114 nM).
(E) Current-voltage relationship before (white circles) and after addition of 1 uM Pmela (blue squares).
(F) Conductance-voltage curve before (white circles) and after addition of 1 uM Pmela (blue squares).
Pmela shifted the Vyj, of voltage dependence of activation by +11.6 mV. Data are presented as the
mean + SEM, with n = 3-6 cells per data point.

Despite being isolated as an inhibitor of Nay1.8 using a fluorescent screen, Pmela only had
modest activity on Nav1.8, inhibiting 21 + 2 % of the peak current at a concentration of 10 uM
(Figure 3B). In contrast, Pmela was more potent at Nay1.7, inhibiting peak current with an ICs of
334 + 114 nM (Figure 3C,D). Activity at other Nay channel subtypes is not unexpected, given the
high-sequence homology between Nay subtypes [12]. To examine the mechanism of channel block,
we next assessed the effect of Pmela on the voltage-current relationship at Nay1.7 (Figure 3E). Pmela
(1 uM) shifted the voltage dependence of activation at Nay 1.7 to more depolarised membrane potentials
(V)2 activation: A =+11.6 mV), confirming it binds to the voltage-sensing domain(s) to modify channel
gating (Figure 3F).

3.3. Pharmacological Activity of Pme2a

Alignment of Pme2a to peptide sequences from the Universal Protein Resource (www.uniprot.org)
revealed that the peptide shares sequence homology (<65%) to Pmela and other peptides with activity
at Nay channels (Figure 2). Similar to Pmela, Pme2a had no activity at TRPV1 (data not shown), and
only modest activity at Nav1.8, with the highest concentration tested (10 uM) inhibiting 22 + 4 %
of peak current (Figure 4A). Pme2a also had modest activity at Nay1.7, concentration-dependently
delaying-fast inactivation, albeit not potently, with an estimated EC5 > 10 uM (Figure 4B,C). Due to
low potency at Nay1.7, no further pharmacological characterisation was performed.
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Figure 4. Activity of synthetic Pme2a and [+22K]Pme2a on Nay1.8 and Nay1.7. (A) Representative
hNay 1.8 current trace before (black) and after addition of Pme2a (red). Currents were elicited by a
50 ms pulse to +10 mV from a holding potential of —90 mV. (B) Representative hNay1.7 current trace
before (black) and after addition of Pme2a (red). Currents were elicited by a 50 ms pulse to —20 mV
from a holding potential of —~90 mV. (C) Pme2a concentration-dependently increases the time constant
of fast inactivation (t) at hNay1.7. (D) Representative hNay1.7 current trace before (black) and after
addition of [+22K]Pme2a (red). Currents were elicited by a 50 ms pulse to —20 mV from a holding
potential of =90 mV. (E) Concentration-response curve for [+22K]Pme2a at hNay1.7 (IC50 5.6 + 1.1
uM). Data are presented as the mean + SEM, with 1 = 4 cells per data point.

Sequence alignment revealed that loop 4 of Pme2a is one amino acid residue shorter compared to
others in the family, and peptides with activity on TTX-sensitive Nay channels generally contain a
positively charged amino acid at the equivalent position, most often a lysine (Figure 2). We therefore
synthesised a [+22K]Pme2a mutant and assessed how the addition of a lysine affected activity at
Nay1.7. [+22K]Pme2a concentration-dependently inhibited Nay1.7 peak current, without the delay in
fast activation seen with the native peptide, with a more potent ICsy of 5.6 + 1.1 uM (Figure 4D,E).

4. Discussion

Here, we describe the isolation and Nay activity of two novel spider venom-derived peptides,
which are the first peptides to be isolated and functionally characterised from the venom of the species
P. metallica, as well as the entire Poecilotheria genus [21]. A transcriptome and proteome from the venom
gland of the related species P. formosa identified two related, but not identical peptide sequences (Pf29
and Pf32) [22], indicating that the entire Poecilotheria genus is likely to be a rich source of novel Nay
modulators (Figure 2). Indeed, crude venom from several species of the Poecilotheria genus, including
P. metallica, has previously been shown to modulate Nay1.7 [23], consistent with activity of Pmela
and Pme2a at both Nay1.7 and Nay1.8 described here. The two peptides isolated here were only
moderately potent at Nay1.7 and Nay1.8, indicating that there may still be additional peptides in the
crude venom with more potent activity.

Specifically, both Pmela and Pme2a align with NaSpTx family 2, which is a large family of spider
venom peptides that have promiscuous activity on Nay, Ky and Cay channels [24]. Interestingly,
this family also contains members that have high selectivity for Nay channels of therapeutic interest,
including the Nay1.7 inhibitor u-TRTX-Pn3a and the Nay1.1 activator 5-TRTX-Hm1la. However, little
is known about the structure-activity relationships that define the pharmacology of this family [25,26].
Here, we describe the importance of a lysine (K) at position “22” (using Pme2a numbering) for Nay
channel activity. The presence of the positively charged amino acid residue lysine is often important
for facilitating membrane interactions in venom-based peptides [18,27]. Addition of K22 altered
the pharmacology of Pme2a, converting the native peptide from being a Nay1.7 channel activator
to a more potent Nay1.7 channel inhibitor. This is a significant finding, indicating that the amino
acid residue(s) present at or around this site can dictate whether family 2 peptides function as Nay
activators or inhibitors. It is also possible that extending loop 4 of Pme2a by one amino acid residue
contributed to the change in activity by slightly altering the overall structure of the peptide. Future
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studies elucidating the full Nay selectivity of Pmela and Pme2a will further define which amino acid
residues are important for Nay channel potency and subtype selectivity.

In conclusion, we have identified two novel spider venom-derived peptides that modulate Nay
channels. Results from this study provide structure-activity relationship information that may guide
the future rational design of spider venom-derived peptides with improved activity and selectivity at
Nay channels.
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Abstract: Caterpillar envenomation is a global health threat in the 21st century. Every direct or
indirect contact with the urticating hairs of a caterpillar results in clinical manifestations ranging
from local dermatitis symptoms to potentially life-threatening systemic effects. This is mainly due
to the action of bioactive components in the venom that interfere with targets in the human body.
The problem is that doctors are limited to relieve symptoms, since an effective treatment is still lacking.
Only for Lonomia species an effective antivenom does exist. The health and economical damage are
an underestimated problem and will be even more of a concern in the future. For some caterpillar
species, the venom composition has been the subject of investigation, while for many others it remains
unknown. Moreover, the targets involved in the pathophysiology are poorly understood. This review
aims to give an overview of the knowledge we have today on the venom composition of different
caterpillar species along with their pharmacological targets. Epidemiology, mode of action, clinical
time course and treatments are also addressed. Finally, we briefly discuss the future perspectives that
may open the doors for future research in the world of caterpillar toxins to find an adequate treatment.
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1. Introduction

Envenomation by caterpillars constitutes an emerging public health issue of international concern.
Caterpillars belong to the order Lepidoptera, the second largest order of insects in the phylum
Arthropoda. This order comprises approximately 160,000 species organized in 43 superfamilies with
133 families, distributed around the globe [1]. Many species are recognized by their beautiful and
colorful patterning scales and hairs (called setae or spines) on the body [2]. Of the 133 families,
nine families (Erebidae, Eucliedae, Lasiocampidae, Limacodidae, Megalopygidae, Notodontidae,
Nymphalidae, Saturniidae and Zygaenidae) cause severe pathophysiological conditions and are
commonly involved in human and animal intoxications [3,4].

These accidents are reported throughout the world and, in some communities, this has even
reached epidemic records which underscores the high burden [5]. Often, accidental contact involves
a single caterpillar or, more severely, a colony with a dangerous number of caterpillars camouflaged in
the trees [6]. However, in some countries, the reactions are even seen over a considerable distance from
the origin. This is due to the capacity of some caterpillar species to release the setae into the air as part
of their defense system, comparable with the problem caused by pollen. Contact with the airborne
setae is sufficient to cause local and/or systemic reactions [7]. Among caterpillar species, the most
dangerous species are classified within the family Saturniidae and are responsible for severe and fatal
accidents, occurring mainly in the tropical climate zones. In these countries, caterpillar envenomation
is relatively more common but still remains an underestimated problem with considerable health and
economical damage.
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Most of the health symptoms are consequences of a direct, usually under accidental circumstances,
or indirect (air) contact with the urticating setae/spines. In some cases, the hemolymph or other
droplets produced by the poisonous larvae of the caterpillar can have toxic properties [8,9]. This means
that caterpillars can be both poisonous (via hemolymph or other droplets) and venomous (i.e., toxins
delivered via setae or spines). These substances are used as a defense system and allow the caterpillar
to respond actively against predators. For example, after physical irritation, the chitin-rich tips at the
distal end of the setae readily break and release a complex venomous cocktail [10].

As a result of positive evolutionary pressure, this venomous cocktail offers a wide spectrum
of biochemical and toxicological diversity that interferes with important physiological functions for
humans and animals [11]. Despite multiple studies already being performed on the content and
interaction of venom components of, e.g., snakes, conus, spiders and scorpions, caterpillar species have
been somewhat neglected. The already investigated mixtures consist of components such as proteins,
enzymes, peptides, allergens and/or low molecular molecules that determine a wide range of clinical
manifestations. Depending on the family and species involved, some toxins provoke local urticating
dermatitis, a burning sensation, allergic reactions, respiratory system problems and/or opthalmia
nodosa, whereas others cause systemic effects, including hemorrhagic syndrome, acute kidney injury
and/or phalangeal periarthritis [3].

With recent advances in cutting-edge technologies such as genomics, transcriptomics and
proteomics, the venom of caterpillar species can be explored in unprecedented detail. In this way,
a collection of diverse molecules involved in the pathology has been surmised. Despite state-of-the-art
advancements in the qualitative and quantitative characterization of venom toxins, the target(s) of the
venom component(s) in many species remain poorly understood. Hence, it is difficult to make a clear
correlation between the identified components and the reactions seen. Additionally, for many species,
the venom composition is still not well known and often displays a variability between species [12].

This review summarizes the main issues of caterpillar envenoming, including the epidemiology,
mechanism of action and the diversity of molecules involved in the clinical manifestations. In this way,
the review aims to enhance our knowledge of the already identified bioactive component(s), their role
on human body target(s) and finally combine this information into an integrated framework for future
research. The diagnosis and current treatments are highlighted, together with the future perspectives
to better understand and confront caterpillar envenomation with a true selective medicine.

2. Evolving Global Epidemiology

Every year, thousands of people worldwide are affected either after direct contact with a caterpillar
or indirectly via air or objects on which a caterpillar has moved. In the 21st century, envenomation
by caterpillars is still clinically challenging owing to their potential to provoke a diverse array of
symptoms. Nowadays, doctors have limited means at their disposal to relieve symptoms caused
by many caterpillar species. Treatments are mainly supportive and not efficient. The only specific
treatment on the market is the Lonomia antivenom. Itis used to address the intoxication by the extremely
venomous Lonomia obliqua from the Saturniidae family, commonly known as Taturana or fire caterpillar,
and predominantly found in southern Brazil (Table 1) [13]. Despite the introduction of an antivenom
therapy in 1994, mortality rates due to Lonomia species continue to occur [14]. The high morbidity
and lethality are mainly induced by the development of an acute kidney injury [15]. In Brazil from
2000 to 2018, the Ministry of Health reported 60,588 caterpillar envenomation cases, of which there
were 33 mortalities, and an incidence rate of 3.2 envenomations per 100,000 inhabitants [16]. From the
same family, Saturniidae, several cases of envenomation by Hylesia metabus and Leucanella memusae
(Figure 1A) were also reported as indicated in Table 1 [17,18].

In the United States, Megalopyge opercularis from the family Megalopygidae, known as woolly
slug or puss caterpillar, has gained a foothold (Figure 1B, Table 2) [19]. A recent study by the Texas
Department of State Health Service described 3484 M. opercularis caterpillar envenomations reported
by the Texas Poison centers between 2000 and 2016 [20]. Although envenomation by M. opercularis can
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occur throughout the year, the levels of envenomation reach their peak in July and in the period from
October to November. In Asia, epidemic peaking outbreaks of Dendrolimus pini and Euproctis species
were reported and are indicated in Table 1 [3,4,21].

Currently, not only humans suffer from the intoxication. Animals such as domestic pets, grazers
and horses experience serious health effects. In Australia, for example, the setae produced by Ochrogaster
lunifer (Table 2), from the family Notodontidae, cause equine amnionitis and fetal loss on horse farms.
The abortions caused by these caterpillars cost horse owners approximately AUD 27-43 million every
year [22].

In Europe, other Lepidoptera caterpillars sharing a similar setae-based defense system include
O. Lunifer, causing plagues. In particular, wider public health implications in France and Italy are
caused by the pine processionary caterpillar from the family Notodontidae (Thaumetopoea pityocanpa)
(Figure 1C, Table 2). In France, the incidence rates were 18%, and 60% from veterinary practitioners
experiencing symptoms caused by the setae [22]. Other species of the genus Thaumetopoea also cause
epidemic spreads of the airborne disease. In the summer of 2019, the oak processionary caterpillar
(Thaumetopoea processionea) was responsible for a major impact on public health, with a soaring number
of itchy dermatitis in Belgium, Netherlands, the United Kingdom, Germany and Austria (Figure 1D,
Table 2) [3,23].

An important fact is that caterpillar envenoming is seen as an occupational disease. The specific
populations at risk are chainsaw operators, people that need to climb in trees, and forestry and agricultural
workers [22]. For example, in the rubber tree areas of Brazil, latex collectors are forced to stop their job
because of a repeatable contact with Premolis semirufa of the family Erebidae (Table 1). This caterpillar is
known to cause chronic symptoms similar to rheumatoid arthritis. Due to these devastating effects,
the caterpillar was added in the “Manual of diagnosis and treatment of envenomation”, released by the
Brazilian Ministry of Health [24].

In fact, everyone can be intoxicated, not only in the near vicinity of the caterpillar but also
during outdoor activities and social events. As often as not, it seems that young children are more
vulnerable because they play on the ground or in trees and the beautiful caterpillar colors attract curious
children [25]. For some species, it is even known that the setae remain active for several years [26].
This means that at any time of the year, there is a risk for intoxication, thus posing a long-term threat to
humans and animals [27].

Despite the various reported health problems, caterpillar envenomation remains an underestimated
problem. The true number of accidents due to caterpillars worldwide is unknown. The World Health
Organization does not report epidemiological data by all classes of venomous animals [28]. It is thus
considered that the incidence rate of caterpillar envenomation is under-reported [14]. Moreover, there
is a trend towards increased reporting of caterpillar envenomation cases. The rise in outbreaks is likely
to continue and will be even of greater concern in the near future due to the triangle relationship
between climate, international trade and local factors which can be explained further as follows. Global
warming and international trade are greatly favoring the survival and distribution range of caterpillar
species [23]. For instance, T. processionea has expanded its distribution northward. The main cause
for this distribution is the observed warmer temperatures during winter and spring [23]. In Brazil,
L. obligua has traveled to neighboring countries, such as the province of Misiones in Argentina [14]. It is
believed that this change in distribution is the result of human interventions to deforest the natural
habitat. This forces the caterpillar to live in other regions with trees located in close proximity of
people [15]. Hence, caterpillar-human contact is becoming more frequently reported. Also, local
factors are playing a role in the increase in caterpillar envenomation. Regarding local effects, we refer
to the extensive use of pesticides in recent years. This causes the death of many natural enemies of the
caterpillar. Not only beneficial insects (wasps, stink bug and ants), but also valuable birds, such great
tits, starlings, woodpeckers and Anairetes alpinus disappeared [29]. The worldwide incidence rates
and the rise in the outbreaks emphasize the importance of recognizing caterpillar envenomation as an
emerging health hazard.
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Figure 1. Representation of different venomous caterpillar species. (A) Leucanella memusae, (B) Megalopyge
opercularis, (C) pine processionary caterpillar (Thaumetopoea pityocampa), (D) oak processionary caterpillar
(Thaumetopoea processionea).

3. Mechanism of Action

Caterpillars inject their venom through a specialized delivery system that includes harpoon-shaped
setae or spines located all over the body and are more prominent on the integument of abdominal
tergites, as shown in Figure 2A,B. As perfectly reviewed by Battisti et al. (2011) [44] and Villas-Boas et al.
(2018) [4], the morphology, size and color vary depending on the family and species [4,44]. Different
from other venomous insects, the larvae of a caterpillar lack a specialized venom gland [45]. Instead,
venom is synthesized by secretory epithelial cells and stored inside the hollow canal of the setae [43].
The harpoon-shaped setae/spines have chitin-rich tips that easily break and thus serve as an injection
needle for the venom. Once the venom is released from the hollow canal, the bioactive components can
exert local and/or systemic pathological effects, acting on various organs in humans and animals.

Abdomen tergite 7),0
o

NP ] '
s TS T

True setae Modified setae
O tomsermat cets 1B Neat cots
Abdomen a v
0 Tormogen (usmary) ceds B tegunent
(A) (8)

Figure 2. (A) Caterpillar morphology. (B) Schematic representation of setae/spine copied with
permission from [44].
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4. Technologies to Analyze Caterpillar Venom Composition and Function

Classically, a gel-based strategy is applied to investigate the venom components inside the setae [46].
In this strategy, the complex mixture is first separated into different fractions by reversed-phase
liquid-chromatography (HPLC). Venom components are then quantified with the results of sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). In this way, the researchers were
able to visualize the complexity of the venomous mixture, but usually overlooked the low abundant
components [47]. This limitation has sparked the development of refined methods to determine the
venomous composition in more detail. Advances were provided by proteomics, transcriptomics and
genomics. For proteomics, the gel-based strategy was combined with liquid chromatography tandem
mass spectrometry (LC-MS) [22]. If the symptoms indicate an allergic reaction, an immune-proteome
analysis may be performed to identify possible immunogenic components [48]. Immunoproteomics is
a domain where immunoblotting is combined with mass spectrometry. Transcriptomic analysis (cDNA
libraries, micro arrays and next generation sequencing) gives profiles of expressed genes in cells and
tissues. It is a powerful tool to unravel the functional effects of toxins on cells and tissue. Above all,
it also gives a better understanding of the pathways involved in the pathophysiology. For the genomic
part, genomes are used to study gene function. However, big steps still need to be made for caterpillar
species. For the majority of Lepidoptera superfamilies, there is no genomic database. So far, for six of
the 43 Lepidoptera superfamilies (Bombycoidea, Geometroidea, Noctuoidea, Papilionoidea, Pyraloidea
and Yponomeutoidea), at least one genome with a functional gene annotation is available [49]. For two
superfamilies (Gracillarioidea and Hepialoidea), only a single genome without functional annotation
exists [49].

All these analytical techniques are necessary for purification and preliminary characterization of
the venom components. In addition to the characterization of the structure of the toxins, both primary
and secondary, knowledge regarding the functional aspect is also required. A functional analysis could
be investigated with a bioassay. An example of such a potent bioassay is an electrophysiological assay
where the ligands are brought into contact with a molecular target in a heterological expression system.
Figure 3 illustrates a typical example of such an electrophysiological bioassay in which a G-protein
coupled receptor (GPCR) can be coupled to an effector channel. It enables researchers to investigate
the bioactivity of venom components, for example from a caterpillar, in a specific and accurate way.

@ ND96 buffer
HK solution

B Synthetic agonist

B Caterpillar component

1pA|

25s

Figure 3. Electrophysiology-based bioassay with a two-electrode voltage clamp technique, as measured in
Xenopus laevis oocytes. Shown is a validation trace experiment where a G-protein coupled receptor (GPCR)
is coupled to an effector channel, an inward rectifier potassium channel via a Gy, cascade. Currents were
induced by exchanging a control saline low potassium solution (ND96 buffer = blue) with a measuring
solution with elevated potassium (HK solution = grey). The trace reveals the agonistic activity of a
bioactive component originating from a caterpillar (pink). A synthetic agonist was used as control.
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5. Venom Induced Pathophysiology and Diagnosis

In this part, identified bioactive components of different caterpillar species and their role on
human body targets in pathophysiology are reviewed, summarized and illustrated in Figure 4.

r Contact dermatitis symptoms
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Figure 4. Venom components of different caterpillar species and their role on human body targets in
the pathophysiology. Caterpillar venoms contain pharmacologically active components that are able to
interfere with targets in the normal human cellular physiology. Some components are responsible for
the local effects such as inflammation, erythema, edema, intense itch, tissue damage, pain and may
exert an allergic reaction. Others affect the hemostasis by acting on the coagulation cascade or on the
fibrinolytic pathway. Venom components colored in green activate a step in the cascade, while the
components colored in red are able to inhibit a step. In some cases, this can lead to the development of
an acute kidney injury (AKI). The venom-induced AKI cascade in the figure is copied with permission
from [50].

5.1. Local Effects

Local effects are a hallmark physiological response to envenomation by many caterpillar species.
Progress has been made in unraveling the underlying mechanism that causes the local effects. Different
researchers identified venom components of several species and tried to link this information with the
reactions seen in humans.
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5.1.1. Contact Dermatitis

5.1.1.1. Allergic/Toxic Reaction

The most frequent clinical manifestation caused by caterpillar envenomation is the development
of contact dermatitis, characterized by an extensive local inflammatory process with swelling, redness
and an itch at the site of envenomation. This inflammatory environment is often initiated by an external
trigger, a toxic compound, on a target in the human body. Therefore, several researchers looked at
the venom composition of different caterpillar species and their target(s) to unravel the mechanism
responsible for the provoked contact dermatitis symptoms.

One of the targets of caterpillar venom component(s) are mast cells. Mast cells are known to cause
adverse skin reactions and play an important role in the pathogenesis of allergy, dermatitis, psoriasis
and arthritis [51,52]. They are mainly disturbed in parts that are commonly exposed to the external
environment, such as the skin, respiratory system and gastrointestinal tract [53]. Galicia-Curiel et al.
(2014) [53] were the first to indicate that substances present in the setae of the Mexican caterpillar
Morpheis ehrenbergii, from the family Nymphalidae, activate mast cells in vitro (Table 2). Once activated,
mast cells release histamine which causes a rapid urticarial reaction. No massive degranulation was
observed. Furthermore, the authors confirmed that no histamine was found in the crude venom extract.
Moreover, no urticarial reaction was seen in vivo when the extract was preheated. This reinforces the
hypothesis that a protein inside the setae is involved in an urticarial reaction since heat denatures
proteins and does not affect histamine [53]. This is an interesting observation but certainly not
a conclusive answer. Some targets are intrinsically temperature-dependent (e.g., TRPV1) and the
binding of a ligand can alter the range of their temperature-dependence. Even in the absence of a ligand
(setae extract), a change in temperature is sufficient in order to desensitize the targets and thereby stop
the targets from responding [54].

Earlier, the same findings were also found in a study of the European caterpillar T. pityocampa
of the family Notodontidae [55]. In this research, an abnormal permeability of surface blood vessels
following the injection of venom was observed. This suggests an action of histamine, kinins and
prostaglandins which are released after the activation of mast cells. Furthermore, dermal mast cell
degranulation takes place 12 to 24 h after exposure to T. pityocampa venom extract. However, again, no
excessive dermal mast cell degranulation was observed after contact with T. pityocampa setae. Thus,
there remains the possibility that toxic substances inside the venom can either induce an inflammation
process directly or indirectly via the activation of mast cells.

In the light of the research conducted by Lamy et al. (1983) [55], further investigations were
performed on the venom content of T. pityocampa and other species in the family Notodontidae in order
to gain more insight into the pathogenesis. The family Notodontidae is widely distributed in Europe
(T. processionea, T. pinivora, T. pityocampa and T. wilkinsoni), Australia (O. lunifer), Africa (H. semifusca) and
Asia (Gazalina sp.) [21]. Almost all species in this family are known as the leading cause of caterpillar
epidemic airborne diseases, diagnosed with symptoms such as erythema, edema, papules, intense
itch; swallowing can lead to a sore throat or difficulties with swallowing and contact with the eyes can
lead to conjunctivitis [3]. The reaction may evolve to general malaise, fever or even an anaphylactic
reaction [56]. This is mainly due to the ability to release urticaria setae as part of their protection
mechanism. Such reactions were also seen in Euproctis chrysorrhea of the family Erebidae [57].

The European T. pityocampa is by far the most studied caterpillar in the family Notodontidae.
Until now, three major proteins with allergenic activity have been identified and named thaumetopoein,
Tha p 1 and Tha p 2. Thaumetopoein was the first specific protein fraction isolated from the setae
of T. pityocampa with urticating properties. Electrophoretic techniques revealed two bands at 13
and 15 kDa [58]. Functionally, thaumetopoein has a direct non IgE-dependent effect on the mast
cells [59-61]. However, an IgE-dependent effect via an immediate hypersensitivity reaction, responsible
for more severe reactions (anaphylactic reactions), cannot be ruled out [27,59]. It is important to
note is that Werno et al. (1993) [60] warned us to consider this protein as an important insect
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allergen. Unfortunately, thaumetopoein was never sequenced. As a consequence, researchers were
not able to find homologies with other proteins or compare it. Tha p 1 is the second allergen found
in the venom of T. pityocampa, with a molecular weight of 15 kDa and a N-terminal amino acid
sequence GETYSDKYDTIDVNEVLQ [46]. This partial sequence does not show any homologies
to other known proteins. Because of this, it is difficult to derive the biological function from the
N-terminal amino acid sequence, which further increases the interest to study this protein in the future.
Immunoblotting experiments could recognize the allergen in nine out of the 11 sera from patients
sensitive to T. pityocampa [46]. Therefore, Tha p 1 is recognized as a major caterpillar allergen by the
World Health Organization and International Union of Immunological Societies [62]. A third protein,
unrelated to Tha p 1, with a molecular weight of 13 kDa and 115 amino acids, was successfully isolated
and sequenced by Rodriguez-Mabhillo et al. (2012) [48]. This third protein was called Tha p 2 [22].
In total, the researchers characterized 70 proteins, among them seven allergens, in the venom by using
SDS-PAGE and immunoblotting techniques [48].

In 2015, Berardi et al. [40] added additional information about the structure of Tha p 2. They
discovered that Tha p 2 is a glycine-, serine- and cysteine-rich protein that is present in the genome of
all Notodontidae species investigated in the study (T. bonjeani T. herculeana, T. ispartaensis, T. libanotic,
T. pinivora, T. pityocampa, T. processionea, T. solitaria and T. wilkinsoni) [22,40].

Cutting-edge technologies such as genomics, transcriptomics and proteomics made it possible to
explore the venom of T. pityocampa in more detail [63]. By applying SDS-PAGE together with LC-MS/MS
analysis, Berardi et al. (2017) [22] could identify 353 proteins in the complex mixture of T. pityocampa.
The large amount of proteins found by LC-MS/MS compared to the study by Rodriguez-Mahillo et al.
(2012) [48] is amazing. This shows even more how efficient and sensitive this technique is. Despite
this, the characterization of Tha p 1 is still incomplete. The authors suggest that the isolation and
full sequencing of the Tha p 1 could shed light on the function/nature of Tha p 1 [22]. In addition,
serine proteases are found in the proteome with similarities to proteins in Bombyx, Helicoverpa and
Mamestra [22]. Also, enzymes involved in chitin synthesis are noticed. It is known that chitin has a role in
immune reactions. In any case, the role of a chitin-induced immune reaction due to contact with setae of
caterpillars is not yet known. Furthermore, in clinical studies, it was noted that the majority of patients
developed symptoms after 2-8 h. This suggests that the IgE-mediated immune pathway is relevant but
does not explain in full the symptoms in patients [21]. Other mechanisms than those mediated by IgE
must be at play. Some researchers, for example, refer to a toxic mechanism [64]. There is also no evidence
for IgG antibodies participation [48]. Although a collection of diverse proteins has been identified in the
venom of T. pityocampa, the targets of the venom component(s) are poorly understood. At this moment,
there is no clear evidence of a correlation between an allergenic/toxic reaction and the already identified
proteins. This information is necessary to unravel the mechanism of action.

In contrast with the amount of scientific literature on T. pityocampa, little is known about other
processionary caterpillars. More research on the venom components of these species will undoubtedly
shed light on the mechanism and may help to find a selective treatment options to adequately address
the symptoms.

5.1.1.2. Edema and Erythema

For L. obliqua, the greatest advancement has been made to understand the formation of edema
and erythema. In the research conducted by De Castro Bastos et al. (2004) [35], the data revealed
a significant inhibition of edema formation by the G protein-coupled histamine 1 receptor (H1R)
antagonist, loratadine [35]. This suggests the involvement of histamine (released after activation of a
target or due to a histamine-like component) in the formation of edema as response on the envenomation.
The presence of histamine or histamine analogues was also found in other caterpillar species such as
in Dendrolimus pini (family Lasiocampidae), Euproctis chrysorrhoea (family Erebidae), Lymantria dispar
(gypsy moth, family Erebidae), Doratifera oxleyi (family Limacodidae), and Latoia consocia (family
Limacodidae) [4]. Thanks to the contemporary knowledge we have of other isoforms (H2R, H3R and
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H4R), it is of course very interesting to gain scientific insight into whether the toxins or components of
these caterpillar species can also interact with other histamine receptors and, if so, with what specificity.

On the other hand, itis also essential to note that for some caterpillar species, such as in M. ehrenbergii
and H. metabus, no histamine was found in the venom [30,42,53]. In addition, many patients envenomed
by setae of Lepidoptera species show a delayed onset of the dermal reactions. This suggests that rapid
reactants such as histamine are not likely responsible for the effects observed [30,44]. Unfortunately,
there is not much information about this mode of action yet.

Several years after the research by De Castro Bastos et al. (2004) [35], Bohrer et al. (2007) [65] added
important information on the mechanism of the formation of edema. The researchers investigated the
effects of the venom extract of L. obliqua on the kallikrein-kinin system (KKS). It was shown that the
venom extract releases a kinin, kallidin, from low molecular weight kininogens (LMWK) and activates
plasma pre-kallikrein. By the activation of plasma pre-kallikrein, the venom induces an indirect release
of bradykinin from the high molecular weight kininogens (HMWK). Both bradykinin and kallidin
are peptides that exert their biological effects by the activation of a G-protein coupled bradykinin
receptor (B1/B2 receptor) [66]. In these experiments, it was observed that the rats developed edema
and erythema in the peripheral tissues as a result of the activation of the B2 receptor (B2R). In this
way, they could prove that the edematogenic action is not only mediated by histamine but also by the
release of kinins. The same mechanism of KKS activation and resulting edema was also seen in other
venomous animals, such as snakes, wasps and spiders [65].

Another study of the toxic content was performed on the female H. metabus. The female H. metabus
from the family Saturniidae is mainly known in Venezuela, where a great number of envenomation
accidents (Caripito itch) take place [31,32]. In the study conducted by Cabrera et al. (2015) [30],
the researchers noticed that the edema generation by H. metabus was caused by the proteolytic activity
of a fraction isolated by ammonium sulfate precipitation. In SDS-PAGE, two bands of 29 and 40 kDa
were noticed [30]. Mass spectrometry revealed the presence of the same protein in the two bands.
Moreover, a sequences alignment search of peptides yielded a significant homology with serine
proteases of the S1A subfamily. The peptide, HM-PT60, was thus annotated as a S1 serine protease
with a structural N-glycosylation by ESI-MS/MS. Next, the function of the N-glycosylated S1A serine
protease was investigated in animal experiments. In these experiments, guinea pigs were inoculated
with the toxin, which resulted in edema formation, massive fibrin deposition and hemorrhages. Also,
an inflammatory process was activated since a leukocyte flux was observed. Histological analysis
revealed that edema was formed as a result of the proteolytic activity of the toxin found in the venom.
In fact, it seems that the optimal proteolytic activity of the toxin depends on the N-glycans present in
the structure [30]. N-glycans are able to stabilize the 3D structure and/or optimize the enzyme-substrate
binding by ionic interaction. In a subsequent research by Cabrera et al. (2017) [67], the authors
could identify that the protein content of the setae is dominated by enzymes. More specifically, using
SDS-PAGE analysis, they could identify that 65% of the venom content is represented by five proteases
with homology to S1A serine proteases [67]. The function of these S1A serine proteases still needs
more investigation, although for one of the proteases, HM-PT60, the function was already described as
mentioned above [30]. Additionally, the data indicate the presence of a chitinase. Chitinases can break
down chitins into small chitin fragments that may potentiate an inflammatory response. Moreover,
the authors suggested that the combination of proteases and chitin can damage the exoskeleton of
predatory arthropods. Slightly less important in causing the symptoms in humans, the caterpillar
also contains vitellogenin, a bacteriostatic protein, which is important in the protection mechanism
against pathogens. The observed tissue damage with hemorrhages induced by H. metabus will be
further explained in the next topic about local tissue damage.

5.1.1.3. Local Tissue Damage

Local tissue damage can appear at the site of envenomation as result of the action of some
venom components. This favors the spread of toxins into the body which can lead to actions on the
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systemic level [36]. These actions are often provoked by the presence of hyaluronidases in the venom.
Hyaluronidases are able to hydrolyze hyaluronan from the extracellular matrix which disturbs the
extracellular matrix of tissue and blood vessel wall [37]. This disturbance facilitates the toxins to
diffuse into the tissue. For that reason, these enzymes are known as toxin spreading factors for many
venomous animals (snakes, wasps, scorpions, bees, spiders and caterpillars) [37]. For caterpillars,
the presence of hyaluronidases has been reported in the venom of L. obliqua, P. semirufa, M. urens
(Family Megalopygidae), L. memusae, and Podalia ca. fuscescens (Family Megalopygidae) [18,24,36,37].
For L. obliqua, the presence of hyaluronidases was proven by a zymogram experiment conducted by
Gouveia etal. (2005) [36]. In this experiment, two hyaluronidases, lonoglyases, with a molecular mass of
49 and 53 kDa, were able to degrade hyaluronic acid. Specifically, they show an 3-endohexosaminidase
activity which enables them to produce terminal N-acetylglucosamine sugar residues after cleaving
hyaluronic acid. In addition to hyaluronic acid, they can also cleave chondroitin sulfate residues linked
to the extracellular matrix (ECM). The most optimal activity was observed within the pH range 6-7 [36].
No activity was detected below pH 5 and above pH 8. This means that the hyaluronidases are active
under normal physiological conditions. All these observations may explain the disturbances of cell
adhesion and migration events that are seen after envenomation [36]. Moreover, the authors speculate
that there is a synergy with other toxins in the venom, a phenomena also seen in other venomous
animals [68]. This could explain the formation of local hemorrhaging, characterized by a disruption of
the subendothelial extracellular matrix causing blood vessel wall instability [36]. It is important to
emphasize that the activity of hyaluronidases of many caterpillar venoms may lie at the root of the
development of local tissue damage that evolves to a systemic effect.

In contrast, very low activity towards hyaluronic acid was found in the venom from Megalopyge
lanata and Podalia orsilochus (Table 2) [41]. In Lagoa crispate, no hyaluronidases were found (Table 2) [42].
The listed caterpillars belong to the family of Megalopygidae. The first two are widely distributed
in the Neotropics, whereas L. crispate accidents are mainly reported in Oklahoma. Envenomation by
these caterpillar species is mainly characterized by the appearance of cutaneous reactions such as pain,
edema and erythema. Systemic troubles are not really attributed to these caterpillars.

Furthermore, Berger et al. (2013) [69] confirmed the occurrence of myotoxins in the venom of
L. obliqua. Using in vivo experiments, the authors saw an increase in creatine kinase and histologically
muscle damage in subcutaneous tissue (at the contact site) and myocardial necrosis [69]. For L. obliqua,
the toxins responsible for this myotoxic activity are still unknown. Contrarily, for many snake venoms,
these myotoxins have been identified. Here, phospholipase A, enzymes are accountable for the
damage to the muscles and the development of necrosis [70]. Phospholipases A were also found in the
venom of E. chrysorrhoea and E. subflava caterpillars and are presumably responsible for the cutaneous
reactions seen in patients envenomed by these species.

It is important to highlight is that the venom-induced local tissue injury caused by P. orsilochus
is quite similar to the one observed after L. obliqua envenomation. In the research of Sanchez et al.
(2019) [41], they noticed the presence of serine proteases in the venom by applying a gel electrophoresis
technique. This type of enzyme could perhaps explain the observation that the venom is able to
hydrolyze both fibrinogen and fibrin with a specificity towards the « chain of both molecules and
which may lead to the observed vascular lesion [41]. Furthermore, skin microscopy revealed not only
the presence of vascular lesions, but also an inflammation reaction, hemorrhage and necrosis [41]. Some
researchers proposed that the cell necrosis in the epidermis results from the reaction with lepidopteran
toxin(s). Furthermore, no muscle necrosis could be determined. This perhaps can be explained by the
fact that no phospholipase A, enzyme activity was detected. In addition, hemorrhaging started several
hours after the start of necrosis. The toxin(s) or molecules that are responsible for the development
of necrosis are still under investigation but the scientists suggest a mechanism where the toxin(s) or
components act directly on the cell membrane [41].

Tissue damage, such as erosion of capillary vessels and focal hemorrhage, was also observed after
envenomation by H. metabus [30]. The action is most likely caused by the proteolytic activity of SIA
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serine proteases found in the venom, as described previously. Furthermore, an inflammatory process
was observed. The activation of the innate immune system was mediated by the structural presence
of sulfate groups linked to the N-glycans [30]. Above all, it is believed that antigens are recognized,
which results in the influx of leukocytes, fibrin deposition and activation of blood coagulation cascade
by neutrophils.

5.1.1.4. Pain

When a venomous extract of setae/spines comes into contact with human skin, it can induce an
intense (burning) pain sensation (Tables 1 and 2). In more severe cases, patients describe this pain as
similar to having “a hot coal applied to the skin” or “being hit on the arm with a baseball bat” [71]. A pain
signal, in general, is generated by increasing the sensitivity of nociceptor. This activation results in the
release of chemical factors from nociceptors or non-neural cells (e.g., mast cells, basophils, platelets,
macrophages, neutrophils, endothelial cells, keratinocytes and fibroblast) [72,73]. The chemical factors
such as serotonin, histamine, glutamate, ATP, adenosine, bradykinin, prostaglandins, interleukin 13
(IL-1B), extracellular proteases and tumor necrosis factor « (TNE-) interact directly with the nociceptor
by binding with one or more cell surface receptors (G-protein coupled receptor, transient receptor
potential (TRP), acid-sensitive ion channels (ASIC), voltage-gated ion channels (VGICs), two-pore
potassium channels (K2P), and receptor tyrosine kinases (RTK)) [72,73]. This information is necessary
to understand and to link the role of some venom components with the pathogenesis of pain.

For L. obliqua, de Castro Bastos et al. (2004) [35] studied the nociceptive responses elicited by
a crude extract in vivo in rats. Pain was assessed by investigating the change in shaking and lifting of
the injected hind paw. Surprisingly, they saw that the shaking and lifting was strongly inhibited after
treatment with indomethacin. Indomethacin is a pain medicine that works by inhibiting the production
of prostaglandins [74]. The nociceptive responses were thus elicited by prostaglandins. Therefore,
the authors proposed that prostaglandins were formed by the phospholipase A; activity found in
the spine extract of L. obliqua [8,35]. Phospholipase A, is a low molecular mass enzyme (15 kDa) that
produces arachidonic acids which can be converted into prostaglandin by cyclooxygenase [75]. Other
researchers suggested that the KKS mechanism, which was also involved in the formation of edema,
may play an important role in the pain response that humans experience after envenomation. The KKS
mechanism releases bradykinin, which is a powerful pain mediator. It namely sensitizes nociceptors
following the release of prostaglandins and cytokines [65].

It seems that not only the KKS mechanism may be involved. Both genetic and electrophysiological
studies with whole-cell patch clamp have, in fact, shown that transient receptor potential vanilloid 1
channel (TRPV1) is one of the primary targets of the L. consocia venom (Figure 5) [43].

L. consocia is a caterpillar found in South-West China that induces an intense burning pain sensation.
By targeting the sensory nerve endings of the TRPV1 channel, it mediates nociceptive triggers from the
peripheral nervous system to the central nervous system where it is received as pain. Additionally, Yao
et al. (2019) [43] did not rule out that more pain-related receptors are involved in the pathway. In their
in vivo experiments, they saw that the paw licking behavior of the mice was not completely eliminated
by a specific TRPV1 antagonist, capsazepine (Figure 6). According to the observations, they mainly
believe that there is a possibility that other targets work synergistically with the TRPV1 channel to
induce pain. Additionally, the authors investigated the venom composition of the caterpillar. They were
able to identify 126,670 universal genes, 162 of which are related to the defense mechanism. Overall,
they could demonstrate that the venom is rich in peptide fragments. Although more research still needs
to be performed to indicate the bioactive components and their target in the pain pathway of L. consocia,
it appears that venomous animals that induce pain usually have venom components acting on TRP
channels. For example, the DkTx toxin of the Chinese bird spider, Ornithoctonus huwena, activates
TRPV1 channels and causes severe pain [76]. Also, the Chinese red-headed centipede (Scolopendra
subspinipes) and some scorpion venoms induce pain by the same pathway [43].
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Figure 5. In these experiments, Yao et al. (2019) [43] tested the response of the crude L. consocia
venom (CV) extract on pain-related ion channels: (A) dorsal root ganglion sodium channel (DRG-Na);
(B) dorsal root ganglion potassium channel (DRG-K); (C) dorsal root ganglion calcium channel (DRG-Ca);
(D) acid-sensing ion channel 2a (mASIC2a); (E) P2X ligand-gated ion channel 3 (hP2X3); (F) mKCNQ4;
(G) transient receptor-potential M8 (mTRPMS); (H) transient receptor-potential vanilloid 2 (mTRPV2)
(I) TRPV1. The electrophysiological profiles of L. consocia venom reveals a potent and specificity towards
the TRPV1 channel with similar amplitude to the agonist, capsaicin, evoked current (I). No evoked
currents were seen for the other channels (A-H). The figure was copied with permission from [43].
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Figure 6. The TRPV1 antagonist, capsazepine, could not completely eliminate the paw licking behavior.
Paw licking duration was monitored by Yao et al. (2019) [43] using the following experimental conditions.
(A) Ten microliters of saline (control), capsazepine (CPZ, 2 mM), capsaicin (Cap, 500 uM), crude venom
(100 pg/mL), capsaicin (500 uM)/capsazepine (2 mM) mixture, and crude venom (100 pg/mL)/capsazepine
(2 mM) mixture injected into the left hind paw of WT mice. Two-sided f-test: *, p < 0.05; n = 6.
(B) Mean durations of paw licking induced by 10 pL of saline (control), capsazepine (2 mM), capsaicin
(500 uM), crude venom (100 pg/mL), capsaicin (500 uM)/capsazepine (2 mM) mixture, and crude venom
(100 pg/mL)/capsazepine (2 mM) mixture injected into the paw of TRPV1 KO mice. The figure was
copied with permission from [43].

156



Biomedicines 2020, 8, 143

5.2. Systemic Effect

Just as beauty is not inherent in a visual image, envenomation by caterpillars is a complex clinical
manifestation that often not only involves local effects but also systemic effects. Frequently, the clinical
profile after envenomation by some caterpillar species, e.g., Lonomia species, begins with burning
pain, dermatitis, headache and nausea symptoms but evolves rapidly into a hemorrhagic syndrome
accompanied by acute kidney injury (AKI) [10].

5.2.1. Haemostatic Disturbances

Hemostatic disturbances are a major consequence of envenomation by some caterpillar species and,
more specifically, by Lonomia species. They not only occur at the site of the accident but may manifest
at the systemic level and consequently lead to abdominal or brain hemorrhage. Also, consumptive
coagulopathy can occur [36]. For two Lonomia species, L. obliqua and L. achelous, some responsible
mechanisms are well described, but still a lot of information remains not entirely elucidated. Although
the pathophysiologic processes are not completely known, it seems that depending on the species,
another mechanism is involved in this hemostatic disturbance. The effect of some toxins from L. obliqua
and L. achelous are highlighted in Figure 4 and further explored below.

For L. obliqua, important information was derived from the proteome and transcriptome analysis.
Researchers found sequences from 1278 independent clones assembled into 702 clusters of genes
coding for putative toxins such as lipocalins, blood coagulation factors, phospholipase A, hemolins,
cystein-proteases, serine-protease inhibitors, serpins and hyaluronidases [5]. Firstly, the most
abundantly studied toxin was found in the lipocalin protein family, called Lopap (Lonomia obliqua
prothrombin activator protease) [77]. Lopap is a 69 kDa toxin and the first lipocalin described
with proteolytic activity. Hence, it activates prothrombin through hydrolysis of Arg?4-Thr?%and
Arg®20-T1e®2! peptide bonds, which leads to the generation of thrombin [8]. Itis surprising that Lopap did
not show any similarity with other prothrombin activators or serine proteases but only with lipocalins.
As a result of the thrombin formation, Lopap may indirectly induce a platelet aggregation. In contrast,
Lopap could also inhibit platelet aggregation [77]. This inhibition results from the release of cell
platelet aggregation inhibitors from endothelial cells such as nitric oxide (NO) and prostacyclin (PGIy).
Besides the inhibition of platelet activation, NO and PGI, display potent vasodilation properties [5].
All these factors play an important role in the venom-induced consumption coagulopathy, extended
defibrinogenation and incoagulability [78]. Clinically, it will result in an alteration of blood clotting tests
after the in vivo administration of Lopap. The resulting condition may evolve into systemic bleeding,
especially when the integrity of blood vessels is disrupted [33]. Secondly, a 35 kDa enzyme (Lonofibrase)
isolated from the hemolymph with fibrin(ogen)olytic activity was found. Lonofibrase cleaves Ao and
B3 chains of fibrinogen. The specificity of Lonofibrase against the x- and 3-chains of fibrin is sufficient
to prevent the clotting reaction, which explains the severe hemorrhagic clinical profile seen. Next,
a 45 kDa Factor X activator, known as Losac (Lonomia obliqua stuart factor activator), was found. When
Factor X is activated, it will integrate the prothrombinase complex (phospholipids and calcium ions) to
produce thrombin. Consequently, a fibrin clot is formed [79]. For many snake venoms, it is known that
they contain enzymes that activate Factor X [80]. The only difference with Losac from L. obliqua is that
these enzymes critically depend on the presence of calcium ions. Losac is able to activate Factor X in the
absence of calcium ions. It seems clear that proteolytic activation of Factor X is made possible due to
the serine like protease activity of Losac since its action can be abolished by a serine protease inhibitor,
diisopropyl fluorosphosphate[8]. Interestingly, Losac does not show homology to known proteases,
but instead it has a high similarity with the hemolin group. Hemolin is an immunoglobulin-like
peptide with an important role in insect immunity and cell adhesion properties [79]. It is exclusively
expressed in Lepidoptera species. Moreover, experimental thrombosis studies showed that Losac has
no effect on fibrin or fibrinogen [79]. This again reinforces the evidence that Losac has an important
and specific roll in inducing blood coagulation. Beyond the role in coagulation, Losac is also able to
induce proliferation and inhibit apoptosis [79,80]. Moreover, the occurrence of intravascular hemolysis
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was confirmed by in vivo experiments in rats [8]. This hemolytic process is most likely initiated by
the deposition of hemoglobin in the renal tubes which is highly nephrotoxic [69]. One important
contributor to the hemolytic activity is a 15 kDA group III phospholipase A; found in the venom of
L. obligua. Furthermore, proteomic data of L. obliqua venom demonstrated the presence of elements that
modulate cell adhesion and signaling. This is probably mediated by the activation of RACI signaling
pathway. RAC1 is a member of the Rho GTPase family and promotes actin assembly, which influences
the cell function due to changes in cell adhesion and migration [81]. Finally, physicians often note
a sudden drop in blood pressure in the patient. Bohrer et al. (2007) [65] revealed that this hypotension
was mediated by the activation of the KKS system. This was proven by the inhibition of hypotension
by aprotinin, a plasma kallikrein inhibitor, and HOE-14, a bradykinin B2 antagonist [35].

While L. obligua venom predominantly acts on the coagulation cascade, L. achelous mainly affects
fibrinolysis [8,33]. Several studies of L. achelous hemolyph supported the hypotheses that different
venom fractions play a role in haemostatic disturbance, including Lonomin I, Lonomin IT (Achelase I and
Achelase IT), Lonomin III, Lonomin IV, Lonomin V, Lonomin VI:a, Lonomin VI:I, and Lonomin VII [8,82].
The actions of these venom components are visualized in Figure 4 and further explained below.

Two venom fractions, Lonomin I and Lonomin II (Achelase I and Achelase II), have an intense
fibrinolytic activity and can induce lysis of whole blood clots and fibrin plates. Lonomin I'is a 16 kDa
venom toxin with urokinase plasminogen activator-like activity and Achelase I (22.4 kDa) and Achelase
I1(22.7 kDa) have a plasmin-like activity. Furthermore, two prothrombin activators are found. Lonomin
III can activate prothrombin independently from calcium ions and phospholipids (prothrombinase
complex). Meanwhile, Lonomin IV is a factor Xa activator, since its activity increases in the presence
of factor V, phospholipids and calcium ions. Next, L. achelous venom contains a Factor V activator,
Lonomin VI:a, and inhibitors, including Lonomin VI:I [83]. Lonomin VI:a appears to be a thermostable
metalloprotease, since its activity is inhibited by metalloprotease inhibitors. For a variety of snake
venoms, it is known that they have Factor V activators in their venom, mainly responsible for the
progression of hemorrhaging. In contrast, the venom also contains a Factor V inhibitor, Lonomin VI,
which is a serine or cysteine protease. Besides Lonomin II, Lonomin V is the second most important
enzyme, with intense fibrinolytic activity. Lonomin V is a 25 kDa factor XIII proteolytic urokinase-like
enzyme that degrades the extracellular matrix proteins such as laminin, vitronectin and fibronectin [8].
The adhesion and aggregation inhibition in platelets destroy the capillaries and contributes to the
hemorrhagic syndrome. Additionally, its activity is inhibited by serine protease inhibitors, suggesting
that it is a serine protease. At last, thrombosis experiments on the whole venom indicate that Lonomin
V not only inhibits thrombus growth but also induces lysis of preformed thrombi [8].

Besides their presence in Lonomia species, proteins related to the haemostatic disturbance were
also identified in other species from the same or different family. Quintana et al. (2017) [18] investigated
the protein content of L. obliqua, L. memusae and P. ca. fuscescens and compared it. In a one-dimensional
electrophoretic profile, shown in Figure 7, it is clearly visible that the venom of Saturniidae species
(L. obliqua and L. memusae) are more complex compared to the venom of P. ca. fuscescens from the
Megalopygidae family. Notably, the same coagulation disturbance proteins such as serpins and serine
proteases from L. obliqgua were also found in L. memusae. In contrast with the intense presence of
Achelase 2 (anticoagulant protein) and serine proteases in L. obliqgua venom, lower intense bands
were noticed in L. memusae venom. Clinically, the patients showed a prolonged activated partial
thromboplastin time of the normal human plasma (APTT). This is a blood test that characterizes the
coagulation of blood. The authors suggest that the action is caused by the proteolysis of coagulation
factor(s). However, the venom did not degrade human fibrinogen [18].

Another important result of the research conducted by Quintana et al. (2017) [18] is that Losac,
a hemolin of L. obliqua, was detected in the venom of L. memusae. Surprisingly, the same component,
Losac, is also found in other species of the Megalopygidae family such as Podalia ca. fuscescens and
P. orsilochus (Table 2). Just like L. obliqua, both species are able to hydrolyze fibrinogen and fibrin with
a particular preference towards the « chain of both fibrinogen and fibrin (as described in the section
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Contact Dermatitis with local tissue damage for P. orsilochus). Indeed, envenomated patients show
a shortening of the clotting time of human plasma, similar to L. obligua envenomed patients [18,41].
Of note, P. ca. fuscescens needs more time to act on the plasma protein. This action may be due to
a weak coagulant component in the venom. Serine proteases and serpins are also found in both species.
The only strange observation which is important to emphasize is that for L. memusae, P. orsilochus and
P. ca. fuscescens, no clinical symptoms of hemostatic disturbance have been reported yet [41]. Overall,
it was hereby again shown that enzymes are one of the most common toxic components found in
caterpillar species [67,84].
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Figure 7. One-dimensional electrophoretic profile of (A) Saturniidae and (B) Megalopygidae venom
extract under reducing (R) and non-reducing (NR) conditions. Lo A: Lonomia obliqua from Argentina;
Lo B: Lonomia obliqua from Brazil; Lm: Leucanella memusae; Pf: Podalia ca. fuscescens; MM: molecular
mass markers. The figure was copied from Quintana et al. (2017) [18] with permission from Elsevier.

5.2.2. Acute Kidney Injury

The development of an acute kidney injury (AKI) is associated with a high morbidity and mortality.
Envenomed patients experience a sudden loss of basic renal function, such as filtration and excretion
capacities and the maintenance of homeostasis [15,50,85]. Berger et al. (2019) [50] were the first to
expose the mechanisms associated with the pathogenesis of renal damage by L. obligua. The results are
summarized in Figure 4.

Firstly, they discovered that bradykinin, released from LMWK (directly) and HMWK (indirectly),
as described previously in the section Contact Dermatitis with Edema and Erythema, contributes to
kidney injury mainly by the activation of its two receptors, BIR and B2R [50]. Both receptors belong
to the G-protein-coupled receptor group. It is important to note that under normal physiological
conditions, B1R is not expressed, but may be upregulated by an inflammatory stimulus [66,85]. When
B2R is stimulated with bradykinin, a vasorelaxant effect was observed, while the activation of BIR by
the bradykinin metabolite, Arg’-bradykinin, resulted in a renal vasoconstrictor response. The renal
vasoconstrictor response induces a decrease in glomerular filtration rate and electrolyte balance.
Additionally, it was observed that L. obliqua venom induces the production of several cytokines,
increased the expression of matrix metalloproteinases (MMPs) and increased the levels of nitric
oxide (NO). As a consequence, these alterations resulted in tubular lesions and hereby the role of the
activation of kininogen-kallikrein-BK-B1R/B2R in L. obliqua envenomation was shown [50]. Moreover,
this work pointed out that cytokines and coagulation factors are produced in the plasma during the
envenomation. Also, activation of vascular smooth muscle cell (VSMC) procoagulant activity, increased
reactive oxygen species production (ROS), and cell proliferation and migration were observed [50].
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The venom can also act directly on the VSCMC and thus cause the same cascade of events as plasma [6].
At last, researchers have asserted that renal obstruction or reduced filtration capacity is caused by
activation of the VSMC by the venom components that lead to fibrin formation and deposition in
glomerular capillaries. All these findings and their role in the pathogenesis of AKI are summarized and
presented in Figure 4. Other species of the Saturniidae family, such as Dirphia species and L. achelous,
are also known to induce AKI [34].

5.2.3. Pararama-Associated Phalangeal Periarthritis

Pararama-associated phalangeal periarthritis is an occupational and serious health disease in the
Brazilian Amazon region. The name of disease is derived from the caterpillar causing the disease, i.e.,
P. semirufa or pararama. Premolis species belongs to the Erebidae family and are found in South America,
where they feed on the Heyea brasiliensis, the rubber trees (P. semirufa in Brazil, French Guiana, Ecuador,
Peru and Panama; P. excavata in Panama; P. rhyssa in Peru and P. amaryllis in French Guiana) [24].
The disease is a unique form of erucism that begins with symptoms such as pain, itch, heat and redness
but may rapidly escalate to pararamose or joint immobilization, loss of cartilage and bone structure
when repeated contact with the setae of the caterpillar occurs (Figure 4) [38]. In fact, one can compare
this chronic situation with the symptoms caused by an inflammation joint disease such as rheumatoid
arthritis. The envenomation by Premolis species is not only seen as an occupational disease, but it can
also have a serious social impact [39].

Villas-Boas et al. (2012) [24] took the first steps to investigate the venom composition of P. semirufa
in order to gain more insight into the mechanism. Soon it became clear that the venom has a complex
composition with different enzymes acting alone or together to generate and develop the clinical
symptoms. Firstly, they found hyaluronidases in the venom. As described in the section Contact
Dermatitis with Local Tissue Damage, these enzymes degrade the extracellular matrix of the tissue,
which facilitates the systemic influx of toxins. The link with the loss of cartilage and joint immobility
can be found in the important function of hyaluronic acid. Hyaluronic acids are essential substances
of the intercellular matrix of the skin, cartilage and synovial fluid that stabilize the joints and acts
as lubricant [24]. A degradation of these hyaluronic acids results in the pararama-induced loss of
cartilage and bone structure. Thus, the authors suggested that hyaluronidases are important factors
behind pararama-associated phalangeal periarthritis.

Secondly, a serine protease with gelatinase activity was found. The gelatinase activity is often
related with degradation of type IV, V, VII and XI collagens that are present in bone and cartilage.
This protein is also related with a serine protease activity [24]. As described in a previous section
about hemostatic disturbance, these serine proteases have diverse pharmacological activities. Some
of them work on coagulation cascade by activating Factor V, whereas others have a fibrinogenolysis
activity and activate plasminogen [24]. As a result, these compounds may be involved in the clinical
manifestation. In contrast with many other venomous animals and other caterpillars, P. semirufa venom
extract does not exert a phospholipase A; activity.

Also, the participation of the immune system in the pathogenesis of pararama was investigated
by Villas-Boas et al. (2013) [34]. Immunohistochemical and immunofluorescence research on BALB/c
mouse injected with the venom revealed an elevated level of neutrophils in the connective tissue at the
site of injection [34]. Besides their role in the innate immune system, neutrophils can also promote
tissue injury and may be responsible for the inflammatory responses. In addition, the obtained results
indicate an influx of macrophages which produce cytokines such as TNF-«, IL-1 and IL-6. In this
way the inflammatory response is maintained. Moreover, the level of other cytokines, IL-6, IL-12,
IL-10, IL-17 and IL-23 was increased [34]. Also, proliferation and activation of T and B lymphocytes
was observed. The exact function and response of T and B lymphocytes on the venom remains to
be elucidated. In a subsequent study in 2015, the same author added important information to the
function of the serine proteases. According to the data, a serine protease containing fraction (Ps82) is
able to activate the complement system and release anaphylatoxins [39]. This excessive complement
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system activation starts the development of an inflammation process. The same action is also seen in
other venomous animals. For example, in many snake venoms, toxins were described to target the
complementary system causing the observed pathogenesis [86].

6. Clinical Time Course

The symptoms that occur after envenomation by caterpillars can be divided into immediate, short-
and long-term effects.

6.1. Immediate Effects

The immediate emerging effects appear within minutes after exposure to the setae/spines. These
effects may vary depending on the type of species and the person envenomed. In many cases,
a feeling of pain is experienced, which is obvious since caterpillars use their setae/spines purely
as defense. In a specific case of L. obliqua, the victim experienced a sharp pain immediately after
contact with the caterpillar [10]. Other species, more specifically, processionary caterpillars, are known
to cause a direct intense itch reaction. Sometimes, patients are sensitized because of a repeatable
contact with the caterpillar. In such case, the clinical pattern progressively evolves and may result in
a severe life-threatening form of a systemic allergic reaction, as seen in T. pityocampa and T. processionea
envenomation [26,61].

6.2. Short-Term Effects

Short-term effects are mainly the skin reactions seen at the place of the envenomation. These skin
reactions are characterized by the formation of papules, pustules, swelling, acute inflammation and
erythema and appear usually within 4-12 h (a delayed onset). In more rare cases, tissue necrosis in
the area of contact may progress. The complete disappearance of these symptoms and restoration
of the normal function takes 1-2 weeks, but may persist for up to a month [87,88]. In some cases,
the setae of caterpillars are spread in the air by the wind. This can cause the setae to be inhaled.
Usually, the victim will then develop a sore throat and experience difficulties with swallowing within
four hours. Sometimes breathing problems, vomiting or abdominal pain may develop. Although
vomiting or abdominal pain is not always related with inhalation of the setae, it is possible that these
symptoms indicate a systemic envenoming resulting from the action of some specific component(s)
inside the venom.

6.3. Long-Term Effects

In some caterpillars, the effect of the toxins may lead to a permanent loss of function. For example,
when setae of processionary caterpillars penetrate into the mucous membrane of the eye, inflammatory
signs (ophthalmia nodosa) can progress within 1-4 h [89]. If these setae are not removed, it can lead
to irreversible blindness. Another example is related to the pararama caterpillar in South America.
After repeated contact with this caterpillar, the patient may develop chronic symptoms similar to
rheumatoid arthritis (as described in the section Venom-Induced Pathophysiology) [24]. For L. obliqua,
the clinical profile may become even worse. Systemic effects begin with nausea and headache symptoms
that become obvious after 24 h and can last about 72 h. Hemorrhagic vesicles are usually noticed
four days after envenomation. Usually, blood tests show a prothrombin activity lower than 10% and
undetectable plasma fibrinogen [10]. Abdominal pain, bleeding and coagulopathy also develop and
may persist when the patient is not treated. If on day seven hematuria persists and the symptoms
remain untreated, the patient will likely die [10]. Therefore, it is important to respond quickly and
deliver the antivenom to save the patient.
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7. Treatments and Limitations

Caterpillar envenomation has become a serious health problem in the world, but especially in the
tropical zones, where it even can lead to fatalities. Prevention, proper management and an effective
treatment option play an important role in minimizing discomfort and treat the complication after
caterpillar envenomation. However, the presence of a treatment to adequately address the conditions
of the envenomation by many caterpillar species is still lacking. Of course, it is obvious that the
best preventive measure is to avoid any direct or indirect contact with caterpillar species. However,
the real question everyone wants to get answered is what to do if one is intoxicated with the setae
of a caterpillar. At this moment, doctors have limited means at their disposal and mainly propose
supportive treatments to relieve symptoms provoked by many caterpillar species.

7.1. Antivenom for Management of Systemic Effects

In response to an outbreak in 1989 of L. obliqua species with a great number of accidents and
mortalities, the Brazil institution Butantan in Sao Paulo developed a Lonomia antivenom to treat
victims of L. obligua envenomation [90]. For many venomous animals, an antivenom treatment is
the standard-of-care to treat envenomation. However, for caterpillar species, this was the first and
only antivenom manufactured in the world. The antivenom was made by immunizing horses with
the venom extract from the spines of L. obliqua over a period of one year [90,91]. As a reaction,
horses produced antibodies that were able to recognize and neutralize the coagulopathy effect of
the toxic substances inside the venom. From the plasma of the horses, researchers obtained the
specific purified F(ab’)2 immunoglobulin which forms the basis of the antivenom. This antivenom
was manufactured to treat envenomed patients and showed an ED5p and potency of 38.61 ul and
0.29 mg/mL, respectively [91]. It is important to note that the introduction of this antivenom on
the market in 1994 in Brazil significantly reduced the mortality rate, but unfortunately it could not
be reduced to zero. People continue to die after envenomation by L. obliqua. As mentioned in the
epidemiology section, this is mainly due to the development of an acute kidney injury [15]. The reason
why this happens was exposed in the research by Berger et al. (2019) [50] and described in the section
Venom-Induced Pathophysiology. By an experimental model of induced AKI, the researchers could
highlight that a pharmacological inhibition of kallikrein with aprotinin results in restoring the renal
function. Therefore, they suggested that a kallikrein inhibitor can be used as a promising therapeutic
option complementary to the antivenom therapy, thereby reducing the mortality rate.

As noticed, the Lonomia antivenom is made based on a L. obliqua venom extract. Therefore,
researchers want to investigate the efficacy and possibility of using the antivenom to treat envenomation
by other Lonomia species. Sano-Martins et al. (2018) [92] were the first to investigate this and
indicated that the Lonomia antivenom can restore the hemostatic disturbances caused by contact with
L. orientoandensis and L. casanarensis in Colombia [92]. In Venezuela, the recommended treatment of
L. achelous is mainly based on the use of antifibrinolytic medicines or replacement therapy of the whole
blood, plasma or cryoprecipitates. This is in contrast with envenomation by L. obliqua. Gongalves et al.
(2007) [93] observed a high death rate in rats that were envenomed with L. obliqua and treated with an
antifibrinolytic drugs, such as epsilonaminocaproic acid (EACA). The data indicate that the use of
EACA could worsen the coagulation disturbances and that the Lonomia antivenom is probably the only
effective treatment option today [94]. The differences in pathophysiology induced by both species may
explain this observation.

Lonomia antivenom is only manufactured by the Instituto Butantan in Brazil. Yearly, several vials
of the antivenom are distributed to the whole country by the Ministry of Health in Brazil. This means
that according to the law, there is no authorization to commercialize the Lonomia antivenom outside
Brazil. Due to this, physicians must request a Temporary Use Authorization delivered by the National
Agency of Drugs to use the Lonomia antivenom outside Brazil. An example of such a case occurred in
2018 [10]. In this case, a good cooperation between all parties ensured that a patient in French Guiana
could be saved and recovered without complications.
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Despite the life-saving effect of the Lonomia antivenom, it also has some therapeutic
limitations [28,50]. (i) Conventional antivenom vials contain around 70% or more IgG that are
not specific against the venom proteins. These are IgGs that the animal has produced against antigens
encountered during its lifetime. These extra antibodies are medically not relevant and can be responsible
for the occurrence of adverse effects. (ii) Furthermore, the administration of an antivenom can lead
to life-threating systemic effects such as an anaphylactic reaction (IgE or non-IgE mediated). (iii) In
addition, antivenoms are costly to produce, often poorly distributed in areas with a high incidence rate
and, very often, trained health staff for a good healthcare are lacking.

7.2. Supportive Treatment for Management of Local Effects

Although there is a difference between caterpillar species, there seems to be a consensus on the
use of the different supportive treatments to treat the local effects. The first aid treatment entails the
immediately soft removal of the remaining setae on the skin and to remove the clothes that may be
contaminated with the setae as soon as possible. It has been recommended to cover the area with
a sticky tape or to use forceps to remove the setae. Clothes are best washed at a minimum of 60 °C to
get rid of the setae [88]. After removing the setae, the affected areas need to be washed with soap and
water and dried without contacting the skin to prevent crushing and further release of the venom from
residual setae (do not use a towel but dry with a hair dryer).

Cutaneous reactions are often treated with oral antihistamines and application of topical
corticosteroids. Notwithstanding herewith, it is known that the therapy with antihistamine shows low
efficacy and the use of topical corticosteroid is associated with side effects such as skin thinning [4].
However, for many patients, the use of antihistamine or topical corticosteroid is not even enough.
Anti-itching products that contain menthol or phenol may help to relieve pruritus [26]. Moreover,
in some caterpillars, ice packs or cold-water compresses are used to reduce inflammation, swelling and
pain sensation. Also, analgesics such as tramadol hydrochloride may be used [95]. In severe cases of
pain, the combination of a local anesthesia with analgesics appear to be a good combination to manage
the pain [71]. More rarely, some caterpillars can induce an anaphylactic shock. If this happens, it is
recommended to urgently administer epinephrine subcutaneously [3,95].

In the case of contact with the eyes, it is important that the patients urgently consult an
ophthalmologist. Often, the eyes are first rinsed thoroughly with water and examined for remaining
setae. Topical anesthetic products can assist in examinations and reduce the pain in the eyes that the
patients experience. Stinging setae that have penetrated deep into the eye tissue must be removed
surgically in order to prevent further damage and irritation [89,96].

Finally, no effective treatment exists to help patients after an accident with the pararama caterpillar,
although it is believed that systemic corticosteroids would prevent the onset of a chronic situation
wherein joint immobilization, loss of cartilage and bone structure occur [24].

From the above proposed summarization of existing symptomatic and supportive treatments,
we can conclude that their availability is quite low and show low efficacy. There are many people
who suffer from envenomation by many caterpillars around the globe. This clearly demonstrates the
necessity of further research on caterpillars in order to open new perspectives for drug development.

8. Future Perspectives

The toxin variation among some caterpillar families or even between species certainly does not
make it easy to find a cure that relieves all the symptoms and does not create adverse effects. Therefore,
it is important for the future that we extend the extraction of venom components inside urticating setae
of different species of Lepidoptera. In the past, researchers mainly focused on the analysis of the venom
via the gold standard technique, SDS-PAGE. However, as demonstrated by Berardi et al. (2017) [22],
we therefore miss a lot of important information about the venom composition. It is expected that in
the future, new tools, such as genomics, transcriptomics and proteomics (LC-MS/MS), that are able to
sequence miniscule droplets of the venom, will reveal the presence of much more bioactive molecules
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or toxins. When more transcriptome and proteome databases become available, it will provide us
with essential information on the venom composition of caterpillar species and the inferring function
of their proteins. From the new developed genomic databases, bioinformatics tools can be used to
search for open reading frames encoding new toxins and possible isoforms. On the other hand, if we
really want to unravel and clarify the mechanism and find a cure, we also need to focus on functional
studies. At this moment, the research data point to a possible participation of TRPV1 channels and
activation of mast cells in provoking the local effects. This of course makes it particularly interesting to
investigate other ion channels and receptors, such as other TRP channels, histamine receptors and
sodium channels in order to find new target(s) of the toxins in the pathway. This information will
enable us to make a correlation between the reactions seen in humans and the identified proteins but
also extend it to other Lepidoptera sharing similar defense systems. Only in this way will we get a step
closer to discovering and understanding the origin of the complex symptoms and pave the way to new
treatments. The ideal treatment would be one that effectively inactivates the toxins, is readily available,
easy to use and cheap. There is a great expectation to find a truly selective and potent medicine in the
form of a cream, lotion or ointment. Perhaps the search for selective blockers of TRP channels can open
new perspectives in finding a treatment to adequately address the conditions. Many side effects can be
avoided by using a drug to be applied externally. To conclude, we think that the world of caterpillars
has still many unexplored paths to walk. Further research will certainly open new perspectives to
combat this 21st-century health hazard.

9. Conclusions

Even in the 21st century, caterpillars cause serious health effects, from local dermatitis symptoms
to potentially fatal systemic ones. The serious health effects make us realize that, in this modern world
of medicine, we urgently need to find a solution. The provoked symptoms are a testimony of a colorful
resource of clinically relevant bioactive molecules inside the venom. Recent advances in technologies
have provided essential information on the venom protein composition that made it possible to link the
effects of the toxins with the symptoms seen in patients. However, there is still a lot of work to do in
the world of caterpillar toxins. Understanding the origin of the complex symptoms in the pathogenesis
of a caterpillar should pave the way to discovering an effective treatment and this knowledge might be
useful to compare and to treat envenomations with caterpillars that share a similar defense mechanism.
In this way, the goal shifts to help countless people worldwide.
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Abstract: Ant venoms have recently attracted increased attention due to their chemical complexity,
novel molecular frameworks, and diverse biological activities. The heterodimeric peptide
A-myrtoxin-Mpla (Mpla) from the venom of the Australian jack jumper ant, Myrmecia pilosula,
exhibits antimicrobial, membrane-disrupting, and pain-inducing activities. In the present study,
we examined the activity of Mpla and a panel of synthetic analogues against the gastrointestinal
parasitic nematode Haemonchus contortus, the fruit fly Drosophila melanogaster, and for their ability to
stimulate pain-sensing neurons. Mpla was found to be both insecticidal and anthelmintic, and it
robustly activated mammalian sensory neurons at concentrations similar to those reported to elicit
antimicrobial and cytotoxic activity. The native antiparallel Mp1la heterodimer was more potent than
heterodimers with alternative disulfide connectivity, as well as monomeric analogues. We conclude
that the membrane-disrupting effects of Mp1la confer broad-spectrum biological activities that facilitate
both predation and defense for the ant. Our structure-activity data also provide a foundation for the
rational engineering of analogues with selectivity for particular cell types.

Keywords: ant; venom; venom peptide; pilosulin; heterodimer; antiparasitic; antimicrobial

1. Introduction

The Australian jack jumper ant, Myrmecia pilosula, is a species of bull ant within the M. pilosula
species complex, endemic to the temperate Eastern regions of Australia [1]. These ants are well
known for their jumping ability and highly painful stings that can cause severe allergic reactions [2,3].
M. pilosula venom is a cocktail of peptidic toxins (2-25 kDa) that is employed for both predation and
defense [4]. By far the most abundant venom component is a small, antiparallel disulfide-linked
heterodimeric peptide named A-myrtoxin-Mpla (Mpla) (previously referred to as “pilosulin 3’) [5-7].

Although most animal venoms have evolved to assist with predation, they are used for a
variety of other roles including defense against predators (e.g., bees [8]), intraspecific competition
(e.g., platypus [9]), conspecific communication (e.g., wasps [10]), chemical detoxification (e.g.,
formicine ants [11]), detection of envenomed prey (e.g., rattlesnakes [12]), and courtship and mating
(e.g., scorpions [13]). Thus, Mpla could play a number of roles in M. pilosula venom, but its ecological
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function is currently not clear. Intraplantar injection of Mp1la into mice induces nocifensive behavior
and mechanical allodynia [5]. Mpla also has broad-spectrum activity against a diverse range of
bacteria, fungi and cell lines [5]. We hypothesized that Mpla, as a membrane-disrupting peptide
and the major venom component, might serve both defensive (i.e., pain-inducing) and predatory
(i.e., insecticidal) roles.

There is also growing interest in ant venoms as a source of structurally and pharmacologically
diverse peptides with potential applications in medicine, agriculture and biotechnology [14]. Mpla and
synthetic analogues have already been shown to have antibiotic activity, including against the
opportunistic human pathogen Acinetobacter baumannii [5]. Several venom-derived antimicrobial
peptides are active against a range of human parasites, including cupiennin 1la from the wandering
spider Cupiennius salei, which is active against both trypanosomes and malaria parasites [15,16],
the antimalarial peptides meucin-24 and 25 from the scorpion Mesobuthus eupeus [17], and the
antitrypanosomal dinoponeratoxins from the giant ant Dinoponera quadriceps [18]. We therefore
explored whether Mpla might be active against Haemonchus contortus, a pathogenic blood-feeding
parasitic nematode of ruminants, which serves as a model organism for anthelmintic drug discovery.
While often found in ant venoms [14,19], small disulfide-bridged heterodimeric toxins are uncommon
in nature. We therefore used a series of synthetic Mpla analogues to explore the structure—
activity relationships for Mpla in relation to their insecticidal, cytotoxic, antiparasitic and algogenic
properties to assess their selectivity and potential as human or veterinary therapeutics.

2. Experimental Section

2.1. Peptide Synthesis

The linear A- and B-chains of Mpla were synthesized via Fmoc solid phase peptide synthesis (SPPS)
and purified using reversed-phase high-performance liquid chromatography (RP-HPLC) [5]. Mpla (1a)
was formed by mixing the reduced forms of the two chains in an equimolar ratio at pH 8.0. The cysteine
oxidation reaction yielded a single major product that co-eluted with the major venom toxin on
RP-HPLC [5], indicating that correct disulfide pairings had been achieved and potential homodimers,
cyclized monomers, parallel heterodimers or polymers were not formed [5]. The monomeric chains of
Mpla (3a and 4a) were readily prepared by dimethyl sulfoxide (DMSO) oxidation. Analogue 5a was
produced using the purified reduced form of the A-chain dissolved in 6 M guanidium hydrochloride
(GnHCl) and diluted with 0.2 M NH4;HCO3 (pH 8.0) to a final concentration of 2 mM peptide and 1 M
GnHCI, and then stirred in an open vessel at room temperature for 48 h. Analysis of the product using
HPLC and MS revealed a predominant peak corresponding to the correct mass of the dimeric A chain
(calc. avg. 1577.0 M + 4H, found 1576.9), which was isolated using preparative HPLC.

2.2. Drosophila Melanogaster Microinjection Assay

The insecticidal activity of the chemically synthesized 1a and analogues thereof were determined by
injection into adult female D. melanogaster aged 3-5 days (mass 0.7-0.9 mg) as described previously [20].
Analogues were dissolved in water and intrathoracically injected using pulled glass capillaries at a
volume of 50 nL per fruit fly, and the results were compared against an equivalent injection volume of
water alone. All injections were performed in the morning or early afternoon. At 24 h post-injection
flies were monitored for lethality. Dose-response curves were constructed using 7-10 doses per
analogue (each dose tested in eight flies) and three separate dose-response curves were constructed for
each analogue. The lethality in the groups receiving the analogues were adjusted using the respective
control group lethality using the Henderson-Tilton formula [20]. The median lethal dose (LDsp)
of each analogue was calculated based on the three dose-response curves using GraphPad Prism
8.0 [21]. One-way ANOVA followed by Dunnett’s multiple comparison test were used to compare
LDsg values.
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2.3. Calcium Imaging of Mammalian Sensory Neurons

Calcium imaging of a heterogenous population of mouse dorsal root ganglion (DRG) sensory
neurons was performed as previously described [22]. In brief, dorsal root ganglion (DRG)
cells isolated from 4-8-week-old male C57BL/6 mice under ethics approval TRI/IMB/093/17 (University
of Queensland Animal Ethics Committee, approval date 31/03/2017) were dissociated and then plated
in Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine
serum (FBS; Assaymatrix, Melbourne, Australia) and penicillin/streptomycin (Gibco) on a 96-well
poly-D-lysine—coated culture plate (Corning, Lowell, MA, USA), and maintained overnight. Cells
were loaded with Fluo-4 AM calcium indicator as per the manufacturer’s instructions (Thermo Fisher
Scientific, Grand Island, NY, USA). After loading for 1 h, the dye solution was replaced with assay
solution (Hanks’ balanced salt solution and 20 mM HEPES). Fluorescence corresponding to intracellular
calcium ([Ca%*];) of typically 100-150 DRG cells per experiment was monitored in parallel using
a Nikon Ti-E deconvolution inverted microscope, equipped with a Lumencor Spectra LED light
source. Images were acquired at a 20X objective at one frame/s (excitation 485 nm; emission 521 nm).
For each experiment, baseline fluorescence was monitored for 30 s and then a wash of assay solution
was applied. At 60 s, the assay solution was replaced with assay solution containing individual
peptides (10 uM) and the cells were observed for a further 90 s.

2.4. FLIPR Assay

F11 cells were cultured as previously described [23]. Cells were maintained on Ham'’s F12
media supplemented with 10% fetal bovine serum (FBS), 100 uM hypoxanthine, 0.4 M aminopterin,
and 16 uM thymidine (Hybri-MaxTM, Sigma Aldrich, North Ryde, Australia). Then, 384-well imaging
plates (Corning) were seeded 48 h prior to imaging resulting in 90-95% confluence at imaging.
Cells were incubated for 30 min with the Calcium 4 assay component A according to the manufacturer’s
instructions (Molecular Devices, Sunnyvale, CA, USA) in physiological salt solution (PSS; composition in
mM: 140 NaCl, 11.5 D-glucose, 5.9 KCl, 1.4 MgCl,, 1.2 NaH, POy, 5 NaHCOj3, 1.8 CaCl,, 10 HEPES)
at 37°C. Fluorescence was measured using a fluorescent imaging plate reader (FLIPRTETRA)
equipped with a CCD camera (Excitation: 470-490 nm, Emission: 515-575 nM) (Molecular Devices,
Sunnyvale, CA, USA). Signals were read every second for 10 s before, and 300 s after the addition of
peptides in PSS supplemented with 0.1% bovine serum albumin. All data are the mean + SEM of
assays performed in triplicate. Maximum-minimum fluorescence in the 300 s period after peptide
addition was recorded as the response. Concentration-response data were fitted with a four-parameter
Hill equation (variable slope) using GraphPad Prism 8 to obtain effective concentration (ECs) values.

2.5. Haemonchus Contortus Isolation and Larval Development Assay

Sheep were infected with H. contortus Kirby isolate (field isolate from the University of New
England Kirby Research Farm in 1986; susceptible to all commercial anthelmintics [24]) and housed
at the Commonwealth Scientific and Industrial Research Organisation (CSIRO) FD McMaster
Laboratory, Armidale, NSW. All animal procedures were approved by the FD McMaster Animal Ethics
Committee, CSIRO (Approval Number AEC 17/12, approval date 15.6.2017). Eggs were prepared from
overnight fecal collection as described [25]. In brief, feces were filtered through mesh filters, settled,
and supernatant removed by vacuum. Eggs were recovered by density centrifugation using 10 and
25% (w/v) sucrose solutions, centrifuged at 650x g for 7 min. Eggs were recovered from the interface of
the two sucrose layers, rinsed with distilled water, sterilized with bleach, rinsed again, and diluted to
4500 eggs/mL. Tylosin tartrate (800 pg/mL) and amphotericin B (25.0 ug/mL) were added, and eggs
were used immediately for larval development assays.

Assays were conducted using 96-well microtitre plates, with each well containing 50 uL of 2%
agar, 20 pL of egg solution and 20 uL of peptide solution in water. The commercial anthelmintic
levamisole (Sigma Aldrich) was used as a positive control (final 1% v/v). Negative controls contained
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equivalent volumes of water or DMSO (final 1% v/v). Plates were incubated at 26 °C for six days.
After 24 h, each well was fed with 10 pL of a nutrient solution containing Escherichia coli XL1-Bluel
(grown overnight at 37 °C) and growth medium. The growth medium consisted of yeast extract
(1% w/v), Earle’s salt solution (10% ©v/v), saline solution (0.9% NaCl, w/v), and sodium bicarbonate
(1 mM) in Luria-Bertani medium (LB). Larvae were killed and stained with Lugol’s iodine solution
after six days. Larvae that had developed to the infective L3 stage were counted, and the numbers
in treated assay wells were expressed as a percentage of the number of infective L3 stage larvae in
multiple control wells. Concentrations that caused 50% inhibition (IC50 values) were calculated from
three experiments of duplicate assays. A biphasic response was observed for one peptide, and hence
separate ICsy values were calculated for the two components of the response curve.

2.6. Cytotoxicity Assay

HEK293 (ATCC® CRL-1573, Gaithersburg, MD, USA) cells were seeded at 3000 cells/well in
clear bottom 384-well plates (Corning) in a volume of 20 uL in DMEM medium (GIBCO-Invitrogen
#11995-073, Grand Island, NY, USA) with 10% FBS. Cells were incubated at 37 °C in 5% CO, for
24 h to allow cell attachment. Compounds were dissolved in water at 1.28 mg/mL with subsequent
threefold dilutions in cell culture medium, giving a final concentration range of 0.02-50 pg/mL.
Tamoxifen (Sigma-Aldrich) was used as a negative cell survival control as a single point 100 uM and as
a dose response with concentrations ranging from 0.18 to 400 uM. The cells were incubated with the
compounds for 24 h at 37 °C, 5% CO,. After incubation, 10 uM resazurin (Sigma-Aldrich, dissolved in
PBS) was added to each well and the plates were incubated for a further 3 h at 37 °C, 5% COx.
The fluorescence intensity was measured using a Polarstar Omega (BMG Technologies, Mornington,
Australia) spectrophotometer (BMG Labtech, Mornington, Australia) with excitation/emission of
560/590 nm. The concentration required to induce 50% cell death (CCs, determined as 50% reduction in
absorbance relative to untreated control) was calculated using Graph Pad Prism 8.0. Cytotoxicity assays
were performed as two independent experiments of duplicate assays to obtain data of n = 4.

2.7. Hemolysis Assay

Whole human blood (10 mL/tube) was washed in triplicate with three volumes of 0.9% NaCl,
with centrifugation at 500x g (with reduced deceleration) for 10 min between washes. Cells were
counted with a hemocytometer and then diluted to 0.5 x 103/mL in 0.9% NaCl. Cell suspension
(180 pL/well) was added to assay plates and then plates were sealed and incubated at 37 °C for 1 h.
Plates were then centrifuged at 1000x g for 10 min to pellet cells and debris and 25 pL of supernatant
was recovered into a 384-well flat bottom polystyrene plate. Absorbance was read at 405 nm using a
Tecan M1000 Pro monochromator plate reader. The percentage of hemolysis was calculated for each
well relative to the negative control (1% DMSO in PBS) and positive control (1% Triton X-100 in PBS).
Significant differences in hemolysis values were determined by fractional deviation from the mean,
calculated using the average and standard deviation of the sample wells (no controls) on the same
plate. The concentration required to lyse 50% of the red blood cells (HCsy) was determined from two
independent experiments of duplicate assays to obtain data of n = 4.

2.8. Minimum Inhibitory Concentration (MIC) Dilution Assay

Compounds were serially diluted in cation-adjusted Mueller Hinton Broth (CaMHB) twofold across
the wells of non-binding surface 96-well plates (Corning), plated in duplicate. Bacteria (strains listed
in Table 1) were cultured in CaMHB at 37 °C overnight, then diluted 40-fold and incubated at 37 °C
for a further 2-3 h. The resultant mid-log phase cultures were diluted in CaMHB and added to
each well of the compound-containing 96-well plates to give a final cell density of 5 x 105 CFU/mL,
and a final compound concentration range of 0.06-128 pg/mL. The plates were covered and incubated
at 37 °C for 20 h. Inhibition of bacterial growth was determined visually, where the minimum
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inhibitory concentration (MIC) was recorded as the lowest compound concentration that yielded no
visible growth.

Table 1. Minimum inhibitory concentrations of 5a (A-chain homomer) and 1a (native antiparallel
heterodimer) against Gram-negative and Gram-positive bacteria from the genera Escherichia, Klebsiella,
Acinetobacter, Pseudomonas, and Staphylococcus.

Strain MIC 1a (uM) 2 MIC 5a (uM)
(Native Antiparallel Heterodimer) (A-Chain Homomer)
E. coli ATCC 25922 0.1-0.2 0.42-0.84
K. pneumoniae ATCC 700603 04-0.8 0.84-1.67
K. pneumoniae ATCC BAA-2146 0.1-0.2 0.84
A. baumannii ATCC 19606 0.025 0.03-0.1
P. aeruginosa ATCC 27853 0.4-0.8 0.84
P. aeruginosa FADDI-PA70 0.8 0.84-3.34
S. aureus ATCC 43300 0.8 1.67-3.34
S. aureus NRS 1 32 6.7
S. aureus NRS 17 0.4-0.8 1.67
S. aureus NARSA-VRS1 3.2-6.4 >6.7
S. aureus NARSA-VRS10 0.8 1.67
S. pneumoniae ATCC 700677 0.4-0.8 1.67

2 Minimum inhibitory concentration (MIC) (uM) values for 1a taken from Dekan et al. [5].

2.9. Statistical Analysis

Significant differences in the insecticidal, anthelmintic and algogenic activities of Mpla and
analogues were determined using one-way ANOVA with multiple comparison followed by Tukey’s
post-hoc test in GraphPad Prism 8.0.

3. Results

3.1. Synthesis of Mpla and Analogues

We synthesized Mpla (1a) and analogues [5], as well as a novel A-chain homodimer with unknown
disulfide connectivity (5a) (sequences and connectivity shown in Figure 1). Mpla A and B-chains
were produced in their reduced forms using Fmoc SPPS. Mp1la (1a) was formed exclusively as the
antiparallel heterodimer by air oxidation of the two reduced chains without the use of orthogonal
cysteine protecting groups. As no parallel heterodimer was obtained using this method, it was
necessary to employ a directed strategy to prepare the non-native parallel heterodimers 2a and 2b as
previously described [5].

3.2. Mpla Activates Sensory Neurons

Mp1la induces spontaneous pain and mechanical allodynia when injected into the hind paw of
mice [5]. We used calcium imaging to investigate the effects of Mp1la (1a) on mouse DRG sensory cells,
and to assess how structural modifications affect cellular activation. Stimulation of nociceptive neurons
can be initiated via activation of various ion channels or receptors, but it is invariably associated
with an increase [Ca?*]; in these neurons resulting from downstream activation of voltage-gated
calcium (Cay) channels. Thus, increases in [Ca2*]; in sensory neurons can be used as a proxy for
activation [22,26,27]. The addition of 1 uM 1a resulted in a rapid increase in [CaZ*]; in all cells
(both neuronal and non-neuronal). This was followed by a gradual decrease in fluorescence as dye
leaked into the extracellular medium, indicating cytolysis [22] (Figure 2A). The heterodimeric analogues
(1-2) and the A-homodimer 5a also activated all DRG cells and caused dye leakage; however, at 1 uM,
analogues 3—4 had no effect.
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Figure 1. (A) Adult female M. pilsoula (photograph credit: Dr Alexander Wild). (B) Sequence and
disulfide-bond connectivity of native A-myrtoxin-Mpla (Mpla) (1a) and synthetic analogues (1a-4b
previously described [5]). The native peptide forms an antiparallel heterodimer comprised of one
A chain and one B chain connected by two disulfide bonds (A16-B17, A23-B10). Cysteines are
shown in orange, with blue lines indicating disulfide bonds. Dashed blue lines indicate unknown
disulfide connectivity. Amino acid substitutions are coloured (serine in blue, miscellaneous in purple).
Acetamidomethylated cysteine (Acm). Methylated cysteine (Me).
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Figure 2. (A) Application of 1 uM Mp1a (1a) to dorsal root ganglion (DRG) cells induced a rapid increase
in [Ca2*]; followed by release of fluorescent dye into the media. The left panels (20x) show micrographs
taken at baseline (0 s) and after addition of 1 tM 1a (synthetic Mp1la. at 90 and 150 s). The graph on the
right (20x) shows fluorescence responses for individual cells within the field of view. (B) Fluorescence
responses of F11 cells after addition of 1a-1d, 2a, 2b and 5a over a range of concentrations (0.01-100 uM)
recorded using a FLIPR. Changes in fluorescence (AF) from the maximal response less baseline
fluorescence were recorded (1 = 3) and used to generate concentration-response curves.
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The activity of the peptides was quantified via FLIPR analysis of the effect on F11 cells
(a neuroblastoma x DRG neuron hybrid cell line) (Figure 2B). The effective concentration (ECsp)
for stimulation of these cells ranged from 0.8 to 5 uM, with the exception of 2b which was 45-fold
less active than native Mpla (ECsg 38.5 uM). In F11 cells, all peptides induced a rapid increase in
fluorescence followed by a decrease to or below baseline, reflecting cytolysis. This effect was observed
at concentrations > 1 uM for 1a, 1¢, 1d, and 2a, > 10 uM for 5a, and 100 uM for 2b (Table 2).

Table 2. Summary of bioassay data for synthetic Mpla and analogues, including effective concentration
(ECs) for activation of F11 cells, concentrations that caused 50% inhibition (IC50) for inhibition of larval
development of H. contortus; median lethal dose (LDs) for lethal insecticidal effects on D. melanogaster;
concentrations required to induce 50% cell death (CCsp) for effects on viability of HEK293 cells, and
concentrations required to lyse 50% of the red blood cells (HCsp) for lysis of human red blood cells. All
errors are SEM.

Neuronal Cell Anthelmintic Insecticidal Cytotoxicity Hemolysis

Peptide  Description Activation Activity Activity b b
CC M HC M
(ECso, uM)  (ICsp, uM)  (LDso, pmoljg)  CC30 #M? (HCso uM)
Antiparallel
la heterodimer 0.85 + 0.03 68+05¢ 260.1 +£16.6 0.6 22
(native)
1c Antiparallel 1.39 +0.34 72+01 552.7 + 1822 07 >12
heterodimer
1d Antiparallel 338+28 95203 578 +£9.72 0.7 >12
heterodimer
Parallel a
2a . 0.9 +0.08 358+19 > 600 >10 >10
heterodimer
2b Parallel 385+£232 65.6+14.72 > 600 >10 >10
heterodimer
A monomer . . a
3a (A16-A23) inactive 46.8 £ 0.6 > 600 >20 > 20
A monomer . . a
3b [C16S, C235] inactive 649 +6.3 > 600 >20 >20
B monomer . . a
4a (B10-B17) inactive 65.5+5.5 > 600 >15 >15
B monomer . . a
4b [C108, C175] inactive 61.3+44 > 600 >15 >15
A chain
5a 43+13 9.2+0.7 4154 +£29.6° 24 >10
homomer

2 Significantly different relative to 1a based on one-way ANOVA. P Data from Dekan et al. [5] with the exception of
analogue 5a. € IC5) value shown here represents the response observed in the majority of the nematode population
(approximately 90%). The ICs; value for the response observed at lower concentrations (< 2 uM) was calculated at
02+0.1uM.

3.3. Synthetic Mpla Shows Insecticidal Activity against D. melanogaster

We used a D. melanogaster injection model to investigate the insecticidal activity of Mpla,
as M. pilosula favours predation of smaller fly species [28]. The injection of synthetic Mpla (1a)
resulted in a rapid paralysis of the flies that was ultimately lethal over a 24 h period with an LDsj
of 260 pmol/g (Figure 3A). Of the analogues, only the antiparallel heterodimers 1c and 1d and the
A chain homodimer 5a were insecticidal, but they were less active (LDs( values of 415-578 pmol/g)
than the native heterodimer 1a (Table 2). All other analogues were inactive in fruit flies, with LDsg
values > 600 pmol/g, indicating that the antiparallel heterodimeric scaffold is important for the
insecticidal activity of Mpla.
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Figure 3. (A) Dose-response curves for insecticidal effects of Mpla analogues 1a, ¢, d and 5a following
microinjection into adult female fruit flies (D. melanogaster). (B) Concentration-response curves for
anti-parasitic effects of Mp1la analogues against H. contortus. For both assays, data points represent the
mean =+ standard error of the mean (SEM) based on n = three experiments.

3.4. Mpla Is Active against the Gastrointestinal Nematode H. contortus In Vitro

We investigated whether Mpla and analogues could inhibit the larval development of H. contortus.
Analogue 1a and the native-like antiparallel heterodimers 1c and 1d, and the A-chain homodimer 5a,
inhibited larval development with IC5( values of 6.8-9.5 uM, approximately 10-fold higher than the
commercial anthelmintic levamisole (Figure 3B). One-way ANOVA indicated that the anthelmintic
activities of 1a—1d and 5a were not significantly different from each other. In contrast the parallel
homodimer (2a) was fivefold less active and all other analogues were significantly less active against
the parasite (between six and 10-fold, exemplified by 2a in Figure 3B, rest not shown, p < 0.001).
Analogue 1a showed a biphasic response, with larval development reduced to 90% of that observed
in control assays at low micromolar concentrations (< 2 uM), followed by the complete inhibition
of development at higher peptide concentrations. The IC5, value for the response observed at low
concentrations was 0.19 uM, compared to the ICsp of 6.8 uM observed at higher concentrations.
This biphasic response was not observed with other analogues.

3.5. Cytotoxicity and Antimicrobial Activity

Analogues 1-4 were previously assayed for cytotoxicity and antimicrobial activity [5]. We screened
the novel A chain homomer 5a against the human embryonic kidney-derived cell line HEK293 and
human red blood cells. Analogue 5a was cytotoxic to HEK293 cells (CCs 2.2 uM) but was less active
against red blood cells (HCsp > 10 uM, Table 1). Analogue 5a also had low micromolar activity against
Gram-negative and Gram-positive bacterial pathogens and was most active against the important
human pathogen A. baumannii (MIC 0.03—0.1 uM, Table 1).

4. Discussion

Recent advances in omics technologies have enabled detailed study of venoms produced only
in small quantities, such as those of ants. This has revealed an unsuspected diversity of ant venom
peptides [7,8,19] and has increased interest in the potential of ant venom peptides for development
as biomedicines and pharmacological tools [29]. Such developments would be supported by further
knowledge on the structure—activity relationships of ant toxins. We investigated the bioactivity of
the antiparallel heterodimeric venom peptide Mp1la from the Australian jack jumper ant, M. pilosula,
to explore its ecological role and to assess its potential use as a veterinary or human therapeutic.
We report that synthetic Mpla (1a) has broad-spectrum bioactivity, which includes moderate insecticidal

178



Biomedicines 2020, 8, 185

activity, potent anthelmintic activity against the veterinary nematode H. contortus, and the robust
activation of mammalian sensory neurons (summarised in Table 2).

4.1. Mp1la Shows Insecticidal and Algogenic Activities, Dependent on Dimerization

Injection of Mp1la into fruit flies resulted in rapid, irreversible paralysis leading to death. M. pilosula
is reported to preferentially prey on small flies [28], so this finding is consistent with Mpla serving
a predatory function. The insecticidal potency of Mpla is similar to that of the spider toxins
w/k-hexatoxin-Hv1c (LDsj 210 pmol/g) and U;-agatoxin-Tala (240 pmol/g), but lower than the highly
potent insecticidal spider toxins w-hexatoxin-Hv1la (9 pmol/g) and B-diguetoxin-Dcla (59 pmol/g),
in the same assay [20]. Native Mpla was the most active of the ant peptides tested, with the antiparallel
analogues 1c and 1d being significantly less active (LDsy ~550 pmol/g, p < 0.0001) and the A-chain
homomer 5a was 1.5-fold less active (LDsg 415 pmol/g, p < 0.002). All remaining analogues had
LDs values well over 600 pmol/g, indicating that the heterodimer and antiparallel orientation are
important for insecticidal activity. We hypothesize that due to Mpla’s membrane-disrupting effects,
this insecticidal activity likely extends to other insect species, though this remains to be tested.

The addition of low micromolar concentrations of Mp1la to cells isolated from mouse dorsal root
ganglia resulted in the rapid activation of both neuronal and non-neuronal cells. This was followed
by a decrease in [Ca®*]; reflective of cytolysis (Figure 2a). These data are consistent with Mp1la’s
previously reported membrane-disrupting activity and algogenic effects in mice after intraplantar
injection [5]. Similar effects were observed from each dimeric peptide analogue but, in striking contrast,
the monomers were inactive up to 10 pM. Analogue 1a activated cells at submicromolar concentrations
(ECsp 0.85 uM) followed by rapid lysis. Analogues 1c, 1d and 2a similarly activated cells at low
micromolar concentrations, with 5a being fivefold less active than 1a. These data indicate that the
dimerization of Mpla is also critical for its algogenic activity and thus its presumed defensive role in
the venom.

4.2. Mpla Shows Antiparasitic Activity against the Veterinary Nematode H. contortus

Antimicrobial peptides with membrane-disrupting and cytolytic activities, including those from
animal venoms, have previously been shown to be antiparasitic [15]. However, very few studies
have reported venom peptides with activity against nematode parasites [29,30], and none from ants.
H. contortus is a highly virulent gastrointestinal ruminant that shows widespread drug-resistance [31],
and recent reports of its multidrug resistance [32] have highlighted the need for new treatments.
This prompted us to screen Mpla and its analogues for their antiparasitic activity against H. contortus.
Synthetic Mpla (1a) was found to have low micromolar anthelmintic activity against the larval stages
of the nematode (6.8 tM). Analogue 1a is about threefold more potent than the previously reported
anthelmintic activity of the spider-venom peptide Hila in the same assay (IC5( 22.9 uM) [30], but 10-fold
less active than the commercial anthelmintic levamisole (IC5q 0.68 uM, Figure 3B) in a drug-susceptible
isolate. We hypothesize that Mpla’s broad-spectrum cytolytic activity will extend its anthelmintic
activity to drug-resistant isolates, but this remains to be confirmed.

Interestingly, 1a showed a biphasic response in the larval development assay (Figure 3B),
which was not observed in any other analogues. One possible explanation for this phenomenon
is that a small fraction of the nematodes (~10%) had greater sensitivity to the toxin. A biphasic
concentration-response curve was previously observed in a monepantel-resistant isolate of H. contortus,
with the larval development assay revealing the presence of two distinct sub-populations showing low
and high levels of resistance to the anthelmintic [33]. Alternatively, there may be a secondary molecular
target for Mpla. The cause of this biphasic response remains an area for further investigation.

The other antiparallel heterodimeric analogues 1c and 1d, as well as the A-chain homodimer 5a,
also showed low micromolar activity against nematodes, indicating that dimerization is important
for anthelmintic activity. However, the anthelmintic activity of the dimers was only observed at
concentrations 10-fold higher than required for neuronal cell activation, cytotoxicity and hemolysis.
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Analogues with reduced cytotoxicity, such as the parallel heterodimers 2a and 2b, were also less active
against H. contortus, suggesting that the anthelmintic activity is likely due to non-specific cytolytic
activity. This close link between anthelmintic activity, cytotoxicity and sensory neuron activation
suggests that these analogues would also have adverse effects in vivo, similar to the known nocifensive
activity of Mpla and would, for this reason, make poor antiparasitic drug candidates. This contrasts
with the broadly cytolytic peptide cupiennin-la from the wandering spider, C. salei, which has
> 400-fold selectivity for trypanosomes over human red blood cells [15]. Thus, further investigation
into venom-derived membrane-disrupting peptides may still enable the identification or engineering
of more suitable antiparasitic drug leads.

4.3. Mpla Analogues Show Some Selectivity Across Bioassasys

In general, we found that the bioactivities across all assays were correlated, with the dimerization
of Mpla being critical for its insecticidal, anthelmintic and algogenic activities. Some analogues
had better taxonomic selectivity; for example, the A-chain homodimer 5a was fourfold less active
than 1a against HEK293 and red blood cells (Table 1), though this was still closely correlated with
both insecticidal and anthelmintic activity. The A and B-chain monomers were essentially inactive
across all assays, consistent with previous studies of Mpla’s antimicrobial activity [5]. Interestingly,
the native-like antiparallel orientation of the A and B-chains was important for both anthelmintic
and insecticidal activity; the parallel-oriented heterodimers 2a and 2b were four- to eightfold less
active against H. confortus and completely inactive against D. melanogaster (Table 1). In contrast,
parallel heterodimer 2a was equipotent with synthetic Mpla 1a against F11 cells in a FLIPR model
of sensory neuron activation, suggesting that chain orientation may be less important in neuronal
membrane interactions. The exception was single disulfide-bridged heterodimer 2b which was
45-fold less active than the native heterodimer (ECsy 38.5 uM, p < 0.0001) in the sensory neuron assay
(Table 1). This peptide was similarly less active against H. confortus and inactive against D. melanogaster
(LDsp > 600 pmol/g), which may be due to its increased flexibility because of the single disulfide
bridge. Promisingly, however, this peptide has a potent activity against the Gram-negative pathogen
A. baumannii (minimum inhibitory concentration 0.025-0.1 uM), approximately 1500-fold lower than
its ECs against F11 cells. These data suggest that there may be opportunities to increase the selectivity
of Mpla analogues as antimicrobials. One unexplored analogue is the B-chain homodimer, as the
A-homodimer 5a had a similar insecticidal and anthelmintic activity as the native-heterodimer 1a
(1.2- and 1.5-fold changes respectively). Future structure-activity relationship studies could explore
further modifications such as N-terminal acylation, which was found to increase the affinity of the
wasp venom peptide mastoparan-X for negatively charged bacterial membranes, thereby improving
selectivity over host cells [34].

Based on the present and previously reported data, Mpla shows a remarkably broad-spectrum
bioactivity, with insecticidal, algogenic, cytotoxic, hemolytic, and antimicrobial activities that rely upon
the dimerization of the peptide. Thus, Mpla seems to serve both predatory and defensive roles in
M. pilosula venom. The multifunctional nature of Mpla may explain why it is the predominant toxin in
the relatively simple M. pilosula venom, in contrast with spider [35], scorpion [36] and cone snail [37]
venoms, which contain a rich diversity of ion channel-modulating toxins.
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Abstract: Bradykinin (BK) and bradykinin-related peptides (BRPs), which were identified from
a diversity of amphibian skin secretions, exerted contractile and relaxing effects on non-vascular
and vascular smooth muscle, respectively. Here, we report a novel bradykinin-related peptide
with a molecular mass of 1890.2 Da, RVAGPDKPARISGLSPLR, which was isolated and identified
from Ordorrana hejiangensis skin secretions, followed by a C-terminal extension sequence VAPQIV.
The biosynthetic precursor-encoding cDNA was cloned by the “shotgun” cloning method, and the
novel RR-18 was identified and structurally confirmed by high-performance liquid chromatography
(HPLC) and tandem mass spectrometry (MS/MS). Subsequently, the myotropic activity of the
synthetic replicate of RR-18 was investigated on the rat bladder, uterus, tail artery and ileum
smooth muscle. The peptide was named RR-18 in accordance (R = N-terminal arginine,
R = C-terminal arginine, 18 = number of residues). In this study, the synthetic replicates of RR-18
showed no agonist/antagonism of BK-induced rat bladder and uterus smooth muscle contraction.
However, it displayed an antagonism of bradykinin-induced rat ileum contraction and arterial
smooth muscle relaxation. The ECs values of BK for ileum and artery, were 214.7 nM and 18.3 nM,
respectively. When the tissue was pretreated with the novel peptide, RR-18, at the maximally effective
concentration of bradykinin (1 x 107° M), bradykinin-induced contraction of the ileum and relaxation
of the arterial smooth muscle was reduced by 50-60% and 30—-40%, respectively. In conclusion, RR-18
represents novel bradykinin antagonising peptide from amphibian skin secretions. It may provide
new insight into possible treatment options for chronic pain and chronic inflammation.

Keywords: frog; bradykinin related peptide; skin secretion; antagonist; smooth muscle

1. Introduction

Bradykinin nonapeptide, RPPGFSPFR, was first reported from Rana temperaria frog skin in the
1960s [1]. Subsequently, the bioactive components in the skin secretion of amphibians, especially

Biomedicines 2020, 8, 225; do0i:10.3390/biomedicines8070225 185 www.mdpi.com/journal/biomedicines
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biologically active peptides, such as antimicrobial peptides and pharmacological peptides, have been
extensively studied during the past several decades [2,3]. Bradykinin (BK) and bradykinin-related
peptides (BRPs), representing one of the major pharmacological peptides, have been widely isolated
and identified in skin secretions of 5 families of amphibians, Leiopelmatidae, Ascaphidae, Bombinatoridae,
Hylidae, and Ranidae [4-6]. BK is regulated by the kallikrein-kinin system (KKS) in mammals [7];
however, the frog skin BK/BRPs are not the products of enzyme catalysis by the KKS. The products
were secreted from amphibian skin glands as immune defence peptides. Interestingly, extensive reports
on the derivation of BRPs revealed that several amphibian skin BRPs were found in their putative
predators, such as birds and snakes, suggesting that BRPs are molecular evolutionary adaptations to
species-specific predators.

Recently, more than 100 amphibian BRPs have been reported [8]. However, few Auran species
have been reported to secrete BRPs. Additionally, unlike antimicrobial peptides which have been
studied extensively, just very few BRPs have been identified in amphibian skin. Apart from that,
there is also very little information about BRPs in Ranidae frogs belonging to the Ordorrana hejiangensis
(O. hejiangensis). Furthermore, extensive studies demonstrated that most of the BRPs are BK receptors
agonist with a dose-dependent contractile activity on non-vascular smooth muscle. Still, some are
antagonists in inhibiting contractility of BK on vascular smooth muscle. For instance, the RVA-Thr6-BK
showed vasorelaxant activity on rat arterial smooth muscle but exerted contractile activity on bladder,
uterus, and ileum smooth muscle [9].

Usually, BK exerts its function in combination with two G protein-coupled receptors families,
namely Bl and B2 receptors [10]. Bl receptors are upregulated during tissue damage by
pro-inflammatory cytokines and the oxidative stress through the nuclear factor kappa B (NF-«B)
pathway [11]. However, B2 receptors were widely distributed in multiple tissues. Recently,
B1 and B2 receptors were thought to be involved in many diseases, such as cancer, chronic pain,
and diabetes [12-14]. For instance, a previous report demonstrated that B1 and B2 receptors were
significantly expressed in colorectal cancer cells [15]. Therefore, the development of B1 and B2 receptor
antagonists is of great significance in pharmacology or clinical applications.

Here, we report a novel BRP, RR-18, which was first identified in the skin secretion of Hejiang
Frog, O. hejiangensis, followed by a C-terminal extension sequence VAPQIV. Pharmacological assays
revealed that RR-18 displayed an antagonism of bradykinin-induced contraction of the rat ileum
and relaxation of arterial smooth muscle. Furthermore, our results indicated that RR-18 exerted its
BK inhibition activity by mainly targeting B2 receptors. It has been revealed that activation of BK
receptors can induce several downstream signalling pathways involved in inflammatory responses [16]
suggesting the unique property of RR-18 may be used in the potential treatment of chronic pain and
chronic inflammation.

2. Experimental Section

2.1. Skin Secretion Acquisition

The specimens of the O. hejiangensis were captured, settled and skin secretion was acquired from
the dorsal skin as described previously [17]. All the procedures were carried out according to the
guidelines in the UK Animal (Scientific Procedures) Act 1986, project license PPL 2694, issued by
the Department of Health, Social Services and Public Safety, Northern Ireland. Procedures had been
vetted by the Institutional Animal Care and Use Committees (IACUC) of Queen’s University Belfast,
and approved on 1 March 2011.

2.2. "Shotgun” Cloning of cONA Encoding RR-18 Biosynthetic Precursor from Skin Secretion

The cDNA encoding RR-18 biosynthetic precursor was evaluated by the “shotgun” cloning
method as previously described [17]. A Nested Universal Primer A (NUP A) (Clontech, Palo Alto, CA,
USA) and a sense degenerated primer (5'-GAWYYAYYHRAGCCYAAADATGTTCA-3;, W=A+T,

186



Biomedicines 2020, 8, 225

Y=C+TH=A+C+T,R=A+G,D=A+ G + T) were subjected to the 3’-RACE reaction,
from which the products were cloned and subsequently sequenced.

2.3. Isolation and Structural Characterisation of RR-18 from Skin Secretion

The isolation and structural characterisation of RR-18 from the lyophilised O. hejiangensis skin
secretion was carried out as previously described [17]. In brief, five mg of lyophilised skin secretion
was dissolved in trifluoroacetic acid (TFA) (Sigma-Aldrich, Dorset, UK)/H,O (0.05:99.95, v/v) followed
by centrifugation. The supernatant was eluted by a Cecil CE4200 Adept (Amersham Biosciences,
Buckinghamshire, UK) reverse-phase High Performance Liquid Chromatography (RP-HPLC) system.
A linear gradient elution was performed using a gradient formed from TFA/H,0O (0.05:99.95, v/v)
to acetonitrile (ACN) (Sigma-Aldrich, Dorset, UK)/H,O/TFA (80.00:19.95:0.05, v/v/v) in 240 min.
The fractions were monitored at 214 nm at a flow rate of 1 mL/min. The molecular masses of
peptides in the fractions were analysed by matrix-assisted laser desorption/ionisation, time-of-flight
mass spectrometry (MALDI-TOF MS) (Thermo Fisher Scientific, San Francisco, CA, USA) using
alpha-cyano-4-hydroxycinnamic acid («-CHCA) (Sigma-Aldrich, Dorset, UK) as the matrix and the
putative primary structure of RR-18 was analysed using Sequest algorithm against the self-defined
Fasta database in proteome Discoverer 1.0 software (Thermo Fisher Scientific, San Jose, CA, USA).

2.4. Solid-Phase Peptide Synthesis of Peptides

RR-18 (RVAGPDKPARISGLSPLR) and BK were synthesised using a Tribute peptide synthesiser
(Protein Technologies, Tucson, AZ, USA) according to our previous study [17]. The purity of the
peptides (>95%) was determined by RP-HPLC (Cecil, Cambridge, UK). The peptides were further
confirmed using an LCQ-Fleet electrospray ion-trap mass spectrometer (Thermo Fisher Scientific,
San Francisco, CA, USA).

2.5. Myotropic Activity Evaluation on Smooth Muscles

The fractions were rotary dried and then performed to screen the myotropic activity on smooth
muscle. The synthetic replicated of RR-18 was used to determine the myotropic activity on rat smooth
muscle. Female Wistar rats (250-300 g) were euthanised by CO, asphyxiation based on institutional
animal experimentation ethics and the UK animal research guidelines. The endothelium of rat tail
artery was removed and the proximal rat tail artery ring was dissected about 2 mm in width and
connected to a triangular hook. An approximately 0.5 cm-length ring of ileum was cut. After that,
the tissues of rat tail artery, bladder, uterus and ileum were mounted into an organ bath (2 mL)
containing a Krebs solution (118 mM NaCl, 1.15 mM NaH,POy, 2.5 mM CaCl,, 25 mM NaHCO3,
4.7 mM KCl, 1.1 mM MgCl,, and 5.6 mM glucose). All chemicals were purchased from Sigma-Aldrich
(Dorset, UK). The bladder, uterus, artery, and ileum tissues were stretched, maintaining the normal
physiological tension of 0.75 g, 0.5 g, 0.5 g, and 0.5 g, respectively. Arteries were pre-contracted with
phenylephrine (1 x 107> M) for 10~20 min to achieve constriction plateaux. A range concentration of
synthetic peptides (from 10711-10> M) was prepared in Krebs solution. Tissues were incubated with
peptides in a cumulative manner for at least 5 min before reaching the equilibrium for 20 min. RR-18
(107% M) was applied for 10 min prior to different concentration of BK (1011-10> M). The myotropic
effects of RR-18 on smooth muscles were recorded using a tension sensor with a PowerLab System
(AD Instruments Pty Ltd., Oxford, UK).

2.6. Statistical Analysis

Data was analysed using Prism 6 (GraphPad Software, La Jolla, CA, USA). The mean and standard
error of responses were analysed by Student’s T-test and the dose-response curves were constructed
using a best-fit algorithm. ECsy values were calculated from the normalised curves.
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3. Results

3.1. Molecular Cloning of RR-18 Precursor-Encoding cDNAs

The nucleotide and translated open reading frame amino acid sequences of the novel RR-18
precursor encoding cDNAs was cloned from Hejiang Odorous Frog, O. hejiangensis, skin secretions
are shown in Figure 1. Specifically, the precursor encoding cDNA of the RR-18 contained 67 amino
acids including a putative signal peptide domain, an acidic amino acid residue-rich (spacer) domain
(21 amino acids), an 18 amino acids length of putative mature peptide and a C-terminal extension
peptide domain (-VAPQIV-) (Figure 1). The encoding RR-18 precursor has been deposited in the
GenBank Database (accession code: MT522014).

M F T L K K 8 L L L L F F L G T T

1 ATGTTCACCC TGAAGAAATC CCTGTTACTC CTTTTCTTTC TGGGGACCAT
s L v L C E ©Q E R D A D E E E T
51 CTCCTTAGTT CTCTGTGAGC AAGAGAGAGA TGCCGATGAA GAAGAAACCG

AR E A KWV E N V K R V A G P D K

101 CAAGGGAAGC TAAAGTGGAA AACGTAAAAA GAGTGGCAGG CCCGGATAAG

P A R I 8 G L S8 P L R VvV A P Q I V

151 CCCGCTCGCA TATCTGGGCT GAGCCCACTT CGTGTTGCAC CGCAAATTGT

*

201 TTAAACTTGG ATCGGAAGTC ATCTGATGTG GAACATCATT TAACTAAATT
251 CACAGCAGAT GTCTAGAAAA AAAAATTAAA CGATCACATA TATTAAAAAA

301 AAAAAAAARA AAAAAAAAAR AAAA

Figure 1. Nucleotide and translated open-reading frame amino acid sequences of the cDNA encoding
the biosynthetic precursor of the novel bioactive peptide (RR-18) cloned from hejiang odorous frog,
O. hejiangensis, skin secretion. The putative signal peptide is double-underlined, the mature peptide
(RR-18) is single-underlined, and the stop codon is indicated by an asterisk.

3.2. Isolation and Identification and Structural Characterisation of RR-18

Reverse-phase HPLC (RP-HPLC) chromatogram of the O. hejiangensis skin secretion is shown
in Figure 2. Subsequently, the primary structure, RVAGPDKPARISGLSPLR, was thus unequivocally
determined by tandem mass spectrometry (MS/MS) fragmentation sequencing (Table 1). The RP-HPLC
chromatogram showed that the purity of RR-18 was above 95% and the molecular mass of RR-18 was
detected by Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) mass spectrum
(Figure 3). A single peptide with a mass of 1890.2 Da (Figure 4), which was resolved in HPLC fractions
of skin secretion displayed the bradykinin inhibitory activity on smooth muscle.
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Figure 2. Region of reverse phase HPLC chromatogram of Odorrana hejiangensis skin secretion
indicating elution position/retention time (arrow) of the novel bioactive peptide. Blue line represented
the linear gradient curve of water/acetonitrile/trifluoroacetic acid (TFA) (19.95/80.00/0.05, v/v/v). Pink
line represented the linear gradient curve of water/TFA (99.95/0.05, v/v).

Table 1. Predicted tandem mass spectrometry (MS/MS) fragmentation b- and y-ion series ion series
(singly-, doubly-, and triply-charged) of RR-18. Observed ions were shown in bold italic typeface.

Flow Rate (mL/min)

#1 b(1+) b+ bG+) Seq. ya+) y(2+4) y(3+) #2
1 157.10840  79.05784 53.04098 R 18
2 256.17682  128.59205  86.06379 \% 1734.00218 867.50473 578.67224 17
3 327.21394 164.11061 109.74283 A 1634.93376 817.97052 545.64944 16
4 384.23541 192.62134 128.74999 G 1563.89664 782.45196 521.97040 15
5 481.28818 241.14773  161.10091 P 1506.87517 753.94122 502.96324 14
6 596.31513 298.66120 199.44323 D 1409.82240 705.41484 470.61232 13
7 72441010 362.70869 242.14155 K 1294.79545 647.90136 432.27000 12
8 82146287 41123507 274.49247 P 116670048 583.85388 389.57168 11
9 89249999 44675363 298.17151 A 1069.64771 53532749  357.22075 10
10 104860111 524.80419  350.20522 R 998.61059 499.80893  333.54171 9
11 1161.68518 581.34623 387.89991 1 842.50947 421.75837 281.50801 8
12 1248.71721 624.86224 416.91059 S 729.42540 365.21634  243.81332 7
13 1305.73868 653.37298 435.91774 G 642.39337 321.70032 214.80264 6
14 1418.82275 709.91501 473.61243 L 585.37190  293.18959 195.79548 5
15 1505.85478 753.43103 502.62311 S 472.28783 236.64755 158.10079 4
16 1602.90755 801.95741 534.97403 P 385.25580 193.13154 129.09012 3
17 1715.99162 858.49945 572.66872 L 288.20303  144.60515  96.73919 2
18 R 175.11896  88.06312 59.04450 1
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Figure 3. Reverse-phase (RP)-HPLC chromatogram (a) and matrix-assisted laser desorption/ionisation,
time-of-flight mass spectrometry (MALDI-TOF) mass spectrum (b) of a synthetic replicate of

peptide RR-18.
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Figure 4. Electrospray MS spectrum of the novel peptide. m/z ion 473.90 is +4 charged (parent 1891.6),
m/z ion 631.37 is +3 charged (parent ion 1891.2), and m/z ion 946.20 is +2 charged (parent ion 1890.4).
Mean mass of parent 1891.1 vs. calculated of 1890.2 (discrepancy 0.05%).

3.3. Bioinformatic Analysis of Novel RR-18

BLAST analysis of RR-18 was performed using the National Center for Biotechnological
Information (NCBI) on line portal, and demonstrated that the full length open reading frame of RR-18
displayed relative high amino acid sequence identity with the wuyiensisin-1 and other typical bradykinin
antagonist (RVA-T6-BK and RAP-L1, T6-BK) precursor sequences. Specifically, the similarity between
the primary sequence of RR-18 and wuyiensisin-1 was over 94%. Additionally, the primary structure of
RR-18 showed high similarity with some other typical bradykinin antagonists. The highly-conserved
amino acids are Argl, Pro’, Prof, Gly13, Pro'®, and Pro'® (Figure 5).

14a
RR-18 MFTTKESLLL
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Figure 5. Amino-acid sequence alignment of RR-18 precursor and other bradykinin-related peptide

(BRP) precursors from the skin secretion of several frog species. The sequences of mature peptides
were labeled in red and stars (*) represented the identical amino acid residues.
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3.4. Pharmacological Effects of RR-18 on Smooth Muscle

The purified RR-18 and BK were employed in the evaluation of myotropic activity on rat uterus,
bladder, ileum and tail artery. Specifically, RR-18 produced no distinct myotropic action on rat bladder,
ileum, uterus and tail artery in its own right. Additionally, RR-18 showed no antagonism of BK-induced
rat bladder and uterus smooth muscle contraction. BK produced a dose-response curve in affecting
rat ileum and rat tail artery. However, RR-18 mediated a potent inhibition of bradykinin-induced
contraction and relaxation of rat ileum and tail artery smooth muscle (Figure 6). Specifically, the ECsq
values of BK on rat ileum and tail arteries were 214.7 nM and 18.3 nM, respectively. However, when the
tissue was pretreated with the novel peptide, RR-18, at the maximally effective concentration of
bradykinin (1 x 107® M), BK-induced contraction of the ileum and relaxation of the arterial smooth
muscle was abolished by 50-60% and 30-40%, respectively. Additionally, the EC5) values of BK+RR-18
(107° M) on rat ileum and tail arteries were 1.54 M and 79.83 nM, respectively. Moreover, RR-18
represented a typical BK competitive inhibitor and non-competitive inhibitor on rat ileum and tail
artery smooth muscle, respectively.
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Log(Peptide)(M)

(@

0.2

0.14

Relaxation(g)

0.0 ; | ; . -
41 10 9 -8 7 6

Log(Peptide)(M)
(b)

Figure 6. Dose-response curves of contraction effect on rat ileum (a) and relaxation effects on a rat tail
artery (b) smooth muscle preparation in the presence of bradykinin (BK) (m) or the presence of BK with
RR-18 (a).

f:ﬂ'

4. Discussion

Amphibian skin secretions contain a variety of active substances including peptides, proteins,
steroids and alkaloids. In particular, peptides, such as bombesin and bradykinin, act as myotropic
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peptides and are critical to protecting amphibians from predators [8,18]. At the same time, BK and
BRPs are associated with many diseases, such as chronic pain and cancer [13,19]. Recently, very few
peptides from the Hejiang frog have been reported [9,20,21].

In this study, a novel octade-peptide, RR-18, was identified by de novo sequencing and isolated
from the skin secretion of the O. hejiangensis. Obviously, O. hejiangensis showed high homology
compared with the precursors of Amolops wuyiensis. Additionally, the precursor encoding cDNA
library of RR-18 was further determined. Interestingly, sequence analysis exhibited high similarity
(up to 94.4%) between RR-18 and wuyiensisin-1 (RVAGPDEPARISGLSPLR-OH; ATU99945.1) which was
identified from the Sanchiang sucker frog (Amolops wuyiensis). It was noted that the O. hejiangensis is a
unique amphibian species in China, mainly distributed in the Sichuan, Guangxi, and Chongqing areas
of China. At the same time, the Amolops wuyiensis are only found in the Fujian, Zhejiang, and Anhui
areas of China. This may explain why the same group of peptides could be found in different species
in similar regions [22], and this may be of benefit to the evolution of amphibians. Thus, the Hejiang
frog and the Sanchiang sucker frog, at least with respect to their skin BRPs, appear to be more closely
related to one another than to other ranid species that occupy similar geographical distributions [5].
The residue was substituted to a lysine (K) residue at position 7 from the N-terminal of the peptide.

Additionally, it is significant that RR-18 has a similar structure to that of BK, although its biological
activity has not been determined. Besides, compared with another BRP, RVA-Thr6-BK, which was
identified in the skin secretion of O. hejiangensis, as well [9], the differences between RR-18 and
RVA-Thr6-BK are mainly reflected in the N-terminal region. Specifically, an R residue was submitted to
G at position 4 from N-terminal. Interestingly, the commutation of a single amino acid residue in wasp
kinins can result in significant differences in the action of the peptide. The factors that distinguished
the encoded proprepeptides of RR-18 in this family are unclear. This phenomenon may be due to
differences in species, regions and the living environments of frogs [5].

Unlike the majority of previously cloned ranid frog skin BRP precursors, which always encode
multiple peptides [5], RR-18 only contained a single copy in the proprepeptides. Additionally,
the propeptide convertase cleavage site(s) of RR-18 was found to be unusual when compared with
other kininogens. Firstly, an acidic amino acid-rich spacer peptide domain of RR-18 has no typical
prepropeptide convertase processing site (-KR-). Secondly, the N-processing sites of mature kinin are
always RR and KR. However, the N-processing sites of RR-18 are KK and an R. The C-terminus of the
mature kinin is flanked by the sequence -VAPQIV- that is cleaved from the maturing kinin by a post
arginyl cleavage. These phenomena may be attributed to evolution amongst amphibians [5].

Many vasodilators exerted relax activity on rat artery smooth muscle, which is mediated by
the endothelium and the release of nitric oxide (NO) [23]. However, previous studies demonstrated
that arterial smooth muscle preparations which were pretreated with specific endothelium nitric
oxide synthase (eNOS) inhibitor failed to cause significant effects on the dose-responsive relaxation of
vasorelaxant indicating that BRPs exert the relaxing activity on rat artery smooth muscle is unlikely
to involve the action of NO [24,25]. Our data showed that RR-18 displayed an antagonism of
bradykinin-induced rat ileum contraction and arterial smooth muscle relaxation, which is consistent
with previous studies, in that Phe at the penultimate position of BRP is the crucial site for activating BK
receptors. The Phe at the penultimate position of BRP substituted with Leu could induce an antagonistic
activity [26]. Interestingly, RR-18 represented a BK competitive inhibitor and non-competitive inhibitor
on rat ileum and tail artery smooth muscle. Firstly, the EC5 values of BK and BK+RR-18 in rat tail
artery smooth muscle were virtually identical. Secondly, the Emax value of BK+RR-18 is lower to that
of BK. However, the Emax values of BK and BK + RR-18 in rat ileum were overlapping, suggesting
BK occupied receptor in ileum when the concentration of BK is increasing. Henceforth, RR-18 was
overcome by BK in rat ileum. Apart from these, in comparison with original BK, the primary structure
of RR-18 displayed multiple segment insertion sites, like -VAG-, -DE-, and -ARIS-, that were inserted
between RP, PP, and PG, respectively. Due to RR-18 having exerted different BK antagonism on rat ileum
and tail artery, we speculated that the changes of BRPs structure caused various kinds of ligand receptor
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binding pathways, which affected the pharmacological activity of BRPs [27]. Additionally, a previous
study demonstrated that BK exerted its activity by regulating B1 and B2 receptors, especially mainly
regulated by B2 receptor [24]. Moreover, RR-18 showed high similarity to some B2 receptor antagonists
like RVALPPGFTPLR, QIPGLGPLR and RVA-Thr6-BK [9,24,28], henceforth, we speculated that RR-18
exerted its BK inhibition activity by mainly targeting B2 receptors. Nevertheless, further studies are
required to determine whether B1 receptor interaction could explain the competition/non-competition
features of RR-18 on ileum and tail artery. Previous reports revealed that Argl, Pro2, Gly4, Phe5, Pro7,
Phe8 and Arg9 are key residues for the biological activity of BK [29]. In this study, both Phe5 and
Phe8 were substituted to leucine, which may improve/reduce the affinity between the peptides and
receptors or even change an agonist to antagonist [30].

Taken together, a novel BRP, which contains 18 amino acids, was first isolated and identified from
O. hejiangensis. The cDNA-encoded biosynthetic precursor of RR-18 showed high similarity with a
BRP peptide (wuyiensisin-1) which was identified from Amolops. Our study demonstrated that RR-18
displayed competitive and non-competitive inhibition of BK on rat ileum and rat tail artery smooth
muscle, respectively. Furthermore, RR-18 showed BK antagonist activity by mainly activating the
B2 receptor. There is compelling evidence that BK is involved in the development of many diseases,
such as pain and hyperalgesia [31,32]. Meanwhile, more recently, it has been suggested that BK B2
receptors were upregulated after a traumatic brain injury (TBI) and the inflammatory response was
significantly reduced after treatment with a bradykinin B2 receptor inhibitor [33]. Hence, RR-18, as a BK
B2 receptor antagonist, may have the potential for developing new drugs for chronic pain and chronic
inflammation. Furthermore, the structural diversity of BRPs and its related BK inhibitory activity
suggested that anuran is a rich source for the study of the structure-activity relationships between BRPs.
Moreover, in addition to canonical research on the fossil record and morphological characteristics,
with the in-depth study of molecular techniques and the precursor encoding cDNA sequencing of
orthologous genes, it may give us a new understanding of the scope of evolution of amphibians.
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Abstract: Feae’s viper Azemipos feae belongs to the Azemiopinae subfamily of the Viperidae family.
The effects of Viperidae venoms are mostly coagulopathic with limited neurotoxicity manifested by
phospholipases A2. From A. feae venom, we have earlier isolated azemiopsin, a novel neurotoxin
inhibiting the nicotinic acetylcholine receptor. To characterize other A. feae toxins, we applied
label-free quantitative proteomics, which revealed 120 unique proteins, the most abundant being serine
proteinases and phospholipases A2. In total, toxins representing 14 families were identified, among
which bradykinin-potentiating peptides with unique amino acid sequences possessed biological
activity in vivo. The proteomic analysis revealed also basal (commonly known as non-conventional)
three-finger toxins belonging to the group of those possessing neurotoxic activity. This is the first
indication of the presence of three-finger neurotoxins in viper venom. In parallel, the transcriptomic
analysis of venom gland performed by Illumina next-generation sequencing further revealed 206
putative venom transcripts. Together, the study unveiled the venom proteome and venom gland
transciptome of A. feae, which in general resemble those of other snakes from the Viperidae family.
However, new toxins not found earlier in viper venom and including three-finger toxins and unusual
bradykinin-potentiating peptides were discovered.

Keywords: Feae’s viper; Azemiops feae; venom; venom gland; proteomics; transcriptomic;
bradykinin-potentiating peptides; three-finger toxins

1. Introduction

Snake venoms are complex mixtures of peptides and proteins that are evolved in the process of
evolution for protection from predators and for hunting. Two major action strategies can be traced in
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the venoms: a paralytic one inherent predominantly to elapids and colubrids and a coagulopathic
one inherent mostly to viperids. To date, it has been established that, despite the huge variety of
toxins, they can all be attributed to a limited number of families either possessing enzymatic activities
(e.g., phospholipases A, (PLA2), snake venom serine proteases (SVSP), snake venom metalloproteinases
(SVMP)) or without such activities (e.g., lectins, three-finger toxins (3FTx), Kunitz-type inhibitors,
natriuretic peptides). The variation in the composition of venoms occurs at all taxonomic levels [1],
but the most drastic differences are evident at the level of families and subfamilies. As coagulopathies
are induced mostly through an enzymatic pathway, in general, enzymes are the main components of
viperid venoms. Paralytic effects, on the other hand, are produced more often by proteins without
enzymatic activity (e.g., three-finger neurotoxins), albeit non-enzymatic proteins are not the main
components in all elapid venoms. For example, in krait Bungarus fasciatus venom, PLA2 enzymes
comprise about 70% of all venom proteins [2]. Although traditional methods for characterization of
venoms based on chromatographic separation are still in use, the modern proteomic approaches yield
more detailed and complete information. The proteomes of about two hundred snake species have been
characterized so far [3,4], more than half of them (about 100 species) from viperids. Viperids (Viperidae
family) are divided into two major subfamilies, the Viperinae (Old World or pitless vipers) and the
Crotalinae (pit vipers). One more taxon, Azemiopinae, is recognized within the Viperidae; recent data
confirm Azemiopinae as the sister group of the Crotalinae [5,6]. Nowadays, Azemiopinae include the
genus Azemiops, the species composition of which is currently the subject of discussion. Recently,
in addition to the well-established Azemiops feae species, a new one Azemiops kharini was included in
the genus [7]. However, new data indicate that they are rather one species [8].

Data about venom composition for these fairly rare snakes are limited and available for A. feae
only. Earlier investigation of the enzymatic activity of this venom showed that it had no blood
clotting, hemorrhagic, or myolytic activities [9]. Recent studies confirmed the absence of coagulopathic
effects for A. feae venom [10]. In another study, PLA2 and plasminogen activator homologs were
found in the venom [11]. Three PLA2s were isolated from A. feae venom, and two of them contained
Asn49 in their active center and were catalytically inactive [12]. ¢DNAs encoding cysteine-rich
secretory protein (CRISP) [12], natriuretic-peptide precursors [13] and 3Ftx [14] were cloned from
A. feae. However, there are no data about the presence of the corresponding proteins in A. feae venom.
At the same time, natriuretic-peptide precursors contain sequences of a unique peptide neurotoxin,
which was isolated by us from the venom and called azemiopsin [15]. Azemiopsin is a primitive
neurotoxin; it consists of 21 residues and does not contain cysteine residues. By its capacity to block
the nicotinic acetylcholine receptor, azemiopsin resembles waglerin, a disulfide-containing peptide
from the Tropedolaemus wagleri venom, shares with it a homologous C-terminal hexapeptide and may
be considered as a waglerin ancestor. These peptide neurotoxins are not typical for Viperidae venom.
To find out what the other components are, we have analyzed A. feae venom in more depth using
high-throughput proteomics. In parallel, the transcriptomic analysis of venom gland was performed
by Illumina next-generation sequencing (NGS). About 70 toxins representing 14 toxins families were
identified; among them, new toxins not found earlier in viper venom and including three-finger toxins
and unusual bradykinin-potentiating peptides were discovered.

2. Experimental Section

2.1. Specimen Collection and Tissue Preparation

Specimen of A. feae was collected in Vinh Phuc Province, Vietham. Venom gland was dissected 3
days after stimulation by milking and treated with RNAlater (Ambion, Thermo Fisher Scientific Inc,
Waltham, MA, USA) as described by the vendor.
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2.2. cDNA Library Preparation and Sequencing

For RNA extraction, venom gland dissected from one specimen of A. feae viper and stored in
RNAlater (Ambion, Thermo Fisher Scientific Inc, Waltham, MA, USA) was used. Total RNA was
isolated from the tissue sample by TRIzol kit (Invitrogen, Thermo Fisher Scientific Inc, Waltham, MA,
USA), and its quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA).

2.2.1. cDNA Synthesis and cDNA Amplification

For ds cDNA synthesis, the SMART approach [16] was applied. SMART-prepared cDNA was
amplified by PCR. Primer annealing mixture (5 pL) containing 0.3 ug of total RNA; 10 pmol of SMART
Oligo II oligonucleotide (5'-AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG-3’) and 10 pmol of
CDS-T22 primer (5'-AAGCAGTGGTATCAACGCAGAGTTTTTGTTTTTTTCTTTTTTTTTTVN-3") was
prepared, incubated for 2 min at 72 °C and was kept for 2 min on ice. The annealed primer-RNA
was mixed with Reverse Transcriptase in a final volume of 10 uL, containing 1X First-Strand Buffer
(50 mM Tris-HC1 (pH 8.3); 75 mM KCI; 6 mM MgCl,), 2 mM DTT and 1 mM of each dNTP to
start the first-strand cDNA synthesis. This reaction mixture was maintained at 42 °C for 2 h in a
thermostat and then cooled on ice. After dilution by 5 times with TE buffer, the first-strand cDNA
was incubated for 7 min at 70 °C and then was amplified by Long-Distance PCR (Barnes, 1994).
PCR reaction mixture (50 pL) contained 1 pL diluted first-strand cDNA, 1 pL 50x Advantage reaction
buffer (Clontech, Takara Bio, Mountain View, CA, USA), 200 uM dNTPs; 0.3 uM SMART PCR primer
(5"-AAGCAGTGGTATCAACGCAGAGT-3’) and 1 uL 50x Advantage Polymerize mix (Clontech,
Takara Bio, Mountain View, CA, USA). PCR was performed on MJ Research PTC-200 DNA Thermal
Cycler under the following program: 95 °C —7's, 65 °C —20's, 72 °C =3 min, 17 cycles. Amplified cDNA
PCR product was purified using QIAquick PCR Purification Kit (Qiagen, Venlo, Netherlands).

2.2.2. lllumina Sequencing

The standard Illumina protocol was applied to prepare libraries for DNA using TruSeq Illumina
DNA sample preparation kit. NGS was performed on [llumina Genome Analyzer IIx in the paired-end
sequencing mode (2 X 72 bp).

2.3. NGS Data Analysis

Sequenced data from Illumina GAIIx were transformed by base calling into sequence data, called
the raw data or raw reads, and were stored in FASTQ format. For quality control checks on raw sequence
data, we used FastQC (version 0.11.5). Trimmomatic (version 0.38) was applied to trim the adapter
sequences used for cDNA synthesis. For de novo transcriptome assembly, we used Trinity software
(version r20131110) with the default settings. Contigs from Trinity were translated using all six reading
frames to obtain “Predicted protein SET 1”. Local BLAST (BlastX threshold value of e =1 X 1076,
matrix BLOSUM-62) and the non-redundant database were used for the grouping and annotation
of contigs. Blast2GO (version 5.2.1) was used for Taxonomy, Gene Ontology (GO) and EuKaryotic
Orthologous Groups (KOG) analysis for functional annotation of contigs. TransDecoder was applied
to identify putative ORFs with a minimum length of 100 amino acids. The ORF database (10997
sequences) generated with Transdecoder called “Predicted protein SET 2” was used for proteomics.

2.4. Other Computational Tool

Translation of transcriptome sequences in all 6 frames to amino acid sequences was done with
Nucleotide Sequence Translation EMBOSS Transeq/EMBOSS Sixpack. The ORF database (120510
sequences) generated with EMBOSS Sixpack was used for proteomics. Prinseq lite v.0.20.4 was used for
reads quality and length trimming. ClustalW2 and MUSCLE algorithms integrated into package Jalview
v.2.11.1.0 were used to perform multiple alignment construction and visualization [17]. For calculating
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expression levels (Transcripts Per Kilobase Million (TPM) and Reads Per Kilobase Million (RPKM), we
used CLC Genomic Workbench 10 (Qiagen, Venlo, Netherlands) with the default settings.

2.5. BioProject and Raw Sequence Data

Sequence data from the venom gland transcriptome of the A. feae have been deposited in National
Centre for Biotechnology Information (NCBI) Sequence Read Archive with the accession number
SRR8177476 under Bioproject PRINA504599.

2.6. Reduction, Alkylation and Digestion of the Proteins

The proteins were reduced, alkylated and digested as described previously [18] with small
variations. In brief, to a venom sample (10 pg), sodium deoxycholate (SDC) buffer (pH 8.5) for
reduction and alkylation was added so as to achieve the final concentration of proteins, Tris, SDC,
tris(2-carboxyethyl)phosphine and 2-chloroacetamide of 0.5 mg/mL, 100 mM, 1% (w/v), 10 mM and
20 mM, respectively. The reaction mixture was incubated at 95 °C for 10 min and cooled to ambient
temperature. Digestion with trypsin (solution in equal volume of 100 mM Tris, pH 8.5) at a 1:100 (w/w)
ratio was performed at 37 °C overnight.

2.7. Tryptic Peptides Desalting

Peptides were desalted with application of SDB-RPS StageTips, which were made as previously
described [19]. In brief, two small portions of the 3M Empore SDB-RPS membrane were cut with a
blunt-tipped Hamilton needle (part no. 91014: gauge 14, type Point 3, metal (N) hub) and pressed into
the 200-puL pipette tip using 1/16 PEEK tubing (1535, Upchurch Scientific, Thermo Fisher Scientific
Inc, Waltham, MA, USA). As a StageTip holder, 2 mL microcentrifuge tube with a hole punched in the
cap (O-tube) was used. O-tube and SDB-RPS StageTip composed a Spin block. An equal volume of
2% (v/v) TFA was added to the tryptic peptide solution obtained after overnight hydrolysis, and the
solution thus obtained was applied to StageTip using centrifugation at 200 g. StageTip was cleaned
by washing first with mixture of 50 uL ethylacetate with 50 uL 1% (v/v) TFA (3 times), then 50 uL 1%
(v/v) TFA and finally 50 uL 0.2% (v/v) TFA. The elution of peptides was achieved by application of
60 nL 50% (v/v) acetonitrile containing 5% (v/v) NH4OH; the eluted peptides were freeze-dried and
preserved at —80 °C. For further analysis, peptides were dissolved in 20 uL of 2% (v/v) acetonitrile
containing 0.1% (v/v) TFA and treated with ultrasound for 2 min.

2.8. Liquid Chromatography and Mass Spectrometry

The column (25 cm with inner diameter of 75 um) in-house packed with Aeris Peptide XB-C18 2.6
um resin (Phenomenex, Torrance, CA, USA) was applied for the separation of peptides. An Ultimate
3000 Nano LC System (Thermo Fisher Scientific Inc, Waltham, MA, USA) was used for reverse-phase
chromatography. The LC System was connected through a nanoelectrospray source (Thermo Fisher
Scientific) to a Q Exactive HF mass spectrometer (Thermo Fisher Scientific). A linear 120-min gradient
of 4-55% solvent B (80% (v/v) acetonitrile containing 0.1% (v/v) formic acid was used for the elution of
peptides at a flow rate of 350 nL/min (40 °C). TopN method with an automatic switch between a full
scan and up to 15 data-dependent MS/MS scans was applied for MS data acquisition. The target value
of 3 x 10 in the 300~1200 my/z range with a resolution of 60,000 and a maximum injection time of 60 ms
was used for the full-scan MS spectra. A 1.4 m/z window and a fixed first mass of 100.0 m/z was used
to perform isolation of precursors. A higher-energy dissociation (HCD) and a normalized collision
energy of 28 eV were applied for fragmentation of precursors. An ion target value of 1 x 10° in the
200-2000 11/z range with a resolution of 15,000 at 171/z 400 and a maximum injection time of 30 ms were
used for the acquisition of MS/MS scans. Six technical replicates were performed to analyze the sample
by LC-MS/MS.
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2.9. Data Analysis

Six technical replicates were used for MS measurements of venom sample. MS/MS-based
qualitative proteome analysis of venom proteins was made using PEAKS Studio 8.0 build 20160908
software [20]. Peptide lists generated by the PEAKS Studio were searched against the “SET 2”
FASTA database. Carbamidomethylation was set as a fixed modification for cysteine and acetylation
for N-terminus, oxidations for methionine and deamidations for asparagine were set as variable
modifications and specificity of protease was set to semitryptic. For peptide-spectrum matches, the
false discovery rate (FDR) was fixed to 0.01 and the search of a reverse database was used to determine
FDR. An allowed fragment mass deviation of 0.05 Da and an allowed initial precursor mass deviation
up to 10 ppm were used to perform the peptide identification. If at least 1 unique peptide was found
for a protein, it was regarded as identified reliably. MaxQuant program version 1.5.6.5 [21] was
applied for label-free protein quantification. Carbamidomethylation was set as a fixed modification for
cysteine and acetylation for N-terminus, oxidations for methionine and deamidations for asparagine
were set as variable modifications and specificity of protease was set to semitryptic. The Andromeda
search engine [22] was used for the search of peak lists against the “SET 1” FASTA database and a
common contaminant database implemented in the search engine. The FDR of 0.01 was fixed for
both proteins and peptides, and a minimum length of seven amino acids was used. An allowed
fragment mass deviation of 20 ppm and an allowed initial precursor mass deviation up to 20 ppm were
used to perform the peptide identification. Perseus (versions 1.5.5.1) [23] was applied to perform the
downstream bioinformatics analysis. From the analyses were excluded groups of proteins which were
identified only by site, from peptides identified also only in the reverse database oring belonged to the
database of common contaminant. A minimum ratio count of 1 was applied to perform the label-free
quantification. The iBAQ algorithm, implemented into the MaxQuant program [21], was used to
quantify proteins in the venom sample. To generate a relative iBAQ (riBAQ) value representing the
mole fraction of each protein [24], normalization of each protein’s iBAQ value against the sum of all
iBAQ values was performed.

2.10. Characterization of Bradykinin-Potentiating Peptides by MALDI Mass Spectrometry

De novo peptide sequencing was performed by matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF-MS/MS) using an Ultraflex-II TOF/TOF instrument (Bruker
Daltonics, Bremen, Germany) equipped with a 200 Hz solid-state Smart beam™ laser.

HPLC-purified samples were applied using x-cyano-4-hydroxycinnamic acid (CHCA, saturated
solution in 33% acetonitrile/0.1% trifluoroacetic acid) onto a polished-steel target. The instrument
was operated in positive reflector mode and MS/MS spectra generated by spontaneous post-source
decay were recorded using the LIFT cell technology [25]. The fragment spectra were interpreted and
labeled manually.

2.11. Peptide Synthesis

The bradykinin-potentiating peptides (BPP) were prepared by peptide synthesis and purified by
reverse-phase chromatography as described [26].

2.12. Blood Pressure Measurements

The experiments were carried out on adult male Sprague-Dawley (SD) rats (300-350 g of body
weight). The World Health Organization’s International Guiding Principles for Biomedical Research
Involving Animals were followed during experiments on animals. The experiments were approved
by the Institutional Animal Care and Use Committee (IACUC No.536/18). Four groups of 6 rats in
each were used for the study. Before the experiment, catheters were implanted into the jugular vein
and carotid artery of rats under anesthesia (Zoletil-100 at a dose of 20 mg/kg and Rometar at a dose of
12 mg/kg). The arterial catheter was used to record blood pressure (mean BP) and the venous catheter
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for injection of test drugs (Y-BPP or R-BPP). Blood pressure parameters were recorded on conscious
animals a day after surgery (to allow for recovery of the animals from anesthesia) continuously using
a strain gauge pressure transducer linked to Powerlab ML125 system (AD Instrument, Australia).
After 10 min of recording of baseline parameters, bradykinin was introduced (Ist injection, 7 pg/kg);
10 min after bradykinin, for the experimental group, BPP (Y-BPP or R-BPP in two doses: 300 ug/kg
or 1 mg/kg) was introduced (2nd injection). Then, on the 5th minute after BPP injection, bradykinin
(7 ug/kg, 3rd introduction) was again introduced; on the 50th minute after beginning of the experiment,
bradykinin was again given at the same dose (4th introduction). The last introduction of bradykinin
was at the 80th minute (5th introduction). Data were then analyzed and mean BP + SEM calculated.
All quantitative data are presented as mean + SD. Statistical analysis was performed by software
Statistica for Window v.7.1 to compare the treated groups. Significance level was determined at p < 0.05.
No rats or data points were excluded from the reported analyses.

3. Results

3.1. Research Outline: RNA Sequencing and Analysis of the Initial Data

To perform a comprehensive analysis of Feae’s viper A. feae venom, we used two complementary
approaches (Figure 1). To study proteins and peptides present in the venom, quantitative proteomics
was applied (Table S1), while the transcriptome of the venom gland was analyzed by NGS.
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Figure 1. Analysis pipeline of the research implemented for Azemiops feae. GO—gene ontology,
KOG—euKaryote Orthologous Groups, ATAP—Animal Toxin Annotation Project (UniProt).

From the venom glands of A. feae, we generated 29,055,985 pairs of 75 bp reads that passed the
[lumina filter (Table S2). Basic filters recommended for qualitative analysis of Illumina were applied
to the raw reads, and the adapters used for cDNA synthesis were trimmed. Final cDNA short reads
dataset was used for the de novo assembly of a transcriptome using the Trinity assembler. Trinity
created 20,085 contigs (reconstructed transcripts) with (N50 = 781), connected to form 18,296 “genes”
in total assembly statistics (Table S3).

Next, the gene ontology (GO), eukaryotic orthologous groups (KOG) and taxonomic affiliation of
the contigs were analyzed using the Blast2GO program and the BlastX algorithm. The non-redundant
database served as a reference database (Figures S1-S3). Furthermore, for identifying potential toxins
in the transcriptome, local BlastX was used. As a reference database, we used all toxin sequences from
the UniProt animal toxin annotation project (https://www.uniprot.org/program/Toxins). As a result,
206 putative venom transcripts clustered into 112 groups were identified (Table S4).

Finally, all contigs from Trinity were translated using all six reading frames in “Predicted protein
SET 1” for subsequent validation by proteomics. The prediction of coding regions (or open read frames,
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ORFs) and annotation of transcriptomic data were carried out using Transdecoder and Trinotate.
In addition, ORFs from Transdecoder were translated in “Predicted protein SET 2” for subsequent
validation by proteomics. Both data sets were used to analyze the total proteome using the PEAKS
Studio software. Transcriptome database was used for the quantitative analysis search in MaxQuant.
As a result, 120 putative venom transcripts were confirmed using proteomics. A combination of these
approaches allowed identifying proteins belonging to 43 protein families, among which 15 can be
assigned to snake toxins (Figure 2) (Figures S4-528).
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Figure 2. (A) Bar chart showing the distribution of Reads Per Kilobase Million (RPKM)
values for all putative venom proteins (PVP) families found in transcriptome; (B) Scatter
plot showing the distribution of riBAQ values of top 43 protein families. The diameter of
the circle is proportional to the number of identified transcripts by quantitative proteomics.
Abbreviations:  3FTx—Three-finger toxin, AAGAB—Alpha/Gamma adaptin binding protein,
ACE—Angiotensinogenase, AChE—Acetylcholinesterase, ANX—Annexin, AP—Aminopeptidase,
APC—Serum amyloid P-component, Butyrophylin—Butyrophylin-like, = CAC—Calcyclin,
CFH—Complement factor H, CHI—Chitinase, CNP—C-type natriuretic peptide (Azemiopsin included),
CRISP—cysteine-rich secretory protein, CST—Cystatin, CTS—Cathepsin, EP—Endopeptidase,
HEM—Hemoglobin, HYA—Hyaluronidase, IG—Immunoglobulin, IGFBP—Insulin-like
growth factor-binding, KAZ—kazal serine protease inhibitor, KUN—Kunitz-type serine
protease inhibitor, LAAO—L-amino acid oxidase, LCN—Lipocalin, NUC—5’-nucleotidase,
PDI—Disulfide-isomerase, PLA2—phospholipases A2, PLB—Phospholipase B, Plan-I—Plancitoxin-1
(Deoxyribonuclease-2-alpha), PIN—Peptidyl-prolyl cis-trans isomerase, PLI—Phospholipase
A2 inhibitor, PPT1—Palmitoyl- thioesterase 1, PRDX—Peroxiredoxin, QC—Glutaminyl-peptide
cyclotransferase, SAP—Saposin-A, SF—Siderophilin, SPI—Serpin, SSA—Small serum 2, SVMP—Snake
venom metalloproteinase, SVNGF—Snake-venom nerve growth factor, SVSP—Snake-venom serine
proteinases, svVEGF—Vascular endothelial growth factor, TCTP—Translationally controlled tumor
homolog, TF—Transferrin, vAP—Venom acid phoshatase, vDP—Venom dipeptidyl peptidase 4,
vPA—Venom prothrombin activator, vVPDE—Venom phosphodiesterase 1, vPI—Venom peptide
isomerase, vSC—Serine carboxypeptidase, Waprin—Waprin-like.

3.2. Venom-Gland Transcriptome

We estimated the expression level of each transcript by mapping reads against a de novo
transcriptome assembly. As expected, the level of representation of putative venom transcripts
(toxins) is significantly higher than other classes of molecules (Figure 2A). Approximately 63% of total
transcription was accounted for by the coding sequences of putative toxins, and the 54 most abundant
transcripts in the transcriptome encoded putative toxins (Figure 2B).

We grouped all the toxin transcripts into main classes (families) (Figure 3). At the transcriptome
level, the most abundant classes of toxin transcripts are PLA2 and SVSP, followed by the second group
including snake venom nerve growth factor (svNGF), CRISP, C-type natriuretic peptide (CNP, including
azemiopsin), angiotensinogenase (ACE), SVMP, L-amino acid oxidase (LAAO) and snake venom
vascular endothelial growth factor (svVEGEF). Such classes of proteins as PLB, venom phosphodiesterase
(VPDE), HYA and 3FTx are significantly less abundant. Thus, the expression pattern of the A. feae
venom gland is typical of viper snakes.
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Figure 3. The overall expression patterns for the most abundant transcripts in A. feae venom gland tissue.
(A) Expression of toxins and venom proteins (PVP—putative venom transcripts) dominates relative to

other transcripts; (B) The venom-gland transcriptome of A. feae showed high expression and diversity

of snake venom phospholipases A2 and serine proteinases. Expression levels of individual PVP
transcripts are shown with toxin classes coded by color. Abbreviations: ACE—Angiotensinogenase,
CALGL—Calmodulin, CNP—C-type natriuretic peptide (Azemiopsin included), CRISP—Cysteine-rich
secretory protein, HYA—Hyaluronidase, LAAO—L-amino acid oxidase, PLA2—Phospholipases

A2, PLB—Phospholipase B, SVMP—Snake venom metalloproteinase, SVNGF—Snake-venom nerve
growth factor, SVSP—snake-venom serine proteinases, svVEGF—Vascular endothelial growth factor,
vPDE—Venom phosphodiesterase 1.
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However, we detected a number of additional low-abundance toxins in the venom-gland
transcriptome including 3FTxs and acetylcholinesterase not typical for vipers.

3.3. Venom Proteomics/Peptidomics

In this work, both venom proteome and peptidome for Feae’s viper A. feae were analyzed
(Tables S1 and S5). Venom proteome was analyzed by LC-MS/MS after in-solution trypsin proteolysis.
In our study, mass spectrometry analysis of A. feae venom revealed more than one hundred different
proteins, some of them being identified earlier. Thus, PLA2 [11,12] and a plasminogen activator [10]
were isolated from the venom, while the amino acid sequences of CRISP [12], several SVSPs (GenBank:
ART88741.1, ART88740.1, ART88739.1, ART88738.1), three-finger toxin 3FTx-Aze-1 [14], SVNGF [27],
and CNP precursors 1 and 2 [13] were deduced from cloned cDNA sequences. The peptide neurotoxin
azemiopsin was isolated earlier from the A. feae venom as well [15].

Proteomic analysis in addition to the above-mentioned proteins, including those for which amino
acid sequences were deduced from the cDNA, revealed in the venom the presence of LAAO, SVMP,
venom epidermal growth factor, HYA, angiotensinogenase (renin-like aspartic protease), cystatin and
ovomucoid (Kazal-type inhibitor-like protein).

The label-free quantification of venom proteins revealed that the most abundant venom proteins
are SVSPs accounting for 44.8% (mole fraction) of total proteins. They are followed by PLA2s (25.8%),
CRISP (6.0%), LAAO (4.0%), SVMP (3.9%), SVVEGEF (3.3%), azemiopsin (bradykinin-potentiating and
C-type natriuretic peptides, 3.0%) and PLB (2.9%). The contents of other venom proteins was less than
one percent: HYA—0.9%, SVNGF—0.4%, cystatin (CST)—0.1%, 3FTx—0.04% and Kazal-type serine
protease inhibitor (Kazal)—0.03%. The toxins present in A. feae venom at the level higher than 1% are
considered in more detail.

3.3.1. Serine Proteases

Using proteomics in A. feae venom, we identified 24 sequences (seven clusters) corresponding to
snake venom serine proteases (SVSPs) (Table S4 and Figure S4). However, the assembled transcripts
are incomplete and are truncated at either the 5" or 3’ ends. This drawback prevents an adequate
analysis for the classification of SVSPs to certain types. Nevertheless, when considering the alignment,
it is seen that the closest homologs are the previously described proteases from A. feae, which are
secreted trypsin-type proteases (ART88741.1, ART88740.1, ART88739.1, ART88738.1). The identified
sequences include also those homologous to plasminogen activators, one of which was found in this
venom earlier [11], thrombin-like enzymes and homologs of beta-fibrinogenase. All SVSPs from A. feae
venom are homologous to those of other snakes from the Viperidae family. Enzymes homologous to
plasminogen activators and thrombin-like are the most abundant in A. feae venom among SVSPs.

3.3.2. Phospholipases A2

Five clusters PLA2s were found in A. feae venom and 11 sequences we identified by proteomics
(Table S4 and Figure S5A). They are both acidic and basic enzymes from group II subfamily. The most
abundant PLA2s (from about 1 to about 9% of total venom proteins) belong to the enzymatically active
D49 sub-family. The minor PLA2s represent the N49 sub-subfamily (from 0.003 to 2%). We found all
PLA2 subfamilies of N49a, with the exception of N49b previously discovered [12] in A. feae venom from
Zhejiang province (China). In the found sequences, slight differences with reference ones are observed,
which can be explained by genetic polymorphisms. The remaining sequences are intermediate
isoforms of the previously described phospholipases of A. feae venom. New isoforms of basic PLA2s
were also found. The protein sequence TR6913_c96_g4_i4 resembles basic PLA2s, and sequence
TR6913_c96_g4_i6 has homology to the sequence of Crotalus atrox (QBA85153.1) (Figure S5A,B).
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3.3.3. Cysteine-Rich Seceretory Proteins

Only one CRISP was found in the A. feae venom (Figure 4). The CRISP amino acid sequence
determined in this work is very similar to that of Az-CRP determined earlier for A. feae CRISP [12].
The two sequences differ only in two positions, 132 and 236 (Figure 4); Ile and GIn in Az-CRP are
replaced by Thr and Lys, respectively, in the sequence determined in this work.
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Figure 4. Amino acid sequence of A. feae CRISPs aligned with sequences of homologous proteins.
TR6925_c0_g1_i2 is the sequence determined in this work. Alignment was generated by MUSCLE
(Here and in all following captions MUSCLE is MUlItiple Sequence Comparison by Log-Expectation)
with ClustalX Colour Scheme: hydrophobic amino acid residues—blue; positively charged—red;
negatively charged—magenta; polar—green; cysteines—pink; glycines—orange; prolines—yellow;
aromatic—cyan; unconserved -white.

3.3.4. L-Amino Acid Oxidase

LAAO is found in venoms of snakes from different families. Similarly to CRISP, this toxin is
represented by only one protein in A. feae venom. A. feae LAAO has the highest similarity to that of the
Okinawa pitviper (or Hime habu), Ovophis okinavensis from the Crotalinae subfamily (Figure S6).

3.3.5. Snake Venom Metalloproteinase

In venoms of many species from the Viperidae family, SVMPs are the main components.
For example, in Bothrops atrox venom, SVMPs represent more than half of total venom protein [28].
In A. feae venom, SVMPs account for only 3.9% of total protein and are represented by 16 enzymes
(Figure S7). As in the case of SVSPs, only 5’ or 3’ terminal fragments were assembled, so no full-length
protein sequences were obtained. Analysis of the domain organization (Figure S7B) allowed us
to conclude that A. feae venom contains several isoforms of classical snake venom type III SVMP
(Figure S7).

3.3.6. Snake Venom Vascular Endothelial Growth Factor

In A. feae venom, svVEGF is represented by two proteins which account for 3.3% of total venom
protein (Figure S8).
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3.3.7. Three-Finger Toxins

Among the toxins present in A. feae venom at levels less than 1%, 3FTxs are of special interest.
3FTxs are the main components of venoms from Elapidae snakes. Transcripts of 3FTxs were identified
in transcriptomes of several vipers. However, the neurotoxins were not found in viper venoms so far.
Here, for the first time, we have found the 3FTxs in the venom of a snake from the Viperidae family.
Even though the content of 3FTxs in A. feae venom is as low as 0.04%, there is no doubt about the
presence of these toxins. Five three-finger toxins were found in A. feae venom (Figure 5); according to
their amino acid sequences, they represent so-called basal (commonly known as non-conventional)
toxins containing the fifth disulfide bond in the first loop [29,30]. The recombinant toxin 3FTx-Aze-2
showed the capacity to interact with muscle type and neuronal nicotinic acetylcholine receptors [31].
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Figure 5. Three-finger toxins (3FTx). Comparison of amino sequences of A. feae toxins with those
of known 3FTxs. TR2072 c0 g1 i3 is named 3FTx-Aze-2; TR2072 c0 gl i4—3FTx-Aze-3; TR2072 c0
gl i2—3FTx-Aze-4; TR14854 c0 gl i1—3FTx-Aze-5; TR2072 c0 gl i1—3FTx-Aze-6; TR13523 c0 gl
i1—3FTx-aze-7. Alignment was generated by MUSCLE with ClustalX Colour Scheme: hydrophobic
amino acid residues—blue; positively charged—red; negatively charged—magenta; polar—green;
cysteines—pink; glycines—orange; prolines—yellow; aromatic—cyan; unconserved—white.

3.3.8. Bradykinin-Potentiating Peptides and Azemiopsin

Azemiopsin is a unique peptide toxin isolated earlier by us from A. feae venom [14]. According to
the present analysis, its content in the venom is equal to 3.0%. The amino acid sequence of azemiopsin
was identified previously within C-type natriuretic precursors [13] (Figure 6). Itis interesting to note that
several azemiopsin sequences are present within precursor sequences. Moreover, elongated analogs of
azemiopsin (M = 2540) with additional N-terminal residues—SDNWWPKPPHQGPRPPRPRPKP
(M =2627) and ESDNWWPKPPHQGPRPPRPRPKP (M = 2756)—were identified in the venom
(Table S5). When these peptides were fragmented in the mass spectrometer, the C-terminal ions remained
constant, while for the N-terminal b-ions, corresponding mass shifts were observed (Figure 529).
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Figure 6. Amino acid sequences of C-type natriuretic precursors deduced from DNA
sequences. Azemiopsin—yellow, Y-BPP—Ililac, R-BPP and its Lys-analog—light green, putative
shortened R-BPP analog—turquoise, putative tripeptide metalloproteinase inhibitor—blue, atrial
natriuretic peptide—red.

During isolation of azemiopsin, we found several peptides with molecular masses of 1328.64
(Y-BPP), 1156.57 (R-BPP) and 1045.5 Da (R-BPP-s). The amino acid sequences of these peptides were
established by de novo MALDI MS/MS sequencing (Figure S30). The determined sequences are shown
in Figure 6. The peptides Y-BPP and R-BPP contain pyroglutamic acid at their N-terminus; the amino
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acid sequence of R-BPP-s corresponds to an N-terminally truncated form of R-BPP. The determined
sequences show homology to some bradykinin-potentiating peptides (Figure 7). However, the
sequences between the two PP repeats are unique for A. feae peptides. It should be mentioned that the
tripeptide sequence QKW is present in the CNP precursor (Figure 6). This tripeptide may represent an
endogenous metalloproteinase inhibitor ZKW (Z = pyroGlu) found in venoms of several Viperidae
species. The C-type natriuretic precursors contain the sequence of C-type natriuretic peptide (Figure 6).
This peptide was also found in the peptidome of A. feae venom (Table S5).
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Figure 7. Bradykinin-potentiating peptides (BPP). Comparison of amino acid sequences of A. feae
peptides with those of known bradykinin-potentiating peptides (pyroGlu = Z). The number of each
consensus letter is represented by a histogram on the top of the figure. Alignment was generated
by MUSCLE with percentage identity coloring scheme where the white color is corresponding to 0%
identity and the darkest color to 100%.

3.3.9. Biological Activity of New Bradykinin-Potentiating Peptides

To study their biological activity, the bradykinin-potentiating peptides Y-BPP and R-BPP were
prepared by peptide synthesis and purified by reverse-phase chromatography. The potentiating effect
was investigated in vivo in SD rats; arterial blood pressure was registered. Anesthetized rats received
peptides through venous catheter, and the arterial catheter was used to record blood pressure (BP).
Injection of bradykinin at a dose of 7 jig/kg resulted in the BP drop by 27-33% (Figure 8). Administration
of either Y-BPP or R-BPP 10 min later produced a further small decrease (by about 10%) in BP and
strongly enhanced the effect of bradykinin injected 5 min after BPP (Figure 8). The potentiating effect
was dose-dependent (Figure 9) and was observed for about half an hour at the dose of 300 pug/kg and 1
mg/kg for Y-BPP (Figure 9A,B) and at the dose of 1 mg/kg for R-BPP (Figure 9C,D). No potentiating
effect was detected one hour after BPP administration (Figure 9).
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Figure 8. Bradykinin-potentiating effects of A. feae peptides Y-BPP and R-BPP. Changes in mean blood
pressure (BPs) (absolute values) after administration of bradykinin at a dose of 7 pg/kg (injections at
points 1, 3, 4, 5) and Y-BPP (A) or R-BPP (B) at a dose of 300 pg/kg (injection at point 2).
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Figure 9. Percent changes from baseline for mean BPs after injections of bradykinin at a dose of 7
ug/kg in response to bradykinin-potentiating effects of A. feae peptides Y-BPP (A,B) and R-BPP (C,D) at
two doses. #p < 0.05 vs. baseline according to the T-Test for comparing the data of one group before
and after treatment, § p < 0.05 vs. point 1 according to the repeated-measures ANOVA with Dunnett
post-hoc test.

4. Discussion

Azemiopinae is regarded as a sister group of the Crotalinae [5,6]. Therefore, it is quite reasonable
that the A. feae venom composition bears a resemblance to those of Crotalinae snakes. Thus, the main
constituents of Feae’s viper venom are SVSPs (44.8%) and PLA2s (25.8%), representing about % of
venom total protein, although the content of SVMPs is fairly small as compared to other venoms of
Crotalinae snakes [4]. The most remarkable difference between the Feae’s viper venom and those
of other Crotalids is the presence of the peptide neurotoxin azemiopsin and 3FTxs in A. feae venom.
Azemiopsin is homologous to waglerin from the Asian pit-viper Tropidolaemus wagleri venom but in
contrast to waglerin has no disulfide bridge [15,32]. The content of azemiopsin in the venom is lower
(83%) than that of waglerin (15% [33] or 38.2% [34]). Nevertheless, some neurological symptoms were
observed in the victims of Feae’s viper bite [35], which might be caused by azemiopsin. Moreover,
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recently it was shown that A. feae venom interacted with fragments representing modified orthosteric
mimotopes of binding region of nicotinic acetylcholine receptors from a diversity of potential preys [36].
This may also indicate the neurotoxicity of the A. feae venom. Indeed, inhibition of the muscle nAChRs
was detected for azemiopsin [15], which later in preclinical studies was shown to be an efficient
myorelaxant [26].

3FTxs are the main components of venoms from Elapidae snakes. They manifest a wide array
of activities ranging from highly specific interactions with some receptors and ion channels to
unspecific damage of cell membranes. 3FTxs were classified into several groups depending on their
amino acid sequences and biological activities [37]. The most abundant groups are neurotoxins
and cytotoxins (cardiotoxins). Cytotoxin-like components were reported in Daboia russelii russelii
venom [38]. Transcripts of 3FTxs were identified in transcriptomes of several vipers, including
A. feae [14]. However, no 3FTx neurotoxins were found in viper venoms so far. In the Feae’s viper
venom, we have identified several 3FTxs (Figure 7); all these toxins contain the fifth disulfide bridge in
the loop I and thus belong to so-called basal or non-conventional toxins [29,30]. Toxins of this group,
similarly to a-neurotoxins, interact with some types of nicotinic acetylcholine receptors [39,40] and
bind to muscarinic acetylcholine receptors as well [41,42]. It should be mentioned that the sequences
of 3FTxs determined in this work are different from 3FTx-Aze-1 [14] described earlier. The differences
between the published sequence 3FTx-Aze-1 and our sequence 3FTx-Aze-2 are not very big, including
only four substitutions at positions 42, 63, 68 and 69, and may be explained by individual venom
variations (Figure 5), while the other toxin amino acid identified in this work differs more strongly
from that of 3FTx-Aze-1. The sequences of A. feae 3FTxs are distinguished by the number of amino acid
residues between invariant cysteine residues. In addition, 3FTx-Aze-4 has an extended C-terminal tail,
which makes it similar to long-type a-neurotoxins from elapid venoms. Based on the results obtained,
it can be concluded that the A. feae 3FTxs are quite remarkable. The amino acid sequences of some
A. feae 3FTxs have similarities with sequences of toxins from Colubridae. Interestingly, heterogeneity
in sequences is observed within one species, and some of the sequences are closer to those from
Viperidae and some from Colubridae. The first step to investigate the biological activity of A. feae
three-finger toxins is our recent work, where the gene encoding the sequence of 3FTx-Aze-2 (Figure 5)
was synthesized, expressed in Escherichia. coli, and the biological activity studies showed that the
heterologously expressed toxin inhibited nicotinic acetylcholine receptors of both muscle and neuronal
types [31].

It should be noted that the important components of Crotalidae venoms are
bradykinin-potentiating peptides (BPP). BPPs are produced in venom glands by processing
long precursor proteins including as a rule several sequences of BPP and natriuretic peptide.
During mass-spectrometric analysis of A. feaze venom, we have found two peptides, Y-BPP and
R-BPP, with amino acid sequences homologous to BPPs (Figure 7). The synthetic BPPs showed
bradykinin-potentiating effects (Figures 8 and 9). Analysis of transcriptomic data revealed a nucleotide
sequence encoding a polypeptide containing several azemiopsin sequences as well as sequences of
both Y-BPP and R-BPP (Figure 5). We have not obtained precursors with sequence length similar to the
ones determined before [13]; however, the shorter fragments fit well to the long precursor. It should
be mentioned that the sequences of one BPP are different; the lysine residue in the long precursor
is replaced by arginine in the sequence of R-BPP (Figure 6). The tripeptide fragment QKW is also
found in the sequences of precursors. The tripeptide ZKW characteristic to Viperidae venoms is an
endogenous inhibitor of metalloproteinases [43,44]. Usually, several QKW repeats have been found in
the CNP precursors; however, only one is found in sequence from A. feae.

In addition, if we fully cover the repertoire of toxins from what we found only in the form of
transcripts, it turns out that A. feae retained a wider range of toxins from the common ancestor of
Viperidae. Apparently, the common ancestor had a much wider arsenal of toxins. It is logical to
assume that retaining a wider range of toxins is due to the absence of strict selection in the habitat of
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A. feae; in other Viperidae, the selection was apparently due to specialization in prey and a change in
living conditions.

For the Viperidae, an origin in Asia was presumed, and for the Crotalinae (and Azemiops), the
origin was firmly placed in Asia [5,6]. It can be assumed that A. feae is a relic (“ancient old-timer”) whose
habitat was stable enough to leave the entire toxin repertoire or at least part of it almost unchanged.
Various assumptions can be made about the presence of transcripts, but the lack of protein would
indicate that this is just a blank transcription. Again, the lack of selection minimizes their divergence.
The found unique peptides may be just a new type of adaptation and a unique feature of A. feae or
further development of toxins inherited from an ancient ancestor.

For biological activity studies, Y-BPP and R-BPP were prepared by solid phase synthesis. Studies on
SD rats revealed that both peptides dose-dependently potentiated the activity of bradykinin. At 1
mg/kg, the peptides increased the bradykinin effects by 30% (Figure 9B,D). This value is similar to the
ones observed for some BPPs from Bothrops venoms [45]. While Y-BPP has some structural similarity
to BPPs earlier described, for example to BPPB from Agkistrodon blomhofii (Figure 7), the sequence of
R-BPP is unique. Thus, we have found a BPP with a new structural motif.

5. Conclusions

We have described the comprehensive venom-gland transcriptomic and quantitative proteomic
venom characterization of A. feae viper. The proteomic analysis revealed the presence of 120
unique proteins, serine proteinases and phospholipases A, being the most abundant. In total,
toxins representing 14 families were identified, among which bradykinin-potentiating peptides
with unique amino acid sequence features were found and shown to possess biological activity
invivo. The proteomic analysis also revealed three-finger toxins which belong to the group of
non-conventional toxins possessing neurotoxic activity. This is the first indication of the presence of
three-finger neurotoxins in viper venom. The transcriptomic analysis of the venom gland by Illumina
next-generation sequencing revealed 206 putative venom transcripts. Together, the study unveiled the
venom proteome and venom gland transciptome of A. feze, which in general resemble those of snakes
from the Viperidae family. However, new toxins not found earlier in viper venom and including
three-finger toxins and unusual bradykinin-potentiating peptides were discovered.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/8/249/s1,
Figure S1: Gene ontology by categories of biological process, cellular component and molecular function, Figure S2:
Functional categories of the contigs in KOG database. (A), RNA processing and modification; (B), chromatin
structure and dynamics; (C), energy production and conversion; (D), cell cycle control, cell division, chromosome
partitioning; (E), amino acid transport and metabolism; (F), nucleotide transport and metabolism; (G), carbohydrate
transport and metabolism; (H), coenzyme transport and metabolism; (I), lipid transport and metabolism; (J),
translation, ribosomal structure and biogenesis; (K), transcription; (L), replication, recombination and repair; (M),
cell wall/membrane/envelope biogenesis; (N), cell motility; (O), posttranslational modification, protein turnover,
chaperones; (P), inorganic ion transport and metabolism; (Q), secondary metabolites biosynthesis, transport
and catabolism; (R), general function prediction only; (T), signal transduction mechanisms; (U), intracellular
trafficking, secretion and vesicular transport; (V), defense mechanisms; (W), extracellular structures; (Y), nuclear
structure; (Z), cytoskeleton; (S), function unknown, Figure S3: The distribution of the top 10 BLAST hits. Snake
species are underlined, Figure S4: (A) Multiple sequence alignment of serine proteases (SVSPs) from the venom
gland transcriptome of A. feae in comparison with the described serine proteases from A. feae. Alignment
generated by MUSCLE (Here and in all following captions, MUSCLE is MUlItiple Sequence Comparison by
Log-Expectation) with percentage identity coloring scheme. (B) Multiple sequence alignment overview window,
for serine proteases (SVSPs) from the venom gland transcriptome of A. feae in comparison with the described
serine proteases from A. feae. Alignment generated by MUSCLE (Here and in all following captions, MUSCLE
is MU]Itiple Sequence Comparison by Log-Expectation) with ClustalX Colour Scheme, Figure S5: (A) Multiple
sequence alignment of phospholipase A2 (PLA2) transcripts from the venom gland transcriptome of A. feae in
comparison to PLA2 sequences of representative venomous snakes. Amino acids that determine the type of
phospholipase (D49, N49 or K49) are marked with a black frame and a red font. Alignment generated by MUSCLE
with ClustalX Colour Scheme. (B) Neighbor-joining (NJ) gene tree, based on BLOSUM62 matrix alignment
of the proteins in the PLA2 cluster. Branches corresponding to acidic phospholipases are marked in yellow;
branches corresponding to basic phospholipases are marked in blue. New discovered isoforms are marked in
red. PLA2 previously discovered by other researchers are marked in grey boxes. Human PLA2 was used as
outgroup, Figure S6: Multiple sequence alignment of L-amino-acid oxidase (LAAO) transcripts from A. feae
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with two Viperidae homologs. Alignment generated by MUSCLE with ClustalX Colour Scheme, Figure S7: (A)
Multiple sequence alignment of zinc metalloprotease (SVMP) transcripts from A. feae in comparison to zinc
metalloprotease sequences of representative venomous snakes. Alignment generated by MUSCLE with percentage
identity coloring scheme. (B) Multiple sequence alignment overview window for zinc metalloprotease (SVMP)
transcripts from A. feae in comparison to zinc metalloprotease sequences of representative venomous snakes. The
top of the alignment shows the domain organization of the reference metalloproteinases. Alignment generated
by MUSCLE with ClustalX Colour Scheme, Figure S8: Multiple sequence alignment of snake venom Vascular
Endothelial Growth Factors (svVEGF) in comparison to svVEGF sequences of representative venomous snakes.
Alignment is separated by bold lines into blocks according to types of svVEGF. Alignment generated by MUSCLE
with ClustalX Colour Scheme, Figure S9: Multiple sequence alignment of phospholipase B (PLB) transcripts from
the venom gland transcriptome of A. feae in comparison to PLB sequences of representative venomous snakes.
Alignment generated by MUSCLE with percentage identity coloring scheme, Figure S10: Multiple sequence
alignment of venom phosphodiesterase 1 (vVPDE) transcripts from the venom gland transcriptome of A. feae in
comparison to VPDE sequences of representative venomous snakes. Alignment generated by MUSCLE with
ClustalX Colour Scheme, Figure S11: Multiple sequence alignment of hyaluronidases (HYA) with Protobothrops
mucrosquamatus homolog. Alignment generated by MUSCLE with ClustalX Colour Scheme, Figure S12: Multiple
sequence alignment of nerve growth factor (svINGF) partial transcripts from A. feae in comparison to svNGF
sequences of representative venomous snakes. Alignment generated by MUSCLE with ClustalX Colour Scheme,
Figure S13: Multiple sequence alignment of cystatins (CST) from the venom gland transcriptome of A. feae in
comparison to cystatins sequences of representative venomous snakes. Alignment is separated by bold lines into
blocks according to types of cystatins. Alignment generated by MUSCLE with ClustalX Colour Scheme, Figure S14:
Multiple sequence alignment of kazal (KAZ) domains with comparison to kazal-like sequences of representative
venomous snakes. Alignment generated by MUSCLE with ClustalX Colour Scheme, Figure S15: Multiple sequence
alignment of acetylcholinesterase (AChE) partial transcripts from the venom gland transcriptome of A. feae with
two Vipera anatolica cholinesterases. Alignment generated by MUSCLE with percentage identity coloring scheme,
Figure S16: Multiple sequence alignment of calcium-binding protein (Reticulocalbin) transcripts in comparison to
sequences of representative venomous snakes. Alignment generated by MUSCLE with ClustalX Colour Scheme,
Figure S17: Multiple sequence alignment of translationally controlled tumor protein (TCTP/HRF) transcripts from
the venom gland transcriptome of A. feae in comparison with Crotalus horridus homolog. Alignment generated
by MUSCLE with percentage identity coloring scheme, Figure S18: Multiple sequence alignment of lysosomal
acid phosphatase (VAP) from the venom gland transcriptome of A. feae in comparison to VAP sequences of
representative venomous snakes. Alignment generated by MUSCLE with percentage identity coloring scheme,
Figure 519: Sequence alignment of insulin-like growth factor-binding protein (IGFBP) partial transcript from the
venom gland transcriptome of A. feae in comparison with Protobothrops mucrosquamatus homolog. Alignment
generated by MUSCLE with percentage identity coloring scheme, Figure S20: Multiple sequence alignment
of venom prothrombin activator (vPA) partial transcripts from the venom gland transcriptome of A. feae in
comparison with Oxyuranus microlepidotus homolog. Alignment generated by MUSCLE with percentage identity
coloring scheme. Figure S21: Multiple sequence alignment of kunitz (KUN) domains with comparison to
kunitz-like sequences of representative venomous snakes. Alignment generated by MUSCLE with percentage
identity coloring scheme, Figure S22: Multiple sequence alignment of glutaminyl-peptide cyclotransferase (QC)
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Abstract: The Chinese Cobra (Naja atra) is an elapid snake of major medical importance in southern
China. We describe the in vitro neurotoxic, myotoxic, and cytotoxic effects of N. atra venom, as well
as examining the efficacy of three Chinese monovalent antivenoms (N. atra antivenom, Gloydius
brevicaudus antivenom and Deinagkistrodon acutus antivenom) and an Australian polyvalent snake
antivenom. In the chick biventer cervicis nerve-muscle preparation, N. atra venom (1-10 ug/mL)
abolished indirect twitches in a concentration-dependent manner, as well as abolishing contractile
responses to exogenous acetylcholine chloride (ACh) and carbamylcholine chloride (CCh), indicative of
post-synaptic neurotoxicity. Contractile responses to potassium chloride (KCI) were also significantly
inhibited by venom indicating myotoxicity. The prior addition of Chinese N. atra antivenom
(0.75 U/mL) or Australian polyvalent snake antivenom (3 U/mL), markedly attenuated the neurotoxic
actions of venom (3 pug/mL) and prevented the inhibition of contractile responses to ACh, CCh,
and KCI. The addition of Chinese antivenom (0.75 U/mL) or Australian polyvalent antivenom
(3 U/mL) at the tg) time point after the addition of venom (3 pg/mL), partially reversed the inhibition
of twitches and significantly reversed the venom-induced inhibition of responses to ACh and CCh,
but had no significant effect on the response to KCI. Venom (30 pg/mL) also abolished direct twitches
in the chick biventer cervicis nerve-muscle preparation and caused a significant increase in baseline
tension, further indicative of myotoxicity. N. atra antivenom (4 U/mL) prevented the myotoxic
effects of venom (30 ug/mL). However, G. brevicaudus antivenom (24 U/mL), D. acutus antivenom
(8 U/mL) and Australian polyvalent snake antivenom (33 U/mL) were unable to prevent venom
(30 ug/mL) induced myotoxicity. In the L6 rat skeletal muscle myoblast cell line, N. atra venom caused
concentration-dependent inhibition of cell viability, with a half maximal inhibitory concentration
(ICs0) of 2.8 + 0.48 pug/mL. N. atra antivenom significantly attenuated the cytotoxic effect of the venom,
whereas Australian polyvalent snake antivenom was less effective but still attenuated the cytotoxic
effects at lower venom concentrations. Neither G. brevicaudus antivenom or D. acutus antivenom were
able to prevent the cytotoxicity. This study indicates that Chinese N. afra monovalent antivenom is
efficacious against the neurotoxic, myotoxic and cytotoxic effects of N. atra venom but the clinical
effectiveness of the antivenom is likely to be diminished, even if given early after envenoming. The use
of Chinese viper antivenoms (i.e., G. brevicaudus and D. acutus antivenoms) in cases of envenoming
by the Chinese cobra is not supported by the results of the current study.

Keywords: Naja atra; neurotoxicity; myotoxicity; venom; antivenom; snake
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1. Introduction

There are approximately 205 species of snakes in China, of which more than 50 species are
venomous [1]. The Chinese Cobra (Naja atra) is one of the top ten most venomous and clinically
important species in China [2]. In China, N. atra is mainly distributed south of the Yangtze River, but
is also found in Laos and Vietnam. Based on venomic data, Chinese N. atra venom contains a range
of toxins, with cardiotoxins and short-chain neurotoxins being the most abundant components [3-6].
We have previously isolated a short-chain neurotoxin, a-Elapitoxin-Nala, from Chinese N. atra
venom [7]. However, it has been previously shown that short-chain neurotoxins dissociate readily
from human nicotinic acetylcholine receptors (nAChRs) and are unlikely to contribute substantially to
neurotoxicity in humans [7,8]. The major outcomes of envenoming by Chinese N. atra include severe
wound necrosis or chronic necrotic ulceration for which large doses of antivenom are administered.
Treatment also requires wound infection control and repeated surgical debridement, with the potential
for the eventual amputation of limbs. However, marked neurotoxicity including respiratory muscle
paralysis is relatively rare [2,9-11].

Antivenoms form the mainstay treatment of systemic snake envenoming. Currently available
antivenoms in China include a monovalent N. atra antivenom, and a bivalent elapid (N. atra and Bungarus
multicinctus) antivenom in Taiwan [2,10]. However, there are a lack of animal studies or clinical trials
that demonstrate the efficacy of N. atra antivenom. Unfortunately, the use of non-specific antivenoms is
common in mainland China given there are only monovalent snake antivenoms available, i.e., two for
elapids: N. atra (Chinese Cobra) antivenom and Bungarus multicinctus (Chinese Krait) antivenom;
and two for vipers: Gloydius brevicaudus (Short-Tailed Mamushi) antivenom and Deinagkistrodon acutus
(Sharp-nosed Pit Viper) antivenom. G. brevicaudus or D. acutus antivenoms are advocated for the
treatment of local necrosis in patients envenomed by N. atra, when specific antivenom is unavailable.
However, there is no evidence for the cross-neutralizing ability of these antivenoms for myotoxicity or
cytotoxicity, although patients envenomed by these vipers may also experience local necrosis in severe
cases [2].

In this study, we examined the in vitro neurotoxic, myotoxic and cytotoxic effects of Chinese
N. atra venom and evaluated the efficacy of Chinese N. atra monovalent antivenom in comparison to a
polyvalent elapid antivenom (i.e., Australian polyvalent antivenom) and the possible protective effects
of Chinese G. brevicaudus and D. acutus antivenoms against the myotoxicity and cytotoxicity induced
by N. atra venom.

2. Experimental Section

2.1. Venom and Antivenoms

Freeze-dried N. atra venom was obtained from Orientoxin Co., Ltd. (Laiyang, Shandong, China).
Chinese N. atra monovalent antivenom (Batch number: 20181202; expiry date: 27/12/2021), Chinese
G. brevicaudus monovalent antivenom (Batch number: 20190605; expiry date: 18/06/2022), Chinese
D. acutus monovalent antivenom (Batch number: 20190101; expiry date: 21/01/2022) were purchased
from Shanghai Serum Biological Technology Co., Ltd. (Shanghai, China). Australian polyvalent snake
antivenom (Batch number: 055517501; expiry date: 04/2013) was purchased from Seqirus (Melbourne,
Australia). The amount of each antivenom required to neutralize in vitro neurotoxicity was based
on the quantity of venom in the organ bath. While for the myotoxicity study, in order to achieve a
sufficiently high concentration of antivenom for the venom, all antivenoms were tested at 40 uL/mL.
According to the manufacturer’s instructions: 125 U of N. atra antivenom neutralizes 1 mg of N. atra
venom; 1500 U of G. brevicaudus antivenom neutralizes 1-1.25 mg of G. brevicaudus venom; and 136 U of
D. acutus antivenom neutralizes 1-3 mg of D. acutus venom. For the Australian polyvalent antivenom,
1 U of antivenom neutralizes 10 ug of venom from the species of snake against which the antivenom is
raised (i.e., brown snake, death adder, mulga snake, taipan, tiger snake).
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2.2. Chemicals and Reagents

The following chemicals and drugs were used: acetylcholine chloride (ACh; Sigma-Aldrich,
St. Louis, MO, USA), carbamylcholine chloride (CCh; Sigma-Aldrich, St. Louis, MO, USA),
d-tubocurarine chloride (d-TC; Sigma-Aldrich, St. Louis, MO, USA), potassium chloride (KCl, Ajax
Finechem Pty. Ltd., Taren Point, Australia), bovine serum albumin (BSA; Sigma-Aldrich, St. Louis,
MO, USA), 0.5% Trypsin-EDTA (Gibco Thermofisher, Melbourne, Australia), Penicillin/Streptomycin,
Dulbecco’s Phosphate Buffered Saline, Dulbecco’s Modified Eagle Medium (DMEM) GlutaMAX TM,
DMSO (Merck; Darmstach, Germany), CellTire 96 Aqueous One Solution Cell Proliferation Assay
(MTS assay; Promega; Melbourne, Australia). All chemicals were dissolved or diluted in Milli-Q water
unless otherwise stated.

2.3. Chick Biventer Cervicis Nerve-Muscle Preparation

Chickens (male; aged 4-10 days) were killed by exsanguination following CO, inhalation.
Two biventer cervicis nerve-muscle preparations were dissected from each chick and mounted in
separate organ baths on wire tissue holders under 1 g resting tension. Preparations were maintained
at 34 °C, bubbled with 95% O, and 5% CO,, in 5 mL organ baths filled with physiological salt
solution consisting of (in mM): 118.4 NaCl, 4.7 KCI,1.2 MgSQOy, 1.2 KH,POy, 2.5 CaCly, 25 NaHCO3,
and 11.1 glucose. Venom was dissolved in 0.05% (w/v) bovine serum albumin (BSA).

For neurotoxicity experiments, indirect twitches were evoked by stimulating the motor nerve
at supramaximal voltage (0.1 Hz; 0.2 ms; 10-20 V) via an electronic stimulator. d-TC (10 uM) was
then added to the preparations with the subsequent abolishment of twitches indicating that they were
nerve-mediated. The twitches were then restored by washing the preparation with physiological
salt solution. Electrical stimulation was stopped and contractile responses to exogenous ACh (1 mM
for 30 s), CCh (20 uM for 60 s), and KCl (40 mM for 30 s) obtained. Electrical stimulation was then
recommenced for at least 30 min before the addition of venom or antivenom. To examine the efficacy of
antivenom to prevent venom-induced neurotoxicity, antivenom was added to the tissues 10 min before
venom. To examine the efficacy of antivenom to reverse venom-induced neurotoxicity, antivenom was
added to the tissues at the tgy time point (i.e., when the twitch height was inhibited by 90%). At the
conclusion of each experiment, ACh, CCh, and KCl were re-added as above.

For myotoxicity experiments, the biventer cervicis muscle was directly stimulated (0.1 Hz; 2 ms) at
supramaximal voltage (20-30 V). In these experiments the electrode was placed around the belly of the
muscle and d-TC (10 pM) remained in the organ bath for the duration of the experiment. Venom was
left in contact with the preparation until twitch blockade occurred, or for a maximum 3 h period. Venom
was considered to be myotoxic if it inhibited twitches elicited by direct stimulation and/or caused a
contracture of the skeletal muscle (i.e., increase in the baseline tension of the muscle). To examine the
ability of antivenom to neutralize venom-induced myotoxicity (i.e., myotoxicity prevention study),
tissues were equilibrated with antivenom for 10 min before venom was added.

Twitch responses and responses to exogenous agonists were measured via a Grass FT03 force
displacement transducer and recorded on a PowerLab system (ADInstruments Pty Ltd., Bella Vista,
Australia). Animal experiments were approved on 12 May 2017 by the Monash University Ethics
Committee application MARP/2017/147. All experiments were performed in accordance with relevant
guidelines and regulations.

2.4. Cell Culture Experiments

2.4.1. Venom

Freeze-dried venom was reconstituted in distilled water on the day of use. Protein content was
determined utilizing a BCA protein assay kit according to the manufacturer’s instructions. Briefly,
venom (25 uL) was added in triplicate to a 96-well micro-titer plate. BSA solutions, diluted from
1-0.025 mg/mL, were used as reference standards and distilled water was used as the blank. Absorbance
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was measured at 562 nm utilizing VERSAmax tunable microplate reader (Molecular Devices, San Jose,
CA, USA). Venom stock solutions were stored at 4 °C until required.

2.4.2. Heat Inactivation of Fetal Bovine Serum (hiFBS)

Fetal bovine serum was heated to 56 °C for 30 min. Following heat-inactivation, serum was
sterilized using a 0.22 uM Millipore filter (Sigma-Aldrch, North Ryde, Australia). Serum was dispensed
into sterile centrifuge tubes and stored at —20 °C.

2.4.3. Cells

The rat skeletal muscle myoblast cell line, L6, was purchased from The American Type
Culture Collection (ATCC, Manassas, VA, USA). L6 cells were grown in 175 cm? flasks
(Nunc, Thermofisher, Melbourne, Australia) in culture media DMEM supplemented with 10% hiFBS
and 1% penicillin/streptomycin (10% DMEM). Flasks were maintained at 37 °C with 5% CO, and media
was replenished every subsequent day. When the cells reached 80% confluence (assessed by eye using
a light microscope), trypsin was then used to lift the cells. Cells were centrifuged and the cell pellet was
re-suspended in culture media (35 mL). Cell suspension (100 uL/well) was aliquoted into four 96-well
cell culture plates (92 wells/plate) (Nunc, Thermofisher, Melbourne, Australia). Plates were maintained
at 37 °C in an atmosphere of 5% CO,. Media was replenished every second day until cells reached
90% confluence. For cell differentiation to occur (i.e., skeletal myoblast cells into skeletal myocytes),
10% DMEM was removed from wells and replaced with DMEM media supplemented with 2% hiFBS
and 1% penicillin/streptomycin (2% DMEM). Plates were subsequently maintained at 37 °C in an
atmosphere of 5% CO,. Media was replenished every second day, for one week, until cell differentiation
(i.e., appearance of long striated cells, assessed by eye using a light microscope) was observed.

To maintain L6 stock, cells at passage 2 were lifted using trypsin and centrifuged. Supernatant
was discarded and cell pellets were re-suspended in DMEM (20 mL) supplemented with 30% hiFBS
and 10% DMSO. Cell suspension was aliquoted into individual 1 mL cryovials and stored in liquid
nitrogen until required. Cells were passaged up to passage 12 before being discarded and a new vial of
cells thawed.

2.4.4. Cell Proliferation Assay (MTS Assay)

For cell viability experiments, media were removed from wells of differentiated L6 cell culture
plates and the wells were washed once with pre-warmed PBS. Venom stock solution was diluted in 2%
DMEM culture media to a final concentration of 100 ug/mL. This was subsequently serially diluted
either 1.5-fold (100-0.016 ug/mL) or 1.3-fold (100-0.24 pg/mL). Dilutions (100 uL/well) were added
in quadruplicate to wells in a cell culture plate. Culture media controls (i.e., cells and media with
no venom) and media blanks (i.e., no cells) were also run in parallel. The plates were maintained at
37 °C with 5% CO; for 24 h. Cell culture plates were subsequently removed from the incubator and
washed with pre-warmed PBS three times. DMEM culture media (2%; 50 uL/well) and MTS solution
(10 pL/well) were pre-mixed, and 60 puL added to each well. Plates were further incubated at 37 °C
with 5% CO; for 1 h. Absorbance was measured at 492 nm utilizing a VERSAmax tunable microplate
reader (Molecular Devices, San Jose, CA, USA).

2.4.5. Examining the Efficacy of Antivenom

Media was removed from wells of L6 cell culture plates and the wells were washed once
with pre-warmed PBS. Venom stock solutions were diluted to a concentration of 0 (no venom),
2.5 (ICsp concentration range), 5 (twice ICsp), 10 (initial concentration where 100% cell death occurs),
or 30 pug/mL (concentration used in myotoxic study) in 2% DMEM culture media containing either
no antivenom (venom only) or supplemented with N. atra monovalent antivenom (200 pL; 4 U/mL)
Australian polyvalent snake antivenom (200 uL; 33 U/mL), G. brevicaudus antivenom (200 nL; 24 U/mL),
or D. acutus antivenom (200 pL; 8 U/mL).
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Each of the dilutions were added in triplicate to L6 culture plates and incubated at 37 °C with
5% CO, for 24 h. Culture plates were removed from the incubator and washed with pre-warmed
PBS three times. Fresh DMEM culture media (50 puL/well) and MTS solution (10 puL/well) were
pre-mixed, and 60 pL/well was added to each well. The plates were further incubated at 37 °C with 5%
CO; for 1 h. Absorbance was measured at 492 nm utilizing VERSAmax tunable microplate reader
(Molecular Devices, San Jose, CA, USA).

2.5. Data Analysis

For both in vitro neurotoxicity and myotoxicity experiments, twitch height in the chick biventer
preparation was measured at regular time intervals and expressed as a percentage of the pre-venom
twitch height. In neurotoxicity studies, the time taken for 90% inhibition of the twitch response
(too value) was used to determine the potency of N. atra venom. Post-venom contractile responses
to ACh, CCh, and KCl were expressed as a percentage of their original responses. In myotoxicity
studies, the change in gram (g) of muscle baseline tension was measured every 10 min after venom
addition. The maximum change in tension (g) and time (min) to achieve the maximum change in
tension were also measured. Comparison of the effects of N. atra venom on twitch height, baseline
tension, or time to reach maximum change in tension were made using a one-way analysis of variance
(ANOVA). Comparison of responses to exogenous agonists before and after the addition of venom
or vehicle was made using a Student’s paired t-test. All ANOVAs were followed by a Bonferroni’s
multiple comparison post-hoc test. Data are presented as mean =+ standard error of the mean (SEM)
of n experiments. All data and statistical analyses were performed using PRISM 8.0.2 (GraphPad
Software, San Diego, CA, USA, 2019).

For cell experiments, sigmoidal growth curves were graphed using Prism 8.0.2 as cell viability
(% of maximum) versus log concentration of venom, and ICs, concentrations determined. Bar graphs
displaying the efficacy of antivenoms were plotted as a percentage of cell viability. Cell viability was
compared in the presence and absence of antivenom using a one-way ANOVA, with Bonferroni’s
multiple comparisons test. For all statistical tests, p < 0.05 was considered statistically significant.
Data are presented as mean + standard error of the mean (SEM) of n experiments.

3. Results
3.1. In Vitro Neurotoxicity

3.1.1. Concentration-Dependent Inhibition of Twitches and Exogenous Agonists Responses

N. atra venom (1-10 ug/mL) caused concentration-dependent inhibition of indirect twitches of
the chick biventer preparation, when compared to vehicle control (n = 6; one-way ANOVA, p < 0.05;
Figure 1a). The potency of the neurotoxic effect of venom was determined by calculating tgy or tso
(i.e., if the twitch height to decrease by 90% or 50%, respectively) with values as follows: 1 ug/mL
(tso 36 £ 2 min), 3 pg/mL (tgg 43 + 5 min), 10 ug/mL (tgg 17 + 1 min). Venom (1-10 pg/mL) also
abolished contractile responses to exogenous ACh (1 mM) and CCh (20 uM), indicating an action at
the post-synaptic nerve terminal, and significantly inhibited responses to KCI (40 mM), indicative of
myotoxicity (Figure 1b).
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Figure 1. (a) The concentration-dependent neurotoxic effects of N. atra venom (1-10 pg/mL)
on indirect twitches of the chick biventer cervicis nerve-muscle (CBCNM) preparation. (b) The
concentration-dependent effects of N. atra venom (1-10 pg/mL) on contractile responses to acetylcholine
chloride (ACh) (1 mM), carbachol (CCh) (20 uM), and potassium chloride (KCI) (40 mM) in the CBCNM.
* p < 0.05, significantly different from (a) control at 60 min or (b) pre-venom response to same agonist.
n==6.

3.1.2. In Vitro Neurotoxicity Antivenom Prevention Study

The prior addition of Chinese N. atra monovalent antivenom (0.75 U/mL, 2x the recommended
titre), or Australian polyvalent snake antivenom (3 U/mL, 10x the recommended titre), markedly
attenuated the neurotoxic actions of venom (3 ug/mL) (Figure 2a,c) and prevented the inhibition of
contractile responses to ACh, CCh, and KCl (Figure 2b,d).
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Figure 2. (a) The effects of N. atra venom (3 ug/mL) alone or with pre-addition of Naja atra antivenom
(Naja AV; 0.75 U/mL) on indirect twitches of the CBCNM. (b) The effects of N. atra venom (3 p1g/mL)
alone or with pre-addition of Naja AV (0.75 U/mL) on contractile responses to ACh (1 mM), CCh (20 uM),
and KCl (40 mM) in the CBCNM. (c) The effects of N. atra venom (3 pg/mL) alone or with pre-addition
of Australian polyvalent antivenom (Aus pvAV; 3 U/mL) on indirect twitches of the CBCNM. (d) The
effects of N. atra venom (3 pug/mL) alone or with pre-addition of Aus pvAV (3 U/mL) on contractile
responses to ACh (1 mM), CCh (20 uM), and KClI (40 mM) in the CBCNM. * p < 0.05, significantly
different compared to venom in the absence of antivenom at 60 min (a,c) or compared to pre-venom
response to same agonist (b,d). n = 5-6.
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3.1.3. In Vitro Neurotoxicity Antivenom Reversal Study

The addition of Chinese N. atra antivenom (0.75 U/mL, 2X the recommended titre), at the tgy time
point, after the addition of N. atra venom (3 ug/mL), partially restored the twitch height, i.e., reaching
42 + 5% (n = 6) of the initial pre-venom twitch height (Figure 3a). Chinese N. atra antivenom also
significantly reversed the venom-induced inhibition of responses to ACh and CCh, while having no
significant effect on the response to KCl (Figure 3b).
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Figure 3. (a) The effects of N. atra venom (3 pg/mL) alone or with Naja atra antivenom (Naja AV;
0.75 U/mL) added at the tgy time point on indirect twitches of the CBCNM. (b) The effects of N. atra
venom (3 pg/mL) alone or with Naja AV (0.75 U/mL) added at the tgy time point on contractile responses
to ACh (1 mM), CCh (20 uM), and KCl (40 mM) in the CBCNM. (c) The effects of N. atra venom
(3 ug/mL) alone or with Australian polyvalent antivenom (Aus pvAV; 3 U/mL) added at the tgy time
point on indirect twitches of the CBCNM. (d) The effects of N. atra venom (3 ug/mL) alone or with
Aus pvAV (3 U/mL) added at the tgy time point on contractile responses to ACh (1 mM), CCh (20 uM),
and KCI (40 mM) in the CBCNM. * p < 0.05, significantly different compared to control at 230 min
(a,c) or compared to pre-venom response to same agonist (b,d). @ p < 0.05, significantly different
compared to venom in the absence of antivenom at 230 min (a,c) or compared to response to agonist in
the absence of antivenom (b,d), n = 5-6.

The addition of Australian polyvalent antivenom, (3 U/mL, 10x the recommended titre), at the
tgo time point, after the addition of N. afra venom (3 ug/mL), partially restored the twitch height,
i.e., reaching 35 + 4% (n = 6) of the initial pre-venom twitch height (Figure 3c). The addition of
Australian polyvalent antivenom also significantly reversed the inhibition of responses to ACh and
CCh, while having no significant effect on the response to KClI (Figure 3d).

3.2. In Vitro Myotoxicity

N. atra venom (30 pg/mL) significantly inhibited twitches in the directly-stimulated chick biventer
preparation, when compared to vehicle at 180 min (n = 5-6; one-way ANOVA, p < 0.05; Figure 4a).
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Figure 4. The myotoxic effects of Naja atra venom (30 pg/mL), in the presence and absence of different
antivenoms, as indicated by the (a) change in twitch height in chick biventer cervicis preparation over
180 min; (b) change in baseline tension of the chick biventer cervicis preparation over 60 min; (c) max
change in baseline gram tension achieved in 60 min; and (d) the time achieve max change in baseline
tension. * p < 0.05, significantly different compared to control (a) at 180 min. ® p < 0.05, significantly
different compared to venom alone at 180 min (a) or 60 min (b) or compared to venom in the absence of
antivenom (c¢,d). n = 5-6. Antivenoms were added 10 min prior to venom. N. atra antivenom (Naja AV);
G. brevicaudus antivenom AV (Gb AV); D. acutus antivenom AV (Da AV); Australian polyvalent AV
(Aus pvAV).

The prior addition of Chinese N. atra monovalent antivenom 200 pL (4 U/mL, 1x the recommended
titre) markedly attenuated, but did not prevent, twitch inhibition (n = 6; one-way ANOVA, p < 0.05;
Figure 4a) and abolished the venom-induced increase in baseline tension compared to venom (30 ug/mL)
alone (n = 5-6; one-way ANOVA, p < 0.05; Figure 4b-d), indicating partial attenuation of the myotoxic
actions of N. atra venom.

In contrast, the prior addition of Australian polyvalent snake antivenom 200 puL (33 U/mL,
11X the recommended titre), G. brevicaudus antivenom 200 pL (24 U/mL, 0.5~0.7% the recommended
titre) or Chinese D. acutus monovalent antivenom 200 pL (8 U/mL, 2~6X the recommended titre),
failed to prevent or delay the venom-induced decrease in direct twitches(n = 5-6; Figure 4a) or
venom-induced increase in baseline tension (n = 5-6; Figure 4b—d), indicating a lack of efficacy against
the myotoxic actions of N. atra venom.

Control experiments (i.e., 200 uL of each antivenom alone) indicated the antivenoms had no direct
effect on tissue viability over a period of 180 min (n = 5-6 for each antivenom).

3.3. Cell Viability Assay

3.3.1. Venom Concentration—-Response Curves

Treatment of L6 cells with N. atra venom resulted in a concentration-dependent inhibition of cell
viability (Figure 5), with an ICsj of 2.8 + 0.48 pg/mL.
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Figure 5. Concentration-dependent venom-induced inhibition of cell viability in L6 cells.
3.3.2. Cell-Based Proliferation Assay-Efficacy of Antivenoms

L6 cells were treated with 2% DMEM media supplemented with venom at concentrations of 0,
2.5, 5,10, or 30 pg/mL and further supplemented with either no antivenom (i.e., venom alone) or
with N. atra antivenom (200 pL; 4 U/mL), Australian polyvalent snake antivenom (200 uL; 33 U/mL),
G. brevicaudus antivenom (200 pL; 24 U/mL), or D. acutus monovalent antivenom (200 pL; 8 U/mL).

N. atra venom caused a significant decrease in cell viability at all concentrations examined when
compared to cells treated with media alone (p < 0.05; Figure 6). N. atra antivenom significantly
attenuated the cytotoxic effect at all venom concentrations compared to control (p < 0.05; Figure 6).
Australian polyvalent snake antivenom was less effective but still attenuated the cytotoxic effects at
lower venom concentrations (i.e., 2.5-10 ug/mL; p < 0.05; Figure 6). Neither G. brevicaudus antivenom
or D. acutus antivenom were able to prevent the cytotoxicity at any venom concentration examined
(Figure 6).
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Figure 6. The effects of N. atra venom (0-30 pg/mL), in L6 cells, in the presence and absence of N. atra
antivenom (Naja AV, 4 U/mL), G. brevicaudus antivenom AV (Gb AV, 24 U/mL), D. acutus antivenom AV
(Da AV, 8 U/mL) or Australian polyvalent AV (Aus pvAY, 33 U/mL). * p < 0.05, significantly different
from control (i.e., 0 venom); * p < 0.05, significantly different from same concentration of venom in the
absence of antivenom.
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4. Discussion

We have shown that N. atra venom from China displays potent in vitro neurotoxic, myotoxic
and cytotoxic activity. The neurotoxic and cytotoxic effects of the venom were almost completely
abolished by the prior addition of specific N. atra antivenom, whereas the myotoxic effects were only
partially prevented. Interestingly, an Australian polyvalent antivenom, which is raised against the
venoms from a range of Australian elapids (i.e., Acanthophis antarcticus, Notechis scutatus, Oxyuranus
scutellatus, Pseudechis australis, and Pseudonaja textilis) and does not contain specific antibodies against
N. atra venom, displayed similar activity against the neurotoxic effects of N. atra venom but was less
effective against the cytotoxic effects and ineffective against the myotoxic effects. The Australian
polyvalent antivenom was included in our study as the venoms of the Australian elapids contain
a range of post-synaptic, pre-synaptic, and myotoxic components. These components are likely to
have close structural similarities with some of the components in the venom of the Chinese cobra
given we have previously shown that Australian Tiger snake (N. scutatus) antivenom prevents the
in vitro neurotoxicity induced by N. haje (Egyptian cobra) venom [12], and Australian polyvalent snake
antivenom prevents the in vitro neurotoxicity induced by N. kaouthia (monocled cobra) venom [13].

The two Chinese monovalent viper antivenoms (i.e., G. brevicaudus antivenom and D. acutus
antivenom antivenom) had no efficacy against the myotoxic or cytotoxic effects of N. atra venom.
We did not examine the efficacy of the Chinese viper antivenoms against the neurotoxic effects of
N. atra venom as this is not a clinical outcome of envenoming by this species, and the antivenoms
are used in China to treat the myotoxic symptoms of N. atra envenoming. Four monovalent snake
antivenoms are available in mainland China, and cross-neutralization by using nonspecific antivenoms
for snakebite is recommended in the Chinese 2018 Expert Consensus on snakebites [2]. However, it
appears as though the two viper antivenoms have no efficacy against N. atra venom.

We used the chick biventer cervicis nerve-muscle preparation, which contains both focally- and
multiply-innervated skeletal muscle fibers, to examine neurotoxicity and myotoxicity. This preparation
enables the determination of the site of action of venoms/toxins, i.e., either at the pre-synaptic nerve
terminal, post-synaptic nerve terminal or underlying skeletal muscle [14,15]. The time taken to
cause 90% (i.e., tgp) inhibition of nerve-mediated twitches can be used to compare the neurotoxic
potency of venoms/toxins. N. atra venom abolished indirect twitches in a time-dependent and
concentration-dependent manner, as well as inhibiting contractile responses to exogenous ACh and
CCh, while reducing responses to KCl, indicating that it acts post-synaptically and has myotoxic
effects on the tissue. The Chinese N. atra antivenom was highly efficacious when added prior to
venom and was also able to partially reverse the inhibitory effects of the venom when added at the
tgo time point. The failure to fully reverse the decline in twitch height is likely to be due to a number
of factors including the contribution of myotoxins and the lack of reversibility of some neurotoxins.
Indeed, we have previously shown that the short-chain post-synaptic neurotoxin x-Elapitoxin-Nala,
which accounts for approximately 9% of N. atra venom, displays pseudo-irreversible antagonism at
the skeletal muscle nicotinic acetylcholine receptor and is only partially reversed by antivenom [7].
Interesting, the Australian polyvalent snake venom displayed similar efficacy against the neurotoxic
effects of the venom indicating that the antigenic components in this antivenom, which is raised
against a number of venoms from Australian elapid snakes containing postsynaptic and/or presynaptic
neurotoxins, are able to recognize the neurotoxic components of N. atra venom.

Despite possible geographical differences in venom composition, the percentage of cardiotoxins
and neurotoxins reported in N. atra venom ranges from 52-68% and 11-23%, respectively [3,4,6].
Cardiotoxins, which target cell membranes, are likely to be the main components contributing to the soft
tissue necrosis and myotoxicity [16-20]. Indeed, N. atra venom has been shown to display high levels
of cytotoxicity [21]. Although, as indicated above, N. atra venom is highly neurotoxic in vitro, it is only
mildly neurotoxic in humans. This is most likely due to the neurotoxic components being short-chain
neurotoxins which readily dissociate from human muscle nAChRs [7]. Interestingly, a recent study
found that the post-synaptic a-neurotoxins in N. atra venom bind to the alpha-1 nAChR orthosteric site
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with selectivity towards the amphibian mimotope over lizard, avian and rodent mimotopes indicative
of prey selectivity [22]. Despite the early usage and administration of large doses of N. atra antivenom
in envenomed patients, severe wound necrosis or chronic necrotic ulceration causing extensive local
tissue injuries are commonly reported [9-11]. Although subsequent wound infection due to heavy
bacterial load introduced by the fangs [23,24] might contribute to this clinical dilemma, there is the
possibility of a lack of efficacy of the specific antivenom against the myotoxic effect of the venom.

As N. atra venom significantly inhibited responses to KCl in the indirectly stimulated chick
biventer experiments, the presence of myotoxic activity in the venom was further examined in the
directly stimulated chick biventer preparation. N. atra venom abolished direct twitches and induced
an increase in baseline tension indicative of myotoxicity [14,15]. Prior addition of N. atra antivenom
delayed, but did not prevent, inhibition of direct twitches, but abolished the increase in baseline tension.
However, the inability of N. atra antivenom to fully prevent myotoxicity may not indicate a lack of
full efficacy of the antivenom. Given that the myotoxic effects were studied at 10X the concentration
at which the neurotoxic effects were studied (i.e., 30 ug/mL compared to 3 pg/mL), a ratio which is
in line with many of our previous neurotoxic/myotoxic studies [25-27], it is likely that increasing the
antivenom concentration, e.g., at least double the manufacturer’s recommended amount, may full
prevent the myotoxic effects. Indeed, we needed to add 2x the manufacturer’s recommendation
to abolish venom neurotoxicity. However, we limited the maximum amount of antivenom used in
the myotoxicity study given that excessive amounts of antivenom can alter the osmolarity of the
physiological salt solution in the organ bath and affect tissue viability. The Australian polyvalent snake
antivenom and the two Chinese monovalent viper antivenoms failed to significantly inhibit either the
decrease in twitch height or increase in baseline tension.

N. atra antivenom also neutralized the potent cytotoxic effects of N. atra venom in L6 rat skeletal
muscle cells. It is worth noting that the antivenom was protective against 30 ug/mL of venom in
this assay, further supporting that the lack of full efficacy in the chick biventer myotoxic study was
due to an insufficient concentration of antivenom. This problem did not occur in the cell assay
given the much lower volumes used. The Australian polyvalent snake antivenom was protective at
lower concentrations of venom in the cytotoxicity assay, whereas the two viper antivenoms had no
significant protective effect. Although the venoms from these Chinese viper species (i.e., G. brevicaudus
and D. acutus) can cause local tissue swelling and necrosis in envenomed humans, their venom
proteomes and the relative abundance of major components are quite different to the Chinese elapid
N. atra venom [3,5]. Therefore, it is not surprising that these antivenoms were unable to prevent
the myotoxicity and cytotoxicity induced by N. atra venom. Our results strongly suggest that these
viper antivenoms are unlikely to neutralize the effects of venom in patients envenomed by N. atra.
Interestingly, the Australian polyvalent snake antivenom, which is raised against the venoms from five
species of highly venomous terrestrial Australian elapids, failed to prevent N. atra venom induced
myotoxicity in vitro while showing capability of fully preventing and even partially reversing N. atra
venom induced neurotoxicity and cytotoxicity. This divergence has not been previously reported and
could be explained by further venomic comparison studies between the species in the future.

5. Conclusions

In summary, we have, for the first time, examined the in vitro neurotoxic, myotoxic, and cytotoxic
effects of N. atra venom and the ability of specific Chinese N. afra monovalent antivenom, non-specific
Australian polyvalent snake antivenom, and Chinese G. brevicaudus monovalent antivenom and
Chinese D. acutus monovalent antivenom to neutralize these effects. Our studies indicate that Chinese
N. atra venom causes potent in vitro neurotoxicity, myotoxicity, and cytotoxicity, which is, largely,
neutralized by N. atra antivenom. While the Australian polyvalent antivenom was equally efficacious
against the neurotoxic effects, indicating the presence of similar antigenic neurotoxins, it was ineffective
against the myotoxicity and only partially protective against the cytotoxic effects. The Chinese viper
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antivenoms were ineffective and do not appear to display any cross-reactivity against the myotoxic
and cytotoxic components of N. atra venom.
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Abstract: Phospholipase A, (PLA;) enzymes are important toxins found in many snake venoms,
and they can exhibit a variety of toxic activities including causing hemolysis and/or anticoagulation.
In this study, the inhibiting effects of the small molecule PLA; inhibitor varespladib on snake venom
PLA;s was investigated by nanofractionation analytics, which combined chromatography, mass
spectrometry (MS), and bioassays. The venoms of the medically important snake species Bothrops
asper, Calloselasma rhodostoma, Deinagkistrodon acutus, Daboia russelii, Echis carinatus, Echis ocellatus, and
Oxyuranus scutellatus were separated by liquid chromatography (LC) followed by nanofractionation
and interrogation of the fractions by a coagulation assay and a PLA; assay. Next, we assessed the ability
of varespladib to inhibit the activity of enzymatic PLA;s and the coagulopathic toxicities induced by
fractionated snake venom toxins, and identified these bioactive venom toxins and those inhibited by
varespladib by using parallel recorded LC-MS data and proteomics analysis. We demonstrated here
that varespladib was not only capable of inhibiting the PLA; activities of hemotoxic snake venoms,
but can also effectively neutralize the coagulopathic toxicities (most profoundly anticoagulation)
induced by venom toxins. While varespladib effectively inhibited PLA, toxins responsible for
anticoagulant effects, we also found some evidence that this inhibitory molecule can partially abrogate
procoagulant venom effects caused by different toxin families. These findings further emphasize the
potential clinical utility of varespladib in mitigating the toxic effects of certain snakebites.

Keywords: varespladib; nanofractionation; PLA, activity; coagulopathic toxicity; neutralization
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1. Introduction

Phospholipases A, (PLA;s) are key enzymes involved in many events in cellular signaling and
act by cleaving ester bonds in phospholipids to generate fatty acids (hydrolysis reactions) [1-3].
They are pervasive in the mammalian pancreas and are highly abundant in many animal venoms [4,5].
Venom PLA; enzymes show a wide variety of functional activities, and thus can contribute to several
distinct pathologies in envenomed prey/people, as well as potentially helping with prey digestion [4,5].
They are recognized as the most thoroughly investigated venom toxins both in hemotoxic and
neurotoxic snake venoms [6,7]. Snake venom PLA;s are capable of contributing to presynaptic and/or
postsynaptic neurotoxicity, myotoxicity, and cardiotoxicity, which can induce platelet aggregation
disorders, hemolysis, anticoagulation, convulsions, hypotension, edema, and necrosis [4,5,8]. They play
an important role in contributing to the morbidity and mortality of snakebite victims, via paralysis
and destruction of respiratory muscle tissues, and/or due to their effect on homeostatic mechanisms
involved in coagulation and oxygen transport [9]. Although snakebite envenoming is a severe medical
problem that was recently added to the World Health Organization (WHO) list of Neglected Tropical
Diseases [10], it has for a long time been systematically neglected by governments worldwide, despite
over 100,000 people dying annually [11]. Although current snakebite treatments, known as antivenoms
(equine/ovine polyclonal antibodies), can be effective therapies capable of reducing morbidity and
mortality, they have many limitations associated with them, leaving a critical therapeutic gap between
snakebite and effective treatment [6,12]. Small molecule toxin inhibitor-based approaches are gaining
much traction as promising alternatives and/or complementary treatments for snakebite [12-16], as they
show a number of characteristics desirable for use as either early prehospital or adjunct therapies [13].

Varespladib is an indole-based nonspecific pan-secretory PLA; (sPLA;) inhibitor that potently
inhibits mammalian sPLAj-Ila, sSPLA,-V, and sPLA,-X, and in addition has been shown to inhibit venom
PLA,; toxins [17-20]. Varespladib was originally found to reduce PLA; concentrations in vivo, making
it a candidate treatment for several cardiovascular diseases [17,21,22], including the treatment of acute
coronary syndrome and systemic inflammatory response syndrome, but it was abandoned during Phase
III clinical trials due to lack of efficacy [17,23-25]. Recently, varespladib was repurposed for exploration
as a potential therapeutic candidate for snakebite, with early findings showing that varespladib and its
orally bioavailable prodrug methyl-varespladib effectively suppress venom-induced PLA; activity both
in vitro and in vivo [9]. Moreover, varespladib effectively reduces hemorrhage, edema, myonecrosis,
and neurotoxicity in mice caused by venoms of several medically important snakes, and as such
is a potential prereferral drug candidate for treating snakebites [25-28]. In addition to varespladib,
the orally available prodrug methyl-varespladib is effective in inhibiting neurotoxicity, reversing
neuromuscular paralysis, delaying or abrogating lethality, both immediately after envenoming and
after onset of symptoms [25,28,29]. In combination, these studies have highlighted the great potential
of varespladib as an orally available small molecule drug for use as a rapid snakebite intervention.

Consequently, in this study we aimed to investigate which specific venom components can be
inhibited by varespladib, with a focus on snake venoms that cause coagulopathic effects. Venoms
from the medically relevant snake species Bothrops asper, Calloselasma rhodostoma, Deinagkistrodon
acutus, Daboia russelii, Echis carinatus, Echis ocellatus, and Oxyuranus scutellatus were separated by liquid
chromatography (LC) followed by high resolution fractionation (nanofractionation) onto 384-well plates
allowing bioassaying of individual fractions for PLA; and coagulation activities. Then, the potential
inhibition of the detected activities by varespladib was evaluated and the toxins were identified
by correlating parallel obtained mass spectrometry (MS) with proteomics data. Our findings show
that varespladib is effective in inhibiting enzymatic activities of venom PLA;s as well as inhibiting
coagulopathic toxins (of which many were tentatively identified as venom PLA;s).

232



Biomedicines 2020, 8, 165

2. Experimental Section

2.1. Chemicals

Water was purified using a Milli-Q Plus system (Millipore, Amsterdam, The Netherlands).
Acetronitrile (ACN) (HPLC grade) and formic acid (FA) were purchased from Biosolve (Valkenswaard,
The Netherlands). Calcium chloride (CaCl,, Dihydrate, > 99%), NaCl, KCl, Tris base, Phosphate
buffered saline (PBS) tablets, Triton X-100, L-a-Phosphatidylcholine, Varespladib (A-001, LY315920),
and Cresol red were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Bovine plasma was
obtained from Biowest (Nuaillé, France) and stored at —80 °C until use. Pooled venoms from B. asper
(Costa Rica “Atlantic”), C. rhodostoma (captive bred, Thailand ancestry), D. acutus (captive bred, China
ancestry), D. russelii (Sri Lanka), E. carinatus (India), E. ocellatus (Nigeria), and O. scutellatus (Papua
New Guinea) were obtained from animals maintained in, or from the historical venom collection
of, the Centre for Snakebite Research and Interventions, Liverpool School of Tropical Medicine
(UK). These freeze-dried venoms were dissolved in water to a concentration of 5.0 + 0.1 mg/mL
and stored at —80 °C until use. PBS was prepared by dissolving PBS tablets in water according to
the manufacturer’s instructions and stored at 4 °C for no longer than seven days. Varespladib was
dissolved in DMSO (299.9%, Sigma-Aldrich, Zwijndrecht, The Netherlands) and stored at —20 °C.
Prior to use, this varespladib stock solution was diluted in PBS to the required concentrations.

2.2. LC with Parallel Nanofractionation and MS Detection

Venom toxins were separated on a Shimadzu UPLC system (‘s Hertogenbosch, The Netherlands)
which was controlled by Shimadzu Lab Solutions software. Venom solutions were diluted to 1.0 mg/mL
in MilliQ water of which 50 pL was injected by a Shimadzu SIL-30AC autosampler. A Waters XBridge
reverse-phase C18 column (250 X 4.6 mm column with a 3.5 pm pore size) was used under gradient
elution at 30 °C. The temperature of the column was controlled by a Shimadzu CTO-30A column
oven. By using two Shimadzu LC-30AD parallel pumps, the total solvent flow rate was maintained at
0.5 mL/min. Mobile phase A consisted of 98% HO, 2% ACN, and 0.1% FA while mobile phase B was
composed of 98% ACN, 2% H,0O, and 0.1% FA. For gradient elution, mobile phase B was increased
linearly from 0% to 50% in 20 min, then from 50% to 90% in 4 min. After reaching 90%, the flow rate
of mobile phase B was kept at 90% for 5 min. For reconditioning, the mobile phase B was decreased
from 90% to 0% in 1 min and kept at 0% for 10 min. The column effluent was split into two parts (9:1)
of which the 10% fraction was sent to a UV detector (Shimadzu SPD-M20A Prominence diode array
detector) while the remaining 90% was directed to a nanofraction collector. This was either a modified
Gilson 235P autosampler programmed for nanofractionation and controlled by the in-house written
software Ariadne, or a commercially available FractioMate™ nanofractionator (SPARK-Holland
and VU, Netherlands, Emmen and Amsterdam) controlled by the FractioMator software. Fractions
were collected onto transparent 384-well plates (F-bottom, rounded square well, polystyrene, no lid,
clear, non-sterile; Greiner Bio One, Alphen aan den Rijn, The Netherlands) at a resolution of 6 s/well.
The plates with collected fractions were subsequently dried overnight using a Christ Rotational Vacuum
Concentrator (RVC 2-33 CD plus, Zalm en Kipp, Breukelen, The Netherlands) equipped with a —80 °C
cooling trap during the vacuum-drying process. The evaporated plates were stored at —20 °C until
further use.

2.3. Phospholipase A, Activity Assay

The PLA,; activity assay was carried out according to the method recently reported by Still et al. [30]
using cresol red as a pH indicator. The PLA, assay monitors the decrease in pH caused by the
enzymatic conversion of L-a-Phosphatidylcholine to fatty acids. The assay solution was prepared
freshly by dissolving NaCl (100 mM, final concentration), KCI (100 mM), CaCl, (10 mM), Triton X-100
(0.875 mM), cresol red (0.02 mg/mL), and L-a-Phosphatidylcholine (0.875 mM) in a Tris buffer (1.0 mM,
pH 8.0). The pH of the bioassay solution was checked prior to each run and adjusted to pH 8.0
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by HCl if needed. For measurements, 40 uL of the assay solution was rapidly pipetted into each
well of a vacuum-centrifuge-dried 384-well plate with venom fractions using a VWR Multichannel
Electronic Pipette (10-200 uL; VWR International B.V., Amsterdam, The Netherlands) and a kinetic
absorbance measurement at 572 nm was initiated immediately at room temperature using a plate
reader (Varioskan™ Flash Multimode Reader, Thermo Fisher Scientific, Ermelo, The Netherlands).
Kinetic measurements were collected over 40 min, and the PLA; activity in each well was normalized
by dividing the slope obtained for each well by the median of all the slope values obtained across
the plate. For investigating PLA, inhibition by varespladib, 10 uL aliquots of various concentrations
varespladib (final concentrations of 20, 4, and 0.8 uM) were pipetted into each well of freeze-dried
384-well plates using a VWR Multichannel Electronic Pipette. Thereafter, the plates were centrifuged
for 1 min at 805% g (2000 rpm) in a 5810 R centrifuge (Eppendorf, Germany) to remove potential
air bubbles formed during the automated pipetting process, and then pre-incubated for 30 min at
room temperature. Next, the PLA; assay solutions were added as described above, and plate reader
measurements were initiated. For comparison, 10 puL of PBS were added to each well and pre-incubated
in the same manner as for the control experiments (indicated as PBS in the Figures). All analyses were
performed in at least duplicate.

2.4. Plasma Coagulation Activity Assay

In-house aliquoted plasma was stored in 15 mL CentriStar™ tubes (Corning Science, Reynosa,
Mexico) at —80 °C. For preparing the aliquots, a 500 mL bottle of sodium citrate plasma (Sterile Filtered;
Biowest, Nuaillé, France) stored at =80 °C was warmed in warm water until fully defrosted, after
which the plasma was quickly aliquoted in 15 mL CentriStar™ tubes, which were then immediately
frozen at —80 °C, and stored until use. Prior to use, the 15 mL CentriStar™ tubes were defrosted to
room temperature in a warm water bath and then centrifuged at 805x g (2000 rpm) (AllegraTM X-12
Centrifuge, Beckman Coulter) for 4 min to remove possible particulate matter.

For the coagulation assay, we followed our previously described approach [31,32]. Briefly, 20 uL
CaCl, solution (20 mM) was pipetted into each well of a freeze-dried plate using a Multidrop™
384 Reagent Dispenser (Thermo Fisher Scientific, Ermelo, The Netherlands). This was followed
by pipetting 20 uL of centrifuged plasma using the same Multidrop™ 384 Reagent Dispenser
(after in-between rinsing the Multidrop with Milli-Q). Next, absorbance at 595 nm was monitored
kinetically at room temperature on a plate reader (Varioskan™ Flash Multimode Reader, Thermo
Fisher Scientific, Ermelo, The Netherlands). Measurements were collected over 100 min, and the slope
of each well was normalized by dividing the slope measured in each well by the median of all slope
values across the plate. The slope of the average 0-5 min reading was used for depicting very fast
coagulation, whereas the slope of the average 0-20 min reading denoted slightly/medium increased
coagulation. The slope of the single reading at 100 min was used to depict anticoagulation activity.
Detailed explanations on the rationale of processing and plotting the data in this way are provided
in [32,33].

To investigate whether varespladib was capable of inhibiting coagulopathic venom activity, 10 uL
of various concentrations of the varespladib solution were added to each well of a freeze-dried 384-well
plate (10 pL of PBS was added to the venom-only control). For all bioassay pipetting steps, a VWR
Multichannel Electronic Pipette was used. The final concentrations of varespladib in the coagulation
bioassay were 20, 4, and 0.8 uM (and in some cases also 0.16 and 0.032 uM). Directly after pipetting the
varespladib solutions, plates were centrifuged for 1 min at 805x g (2000 rpm) using a 5810 R centrifuge
(Eppendorf, Germany) and then pre-incubated for 30 min at room temperature. Meanwhile, the plasma
coagulation activity assay solutions were prepared as described above and added to the plates after
the pre-incubation step, after which the plates were measured on the plate reader. All analyses were
performed in at least duplicate.
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2.5. Correlation of Biological and MS Data

In our previous study [33], the same snake venoms as currently studied were analyzed using
the nanofractionation approach, yielding accurate mass(es) of eluting venom toxins by MS and
coagulopathic activities of fractions in parallel. In addition, proteomics data were acquired by an
in-well tryptic digestion of the content of the wells that showed bioactivity followed by the LC-MS/MS
analysis. The UniprotKB database was used to search for information on the class and possible known
functions of relevant toxins. A correlation of the chromatographic LC-UV data acquired in this study
with the previous study referred to above permitted the bioassay data generated in this study to be
correlated with the MS and proteomics data previously obtained [33]. In order to identify potential
molecular masses of bioactive toxins, firstly for each peak found in the bioassay trace, a mass spectrum
was extracted by averaging the recorded spectra in the LC-MS trace over the corresponding time width
at half maximum/minimum of the bioactive peak. Then, from all the detected ions in the average mass
spectrum, extracted-ion chromatograms (XICs) were plotted. For XICs showing a peak shape and
retention time matching to the bioactive peak under consideration, the corresponding m/z value was
assigned to the bioactive compound. Finally, the deconvolution option in the MS software was used to
determine the accurate monoisotopic masses of the bioactive compound.

3. Results and Discussion

In this study, a nanofractionation approach was used to evaluate the effects of varespladib on
inhibiting PLA, enzymatic activity and coagulopathic properties of individual venom toxins. After LC
fractionation of venoms in 384-well plates, both the PLA; enzymatic activities and the clotting activities
of the individual venom fractions were evaluated. The inhibition of the measured venom toxin
activities was assessed under different varespladib concentrations, and each active fraction detected
was correlated with MS and proteomics data obtained in parallel to determine the identity of inhibited
venom toxins.

3.1. PLA; Bioactivity Profiles of Nanofractionated Venom Toxins

The PLA; activity profiles of the snake venoms obtained after LC fractionation are shown as
bioactivity chromatograms in Figure 1. Both O. scutellatus and E. carinatus venoms displayed relatively
sharp peaks (two at 23.0 and 24.6 min for O. scutellatus and one at 23.6 min for E. carinatus). Conversely,
D. russelii venom exhibited a broad and clear PLA; activity peak (23.8-26.8 min), while B. asper
displayed two closely eluting peaks (24.1 and 25.1 min) of which the first one (24.1 min) was observed
close to the background level and the latter eluting peak (25.1 min) was distinctive and broad. For the
other three venoms (E. ocellatus, D. acutus, and C. rhodostoma), no clear PLA; bioactivity was observed
at the analyzed venom concentration (1.0 mg/mL). All PLA; bioactivity chromatograms resulting from
duplicate measurements are presented in the Supplementary Materials (Section S1).
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Figure 1. Phospholipase A, (PLA;) bioactivity chromatograms of nanofractionated venom toxins.
Positive peaks indicate PLA; activity.

3.2. Coagulopathic Bioactivity Profiles of Nanofractionated Venom Toxins

The coagulopathic bioactivities of nanofractionated venom components are shown in Figure 2.
Most of the venoms displayed both pro and anticoagulant activities, except for the venom of O. scutellatus,
for which only anticoagulant activity was observed. Note that during chromatographic separations
under reversed-phase conditions non-stable toxin complexes and large toxins can denature, which
could explain the lack of procoagulation observed for O. scutellatus, but a recent study demonstrated that
higher venom concentrations were required to observe this effect with this venom after nanofractionation
(i.e., 5.0 instead of 1.0 mg/mL) [33]. For both D. russelii and O. scutellatus venoms, the very broad
anticoagulant peak observed indicates the presence of many closely eluting anticoagulant toxins—this
activity was sufficiently potent to be observed visually on the plates after measurement. Among venoms
with procoagulant activity, E. ocellatus venom only displayed a slightly/medium increased procoagulant
activity, while very fast procoagulant activity was not observed. C. rhodostoma venom had a relatively
weak anticoagulant and a strong procoagulant activity (for both very fast and slightly/medium increased
coagulation). Note that despite the fact that in general venom toxins are rather stable, during RPLC
within the nanofractionation analytics pipeline some venom toxins might have (partly) denatured and
thereby lost their enzymatic activity. Bioactivity chromatograms of duplicate measurements and a
detailed description of all observed coagulopathic peaks are shown in the Supplementary Materials
(Section S2).
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Figure 2. Coagulopathic bioactivity chromatograms of nanofractionated venom toxins. Anticoagulation

is measured as negative signals and procoagulation as positive signals.

3.3. Neutralization Capabilities of Varespladib on the Enzymatic PLA; Activity of Venom Toxins

As discussed in Section 3.1, only LC fractions of the B. asper, D. russelii, E. carinatus, and O. scutellatus
venoms were found to possess an abundantly detectable enzymatic activity in the PLA; assay. Therefore,
these four snake venoms were selected to assess the inhibitory effect of varespladib on the observed
PLA,; activities of the fractions (Figure 3). As anticipated, the observed PLA, activities for these
four snake venoms decreased with increasing concentrations of varespladib. The PLA; activities of
B. asper, D. russelii, and O. scutellatus venoms were fully neutralized by 20 uM varespladib, whereas
the activity observed for E. carinatus venom was abolished by 4 uM varespladib. These data indicate
broad-spectrum venom PLA; inhibition by varespladib. The duplicate bioassay chromatograms are
presented in the Supplementary Materials (Section S3).
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Figure 3. Superimposed PLA, bioactivity chromatograms for nanofractionated venom toxins measured in
the presence of the indicated concentrations of varespladib: (a) B. asper, (b) D. russelii, (c) E. carinatus, and
(d) O. scutellatus. Top traces are the online LC-UV chromatograms recorded at 220, 254, and 280 nm for the
respective venoms (allowing a correlation with LC-MS and proteomics data from Slagboom et al. [33]).

3.4. Neutralization Capabilities of Varespladib on Plasma Coagulation Activity of Venom Toxins

Next, we assessed the inhibition of coagulopathic toxins identified in the various venom fractions
by varespladib (Figure 4). Surprisingly, varespladib not only inhibited the anticoagulant activities of
a number of the nanofractionated venom toxins, but also had an effect on some of the procoagulant
venom fractions. Specifically, the anticoagulant activity of E. carinatus, E. ocellatus, and O. scutellatus
venoms were fully neutralized by 20 uM varespladib. Varespladib was particularly effective in
inhibiting the anticoagulant activity of toxins in O. scutellatus venom, and demonstrated a clear
dose-response relationship. The anticoagulant activity of D. acutus and D. russelii venom components
were almost completely abrogated with 20 uM varespladib, although trace activities remained.
Contrastingly, varespladib did not considerably inhibit the anticoagulant toxicities observed in B. asper
and C. rhodostoma venoms, with the exception that the first anticoagulant peak (23.1-24.2 min) in
B. asper venom was fully inhibited at a very low concentration (0.8 uM varespladib).

Varespladib also showed some inhibitory capabilities against the procoagulant activities of B. asper,
C. rhodostoma, D. acutus, D. russelii, E. carinatus, and E. ocellatus venom (Figure 4). The extent of
inhibition observed varied extensively, although full inhibition was not achieved across any of the
venoms. The greatest effect was observed against the venom of E. carinatus, where the very fast
coagulation activity was fully neutralized at 4 uM varespladib and most of the slightly/medium
increased procoagulant activity was fully inhibited at 20 uM varespladib. The potent procoagulant
activities of D. russelii venom were noticeably reduced in a dose-dependent manner, although full
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inhibition was not achieved, even when using the 20 uM varespladib concentration. Similar findings
were observed with the venoms of B. asper, C. rhodostoma, D. acutus, and E. ocellatus, where procoagulant
peaks were generally reduced in height with the highest concentrations of varespladib, suggesting
perhaps a nonspecific inhibitory effect. The duplicate bioassay chromatograms and a detailed
description of all coagulation-related activities neutralized by different concentrations of varespladib
are provided in the Supplementary Materials (Section S4).

Snake venom PLA;s are well-known for their anticoagulant toxicities [34-36]. Our results show that
varespladib effectively inhibits anticoagulant activities across a wide variety of medically important
snake venoms. Additionally, we also find that varespladib can reduce the procoagulant venom
activity, possibly by directly inhibiting enzymatic procoagulant toxins or blocking protein—protein
interactions. However, the concentration of varespladib required to show noticeable inhibition of
procoagulant venom activities was generally high (i.e., 20 uM), relative to that required for neutralizing
anticoagulant activities.
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Figure 4. Part 1—Coagulopathic toxicity chromatograms in the presence of various varespladib
concentrations for nanofractionated venom toxins from (a) B. asper, (b) C. rhodostoma, (c) D. acutus,
(d) D. russelii, (e) E. carinatus, (f) E. ocellatus, and (g) O. scutellatus. Top traces are the online LC-UV
chromatograms recorded at 220, 254, and 280 nm for the respective venoms (allowing a correlation
with LC-MS data and proteomics data from Slagboom et al. [33]). (figure continues on next page).
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Figure 4. Part 2—(continuation of figure from previous page). Coagulopathic toxicity chromatograms
in the presence of various varespladib concentrations for nanofractionated venom toxins from (a)
B. asper, (b) C. rhodostoma, (c) D. acutus, (d) D. russelii, (e) E. carinatus, (f) E. ocellatus, and (g) O. scutellatus.
Top traces are the online LC-UV chromatograms recorded at 220, 254, and 280 nm for the respective
venoms (allowing a correlation with LC-MS data and proteomics data from Slagboom et al. [33]).

3.5. Identification of Venom Toxins Neutralized by Varespladib

The correlated LC-MS (i.e., accurate masses of eluting venom toxins) and proteomics data obtained
by Slagboom et al. [33] were used to identify venom toxins with enzymatic PLA; and coagulopathic
activities (Tables 1 and 2). Bioactivities were linked to accurate molecular masses and tentative protein
identities by aligning the characteristic LC-UV chromatograms obtained for each venom. When no
exact mass data could be acquired by LC-MS, only the proteomics mass data obtained from the Mascot
searches are provided.

Based on the results displayed in Table 1 and Figure 3, the PLA; enzymes that were neutralized by
varespladib could be tentatively identified. From the four species exhibiting enzymatic PLA; activity
after nanofractionation (i.e., B. asper, E. carinatus, D. russelii, and O. scutellatus) we detected a total of 13
toxins, of which all were unsurprisingly identified as PLA; toxins. Eleven toxins were fully neutralized
by 20 uM varespladib, while two were inhibited by much lower doses (0.8 M varespladib). Variations
were observed among the species, however, with five bioactive PLA; enzymes identified in the venom
of B. asper, four in O. scutellatus, three in D. russelii, and only one in E. carinatus (Table 1).
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The assigned toxins responsible for the coagulation activities observed are displayed in Table 2.
Based on the data in Table 2 and Figure 4, the inhibitory potency of varespladib on the coagulopathic
venom protein(s) was assessed. All tentatively identified anticoagulant toxins for the anticoagulant
peaks from venoms of B. asper, D. acutus, D. russelii, E. carinatus, E. ocellatus, and O. scutellatus were
fully abrogated by varespladib, while the anticoagulant toxins from C. rhodostoma were not inhibited by
varespladib. No procoagulant toxins could be identified for the procoagulant peaks from the Mascot
results for D. russelii, E. carinatus, and O. scutellatus venoms. Procoagulant toxins were identified from
Mascot results for B. asper, C. rhodostoma, D. acutus, and E. ocellatus venoms, but we could not determine
exactly which toxins were partially inhibited by varespladib as multiple venom toxins were found
to co-eluted in each case. Thus, unambiguously assigning single toxins to each detected bioactivity
is problematic at this resolution, especially if broad bioactivity peaks are observed. Additionally,
when for example multiple potent anticoagulant toxins and a weak procoagulant toxin elute closely
together, the net observed effect would be anticoagulation and the procoagulant toxin would not be
detectable as a procoagulant. While distinction of all bioactive compounds in such cases requires
further improving LC separations under toxin non-denaturating and MS compatible eluent conditions,
it is worth noting that none of the tentatively assigned procoagulant toxins found here that were fully
or partially inhibited by varespladib were PLA;s (see Table 2), suggesting varespladib may interact
with other venom toxins. A detailed description of the results discussed here is provided in the
Supplementary Materials (Section S5).

4. Conclusions

A recently developed analytical platform combining LC, MS, and PLA; and coagulation activity
bioassays was applied to evaluate the inhibitory properties of varespladib against the enzymatic PLA;
and coagulopathic activities of toxins found in the venoms of several medically important snake
species. All venoms analyzed in this study showed constituents with clear coagulopathic toxicities,
while only the venoms of B. asper, D. russelii, E. carinatus, and O. scutellatus displayed components
with a clear enzymatic PLA; activity. All components with detected enzymatic PLA; activities were
identified as PLA,; toxins and were fully neutralized by the small molecule toxin inhibitor varespladib.
We demonstrated here that varespladib inhibited many of the anticoagulant bioactivities of the toxin
components found in these venoms, similar to findings recently described by others for certain snakes
of the genera Naja, Pseudechis and Bitis [16,37,38], and we confirmed that the toxins responsible are likely
to be PLAjs based on correlations between MS and proteomics data and the bioactivity chromatograms.
However, we also revealed that several of the procoagulant venom toxins were also neutralized to
some degree by varespladib. These findings suggest that the mechanism underlying venom inhibition
may not be solely based on inhibition of the active site of venom PLA;s, as other toxin types are
typically responsible for procoagulant venom activities. However, we cannot rule out that nonspecific
effects at high inhibitor concentrations are responsible for these observations, and thus future work is
required to robustly explore this. Note that during chromatographic separations under reversed-phase
conditions nonstable toxin complexes and large toxins can denature. Currently, we cannot circumvent
this potential drawback of the nanofractionation analytics. Overall, our data further support the value
of varespladib as a potential new therapeutic for mitigating the toxic effects of certain snakebites [9],
and they re-emphasize that while this small molecule toxin inhibitor is a highly promising treatment for
combatting neurotoxicity [25,28,29], it may also be of great value for treating elements of hemotoxicity
caused by snake envenoming.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/6/165/s1,
Figure S1. Duplicate PLA; bioactivity chromatograms of nanofractionated venom toxins, positive peaks indicate
PLA; activity; Figure S2. Duplicate coagulopathic toxicity chromatograms of the nanofractionated venom toxins,
anticoagulation is measured as negative signals and procoagulation as positive signals; Figure S3. Duplicate
PLA,; bioactivity chromatograms of B. asper, D. russelii, E. carinatus, and O. scutellatus venoms in the presence
of various varespladib concentrations; Figure S4. Duplicate coagulopathic toxicity bioassay chromatograms of
nanofractionated venom toxins from B. asper, C. rhodostoma, D. acutus, D. russelii, E. carinatus, E. ocellatus, and
O. scutellatus in the presence of various concentrations of varespladib.
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Abstract: Animal-derived antivenoms are the only specific therapies currently available for
the treatment of snake envenoming, but these products have a number of limitations associated with
their efficacy, safety and affordability for use in tropical snakebite victims. Small molecule drugs
and drug candidates are regarded as promising alternatives for filling the critical therapeutic gap
between snake envenoming and effective treatment. In this study, by using an advanced analytical
technique that combines chromatography, mass spectrometry and bioassaying, we investigated
the effect of several small molecule inhibitors that target phospholipase A; (varespladib) and snake
venom metalloproteinase (marimastat, dimercaprol and DMPS) toxin families on inhibiting
the activities of coagulopathic toxins found in Viperinae snake venoms. The venoms of Echis carinatus,
Echis ocellatus, Daboia russelii and Bitis arietans, which are known for their potent haemotoxicities,
were fractionated in high resolution onto 384-well plates using liquid chromatography followed
by coagulopathic bioassaying of the obtained fractions. Bioassay activities were correlated to
parallel recorded mass spectrometric and proteomics data to assign the venom toxins responsible for
coagulopathic activity and assess which of these toxins could be neutralized by the inhibitors under
investigation. Our results showed that the phospholipase A;-inhibitor varespladib neutralized the vast
majority of anticoagulation activities found across all of the tested snake venoms. Of the snake
venom metalloproteinase inhibitors, marimastat demonstrated impressive neutralization of the
procoagulation activities detected in all of the tested venoms, whereas dimercaprol and DMPS could
only partially neutralize these activities at the doses tested. Our results provide additional support for
the concept that combinations of small molecules, particularly the combination of varespladib with
marimastat, serve as a drug-repurposing opportunity to develop new broad-spectrum inhibitor-based
therapies for snakebite envenoming.

Keywords: snakebite treatments; marimastat; varespladib; dimercaprol; DMPS; nanofractionation
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1. Introduction

Bites by venomous snakes cause 81,000-138,000 deaths per annum, with the majority occurring in
the rural resource-poor regions of the tropics and sub-tropics [1]. The venomous snakes responsible
for the vast majority of severe envenomings are members of the Viperidae and Elapidae families [2,3].
Elapid snakes have venoms that are highly abundant in neurotoxins that disable muscle contraction
and cause neuromuscular paralysis [1,4]. Contrastingly, viper venoms typically contain numerous
proteins that disrupt the functioning of the coagulation cascade, the hemostatic system and tissue
integrity [4,5]. Envenomings caused by these snakes can cause prominent local effects including
necrosis, hemorrhage, edema and pain, and often result in permanent disabilities in survivors [6,7].
One of the most common but serious pathological effects of systemic viper envenoming is coagulopathy,
which renders snakebite victims vulnerable to suffering lethal internal hemorrhages [8]. Venom induced
coagulopathy following bites by viperid snakes is predominately the result of the synergistic
action of venom enzymes, such as phospholipases A, (PLA;s), snake venom serine proteinases
(SVSPs) and snake venom metalloproteinases (SVMPs) [9-11]. PLA;s can prevent blood clotting via
anticoagulant effects. Enzymatic PLA;s function by hydrolyzing glycerophospholipids at the sn-2
position of the glycerol backbone releasing lysophospholipids and fatty acids [12]. SVSPs can
proteolytically degrade fibrinogen and release bradykinins from plasma kininogens [13,14]. SVMPs act
on various clotting factors to stimulate consumption coagulopathy and can also degrade capillary
basement membranes, thereby increasing vascular permeability and causing leakage [10,15,16].
These toxins can therefore work synergistically to cause systemic hemorrhage and coagulopathy.

The only specific therapies currently available for treating snake envenoming are animal-derived
antivenoms. Consisting of immunoglobulins purified from hyperimmunized ovine or equine
plasma/serum, these products save thousands of lives each year, but are associated with a number
of therapeutic challenges, including limited cross-snake species efficacies, poor safety profiles and, for
many snakebite victims residing in remote rural areas in developing countries, unacceptable issues
with affordability and accessibility [17]. Small molecule toxin inhibitors are regarded as promising
candidates for the development of affordable broad-spectrum snakebite treatments, as these can block
the enzymatic activities of venoms [18-20]. Varespladib, an indole-based nonspecific pan-secretory
PLA; inhibitor has been studied extensively for repurposing for snakebite. Having originally
been investigated in Phase II and III clinical trials for treating septic shock, coronary heart disease
and sickle cell disease-induced acute chest syndrome [21,22], varespladib has since been shown to
be highly potent in suppressing venom-induced PLA; activity, both in vitro and in vivo in murine
models [23]. Varespladib shows great promise against neurotoxic elapid snake venoms and has
been shown to prevent lethality in murine in vivo models of envenoming [24], but is seemingly also
capable of inhibiting certain myotoxic and coagulotoxic symptoms induced by snake venoms [25,26].
Moreover, varespladib has been demonstrated to inhibit the anticoagulant activity of Pseudechis australis
snake venom, which was not neutralized by its currently used antivenom [27].

A number of other small molecules have shown promise for repurposing to inhibit SVMP venom
toxins. Marimastat is a broad-spectrum matrix metalloprotease inhibitor that functions by binding
to the active site of matrix metalloproteinases where it coordinates the metal ion in the binding
pocket [28,29]. As a water-soluble orally bioavailable matrix metalloproteinase inhibitor [30,31],
marimastat reached phase II and III clinical trials for multiple solid tumor types [32-34], including
pancreatic, lung, breast, colorectal, brain and prostate cancer [35-37]. SVMPs are toxins that are
structurally and functionally homologous to matrix metalloproteinses [38-40]. Like other compounds in
this class of drugs (e.g., batimastat [41]), marimastat is a promising drug candidate for treating snakebite
due to its inhibitory capabilities against SVMP toxins [42,43]. Marimastat was found to effectively
inhibit the hemorrhagic, coagulant and defibrinogenating effects and proteinase activities induced by
Echis ocellatus venom [42]. Dimercaprol, a historical drug approved by the World Health Organization
(WHO) for treatment of heavy metal poisoning [44], contains two metal-chelating thiol groups and has
long been used against arsenic, mercury, gold, lead and antimony intoxication [45-47]. It also represents
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a treatment option for Wilson's disease in which the body retains copper. Moreover, it has been studied
as a candidate for acrolein detoxification as it can effectively reduce the acrolein concentration in vivo
in murine because of its ability to bind to both the carbon double bond and aldehyde group of acrolein.
The water-soluble, tissue-permeable and licensed metal chelator, 2,3-dimercaptopropane-1-sulfonic
acid (DMPS), is also suitable for treating acute and chronic heavy metal intoxication including lead,
mercury, cadmium and copper [48,49]. Tt was recently shown that both dimercaprol and DMPS
displayed potential for repurposing as small molecule chelators to treat snake envenoming [20],
most probably by chelating and removing Zn?* from the active site of Zn?*-dependent SVMPs. Of
the two drugs, DMPS showed highly promising preclinical efficacy when used as an early oral
intervention after envenoming by the SVMP-rich venom of the West African saw-scaled viper (Echis
ocellatus), prior to later antivenom treatment with antivenom [20]. In addition to protecting against
venom-induced lethality, DMPS was also demonstrated to drastically reduce local venom-induced
hemorrhage [20]. Thus, marimastat, dimercaprol and DMPS all represent promising candidates for
drug repurposing as snakebite therapeutics, as they either inhibit SVMPs or chelate the Zn?* ion
required for SVMP catalysis.

Nanofractionation analytics, which is a recently developed high resolution and high throughput
format of traditional bioassay-guided fractionation, is regarded as an effective method for screening
complex bioactive mixtures such as venoms to rapidly identify and in parallel directly characterize
separated venom toxins biochemically (i.e., for selected bioactivities), by combing reversed-phase
liquid chromatography (RPLC) with parallel post-column bioassays, mass spectrometry (MS)
and proteomics analysis [50-52]. In this paper, the coagulopathic properties of various snakes from
the medically important viper subfamily Viperinae (Echis carinatus, E. ocellatus, Daboia russelii and Bitis
arietans) were evaluated using nanofractionation analytics in combination with a high-throughput
coagulation assay, and the inhibitory capabilities of varespladib, marimastat, dimercaprol and DMPS
against the coagulopathic toxicities of the resulting snake venom fractions revealed. To this end,
bioactivity chromatograms were acquired after fractionation, and parallel obtained mass spectrometry
and proteomics data were used to correlate the observed bioactivities with the identity of the venom
toxins responsible for the observed enzymatic effects. Thus, we assessed the ability of varespladib,
marimastat, dimercaprol and DMPS to neutralize the coagulopathic venom components. The results
indicated that varespladib in combination with heavy metal chelators and/or broad-spectrum
protease inhibitors could be viable first line therapeutic candidates for initial and adjunct treatment
of coagulopathic snakebite envenoming.

2. Experimental

2.1. Chemicals

Water from a Milli-Q Plus system (Millipore, Amsterdam, The Netherlands) was used. Acetronitrile
(ACN) and formic acid (FA) were supplied by Biosolve (Valkenswaard, The Netherlands). Calcium
chloride (CaCly, dehydrate, >99%) was from Sigma-Aldrich (Zwijndrecht, The Netherlands) and was
used to de-citrate plasma to initiate coagulation in the coagulation assay. Phosphate buffered saline
(PBS) was prepared by dissolving PBS tablets (Sigma-Aldrich) in water according to the manufacturer’s
instructions and was stored at —4 °C for no longer than one week prior to use. Sodium citrated bovine
plasma was obtained from Biowest (Nuaillé, France) as sterile filtered. The plasma (500 mL bottle) was
defrosted in a warm water bath, and then quickly transferred to 15 mL CentriStar™ tubes (Corning
Science, Reynosa, Mexico). These 15 mL tubes were then immediately re-frozen at =80 °C, where they
were stored until use. Venoms were sourced from either wild-caught specimens maintained in, or
historical venom samples stored in, the Herpetarium of the Liverpool School of Tropical Medicine
(LSTM). This facility and its protocols for the expert husbandry of snakes are approved and inspected
by the UK Home Office and the LSTM and University of Liverpool Animal Welfare and Ethical Review
Boards. The venom pools were from vipers with diverse geographical localities, namely: B. arietans
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(Nigeria), D. russelii (Sri Lanka), E. carinatus (India) and E. ocellatus (Nigeria). Note that the Indian E.
carinatus venom was collected from a single specimen that was inadvertently imported to the UK
via a boat shipment of stone, and then rehoused at LSTM on the request of the UK Royal Society
for the Prevention of Cruelty to Animals (RSPCA). Venom solutions were prepared by dissolving
lyophilized venoms into water to a concentration of 5.0 + 0.1 mg/mL and were stored at —80 °C until use.
The compounds varespladib (A-001), marimastat ((2S,3R)-N4-[(15)-2,2-Dimethyl-1-[(methylamino)
carbonyl]  propyl]-N1,2-dihydroxy-3-(2-methylpropyl) = butanedia-  mide), dimercaprol
(2,3-Dimercapto-1-propanol) and DMPS (2,3-dimercapto-1-propane-sulfonic acid sodium salt
monohydrate) were purchased from Sigma-Aldrich. They were dissolved in DMSO (>99.9%,
Sigma-Aldrich) to a concentration of 10 mM and stored at —20 °C. Prior to use, these four compounds
were diluted in PBS buffer to the described concentrations.

2.2. Venom Nanofractionation

All venoms were nanofractionated onto transparent 384-well plates, and the plates with fractions
were freeze dried overnight, according to the method described in our previous published papers by
Slagboom et al. [53] and Xie et al. [52,54]. A detailed description can also be found in the Supporting
Information (Section S1).

2.3. Plasma Coagulation Activity Assay

The HTS plasma coagulation assay used in this study was developed by Still et al. [55]. Sample
preparation, assay performed and data analysis were described in our previous published paper by
Still et al. [55], Slagboom et al. [53] and Xie et al. [52,54]. The final concentrations of the inhibitor
solutions used in the coagulation bioassay were 20 uM, 4 uM and 0.8 uM, and in some cases 0.16 pM,
0.032 uM and 0.0064 uM. A detailed description can also be found in the Supporting Information
(Section S2).

2.4. Correlation of Biological Data with MS Data

The corresponding accurate mass(es) and proteomics data for each venom fraction in this study
have already been acquired by Slagboom et al. [53] and as such were correlated with the bioactivity
chromatograms obtained in the current study. For venoms under study in this project that were not
studied by Slagboom et al. [53], the same procedure as previously described [53] was followed to
acquire and process proteomics data on these snake venoms. The UniprotKB database was used to
determine the toxin class and any known functions for the relevant toxins thought to be responsible for
the observed coagulopathic toxicities. For LC separations performed at different times and in different
labs, the retention times of eluting snake venom toxins may differ slightly. The LC-UV chromatograms
(measured at 220 nm, 254 nm and 280 nm), which provided characteristic fingerprint profiles for
each venom fraction, were used to negotiate these retention time shifts. By using the LC-UV data,
the chromatographic bioassay data from this study was correlated with the MS total-ion currents
(TICs), extracted-ion chromatograms (XICs), and proteomics data obtained by Slagboom et al. [53]. In
order to construct useful XICs, MS spectra were extracted from the time frames that correlated with
regions in the chromatograms for each bioactive peak. Then, for all m/z values showing a significant
signal observed in the mass spectra, XICs were plotted. In turn, these XICs were used for matching
with peak retention times of bioactive compounds in the chromatograms. The exact masses matching
the bioactives were tentatively assigned based on matching peak shape and correlation with retention
times in bioassay traces. More specifically, the m/z-values in the MS data were correlated to each
bioactive peak using the accurate monoisotopic masses determined by applying the deconvolution
option in the MS software. For the proteomics data, in-well tryptic digestions were previously
performed by Slagboom et al. [53] on snake venom fractions. These proteomics results were directly
correlated to the coagulopathic activities that were indicated by the bioassay chromatograms.
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3. Results

In this study, a nanofractionation approach was used to evaluate the inhibitory effects
of varespladib, marimastat, dimercaprol and DMPS on the coagulopathic properties of venom
toxins fractionated from a variety of Viperinae snake species. A recently developed low-volume
HTS coagulation bioassay was used to assess the coagulation activities of LC-fractionated venoms
in a 384-well plate format. These coagulopathic activities were correlated to parallel obtained MS
and proteomics data to determine which specific venom toxins were neutralized by the potential
inhibitors. All analyses were performed in at least duplicate to ensure reproducibility, and used venom
concentrations of 1.0 mg/mL.

3.1. Inhibitory Effects of Varespladib, Marimastat, Dimercaprol and DMPS on Echis Venoms

Two geographically distinct saw-scaled viper venoms (genus Echis) were investigated in this study,
specifically from the Indian species E. carinatus and the west African species E. ocellatus. The inhibitory
effects of varespladib, marimastat, dimercaprol and DMPS against the coagulopathic activities
observed for LC fractions of both venoms were investigated in a concentration-dependent fashion
(Figures 1 and 2). Duplicate bioassay chromatograms together with a detailed description of each
coagulopathic peak observed are presented in the Supporting Information (Section S3, Figures S1-58).

Figure 1 shows the bioassay chromatograms of nanofractionated venom toxins from E. carinatus
in the presence of different concentrations of varespladib, marimastat, dimercaprol and DMPS. In
the venom-only analysis, potent procoagulation activities were observed in the very fast coagulation
chromatogram (22.0-22.9 min) and the slightly/medium increased coagulation chromatogram (21.2-23.1
min and/or 19.9-21.2 min), while anticoagulation activities were observed in the anticoagulation
chromatogram (19.1-19.9 min). Interestingly, the PLAj-inhibitor varespladib inhibited both
the anticoagulation and procoagulation activities, with the exception of one major peak observed
in the slightly/medium increased coagulation chromatogram. In contrast, marimastat, dimercaprol
and DMPS only exerted inhibitory effects on the procoagulation activities of E. carinatus venom.
The anticoagulation activity of E. carinatus venom was fully inhibited by varespladib at a 20
uM concentration, while the very fast procoagulation activity was fully inhibited by varespladib,
dimercaprol and DMPS at a concentration of 4 uM. Marimastat superseded the other small molecules by
fully inhibiting the very fast procoagulation activity at a concentration of 0.16 uM. The slightly/medium
increased coagulation activity was fully inhibited by 0.8 uM marimastat, but a sharp positive peak
(21.7-22.2 min) was still retained following incubation with 20 M varespladib. Dimercaprol only
inhibited the front peak (21.3-22.1 min) present in the slightly/medium increased coagulation activity
chromatogram, while DMPS inhibited mostly the tailing part (22.2-23.1 min) of this peak at its
highest concentration tested (20 uM). Overall, DMPS was found to be more effective than dimercaprol
in abrogating the procoagulation toxicities of E. carinatus venom. These findings demonstrate
that the tested inhibitors have different specificities, but that marimastat most effectively inhibits
the procoagulant components, and varespladib the anticoagulant components, of E. carinatus venom.

253



Biomedicines 2020, 8, 297

(a) Echis carinatus | (b) Echis carinatus
vs varespladib | A | vs marimastat

) _ ~ \ anticoagulation
anticoagulation ® " —280nm " D v >
- { ;;‘.
fo :\IAM ‘ 4uM
u " . 0.8 uM
slightly/medium W 08uM  Slightlymedium o 6“;|M
increased coagulation [ PBS increased coagulation )
) 0.032 yM
. ' P et PBS
very fast coagulation | very fast coagulation
—_— T T T ,
0 10 20 30 40 0 10 20 30 40
t(min) t(min)
(c) Echis carinatus l oA (d) Echis carinatus \
vs dimercaprol / vs DMPS ,/J‘ “
A #J AN
. ; = INW 254 nm - - =AW f 254 nm
anticoagulation ? 280 nm anticoagulatio: = 280 nm
£ f
il —— 20 yM —— 20 uM
4.uM 4 M
slightly/medium 0.8 yM slightly/medium 0.8 yM
increased coagulation t PBS increased coagulation ‘3Al. PBS
= = ! = A
;r \\
very fast coagulation \ very fast coagulation
R S e B e T T )
0 10 20 30 40 0 10 20 30 40
t(min) t(min)

Figure 1. UV absorbance chromatograms and reconstructed coagulopathic toxicity chromatograms
of nanofractionated toxins from E. carinatus venom in the presence of different concentrations
of (a) varespladib, (b) marimastat, (c) dimercaprol and (d) DMPS.

Figure 2 shows the bioassay chromatograms for nanofractionated toxins from E. ocellatus venom
in the presence of different concentrations of varespladib, marimastat, dimercaprol and DMPS.
In the venom-only analysis, we observed similar results to those obtained for E. carinatus venom;
multiple co-eluting sharp peaks were present in the very fast coagulation chromatogram (25.1-26.2 min),
the slightly/medium increased coagulation chromatogram (25.1-27.1 min) and the anticoagulation
chromatogram (23.4-24.4 min). All peaks decreased in height and width with increasing varespladib
concentrations. The potent negative peak (23.4-24.4 min) in the anticoagulation chromatograms was
fully inhibited by 4 uM varespladib and the later eluting weakly negative peak (25.9 min) by 20 uM
varespladib. While full inhibition of anticoagulation activities was achieved, the procoagulation
activities were not fully inactivated at the highest varespladib concentration tested (20 pM).
However, both the very fast coagulation activity and the slightly/medium increased coagulation activity
were also somewhat reduced by varespladib in a concentration-dependent fashion. Similar findings,
whereby both very fast and slightly/medium increased coagulation were reduced in a concentration
dependent manner but not fully abrogated, were also observed for dimercaprol, although this inhibitor
had no effect on anticoagulant venom activities. Marimastat and DMPS also had no effect on
anticoagulant venom activity, but effectively inhibited the procoagulant actions of E. ocellatus venom.
Very fast procoagulation activity was fully inhibited at a lower concentration of marimastat (0.16 uM)
than DMPS (20 uM), while slightly/medium increased coagulation activity was fully inhibited by 4 uM
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marimastat compared with almost complete inhibition observed when using 20 uM DMPS. Thus, similar
to findings with E. carinatus, marimastat exhibited superior inhibition of procoagulant venom activities,
while varespladib was the only inhibitor capable of abrogating anticoagulant venom effects.
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Figure 2. UV absorbance chromatograms reconstructed coagulopathic toxicity chromatograms
of nanofractionated toxins from E. ocellatus venom in the presence of different concentrations of (a)
varespladib, (b) marimastat, (c) dimercaprol and (d) DMPS.

3.2. Inhibitory Effect of Varespladib, Marimastat, Dimercaprol and DMPS on Daboia russelii Venom

Next, we assessed the inhibitory capability of the same small molecule toxin inhibitors on a Viperinae
snake from a different genus: the Russell’s viper (Daboia russelii), which is a medically-important
species found in south Asia [56-58]. The inhibitory effects of varespladib, marimastat, dimercaprol
and DMPS on the venom of D. russelii are shown in Figure 3. Duplicate bioassay chromatograms for D.
russelii venom analyses can be found in the Supporting Information in Section 54 (Figures S9-512). For
the venom-only analysis, a strong positive peak was observed for both the very fast coagulation activity
(21.5-22.4 min) and for the slightly/medium increased coagulation activity (21.5-22.8 min). A very
broad and strong negative activity peak (18.6-21.5 min) was also observed, demonstrating potent
anticoagulation activity. In terms of procoagulant venom effects, both very fast and slightly/medium
increased coagulation activities decreased dose-dependently in the presence of varespladib, marimastat
and dimercaprol, although neither varespladib nor dimercaprol could fully neutralize these activities.
However, in line with the earlier findings for the two Echis spp., full neutralization of both types
of procoagulation were observed with marimastat, at 0.8 M for very fast coagulation activity and at
4 uM for slightly/medium increased coagulation activity. As anticipated, and again in line with findings
observed with Echis spp., neither of the SVMP-inhibitors (marimastat and dimercaprol) abrogated
anticoagulant venom activity. In contrast, varespladib showed potent inhibition of anticoagulation,
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as the broad and potent negative peak (18.6-21.5 min) decreased to only a very minor negative peak
(19.5-20.2 min; 20 uM varespladib) with increasing varespladib concentrations. DMPS showed no
inhibition on both the procoagulant and anticoagulant venom activities of D. russelii at the tested
inhibitor concentrations of 20 uM and 4 uM.
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Figure 3. UV absorbance chromatograms and reconstructed coagulopathic toxicity chromatograms
of nanofractionated toxins from D. russelii venom in the presence of different concentrations of (a)
varespladib, (b) marimastat, (c) dimercaprol and (d) DMPS.

3.3. Inhibitory Effects of Varespladib and Marimastat on Bitis arietans Venom

The inhibitory effects of varespladib and marimastat on the coagulopathic properties of venom
of the puff adder (B. arietans), which is found widely distributed across sub-Saharan Africa and parts
of the Middle East, are shown in Figure 4. Duplicate bioassay chromatograms for the B. arietans venom
analyses are shown in the Supporting Information in Section S5 (Figures S13 and S14). In the venom-only
analyses, anticoagulation activity was observed as two sharp negative peaks in the bioactivity
chromatograms (16.2-16.7 min and 16.7-17.1 min); however, no procoagulation activity was detected,
which is consistent with previous findings using this venom [59]. Consequently, of the three
SVMP-inhibitors used elsewhere in this study, we only selected marimastat for assessment of toxin
inhibition as a control for the PLA,-inhibitor varespladib. In line with findings from the other Viperinae
species under study, increasing concentrations of varespladib resulted in full inhibition of the two
negative anticoagulation peaks, at concentrations of 0.16 uM and 0.8 uM, respectively. Conversely,
and also in line with our earlier findings, no anticoagulant inhibitory effects were observed with
marimastat, even at concentrations of 20 pM.
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3.4. Identification of Coagulopathic Venom Toxins Neutralized by Small Molecule Inhibitors

The MS and proteomics data previously obtained by Slagboom et al. [53] was next used to
assign the venom toxins responsible for the observed coagulation activities tentative identifications.
The resulting identifications are listed in Table 1. In addition, all tentatively identified anticoagulant
PLA;s, including those found in our study not previously described as possessing anticoagulant
properties in the UniprotKB database, are also provided in Table 1. For those toxins for which no exact
mass data could be acquired by LC-MS, only the proteomics mass data retrieved from Mascot searches
are presented in the table.

Based on the results from Figures 1-4 and Table 1, the inhibitory effects of varespladib, marimastat,
dimercaprol and DMPS on individual Viperinae venom toxins were assessed. PLA; toxins were
identified as toxin components responsible for anticoagulation in all species studied, except for B.
arietans, for which C-Type Lectins (CTLs) were instead identified. All these identified anticoagulant
toxins were fully abrogated by varespladib at various concentrations, as indicated in Table 1. Although
the CTLs identified from B. arietans venom are highly likely to have co-eluted with other venom proteins,
no other anticoagulants were identified from this venom. The toxins identified from the Mascot results
for the procoagulant peaks of E. ocellatus venom included both SVMPs and CTLs. All these identified
toxins were fully abrogated by marimastat at 0.16 uM or by DMPS at 20 uM concentrations. No
procoagulant toxins could be identified from the Mascot results for E. carinatus and D. russelii venoms,
but given that these bioactivity peaks were fully inhibited by marimastat at low concentrations, it
seems reasonable to speculate that the procoagulant toxins responsible for these activities are mainly
SVMPs. A detailed description of the results discussed here is provided in the Supporting Information
in Section S6.

(a) Bitis arietans
vs varespladib

(b) Bitis arietans A
vs manimastat

M, 220 nm
et || ~ 254 nm
anticoagulation anticoagulation ) 280 nm
WAPS Sorpid D e “' e e e
0.8M i 20 M
0.16 yM 4 M
slightly/medium 0.032uM  gigntiy/medium g—é‘é"“
increased coagulation P8BS increased coagulation
very fast coagulation very fast coagulation
— v — T C—_———————
0 10 20 30 40 0 10 20 30 40
t(min) t(min)

Figure 4. UV absorbance chromatograms and reconstructed coagulopathic toxicity chromatograms
of nanofractionated toxins from B. arietans venom in the presence of different concentrations of (a)
varespladib and (b) marimastat.

There are a number of challenges associated with interpreting the data presented here. In cases
where multiple toxins elute closely, unambiguously assigning single toxins to each detected bioactivity
is challenging. For bioactive compounds that eluted in activity peaks that were only partly inhibited, it
is difficult to critically determine which of them was abrogated. This would require further improving
LC separations under toxin non-denaturating and MS compatible eluent conditions. As a critical note,
it is important to stress that despite venom toxins generally being stable, during chromatography
within the nanofractionation analytics pipeline some venom toxins might have (partly) denatured
and thereby lost their activity.
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4. Discussion

There is an urgent need for stable, effective and affordable snakebite treatments that can be
administered in the field and in rural areas where medical access is limited. Small molecule inhibitors
that specifically target a number of key classes of snake venom toxins have recently gained interest as
candidates for therapeutic alternatives to conventional antivenom.

This study used a high-throughput screening assay combined with LC fractionation and parallel
MS and proteomics data to assess the neutralizing capabilities of a selected number of small molecule
inhibitors and chelators (i.e., varespladib, marimastat, dimercaprol and DMPS). The results of this study
show that these compounds are capable of neutralizing the coagulopathic activities of individual toxins
present in the venoms of a number of Viperinae species. While this is consistent with previous work on
small molecule inhibitors and chelators that exhibit anti-hemorrhagic and anti-procoagulant activities
of snake venoms [9,20,23,42,43,60], here we have studied the relative neutralization potencies of these
small molecules on individual coagulopathic venom toxins. Our findings reveal that varespladib is not
only effective against the activity of anti-coagulant PLA, toxins, but also shows some inhibitory activity
against procoagulant venom toxins. Varespladib potently and completely inhibited the anticoagulant
activities detected in all venoms, except for D. russelii, for which almost complete inhibition was
observed. Furthermore, varespladib showed some degree of inhibition against procoagulant venom
activities across the various venoms, despite these activities not known to be mediated by PLA, toxins.
Contrastingly, of the SVMP-inhibitors tested, we demonstrate that their specificities are restricted to
effects on procoagulant venoms toxins, and that the peptidomimetic hydroxamate inhibitor marimastat
outperforms the metal chelators DMPS and dimercaprol in terms of potency. Marimastat potently
inhibited procoagulant activities across the venoms tested and was unsurprisingly ineffective against
anticoagulant venom activities. However, only moderate inhibition was observed for most venoms
with the metal chelators, and no inhibition was found at all for DMPS on D. russelii venom. Neither
DMPS nor dimercaprol inhibited the non-SVMP stimulated anticoagulant venom activities observed
across the venoms.

The advantages of repurposing licensed medicines (e.g., DMPS and dimercaprol) or phase
[I-approved drug candidates (e.g., marimastat and varespladib) are that these molecules have
demonstrated safety profiles and thus drug development times could be significantly shortened
as these agents have extensive pharmacokinetic, bioavailability and tolerance data already associated
with them [23,61,62]. The smallsize of these compounds, compared with conventional antibodies, confer
desirable drug-favorable properties enabling rapid and effective tissue penetration and, depending on
the pharmacokinetics and physicochemical properties of specific inhibitors, often make them amenable
for oral delivery [61,63,64]. Indeed, both varespladib and DMPS have already been demonstrated to
confer preclinical efficacy against snakebite via the oral route [20,63,64]. DMPS is readily absorbed
following oral administration in humans, making it a strong candidate for an oral community-based
therapy [65]; and there are no major side effects or teratogenic effects that have been reported on DMPS
in murine models [66,67]. In contrast, dimercaprol is challenging for clinical use as it currently requires
administration by painful intramuscular injection. Dosing regimens of each inhibitor therefore need
further robust investigation in the context of snakebite in order to help inform lead candidate selection.

Certain small molecule inhibitors have been demonstrated to exhibit broad inhibition of specific
toxin families across diverse medically-important snake species [23,59], as also evidenced here for
the various coagulopathic toxins found across Viperinae venoms. However, these compounds typically
target only a single family of enzymatic toxins (although varespladib seems perhaps capable of targeting
more than one family; see Figures 1a, 2a and 3a), thus presenting a challenge for these molecules to
become standalone therapeutics, as other non-inhibited toxins seem likely to still cause pathology
in snakebite victims. It is therefore more likely that small molecule inhibitors will need to be
combined into therapeutic mixtures, either with other toxin inhibitors or monoclonal antibodies, to
generate snakebite therapeutics capable of neutralizing the most important pathological snake venom
toxin families [26,59,61,62]. Small molecule inhibitors could serve as valuable prehospital snakebite
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treatments to delay the onset of severe envenoming before the arrival of victims to secondary or tertiary
healthcare facilities to receive subsequent therapy (i.e., conventional antivenoms). This is important,
because treatment delays are known to have major detrimental impacts on patient outcomes following
snakebite [68,69]. Indeed, compounds such as varespladib and DMPS are already being explored in
this regard [20,63,64], as they represent promising candidates to be used as bridging therapies for
delaying the major effects of envenomation, and reducing the long time it typically takes rural, isolated,
impoverished snakebite victims to receive any form of treatment.

The many limitations associated with conventional snakebite treatments have resulted in their
weak demand, low availability and poor affordability, despite huge unmet medical need. Small
molecule “toxin inhibitors” offer great potential to rapidly deliver inexpensive, safe and efficacious
interventions in the community soon after a snakebite, prior to subsequent admission to a healthcare
facility. Many small molecule inhibitors also offer superior pharmacokinetics in terms of efficiently
reaching local tissues, such as bite sites, in contrary to antibodies. The findings presented here further
support the exploration of such inhibitors as potential future snakebite treatments.

5. Conclusions

In this study, a recently developed HTS coagulation assay was combined with LC fractionation
and parallel obtained MS and proteomics data to assess the neutralizing potency of several
small molecule inhibitors and chelators (i.e., varespladib, marimastat, dimercaprol and DMPS)
against the coagulopathic activities of individual toxins found in the venoms of Viperinae snakes.
These compounds show great promise for the development of affordable, broad-spectrum, first-aid
and clinical treatment of snakebite. Our data further strengthens recent findings suggesting that small
molecule inhibitors, such as varespladib and marimastat, may have broad, cross-species, neutralizing
capabilities that make them highly amenable for translation into new "generic” snakebite therapeutics.
Given our evidence that both inhibitors have different specificities, our findings further support
the concept that a therapeutic combination consisting of both of these Phase II-approved small molecule
toxin inhibitors [59] show potential as a new broad-spectrum snakebite treatment.

Supplementary Materials: The supporting information related to this article can be found in “Supplementary
Materials: Neutralizing effects of small molecule inhibitors and metal chelators on coagulopathic Viperinae snake venom toxins”.
The following are available online at http://www.mdpi.com/2227-9059/8/9/297/s1, Figure S1: Duplicate bioassay
chromatograms of nanofractionated E. carinatus venom in the presence of different concentrations of varespladib;
Figure S2: Duplicate bioassay chromatograms of nanofractionated E. carinatus venom in the presence of different
concentrations of marimastat; Figure S3: Duplicate bioassay chromatograms of nanofractionated E. carinatus
venom in the presence of different concentrations of dimercaprol; Figure S4: Duplicate bioassay chromatograms
of nanofractionated E. carinatus venom in the presence of different concentrations of DMPS; Figure S5: Duplicate
bioassay chromatograms of nanofractionated E. ocellatus venom in the presence of different concentrations
of varespladib; Figure S6: Duplicate bioassay chromatograms of nanofractionated E. ocellatus venom in the presence
of different concentrations of marimastat; Figure S7: Duplicate bioassay chromatograms of nanofractionated
E. ocellatus venom in the presence of different concentrations of dimercaprol; Figure S8: Duplicate bioassay
chromatograms of nanofractionated E. ocellatus venom in the presence of different concentrations of DMPS;
Figure S9: Duplicate bioassay chromatograms of nanofractionated D. russelii venom in the presence of different
concentrations of varespladib; Figure S10: Duplicate bioassay chromatograms of nanofractionated D. russelii
venom in the presence of different concentrations of marimastat; Figure S11: Duplicate bioassay chromatograms
of nanofarctionated D. russelii venom in the presence of different concentrations of dimercaprol; Figure S12:
Duplicate bioassay chromatograms of nanofarctionated D. russelii venom in the presence of different concentrations
of DMPS; Figure S13: Duplicate bioassay chromatograms of nanofractionated B. arietans venom in the presence
of different concentrations of varespladib; Figure S14: Duplicate bioassay chromatograms of nanofractionated B.
arietans venom in the presence of different concentrations of marimastat.
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Abstract: Early diagnosis of snake envenomation is essential, especially neurotoxicity and myotoxicity.
We investigated the diagnostic value of serum phospholipase (PLA;) in Australian snakebites. In total,
115 envenomated and 80 non-envenomated patients were recruited over 2 years, in which an
early blood sample was available pre-antivenom. Serum samples were analyzed for secretory
PLA; activity using a Cayman sPLA, assay kit (#765001 Cayman Chemical Company, Ann Arbor
MI, USA). Venom concentrations were measured for snake identification using venom-specific
enzyme immunoassay. The most common snakes were Pseudonaja spp. (33), Notechis scutatus
(24), Pseudechis porphyriacus (19) and Tropidechis carinatus (17). There was a significant difference in
median PLA; activity between non-envenomated (9 nmol/min/mL; IQR: 7-11) and envenomated
patients (19 nmol/min/mL; IQR: 10-66, p < 0.0001) but Pseudonaja spp. were not different to
non-envenomated. There was a significant correlation between venom concentrations and PLA,
activity (r = 0.71; p < 0.0001). PLA; activity was predictive for envenomation; area under the
receiver-operating-characteristic curve (AUC-ROC), 0.79 (95% confidence intervals [95%CI]: 0.72-0.85),
which improved with brown snakes excluded, AUC-ROC, 0.88 (95%CI: 0.82-0.94). A cut-point of
16 nmol/min/mL gives a sensitivity of 72% and specificity of 100% for Australian snakes, excluding
Pseudonaja. PLA; activity was a good early predictor of envenomation in most Australian elapid bites.
A bedside PLA; activity test has potential utility for early case identification but may not be useful
for excluding envenomation.

Keywords: snakebite; envenomation; phospholipase; diagnosis; antivenom; venom

1. Introduction

Snake envenomation is a major health issue and is recognized as a neglected tropical disease,
particularly throughout South and South-East Asia, sub-Saharan Africa and Indonesia [1,2]. Antivenom
remains the only specific treatment for snake envenomation [3], and there is increasing evidence
supporting the greater effectiveness of early antivenom [4-7]. This is particularly important for
preventing neurotoxicity and myotoxicity, which are irreversible effects of snake venom [4,6-8].
In Australia, myotoxicity and neurotoxicity can occur from bites by most medically important snakes,
including Notechis spp. (tiger snakes), Pseudechis spp. (black snakes), Tropidechis carinatus (Rough-scaled
snake), Oxyuranus scutellatus (taipans) and Ancanthophis spp. (death adders), but not from Pseudonaja
spp. (brown snakes).

Biomedicines 2020, 8, 459; d0i:10.3390/biomedicines8110459 265 www.mdpi.com/journal/biomedicines
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Determining if patients are envenomated within hours of a snakebite is difficult and often relies on
the presence of non-specific systemic symptoms, such as headache, nausea, vomiting and abdominal
pain [9]. Bedside and laboratory coagulation studies are also often used for early diagnosis in many
viper bites and Australian elapid bites, because procoagulant toxins are common [10]. Unfortunately,
the commonly used 20-min whole blood clotting test (WBCT20) is not sensitive enough [11,12] and
laboratory assays, such as a prothrombin time (PT/international normalized ratio [INR]), are not readily
available and can delay patient assessment, even in regions in which these assays are readily available.
Neurotoxicity and myotoxicity are difficult to predict early, and readily available biomarkers, such as
creatine kinase, lag the tissue damage by many hours and cannot be relied upon [13].

A potential approach for assessing patients for envenomation is to have a laboratory or, ideally,
a bedside assay that detects the presence of a common snake toxin in blood. The particular toxin
would need to be present in most snake venoms and be easily detectable. Phospholipase A; (PLA;)
occurs in the venoms of almost all venomous snakes, including major groups of vipers and elapids [14].
The presence of PLA, toxins can be detected by measuring the secretory PLA; activity. A previous study
found that PLA, activity was elevated early in viper envenomation compared to non-envenomated
snakebite patients [15]. Although the PLA; toxin may not be the medically important toxin in all snake
venoms, its presence in serum indicates that venom has reached the central compartment and the
patient has systemic envenomation.

A large Australian study recently demonstrated that there continue to be important delays in
the administration of antivenom [16], despite evidence that antivenom should be administered as
early as possible. The availability of an early diagnostic assay, such as measurement of PLA; activity,
could potentially improve outcomes in snakebite. In particular, it could identify patients with bites
from snakes known to cause myotoxicity or neurotoxicity so that antivenom can be given within 2 to
3h.

In this study, we investigate the diagnostic value of measuring PLA; in a cohort of elapid snakebite
patients from across Australia. We aimed to determine if early detection of PLA; in patient serum was
associated with envenomation, compared to patients without envenomation.

2. Experimental Section

We undertook a study of snakebites recruited to the Australian Snakebite Project (ASP) to
investigate if the measurement of PLA; activity identified patients with systemic envenomation. ASP is
a prospective observational study of suspected and definite snakebites from over 200 Australian
hospitals. We have previously published the design, recruitment strategies and data collection for
ASP [16]. Approval for the study has been obtained from Human Research and Ethics Committees
covering all institutions involved.

We identified snakebite cases from hospitals around Australia via calls to a national free call
number, calls to the National Poison Centre Network and calls from local investigators. All patients
recruited to ASP had the following data collected: demographics, bite circumstances, clinical effects,
laboratory investigations, complications and treatment. We obtained data from datasheets faxed with
consent forms to each treating hospital. These were filled out by the clinicians and faxed back to us.
Any missing data were obtained from the hospital medical records as required. A trained research
assistant entered the data into a relational database (Microsoft Access™), which was reviewed by the
chief investigator.

Systemic envenomation in ASP is defined as a patient having one or more of the previously
defined Australian clinical envenomation syndromes based on clinical features and laboratory testing
(Table 1) [16]. Patients were determined to be non-envenomated if they did not develop any of the
clinical envenomation syndromes for at least 12 h post-bite [17]. We identified the snake type using
venom-specific enzyme immunoassay performed on blood in patients with systemic envenomation,
or from expert identification by a licensed reptile handler or a professional working with snakes at a
ZOO Or museum.
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Table 1. Phospholipase A; activity and venom concentration of each of the snake types compared to
non-envenomated patients.

Phosphoh.pase A2 Venom Concentration (ng/L);
Snake No. (nmol/min/mL); Median, IOR and Range
Median, IQR and Range ! &
Non-envenomated 80 9 (7to11;1 to 16) NA
Brown snake (Pseudonaja textilis) 33 10 (6.5 to 13; 1 to 107) 2.6 (0.9 to 8; 0.2 to 95)
Tiger snake (Notechis scutatus) 24 34 (12 to 68; 1 to 68) 7 (2.2 t0 25; 0.2 to 93)
Red-bellied black snake (Pseudechis porphyriacus) 19 82 (30 to 212; 3 to 637) 11 (3 to 51; 0.2 to 122)
Rough-scale snake (Tropidechis carinatus) 17 29 (14 to 69; 5 to 201) 14 (5.8 to 27; 0.5 to 83)
Taipan (Oxyuranus scutellatus) 7 30 (16 to 106; 10 to 252) 32 (17 to 227; 9 to 303)
Death Adder (Acanthophis antarcticus) 7 31 (13 to 63; 5 to 73) 7 (3.2 to 23; 1.3 to 36)
Mulga snake (Pseudechis australis) 3 7, 67,409 7,17,24
Collett’s Snake (Pseudechis colletti) 1 597 173
Stephen’s banded snake (Hoplocephalus stephensii) 2 9,55 25
Broad-headed snake (Hoplocepalus bungaroides) 2 11,11 3.6

For this study, we included patients recruited from July 2015 to June 2017 with a reported snakebite,
in which there was an early blood sample available prior to the administration of antivenom. All cases
were then determined to be envenomated (with systemic envenomation) or non-envenomated.

The first serum sample collected for each patient was analyzed for secretory PLA; activity by
Cayman’s PLA; assay kit (#765001Cayman Chemical Company, Ann Arbor, MI, USA), according
to the manufacturer’s instructions. Serum samples and a premix solution containing assay buffer
and an indicator, DTNB [5,5’-dithio-bis-(2-nitrobenzoic acid)], were added to wells of a 96-well plate.
A substrate solution containing Dihepanoyl Thio-PC was then added to each well. The assay plate
was immediately transferred to a spectrophotometer (SynergyTM HT Multi-Detection Micoplate
Reader, BioTek) to read the samples every minute at a 414-nm wavelength for a yellow color change.
The absorbance values were then used to calculate the sPLA; activity (umol/min/mL) in each sample.

Venom concentrations were measured in all envenomated patients with a venom-specific
enzyme immunoassay as previously described [18]. Rabbits were used to raise polyclonal IgG
antibodies against eight Australasian elapid venoms (Pseudonaja spp., Pseudechis australis, P. porphyriacus,
Notechis scutatus, Tropidechis carinatus, Oxyuranus scutellatus, Acanthophis antarcticus and Hoplocephalus
stephansii). Antibodies were then bound to the microplate wells and also conjugated with biotin for
detection in a sandwich enzyme immunoassay. The detecting agent was streptavidin-horseradish
peroxidase. Each sample was assayed in triplicate (coefficient of variation of <10%), and averaged
absorbances were then converted to venom concentrations using a standard curve. The limit of
detection of the eight assays ranged from 0.1 to 0.2 ng/mL.

All continuous variables were reported with medians, interquartile ranges (IQR) and ranges.
We compared the PLA; activity between envenomated and non-envenomated patients and between
different groups of snakes, using the Kruskal-Wallis test. We investigated any association between
venom concentration (venom load) and PLA; activity by testing with Pearson correlation analysis.
The predictive performance of the PLA; activity in diagnosing systemic envenomation was tested
using area under the receiver-operating-characteristic curve (ROC-AUC). We examined the sensitivity,
specificity and likelihood ratio of PLA; activity in diagnosing systemic envenomation. Further analysis
was undertaken to determine if PLA; activity was correlated with myotoxicity, a toxic effect known to
be caused by PLA, toxins. We undertook all analyses and produced graphs using GraphPad Prism
version 8.2 for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com).

3. Results

We recruited 280 patients to the ASP over the two-year period with a median age of 37 years
(interquartile range (IQR): 22 to 55 years; range: 2 to 82 years) and 190 (68%) were male. Eighty-five
patients were excluded: 65 patients had no blood sample, 13 presented late, one was a sea snake
envenomation, three patients were bitten by unknown snakes and three patients were bitten by minor
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venomous snakes (Figure 1). There were 115 envenomated patients and 80 non-envenomated patients.
The most common snakes to cause envenomation were brown snakes (Pseudonaja spp., 33), then tiger
snakes (Notechis spp., 24), red bellied black snakes (Pseudechis porphyriacus, 19) and rough-scaled snakes
(Tropidechis carinatus, 17). The median time to the first blood sample in envenomated patients was 1.5 h
(IQR: 1.0 to 2.4 h), compared to 1.7 (IQR: 1.0 to 3.0) for non-envenomated patients.

Snakebites
280

Non-envenomed Envenomed
80 115

[ 1 | T 1
Brown sndke | Tiger snake Red-bellied | | Rough-scale | | Other snakes
33 | 24 black snake snake + Taipan7
19 17 | |+ Death Adder 7
* | = Black Snakes 4
* Hoplocephalus 4

No sample B85

Excluded Late sample 13
85 Sea snake 1
Unknown 3
Minor venomous 3

Figure 1. Flow chart showing the excluded patients (red) and the envenomated (green) and
non-envenomated (blue) patients. Minor venomous snakes include two whip snake (Demansia
spp.) bites and one bite by a De Vi’s Banded snake (Denisonia devisi).

There was a significant difference in the median PLA; activity between non-envenomated
(9 nmol/min/mL; IQR: 7 to 11 nmol/min/mL) and envenomated patients (19 nmol/min/mL; IQR: 10 to
66 nmol/min/mL, p < 0.0001; Figure 2A). For the major groups of snake types, the median PLA; activity
for brown snakes was 10 nmol/min/mL (IQR: 6.5 to 113 nmol/min/mL), for tiger snakes, 34 nmol/min/mL
(12 to 68 nmol/min/mL), for rough-scale snakes, 29 nmol/min/mL (14 to 69 nmol/min/mL) and red-bellied
black snakes, 82 nmol/min/mL (30 to 212 nmol/min/mL), which were all significantly different to
non-envenomated patients, except brown snake (Kruskal-Wallis p < 0.0001; Figure 2B and Table 1).
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Figure 2. Box and whisker plots of the secretory phospholipase A, concentrations for envenomated
versus non-envenomated patients (A) and for non-envenomated patients and the different species of
snakes (B). Scatter plots for the less common species. The boxes are medians and interquartile ranges.
The gray dotted line represents the cut-off of 16 nmol/min/mL.
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There was a significant correlation between venom concentration and PLA; activity (r = 0.71;
p < 0.0001) which was stronger when brown snake cases were excluded (Figure 3A). PLA; activity was
highest in the first 6 h post-bite for envenomated patients and then decreased over 24 h (Figure 3B).
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Figure 3. Plots of secretory phospholipase A; concentrations versus venom concentration on double
logarithmic axes (A) and secretory phospholipase A, concentrations versus time on a logarithmic axis
(B). The red dotted line represents the cut-off of 16 nmol/min/mL.

PLA; activity had a good predictive value for envenomation with an AUC-ROC of 0.79
(95% confidence intervals (95% CI): 0.72 to 0.85) but was excellent when brown snakes were excluded,
AUC-ROC of 0.88 (95% CI: 0.82 to 0.94; Figure 4). A PLA; activity of 16 nmol/min/mL was the optimal
cut-point based on Youden’s index and had a 56% sensitivity (95% CI: 45 to 65%) and 99% specificity
(95% CTI: 93 to 100%) for identifying patients with systemic envenomation. Excluding patients with
brown snakebites, a cut-point of 16 nmol/min/mL would be 72% sensitive (95% CI: 61 to 81%) and
99% specific (95% CI: 93 to 100%) for all other snakes, including all snakes that can potentially cause
myotoxicity or neurotoxicity.
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Figure 4. Area under the curve of the receiver operating curve for secretory phospholipase A,
concentrations for envenomated versus non-envenomated patients and non-envenomated patients
versus envenomated patients (excluding brown snake).

To further explore the relationship between PLA; activity and toxicity, we compared the peak
creatine kinase in patients with myotoxicity to PLA; activity. There was a significant correlation
between the peak CK and PLA; (R2 = 0.46; p < 0.0001) in the five species of snakes that cause
myotoxicity (Notechis spp., P. australis, P. porphyriacus, T. carinatus and O. scutellatus; Figure 5).
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Figure 5. Plots of the peak creatine kinase (CK) versus secretory phospholipase A, in patients with
myotoxicity, including Mulga snake bites (P. australis), red-bellied black snake (P. porphyriacus, RBBS)
bites, rough-scaled snake (T. carinatus; RSS) bites, taipan (O. scutellatus) bites and tiger snake (Notechis
spp.) bites.

4. Discussion

We have shown that PLA; activity is a good early predictor of systemic envenomation for
Australian elapids, except brown snakes. An early PLA; activity cut-off of 16 nmol/min/mL has an
excellent specificity but poor sensitivity, so it would allow for early identification of envenomation but
cannot exclude envenomation as a single test. Bloods were available for testing in about three-quarters
of patients within 3 h of the bite, which would allow the administration of early antivenom if rapid
testing were available. There was good correlation between PLA; and both venom concentrations and
the peak CK in patients with myotoxicity.

There are few previous studies investigating the association between PLA; activity and snake
envenomation [15]. Measurement of PLA; activity was chosen as an early diagnostic test because
it is an established assay and PLA; are a major group of snake venom toxins present in most
snakes [14]. Other potential important toxin groups are three-finger toxins, serine proteases and
metalloproteases [14], but none of these have established assays for serum or plasma, or they are not
enzymatic toxins.

We demonstrated that there was a strong association between PLA, activity and venom
concentration. This association was even stronger when brown snake envenomation cases were
excluded, consistent with brown snake venom not containing much PLA; activity. This demonstrates
that the measurement of a single toxin enzyme activity was a valid method of detecting the presence of
snake venom in serum. In addition, there was a significant correlation between PLA; activity and peak
creatine kinase, which is a surrogate measure of the severity of myotoxicity. Myotoxicity in Australian
snake envenomation is due to PLA; toxins in the venom [19]. This further supports the validity of this
PLA; activity assay as an indicator of venom being present in blood—systemic envenomation.

In this study, PLA; activity was assayed at one central laboratory after samples were collected,
frozen and stored. Currently, the assay must be undertaken in batches due to the available assay kits
and it would not be possible for hospital laboratories to undertake this. In addition, the results of
a PLA; assay would need to be available within as short a period of time as possible (<60 min) for
it to be useful in early antivenom decision making. Development of a simple PLA, assay would be
essential for the practical use of this test and appears to be possible based on some preliminary studies
of point of care PLA; assays using gold nanoparticles in a lateral flow assay or hybrid nanoparticles in
a colorimetric assay [20,21].

Unfortunately, PLA; activity measured in patients with brown snake envenomation was not
significantly different to that in non-envenomated patients. This is consistent with the fact that brown
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snakes (Pseudonaja spp.) have low PLA; activity compared to other Australian elapids [22]. In a
practical sense, this means that PLA; activity is not sensitive to brown snake envenomation and a
low/normal value does not exclude brown snake envenomation. However, a PLA; activity greater
than 16 nmol/min/mL was highly specific for systemic envenomation and had a sensitivity of 72% for
envenomation by snakes known to cause myotoxicity or neurotoxicity (Notechis spp. (tiger snakes),
Pseudechis spp. (black snakes), Tropidechis carinatus (rough-scaled snake), Oxyuranus scutellatus (taipans)
and Ancanthophis spp. (death adders); Figure 2).

Current Australian recommendations are that envenomated patients are treated with polyvalent
antivenom (or two monovalent antivenoms to cover all possible snakes in a geographical region) [16,23].
A PLA,; activity greater than 16 nmol/min/mL in an early sample could potentially be used as an
indication for antivenom. With such a high specificity, the risk of non-envenomed patients receiving
antivenom would be negligible. Patients with a low PLA; activity would still need to be observed and
have further investigations.

A limitation of the study was the timing of the blood sample used for PLA, testing. In almost all
cases, the sample used was the admission blood sample and so the timing post-bite was dependent
on the time it took the patient to arrive in hospital. Fortunately, the majority of blood samples were
collected within 2.5 h (Figure 3A). This is likely to underestimate the diagnostic usefulness of the test
because Figure 3A shows that the PLA; is likely to be lower in later samples.

5. Conclusions

We have shown that the early measurement of PLA; activity in Australian snakebites could be
used to predict patients likely to develop complications of systemic envenomation and, therefore, guide
the use of early antivenom. Unfortunately, the assay was not useful for brown snake envenomation
and was not highly sensitive. Therefore, it has potential utility for early case identification (early rule
in test) but may not be useful for excluding envenomation as a single test. The next step will be the
development of rapid and point of care secretory PLA; assays, which could be used at the bedside.
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