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Editorial on the Research Topic

Venoms, Animal and Microbial Toxins

The Research Topic titled “Venoms, Animal and Microbial Toxins” is focused on the structural and
functional properties of animal derived venoms, plant and microbial toxins, as well as their
molecular/cellular targets. It compiles seventeen key research articles and up-to-date reviews in
the field to better describe venoms, the structural features of toxins (and derivatives thereof) and their
various modes of action, through the analyses of their structural characteristics, structure-function
relationship, and pharmacology.

Venomous animals such as scorpions, snakes, sea anemones, cone snails, worms, wasps, lizards
and frogs, and microbes (e.g., bacteria, viruses and fungi) are the natural sources of diverse toxins to
neutralize or kill their preys/hosts. These toxins (of various nature and size) are exhibiting a variety of
modes of action by targeting ion channels, receptors, enzymes, neurotransmitter release, etc. Because
of their potencies and wide range of bioactivities, researchers are actively studying toxins (and
derivatives) focusing on their potential as candidate chemotherapeutic drugs (to treat pain, cancer,
microbial infections, neurological and immune disorders) or as biological weapons (anthrax, ricin,
conotoxins, etc.).

In this Research Topic, several articles are focused on the mode of action and/or synergy of
toxins as well as venom compounds. For example, the review article by Ullah highlights snake
venom L-amino acid oxidases (SV-LAAOs), which are enzymes catalyzing the stereospecific
oxidation of L-amino acids to their corresponding a-keto acids. These key compounds are
reportedly playing a role in many biological processes (apoptosis, platelet aggregation/
inhibition, edema, hemorrhage and anticoagulation) and have been used as antimicrobials and
anticancer agents. The author here describes the structure, mechanism of catalysis, and inhibition
and substrate specificity of the characterized SV-LAAOs. Another article by Pucca et al. is focused
on toxin synergism between phospholipases A, (PLA,) and cytotoxins. The authors show how
cytotoxins and PLA, from distinct animal species (bees, vipers, elapids) can interact synergistically
to enhance cell lysis. They further propose a mechanistic model of enhanced cell lysis by a
synergistic action of both PLA, and cytotoxins. The research article by Hess Lopes et al. reports on
the action of Loxosceles spider venom sphingomyelinases D (SMases D) on lipid rafts and the
activation of endogenous metalloproteinases from the ADAMs family. The authors found that
SMases D alter lipid raft structures resulting in the activation of membrane bound proteases and
subsequent proteolysis of cell surface proteins eventually leading to a pathology. The work by Xu
et al. describes an action of the ricin toxin binding subunit B (RTB) on mouse macrophages. It was
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found to stimulate the production of TNF-a through activation
of the transcription factor NF-kB via the TLR4 signaling
pathway. Such work is important to better understand the
mode of action of the highly toxic plant toxin ricin. Gigolaev
et al. were able to switch the K" channel subtype selectivity of the
scorpion toxin MeKTx13-3 from the Asian scorpion
Mesobuthus eupeus from the voltage-gated Kvl.1 to the Kv1.3
channel subtype using molecular modeling and mutagenesis.
Such work helps to define the structural basis of toxin-to-ion
channel recognition at the molecular level and illustrates the
feasibility of redesigning venom peptides into potential biologic
drug candidates since Kv1.3 constitutes an attractive target for
immunosuppression. Similar applied work by Alvarado et al.
reports on a “novel” insecticidal peptide against house crickets
referred to as Osul, from the venom of spider Oculicosa
supermirabilis. Recombinantly expressed Osul was shown to
potently modulate the human voltage-dependent Kv1.5 (hKvl.
5) channel subtype, a potential target for atrial fibrillation therapy.
Such a compound might serve as a lead to design structural analogs
(and candidate drugs) with improved selectivity and/or potency
toward this particular human K" channel.

Other articles of the Research Topic are focused on the
targets and fields of application of toxins or venoms. For
example, bee venom-based acupuncture (BVA) is widely used
in certain countries to treat a variety of disorders, including
inflammatory and pain-related diseases. Adverse reactions such
as anaphylaxis can occur. Lee et al. have examined the incidence
rate of hypersensitivity reactions during or following BVA. The
authors surveyed the medical records of 8,580 individuals
treated by BVA (60,654 BVA treatments), and their potential
clinical symptoms (allergy) were studied, highlighting a 0.047%
incidence rate of anaphylaxis. An “in-depth” review article by de
Castro Figueiredo Bordon et al., 2020 is also focusing on the
potential applications of toxins/venoms, from
diagnostic tools to chemotherapeutic drugs. An overview of
the current toxin-based marketed and candidate (non-
marketed) drugs is presented. The advances and perspectives
of candidate therapeutic molecules from scorpions, snakes, cone
snails, sea anemones, spiders, hymenopterans, amphibians, and
others marine and non-marine animals (leeches, bats, lizards,
ticks, caterpillars, shrews), are critically discussed. An
interesting report by Gao et al, 2021 compares the
pancreatic damage induced by Paraquat (PQ) -a widely used
herbicide in rats following two methods of PQ administration
(intragastric infusion vs. intraperitoneal injection). The authors
found that both methods could cause pancreatic damage, the
most severe damage being associated with intragastric infusion.
This study indicates that particular attention to the toxicity of
PQ should therefore be observed by clinicians when this
compound is ingested orally. The article by McArthur et al.
highlights that, in addition to the voltage-gated Na,1.7 channel,
the analgesic spider venom peptide Pn3a can also block high
voltage-activated (HVA) calcium channels. This study reveals that
L-, P/Q- and N-type Ca, channels could be inhibited by Pn3a,
contrary to R-type channel. Interestingly, the Pn3a inhibition of
neuronal Ca, currents is reportedly enhanced by opioid receptor
activation.

various
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The potential neutralization of the highly pathogenic
bacterial toxins TcdA, TcdB and CDT (bacterium
Clostridioides difficile) by human a-Defensin-5 is described in
another article Korbmacher et al.. According to Korbmacher
et al, a-defensin-5 should be considered as a candidate
drug to treat severe associated human diseases such as
pseudomembranous or fulminant colitis, and diarrhea. Thus, the
beneficial role of a-defensin-5 would rely on its contribution in the
first line host defense mechanism against microbes, as well as its
inhibitory action against pathogenic bacterial toxins.

An important review article by Santos Menezes et al. deals
with the voltage-gated sodium channelopathies and epilepsy.
Indeed, voltage-gated sodium (Na,) channels are central to the
action potential and mutation-induced dysfunction of Na,
channels may result in altered neuronal activity (e.g.,
epilepsy). Although Na,l.1 channels appear to be “key”
regarding epilepsy, the authors provide an up-to-date
overview on other epilepsy-related human Na, channel
subtypes (Navl.1 to Navl.3, Navl.6 and Navl.7).

Another key review article is provided by Osmakov et al.. The
authors used animal, plant, and microbial toxins for the
structural and functional/pharmacological characterization of
membrane-associated acid-sensing ion channels (ASICs), which
are sensors of extracellular pH variation involved in regulatory
functions of neuronal and non-neuronal cells. The authors
addressed the biophysical characteristics, architecture, natural
ligands, structure-function relationships and therapeutic
perspectives of ASICs.

Three articles of the Research Topic are dealing mainly with
the structural aspects of toxins. The article by Ullah and Massod
(2020) focuses on the structural features (amino acid sequences
and 3D structures) of the poorly-studied snake venom
phospholipases B, which are enzymes with the highest
hemolytic potential in snake venoms. The authors are finally
detailing their molecular model of phospholipase B from the
snake Bothrops moojeni. The article by Camara et al. describes a
multiomics strategy for the identification, sequencing and
preliminary screening of potentially bioactive peptides from
the venom of tarantula spider Acanthoscurria rondoniae. Such
multiomics strategies rely on proteomics, peptidomimetics and
transcriptomics data coupled to some in silico predictions of
antimicrobial and antitumor activities. The authors highlighted
their “powerful” approach to discover new toxins in venoms and
screen for their potential bioactivities.

The review article by Schmidt et al. is dealing with small,
non-peptidic, molecules that are present in the venoms of cone
snails in addition to conotoxins and conopeptides. The
Stephanoconus clade of cone snails was mainly investigated
because of its particular richness in small, non-peptidic
compounds. So far, these molecules were found to be active
on neurons and might be of interest in the potential treatment of
specific neuronal disorders.

A last article authored by Jackson and Koludarov is particularly
important in the field of toxinology, being centered on a complex
but “key” question: how toxins actually got their toxic properties?
The so-called “weaponization” of a molecule is reasonably and
expectedly addressed by these authors.
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Finally, in line with its main goal, this Research Topic clearly
contributes to an “in-depth” knowledge of the animal/plant/
microbial toxins (and derivatives) and their molecular targets
expectedly opening the way to new attractive research in
toxinology, toxicology and (neuro) pharmacology, in parallel
to the design of new candidate drugs and/or appropriate
antitoxin countermeasures. We strongly believe that this
collection of articles exploring the complex world of toxins/
toxic compounds and their targets, as well as venoms, will
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Snake venom L-amino acid oxidases (SV-LAAOSs) are the least studied venom enzymes.
These enzymes catalyze the stereospecific oxidation of an L-amino acid to their
corresponding o-keto acid with the liberation of hydrogen peroxide (H-O,) and ammonia
(NHs). They display various pathological and physiological activities including induction of
apoptosis, edema, platelet aggregation/inhibition, hemorrhagic, and anticoagulant activities.
They also show antibacterial, antiviral and leishmanicidal activity and have been used as
therapeutic agents in some disease conditions like cancer and anti-HIV drugs. Although the
crystal structures of six SV-LAAOs are present in the Protein Data Bank (PDB), there is no
single article that describes all of them in particular. To better understand their structural
properties and correlate it with their function, the current work describes structure
characterization, structure-based mechanism of catalysis, inhibition and substrate
specificity of SV-LAAOs. Sequence analysis indicates a high sequence identity (>84%)
among SV-LAAOs, comparatively lower sequence identity with Pig kidney D-amino acid
oxidase (<50%) and very low sequence identity (<24%) with bacterial LAAOs, Fugal (L-lysine
oxidase), and Zea mays Polyamine oxidase (PAAQ). The three-dimensional structure of these
enzymes are composed of three-domains, a FAD-binding domain, a substrate-binding
domain and a helical domain. The sequence and structural analysis indicate that the amino
acid residues in the loops vary in length and composition due to which the surface charge
distribution also varies that may impart variable substrate specificity to these enzymes. The
active site cavity volume and its average depth also vary in these enzymes. The inhibition of
these enzymes by synthetic inhibitors will lead to the production of more potent antivenoms
against snakebite envenomation.

Keywords: snake venom L-amino acid oxidases, sequence and three-dimensional structure analysis, structure-
based mechanism of action, inhibition and substrate specificity, L-amino acid oxidases and membrane interaction

INTRODUCTION

Snake venom LAAO (LAAOs, EC 1.4.3.2) is an FAD-containing dimeric enzyme that stereospecifically
deaminates an L-amino acid to an o-keto acid with the concomitant production of hydrogen peroxide
and ammonia (Pawelek et al., 2000; Du and Clemetson, 2002; Moustafa et al., 2006; Ullah et al., 2012b;
Ullah et al., 2014; Costal-Oliveira et al., 2019). These enzymes are widely distributed in the snake venom
and have been found to be toxic (Li et al., 1994; Torii et al., 1997).
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Upon snakebite envenomation these enzymes causes many
physiological and pathological activities including induction of
apoptosis (Torii et al., 1997; Ali et al., 2000; Zainal Abidin et al,,
2018; Costal-Oliveira et al., 2019; Machado et al., 2019), edema
(Stdbeli et al., 2007; Lazo et al, 2017), platelet aggregation/
inhibition (Li et al., 1994; Takatsuka et al., 2001; Sakurai et al.,
2001; Stabeli et al., 2004; Izidoro et al., 2006; Toyama et al., 2006),
hemorrhagic (Souza et al., 1999; Alves et al., 2008), and
anticoagulant activities (Sakurai et al., 2003; Tonismagi et al.,
2006). Costal-Oliveira et al. (2019) has demonstrated that LAAO
from Bothrops atrox snake venom causes autophagy, apoptosis
and necrosis in normal human keratinocytes. They also display
antibacterial (Stiles et al., 1991; Stabeli et al., 2004; Toyama et al.,
2006; Tonismagi et al., 2006; Stébeli et al., 2007; Abdelkafi-
Koubaa et al., 2016; Rey-Sudrez et al., 2018), antiviral (Zhang
et al., 2003) antifungal (Costa Torres et al., 2010; Cheng et al.,
2012) and leishmanicidal activity (Fernandez-Gomez et al., 1994;
Tempone et al., 2001; Toyama et al., 2006; Izidoro et al., 2006;
Wiezel et al., 2019).

These enzymes have anti-cancer (Sun etal.,2003; Lee etal., 2014;
Tassia et al,, 2017) and anti-HIV activity (Sant'Ana et al., 2008) and
may be used as therapeutic agents in many disease conditions like
anti-cancer and anti-HIV drugs (Sakurai et al., 2003; Zhang et al,,
2004; Teixeira et al., 2016; Tan et al., 2017; Costa et al., 2017; Salama
etal.,, 2018; Tan etal., 2018) (Sun et al., 2003; Zhang and Wei, 2007;
Lee et al., 2014; Costa et al., 2014; Tassia et al., 2017; Costa et al.,
2017). Besides snake venom, LAAQ has been found in the insects,
fungi (Nuutinen and Timonen, 2008; Yang et al., 2009; Zun et al.,
2017), green algae (Schriek et al., 2009), bacteria (Arima et al., 2009),
plants (Nishizawa et al.,2005) and mammals (Blanchard etal., 1944;
Du and Clemetson, 2002; Kasai et al., 2010). The yellow color of
most of the crude venom is due to the presence of LAAO (Tempone
etal., 2001; Stabeli et al., 2007) that contains oxidized flavin adenine
dinucleotide (FAD) in their structure (Pawelek et al., 2000;
Moustafa et al., 2006).

LAAO is a glycoprotein with molecular mass ranging from
120-150 kDa in native (dimeric) form and 55-66 kDa in the
denatured (monomeric form) (Tan and Saifuddin, 1989; Abe
et al,, 1998). Some reports have also shown their tetrameric
existence (Georgieva et al., 2011; Feliciano et al., 2017), however,
SV-LAAO is mostly present as a dimer in the solution and it is
active in this state (Moustafa et al., 2006; Ullah et al., 2012b). The
pI of these enzymes ranges from 4.4 to 8.0 (Tan, 1998). Most of
the SV-LAAO:s are stable when kept at room temperature (25°C)
and 4°C, however, exposure to the low-temperature (-5°C and -
60°C) for long period inactivates these enzymes (Curti et al,
1968; Tan, 1998). The inactivation is caused by a change in the
three-dimensional structure of LAAO particularly around the
active site (Soltysik et al., 1987). Interestingly, LAAOs from
Ophiophagus hannah and Calloselasma rhodostoma are not
inactivated by low temperature treatment (Tan, 1998).

Currently, the crystal structures of six LAAOs have been
deposited to the PDB (Zhang et al., 2004; Moustafa et al., 2006;
Georgieva et al., 2011; Ullah et al., 2012b; Feliciano et al., 2017).

They all share the same structural fold which contains three
domains: a FAD-binding domain, a substrate-binding domain
and a helical domain (Moustafa et al, 2006; Georgieva et al., 2011;
Ullah et al., 2012a; Zhang et al., 2004; Feliciano et al., 2017). SV-
LAAOs are usually glycosylated and contain about 3-4%
carbohydrates in their structure (deKok and Rawitch (1969);
Hayes and Wellner, 1969) and in some cases, the carbohydrate
contents may be up to 12% of the total molecular mass of the
protein (Alves et al., 2008).

These enzymes hydrolyze the substrate through an oxidation-
reduction reaction in which His223 act as a base abstracting a
proton from the substrate (amino acid) and converting it to an
imino acid (Pawelek et al., 2000; Moustafa et al., 2006). In the
next step, the FAD is reduced by transferring a proton from
His223. The reoxidation of FAD occurs with the addition of
electrons from the oxygen. The imino acid is converted to a a-
keto acid with the production of hydrogen peroxide and
ammonia (Pawelek et al., 2000; Moustafa et al., 2006).

Although the crystal structures of six SV-LAAOs have been
determined, no article describes all of these with comprehensive
details. The current work describes the three-dimensional
structural features of SV-LAAOs with special reference to their
structure-based substrate specificity, mechanism of action
and inhibition.

RESULTS AND DISCUSSION

Sequence Alignment Analysis

The primary structure of SV-LAAOs contains 503-516 amino
acid residues in the precursor or zymogen form and 485-498
amino acid residues in the mature form (Takatsuka et al., 2001).
The amino acid sequence alignment analysis indicates a high
degree of sequence identity among SV-LAAOs (>84%), relatively
moderate identity with Pig kidney D-amino acid oxidase
(DAAOs) (~50%) and very low identity (<24%) with the
bacterial (LAAO), fugal (L-lysine oxidase), and Zea mays
Polyamine oxidase (PAAO) (Figures 1 and S1 and Table 1).
The average sequence identities among SV-LAAOs and LAAOs/
PAO/DAAO from other organisms are 86.80 and 31.29%
respectively. The differences in amino acid residues are mostly
confined to N- and C-termini in SV-LAAOs (Figure 1). The
amino acid residues belonging to the active site (Arg90, His223,
Phe227 and Lys326), FAD-binding (Ser44/Ala44 (1F8R), Glu63,
Arg71/GIn71 (4E0V), Met89, Arg90, Glu457, Ileu457 and
Thr469) and the substrate/ligand binding (Arg90, Tyr372 and
Gly464) are fully conserved among the aligned SV-LAAOs
except for Ser44 in C. rhodostoma and Bothrops jararacussu
LAAOs where these have been substituted by Ala44 and GIn71
respectively (Figures 1 and S1). The Cysteine residues (Cys10,
Cys173, Cys293, Cys331, Cys390, and Cys413) are fully
conserved in all SV-LAAOs and make two disulfide bridges
(Cys10-Cys173 and Cys331-Cys413), while Cys293 and Cys390
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FIGURE 1 | Sequences alignment among snake venom L-amino acid oxidases. 1F8R; crystal structure of L-amino acid oxidase from Calloselasma rhodostoma,
4EQV; Structure of L-amino acid oxidase from the Bothrops jararacussu venom, 5TS5; Crystal structure of L-amino acid oxidase from Bothrops atrox, SKVE:
Structure of native L-amino acid oxidase from Vipera ammodytes ammodytes, 1REO; L-amino acid oxidase from Agkistrodon halys pallas. The amino acid residues
involved in catalysis, metal ion binding and amino acid (substrate) recognition are underlined with blue, brown, and red respectively. The FAD-binding residues are
underlined in green. The cysteine residues which make disulfide bridges are linked (yellow lines). The putative N-glycosylation amino acid residues are underlined in
black. The amino acid residues in FAD-binding, substrate-binding and helical domain, are colored in blue, red, and green, respectively. The secondary structure
elements (alpha helices and beta strands) are shown above the sequence.

don't form any disulfide bridge. The glycosylation sites (Asn172 The Sequence logo generated from multiple sequence
and Asn361) are also conserved. The C-terminal of LAAO from  alignment of SV-LAAOs indicates that the amino acid residues
C. rhodostoma has twelve amino acid residues more (extension)  around the active sites and FAD-binding site are highly
than all the other aligned SV-LAAOs sequence. conserved among all the aligned enzymes (Figure S2).
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TABLE 1 | Percent sequence identity among snake venom LAAOSs, bacterial (L-Glutamate Oxidase), Zea mays (polyamine oxidase), Fungi (L-lysine oxidase) and pig

kidney (D-amino acid oxidase).

Proteins 1F8R 4E0V 5TS5 3KVE 1REO 2E1M 2JAE 1B37 3Xov 1KIF
1F8R - 84.74 86.57 86.60 88.27 34.21 26.60 25.24 24.60 45.83
4E0V 84.74 - 97.93 86.39 87.84 23.47 26.24 24.07 25.20 48.00
5TS5 86.57 97.93 - 87.60 89.26 24.38 26.42 24.38 25.25 48.00
3KVE 86.60 86.39 87.60 - 89.30 33.10 26.15 2412 25.91 50.00
1REO 88.27 87.84 89.26 89.30 356.17 26.71 25.15 25.30 50.00
2E1M 34.21 23.47 24.38 33.10 35.17 - 26.67 45.00 33.11 32.00
2JAE 26.60 26.24 26.42 26.15 26.71 26.67 - 19.65 21.58 37.50
1B37 25.24 24.07 24.38 2412 25.15 45.00 19.55 - 36.17 50.00
3XOV 24.60 25.20 25.25 25.91 25.30 33.11 21.58 36.17 - 40.00
1KIF 45.83 48.00 48.00 50.00 50.00 32.00 37.50 50.00 40.00 -

1F8R: Calloselasma rhodostoma LAAO, 4E0V: Bothrops jararacussu LAAO, 5TS5: Bothrops atrox LAAO, SKVE: Vipera ammodytes ammodytes LAAO, 1REQ: Agkistrodon halys pallas
LAAO, 2E1M: Streptomyces sp. L-Glutamate Oxidase, 2JAE: R. opacus L-amino acid oxidase, 1B37: Zea mays polyamine oxidase, 3X0OV: Hypocrea rufa L-lysine oxidase, 1KIF: Pig

kidney D-amino acid oxidase.

Overall Structure

SV-LAAO belongs to the family of enzymes called NAD(P)/
FAD-dependent oxidoreductase that also comprises polyamine
oxidase (PAO), flavin-containing monoamine oxidases (MAOs),
D-amino acid dehydrogenase, and linoleic acid isomerase (CDD/
SPARCLE; Marchler-Bauer et al., 2017).

The mature protein of SV-LAAO contains 486 amino acid
residues that fold into a multidomain protein comprising of three
distinct domains namely: a FAD-binding domain, a substrate-
binding domain and a helical domain (Figures 2A-D) (Moustafa
et al, 2006; Georgieva et al., 2011; Ullah et al., 2012a; Zhang et al.,
2004; Feliciano et al.,, 2017). The overall three-dimensional
structure of LAAO is composed of seventeen alpha-helices,
twenty-two beta-strands and many loops that fold into three
well-defined domains. The domains architecture of SV-LAAO is
briefly described below:

FAD-Binding Domain

The FAD-binding domain is composed of amino acid residues
35-72, 240-318 and 446-486 (Figures 1, 2A, and 3, Table 3).
The secondary structure of this domain contains six beta-strands
and five alpha-helices with the insertion of additional short beta-
strands (two) and alpha-helix (one). Of the six beta-strands, four
are parallel and two are antiparallel, while the two short beta-
strands are parallel to one another. The consensus sequence of
glycine residues (G40XG42XXG45) present in this domain gives
close access to the negatively charged phosphate group of the
cofactor and stabilizes the charge by the helix dipole. This
domain is stabilized by five salt bridges that exist between the
amino acid residues within this domain (Arg71-Glu457, Lys270-
Asp288), and with the amino acid residues from the substrate-
binding domain (Lys471-Glul3, Arg478-Glul8, Argd78-Aspl5)
(Sarakatsannis and Duan, 2005) (Table 2).

Substrate-Binding Domain

The substrate-binding domain is composed of amino acid residues
5-25, 73-129, 233-236, and 323-420 (Figures 1, 2B, and 3,
Table 3). It contains six alpha-helices and eleven beta-strands
(Figure 3). This domain is stabilized by an intrachain disulfide
bridge (Cys331-Cys412) and an interchain disulfide bridge (Cys10-

Cys173) with further stabilization by salt bridges (Lys471-Glul3,
Glul8-Argd78, Aspl5-Argd78, Arg71-Glu457, Arg73-Glu457,
Arg99-Asp234, Argl03-Glul00, Lys334-Glu337, Arg353-Asp377,
Lys405-Asp391). Italso contains an N-linked N-acetylglucosamine.

Helical Domain

This domain is continuous in the amino acid sequence and
comprises of amino acids residues 130-230 and is located in
between FAD-binding and substrate-binding domain (Figure 3,
Table 3). The secondary structure of this domain contains six
alpha-helices with one short alpha-helix and many loops. It is
stabilized by an interchain disulfide bridges with the substrate-
binding domain (Cys10-Cys173) and intrachain slat bridges
(Lys134-Aspl117, Lys151-Glul59, Lys179-Glul67).

The Threading-based Protein Domain Prediction online web
server identifies seven discontinuous regions from the primary
amino acid sequence of SV-LAAOs belonging to these domains.
The analysis indicates that these three domains are highly
conserved in all SV-LAAOs and with the others proteins
containing the similar structure folds in the Protein Data Bank
(PDB) (Figure S3) (Xue et al., 2013).

The N-terminal of LAAO is stabilized by a hydrogen bond
formed between Asn5 (FAD-binding domain) and Asp225
(helical domain) and the C-terminal Ser484 and His57.

Active Site

A funnel-shaped channel is formed between the helical and
substrate binding domain that starts from the surface of the
protein and extends towards the active site providing access of
substrate to the active site. The active site of SV-LAAO comprises
FAD and the amino acid residues Arg90, His223, Phe227, Lys326,
Tyr372,and Trp375 and a conserved water molecule near FAD and
Lys326 (Figure 2D). The FAD, Lys326, and the conserved water
molecule form a triad Lys326-Water-N5 (FAD) upon substrate
binding. The His233 deprotonates the o-amino group of the
substrate (amino acid) during the deamination reaction.

Ligand/Substrate-Binding Sites

The FAD is located in between the cofactor and substrate
binding domains and is buried deep in the protein. The FAD
makes intensive contacts with the amino acid residues from both
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FIGURE 2 | Overall structure of SV-LAAO (PDB ID: 1F8R; Calloselasma rhodostoma LAAO) (A) cartoon representation. The active site, FAD-binding and
glycosylation amino acid residues are shown as green sticks. The disulfide bridges are represented by yellow sticks. (B-D), residues involved in glycosylation and
FAD-binding highlighted. The parts of the secondary structure belonging to FAD-binding, substrate-binding and helical domains are colored in blue, red, and green,

respectively.

of these domains and several water molecules. These amino acid
residues include Ala44, Glu63, Arg71, Met89, Arg90, Val261,
Tleu466, and Thr469 (Figure 4). The flavin or Isoalloxazine ring
makes contact with Met89, Arg90 and Ileu466. The adenine
moiety of FAD is bonded to Glu63 and Val261 while the
phosphate and sugar part is bonded to Arg71, Ala44, Glu467,
and Thr469 (Figure 4).

The structure of LAAO from C. rhodostoma determined with
the bound citrate, 2-amino benzoic acid and L-phenylalanine
provides insights into the inhibitors/substrate binding (Figures
5A-C). In all three cases the amino acid residues involved are
Arg90, Tyr372 and Gly464 (Figures 5A-C). Sequence alignment
analysis indicates that the ligand/substrate binding amino acid
residues are fully conserved among the SV-LAAOs (Figure 1).

Zinc Binding Sites

Zinc ions have been found in the crystal structure of LAAOs
from Vipera ammodytes ammodytes and B. atrox (Georgieva
etal, 2011; Feliciano et al., 2017). Both enzymes were crystallized

in the presence of zinc (zinc acetate and zinc sulfate) (Georgieva
et al,, 2011; Feliciano et al., 2017). However, LAAOs from B.
jararacussu and C. rhodostoma have no zinc ion in the solution
or crystal form (Ullah et al., 2012a; Moustafa et al., 2006), which
indicates that the LAAOs from V. ammodytes ammodytes and B.
atrox may have taken the zinc ions from the crystallization
solution (Feliciano et al., 2017).

In the tetrameric structure of V. ammodytes ammodytes LAAO,
the four zinc ions are tetrahedrally coordinated. The zinc ions that
connect the monomer A to monomer D are coordinated by His75,
Glu279 and two water molecules (Figure 6A), while the other zinc
ion connecting monomer B and C is also coordinated by His75,
Glu279 and two water molecules (Figure 6B). The crystal structure
of B. atrox contains eight zinc ions in which the two zinc ions that
connect monomers A and B and monomers C and D are correctly
coordinated (Figures 6C, D). The remaining six zinc ions are
located at the surface of the protein and they are poorly
coordinated as confirmed by CheckMyMetal (CMM) (Zheng
et al,, 2014). In the LAAOs from V. ammodytes ammodytes and
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FIGURE 3 | Topology diagram of SV-LAAQ. The alpha helices (numbered 1-17) and beta strands (named A-N) are represented as cylinders and arrows,
respectively. The short alpha helices and beta strands are shown with primes. The secondary structures and the amino acid residues in alpha helices and beta

strands were assigned using the program DSSP from the primary sequence and were confirmed by PyMOL from the tertiary structure. The parts of the secondary
structure belonging to FAD-binding, substrate-binding and helical domains are colored in blue, red, and green respectively.

11
T

TABLE 2 | Salt bridges in SV-LAAO. NH1 and NH2: Nitrogen atoms (amino
groups) of the arginine side chain, OD1, and OD2: Oxygen atoms of aspartic acid
side chains, OE: Oxygen atoms of glutamic acid side chains, NZ: Nitrogen atoms
(amino groups) of lysine side chains.

Residue 1 Residue 2 Distance
NH1 ARG A 71 OE1 GLU A 457 2.88
NH2 ARG A 71 OE1 GLU A 457 3.58
NH1 ARG A 73 OD1 ASP A 423 3.04
NH2 ARG A 73 OD1 ASP A 423 3.19
NH1 ARG A 76 OD1 ASP A 241 2.82
NH1 ARG A 76 OD2 ASP A 241 2.73
NH2 ARG A 76 OD1 ASP A 241 2.80
NH1 ARG A 99 OD2 ASP A 234 3.63
NH2 ARG A 99 OD2 ASP A 234 2.77
NH1 ARG A 103 OE1 GLU A 100 3.13
NZ LYS A 134 OD1 ASP A 117 2.87
NZ LYS A 134 OD2 ASP A 117 3.82
NZ LYS A 151 OE1 GLU A 159 2.88
NZ LYS A 179 OE1 GLU A 167 3.86
NH2 ARG A 232 OD1 ASP A 234 2.84
NZ LYS A 270 OD1 ASP A 288 2.64
NZ LYS A 270 OD2 ASP A 288 3.82
NZ LYS A 334 OE1 GLU A 337 3.98
NH2 ARG A 353 OD2 ASP A 377 3.76
ND1 HIS A 360 OE1 GLU A 235 3.57
ND1 HIS A 401 OD2 ASP A 339 2.87
NZ LYS A 405 OD1 ASP A 391 2.68
NZ LYS A 405 OD2 ASP A 391 3.81
NZ LYS A 471 OE1 GLUA 13 2.96
NH1 ARG A 478 OE1 GLUA 18 2.60
NH1 ARG A 478 OD2 ASP A 15 3.33

B. atrox zinc ions have been found to stabilize the dimers and these
are considered important for the biological activities of these
enzymes (Georgieva, et al., 2008; Feliciano et al., 2017). The
inhibition and activation by metal ions have been investigated for
LAAOs from Crotalus adamanteus, Lachesis muta, Bothrops

TABLE 3 | Domains of SV-LAAO.

Domains Amino acid residues range Total amino acid resi-
dues

FAD-Binding domain 35-64, 242-318, 446-471 130

Substrate-binding 5-25, 73-129, 233-236, 176

domain 323-420

Helical domain 130-230 100

Brazili, and Agkistrodon blomhoffii ussurensis (Bender and
Brubacher, 1977; Cisneros, 1996; Solis et al., 1999; Sun et al,
2010). The enzymatic activity of C. adamanteus LAAO is
enhanced by Mg*? and that of L. muta and B. brazili LAAOs is
inhibited by zinc ion. The zinc ion does not affect the enzymatic
activity of A. blomhoffii ussurensis LAAO; however, it is important
for the structural integrity of the protein (Sun et al., 2010).

Glycosylation

SV-LAAOs are glycosylated proteins with 3-4% carbohydrate
moiety (deKok and Rawitch 1969; Hayes and Wellner, 1969). In
some cases, the carbohydrate contents may reach up to 12% of the
total molecular mass of the protein (Alves et al., 2008). The LAAOs
from C. rhodostoma and Agkistrodon halys pallas contain two
glycosylation sites (Asn172 and Asn361) (Figures 7A, B) and
that of V. ammodytes ammodytes and B. atrox have a single
glycosylation site (Asn172) (Figures 7C, D). The glycosylation
sites are fully conserved in SV-LAAOs (Figure 1). In the case of
LAAOs from C. rhodostoma and B. atrox Asnl72 has three
carbohydrate moieties, NAG-FUC-NAG (NAG: N-Acetyl-D-
Glucosamine; FUC: alfa-L-Fucose) (Figures 7A, D), while
Asn361 has one NAG in the former and the latter lacks a
carbohydrate moiety at this position. The LAAOs from A. halys
pallas has a single carbohydrate moiety at both positions 172 and
361 (Figure 7B). The V. ammodytes ammodytes LAAO has a single
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FIGURE 5 | Substrate/ligand bind amino acid residues of SV-LAAOs. Structure of Calloselasma rhodostoma with bound (A) L-Phenylalanine (B) BE2- 2-
aminobenzoic acid (C) Citrate. The substrate/ligands are shown as yellow sticks and the amino acid residues as green sticks.

glycosylation site (Asn172) and only one NAG molecule (Figure  the O, entrance and H,O, exit tunnel and have been implicated to
7D). The B. jararacussu LAAO lacks carbohydrates at both  increases the concentration of the later upon attachment to the cell
positions 172 and 361 however; biochemical study has shown  surface (Suhr and Kim, 1996; Torii et al., 1997; Ande et al., 2006).
that B. jararacussu LAAO contains carbohydrates (Franca et al., ~ Thus the glycan moiety plays an important role in the attachment of
2007; Carone et al., 2017). The LAAOs from Daboia russelii and =~ LAAO to the cell surface thereby increasing the concentration of
Trimeresurus stejnegeri venom have been shown to contain three H,0, which leads to the apoptosis (Ande et al., 2006). Evidence for
glycosylation sites at Asn172,194,and 361 (Zhangetal.,2003; Chen  the direct attachment of SV-LAAOs to mouse lymphocytic
et al., 2012). The glycan moiety in SV-LAAOs is bis-sialylated, ~ leukemia and endothelial KN-3 cells (Suhr and Kim, 1996),
biantennary, and core-fucosylated dodecasaccharides (Geyer etal,  human umbilical vein endothelial cell and promyelocytic
2001). The glycan moiety, particularly at the position 172 liesnearto  leukemia HL-60, and human ovarian carcinoma A2789 cells have
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FIGURE 6 | Zinc binding sites of SV-LAAOs (A, B) Zinc binding site of L-amino acid oxidase from Vipera ammodytes ammodytes, (monomers A and D and B and
C) (C, D) Zinc binding site of L-amino acid oxidase from Bothrops atrox (monomers A and B and C and D). The zinc ions and water molecules are shown as gray
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been confirmed using Fluorescence microscopy with a fluorescence
label LAAO (Suhr and Kim, 1996). The removal of glycan moiety
from the SV-LAAOs drastically decreases the apoptotic activity of
these enzymes; however, it does not affect their catalytic activity
(Geyer et al., 2001; Stabeli et al., 2004; Izidoro et al., 2006; Chen
etal., 2012).

Structural Comparison Among SV-LAAOs

The overall three-dimensional structures of SV-LAAOs align
well to each other (Figures 8A-J). They have the same three-
dimensional structural folds that contain three domains namely
FAD-binding domain, substrate-binding domain and a helical
domain. The Root Mean Square Deviation (RMSD) value for the
structural alignment among SV-LAAQs range from 0.30-0.66 A,

with an average RMSD value of 0.46 A (Table 4). The main
differences are found in the loop regions (Figures 8A-J). The
amino acid sequence and length of the loops vary in these
regions. This may be important in variable substrate specificity.

In the crystal structure of all SV-LAAOs the adenosyl group
of FAD has a normal canonical form in which it is stabilized by
Van der Waals contacts and the ribose and di-phosphoryl groups
that are tightly bonded to E63, Q71 and E457 side chains and
backbone N atoms from M43 and S44 (Figures 9A, B, D, E).
However, in the crystal structure of B. jararacussu LAAO the
adenosyl group was found in different conformation from the
normal canonical binding mode (Figures 9B, C). In this novel
conformation, the adenosyl group of the FAD flips towards loop
62-71 and is stabilized by the interaction with amino acid
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FIGURE 7 | Glycosylation sites of (A) L-amino acid oxidase from Calloselasma rhodostoma (B) L-amino acid oxidase from Agkistrodon halys pallas (C) Structure of
native L-amino acid oxidase from Vipera ammodytes ammodytes (D) Crystal structure of L-amino acid oxidase from Bothrops atrox. The carbohydrate moiety (NAG,
FUC) is shown as yellow sticks and the Asn (Asn172 and Asn361) are shown as green sticks.

residues (E63, S65 and R67, and a large number of hydrophobic
contacts) from this loop (Figure 9C). Due to this new
conformation, the active site cleft volume of B. jararacussu
LAAO increases which further modifies the solvent
accessibility to the FAD-binding domain that was previously
occupied by the adenosyl group in the canonical-binding mode.
This may also contribute to the variable substrate specificity of
this enzyme (Ullah et al., 2012b).

Variable Substrate Specificity Among
SV-LAAOs

The substrate (amino acid) recognition amino acid residues
comprising Arg90, Arg322, Tyr372, Ileud30, and Trp465 are
fully conserved among all SV-LAAOs (Figure 1). However,
LAAO:s from various snake species displayed variable substrate
specificity (Moustafa et al., 2006; Ullah et al., 2012b; Bregge-Silva
et al., 2012; Chen et al., 2012). For example LAAOs from B.
jararacussu, L. muta and R. viper display preference for
hydrophobic amino acid (L-Met, L-Leu, L-Phe, L-Ileu, L-Trp,
and L-Tyr) with large side chain (Bregge-Silva et al., 2012; Chen
et al,, 2012; Ullah et al., 2012b) while the LAAO from C.
rhodostoma shows broad specificity toward their substrate
(Moustafa et al., 2006). Interestingly the O. hannah LAAO has
shown a high substrate preference for L-Lysin (Tan and
Saifuddin, 1991). The narrow and broad specificity of SV-
LAAOs can be explained based on the amino acid residues
difference in the loop regions, active site cavity volume and its
average depth and surface charge distribution.

The analysis of structural alignment among SV-LAAOs from
various snake species shows some differences in their three-
dimensional structure that is confined to the loop regions
(Figures 8A-J). Due to these differences, the surface charge
distribution varies in these enzymes (Figures 10A-E). The
surface charge distribution analysis indicates that LAAOs
having broad specificity have their surfaces partially negative
and partially positive (Figures 10A-C). While others having
specificity for hydrophobic amino acids have highly negatively
charged surface around the active site cleft (Figures 10D-F).

The active site cavity volume and average depth also vary in
these enzymes (Table 5). It has been shown that the SV-LAAOs
with broad substrate specificity (LAAO from C. rhodostoma)
have small active site cavity volume (4719.94 A’) and average
depth (16.55 A) (Table 5). However, the others SV-LAAOs with
narrow substrate specificity have large active site cavity volume
(8,469.14-13,670.44 A’) and average depth (18.23-23.58 A)
(Table 5). The unique preference of O. hannah LAAO toward
L-lysine (basic amino acid, with a positive charge) as a substrate
can also be explained based on the surface charge distribution
(Figure 10H) and active site cavity volume and its average depth
(Table 5). The overall surface charge of this enzyme is highly
negatively charged which attract this amino acid (Figure 10H).
However, in the case of other SV-LAAOs, the overall surface
charge is partially negative and partially positive (Figures 10A-
G). The average active site cavity volume and depth is also very
small for O. hannah LAAO when compared to the other SV-
LAAOs (Table 5).
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FIGURE 8 | Structural alignment among SV-LAAOs (A) Calloselasma rhodostoma LAAO (green) align with Agkistrodon halys pallas LAAQO (cyan) (B) C. rhodostoma
LAAO (green) align with Vipera ammodytes ammodytes LAAO (yellow) (C) C. rhodostoma LAAO (green) align with Bothrops jararacussu LAAO (blue) (D) A. halys
pallas LAAO (cyan) align with V. ammodytes ammodytes LAAO (yellow) (E) A. halys pallas LAAO (cyan) align with B. jararacussu LAAO (blue) (F) V. ammodytes
ammodytes LAAQ (yellow) align with B. jararacussu LAAQO (blue) (G) C. rhodostoma LAAQ (green) align with Bothrops atrox LAAO (red) (H) A. halys pallas LAAO
(cyan) align with B. atrox LAAO (red) (I) V. ammodytes ammodytes LAAO (yellow) align with B. atrox LAAO (red) (J) B. jararacussu LAAO (blue) align with B. atrox
LAAQ (red). The loops showing variable amino acid residues and length are highlighted. The amino acid residues showing differences are shown in the box.

Catalytic Mechanism

The active site of SV-LAAO is located deeply within the enzyme
with a long funnel-like entrance (25 A). The walls of the funnel
are lined with the hydrophilic and hydrophobic amino acid
residues that direct the substrate to the active site (Pawelek

et al., 2000; Moustafa et al., 2006). The active site comprises of
the cofactor FAD and amino acid residues Arg90, His223,
Phe227, Lys324, Tyr372, Ileu374, Ileu430, and Trp465
(Figures 1, 2D, and 4) (Georgieva et al., 2011; Pawelek et al.,
2000; Moustafa et al., 2006).
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TABLE 4 | Root mean square deviation of SV-LAAOs structural alignment.

Protein RMSD (A)
1F8R align 1REO 0.30
1F8R align 3KVE 0.51
1F8R align 4EQV 0.61
1F8R align 5TS5 0.36
1REO align 3KVE 0.49
1REO align 4E0V 0.50
1REO align 5TS5 0.34
3KVE align 4E0V 0.66
3KVE align 5TS5 0.36
4EQV align 5TS5 0.51

The alignment of the two structures was carried out using the PyMOL Molecular graphic
visualization program and the all-atom RMSD values were calculated using the same
program.

The cofactor FAD (substrate-bound and reduced state) acts as
a receptor of the hydride from the substrate C-alpha atom to the
N5 atom of the flavin isoalloxazine ring system (Moustafa et al.,
2006). The Arg90 interact with the carboxylic acid group of the
amino acid substrate and keeps it in the specific orientation for
the catalysis (Georgieva et al., 2010). The amino acid residues
Phe227, Tyr372 and Trp465 stabilize the isoalloxazine part of the

FAD cofactor. The Ile374 and Ile430 constitute the hydrophobic
substrate-binding site and preferably bind the amino acids
(substrate) with non-polar side chains. A conserved water
molecule near Lys322 and FAD cofactor (N5 atom of the
flavin isoalloxazine ring) has been encountered in the crystal
structure of C. rhodostoma LAAO with bound L-phenylalanine
(Moustafa et al., 2006) and also in the native structure of V.
ammodytes ammodytes (Georgieva, et al,, 2010). This water
molecule makes a triad Lys322-Water- N5 of FAD
(Isoalloxazine ring), only upon substrate binding (Moustafa
et al,, 2006; Georgieva, et al., 2010). This water molecule is
important for FAD reduction and the formation of H,O,
(Moustafa et al., 2006).

The catalytic mechanism involves two reactions namely
reductive half-reaction and oxidative half-reaction. The
protonated amino acid (substrate) in the zwitterionic form
enters the active site of the enzyme through the funnel-shaped
channel (Pawelek et al., 2000). In the funnel, His233 and Arg322
block the substrate as they change their conformation due to the
zwitterionic form of the substrate (Figure 11) (Moustafa et al.,
2006). The His233 then removes a proton from the o-amino
group of the substrate. After deprotonation, the substrate is
further modified by transferring the electrons from the o-

sticks.

FIGURE 9 | Binding mode of FAD in SV-LAAOs (A) structural alignment among SV-LAAOs (B) FAD-binding in SV-LAAQO (D) Two ways of FAD-binding in Bothrops
Jjararacussu LAAO (C) FAD-binding in monomer A (E) FAD-binding in monomer B. The FAD has been shown as yellow sticks and the amino acid residues as green

B

Adenine

Isoalloxazine ring
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FIGURE 10 | Surface charge distribution of SV-LAAOs (A) Calloselasma rhodostoma LAAO (B) Agkistrodon halys pallas LAAO (C) Vipera ammodytes ammodytes
LAAO (D) Bothrops jararacussu LAAO (E) Bothrops atrox LAAO (F) Lachesis muta LAAO (homology model) (G) R. viper LAAO (homology model) (H) Ophiophagus
hannah LAAO (homology model). The red, blue and white colors represent negative, positive and neutral charges respectively.

nitrogen to the o-carbon atom of the substrate. This makes the
substrate more active and thus it transfers a hydride ion to the
N5 of the FAD cofactor and reduces it. The substrate changes
to the imino form during this step. During the oxidative half-
reaction, the FAD is oxidized by O,. The O, takes one electron
from the FAD m-electrons and becomes attached to the other
electron. In the same time, the O, also abstracts a hydrogen ion

from the water molecule (hydronium ion) and hydrogen from
the FAD which it has taken previously from His223. In this
way, an H-O-O-H (H,0,) is formed. The bond between the
H,0, and FAD breaks and the H,O, is released. The water
molecule near Lys322 provides oxygen to the imino acid
changing it to keto acid and the hydrogen to the NH,
converting it to NHj.
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TABLE 5 | Average active site cavity volume and average active site cavity depth
of SV-LAAOs and their mammalian and bacterial counterpart.

Protein Average volume (A%) Average depth (A)
1F8R 4719.94 16.55
1REO 10710.98 21.84
3KVE 7425.42 23.58
4E0V 8469.14 18.23
5TS5 12895.45 21.67
RV-LAAO- homology model 13670.44 21.85
LM-LAAO- homology model 9656.30 21.91
O. hannah- homology model 2688.61 8.54

1F8R: Calloselasma rhodostoma LAAO, 1REO: Agkistrodon halys pallas LAAO, 3KVE:
Vipera ammodytes ammodytes LAAO, 4EOQV: Bothrops jararacussu LAAO, 5TS5:
Bothrops atrox LAAO, R. viper LAAO (homology model), Lachesis muta LAAO
(homology model), Ophiophagus Hannah LAAO (homology model). The average active
site cavity volume and average active site cavity depth of the proteins were calculated
using the Pdbsum online server (Laskowski et al., 2018).

Inhibition of SV-LAAO

SV-LAAO:s are inhibited by L-propargylglycin, Aristocholic acid
and suramin (Mitra and Bhattacharyya, 2013; Bhattacharjee
et al., 2017). The L-propargylglycin reversibly inhibits the C.
adamanteus and C. atrox LAAOs by covalent modification
(Mitra and Bhattacharyya, 2013). This inhibitor binds to
amino acid residues Arg90, His233 and Leu207 (Figure 12A).
The Arg90 and His233 are important for SV-LAAO activity as
inhibiting these two leads to the inhibition of the enzyme. The
Aristocholic acid and its derivatives bind to the amino acid
residues Arg90, Asn208, Arg322, and Thr431 (Figure 12B),
while suramin binds to Arg90, Glul49, Serl52, His223,
Asn208, Lys345, and Arg322, Gly464, and FAD (Figure 12C).
The Aristocholic acid and its derivatives and suramin inhibit the
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shown as yellow sticks. Only isoalloxazine ring of FAD has been shown here.

function of these enzymes by binding to the key amino acid
residues (Arg90, His223, and Arg322).

INTERACTION OF SV-LAAO WITH
MEMBRANE

The binding between membrane and SV-LAAO was predicted
using PPM server (Lomize et al., 2012). The SV-LAAO
membrane interaction is mediated by the contacts from FAD,
glycan moiety from Asnl72 and the amino acid residues from
the loops (Figure 13A). The amino acid residues that make
contact with membrane include Glu265, Glu266, Asn267,
Asn305, Pro306, Pro307, Leu309, and Pro310 (Figure 13B).
The interaction of SV-LAAO with membrane increases the
concentration of H,O, that is considered important for the
apoptotic activity of this enzyme (Suhr and Kim, 1996; Torii
et al,, 1997; Ande et al., 2006).

CONCLUSION AND FUTURE DIRECTIONS

SV-LAAO is the most potent apoptotic agents in snake venom.
The earliest study of these enzymes was concerned with their
enzymatic properties and industrial applications; however,
recently more attention has been given to their structure-
functional relationship, mechanism of action, therapeutic
potentials and biotechnological applications. Sequence analysis
indicates a high sequence identity among SV-LAAOs and low
identity with the bacterial, fungal, plants and mammalian
homologs. Their three-dimensional structure has three well-
defined domains namely a FAD-binding domain, a substrate-
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FIGURE 11 | Catalytic mechanism of SV-LAAQO. The amino acid residues (His223, Gly464) and FAD are displayed as green sticks. The substrate (L-phenylalanine) is
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FIGURE 12 | Inhibition of SV-LAAOSs by L-propargylglycin, Aristocholic acid
and suramin (A) Vipera ammodytes ammodytes LAAO with bound L-
propargylglycin (B) V. ammodytes ammodytes LAAO with bound Aristocholic
acid (C) V. ammodytes ammodytes LAAO with bound suramin. The amino
acid residues interacting with the inhibitors are shown as green sticks. The
inhibitors are shown as yellow sticks.

binding domain and a helical domain. The helical domain makes
a funnel-like structure that directs the substrate to the active site
of these enzymes. The sequence and structural analysis indicate
some differences in amino acid residues in the loop regions.
These differences change the surface charge distribution, average

FIGURE 13 | (A) Interaction of SV-LAAO with membrane. The binding was
predicted using PPM server (B) Parts (amino acid residues, FAD and NAG) of
the SV-LAAOQ interacting with the membrane.

active site cavity volume and depth which may impart variable
substrate specificity to these enzymes. The inhibition of these
enzymes by synthetic inhibitors (L-propargylglycin, Aristocholic
acid and its derivatives and suramin) can lead to better treatment
of snakebite envenomation. Further investigations are necessary
to use these enzymes as a therapeutic agent in cancer and HIV-
AIDS treatment.
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Toxin synergism is a complex biochemical phenomenon, where different animal venom
proteins interact either directly or indirectly to potentiate toxicity to a level that is above the
sum of the toxicities of the individual toxins. This provides the animals possessing venoms
with synergistically enhanced toxicity with a metabolic advantage, since less venom is
needed to inflict potent toxic effects in prey and predators. Among the toxins that are
known for interacting synergistically are cytotoxins from snake venoms, phospholipases
Ao from snake and bee venoms, and melittin from bee venom. These toxins may derive a
synergistically enhanced toxicity via formation of toxin complexes by hetero-
oligomerization. Using a human keratinocyte assay mimicking human epidermis in vitro,
we demonstrate and quantify the level of synergistically enhanced toxicity for 12 cytotoxin/
melittin-PLA, combinations using toxins from elapids, vipers, and bees. Moreover, by
utilizing an interaction-based assay and by including a wealth of information obtained via a
thorough literature review, we speculate and propose a mechanistic model for how toxin
synergism in relation to cytotoxicity may be mediated by cytotoxin/melittin and PLA,
complex formation.

Keywords: toxin synergism, phospholipase A,, toxin complexes, cytotoxins, melittin, cytotoxicity, toxin
interactions, venom

INTRODUCTION

The venomous animals that pose a threat to human health are classified in six major groups:
cnidarians, venomous fish, scorpions, spiders, hymenopterans, and snakes (Ericsson et al., 2006).
Their venoms are complex cocktails of toxic proteins, peptides, and small organic and inorganic
molecules. In general, venoms derive their toxicity from proteins known as toxins. These toxins are
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in themselves a diverse and complex group, including smaller
neurotoxic peptides, larger phospholipases, and venom
proteases, along with many other protein families (Ducancel,
2016). In fact, it is estimated that between 19,000 and 25,000
snake toxins, 100,000 scorpion toxins, more than 10 million
spider toxins, and a large unknown number of toxins from other
venomous creatures exist (Laustsen et al., 2016a; Laustsen
et al., 2016b).

Venoms are produced for defensive and/or predatory
purposes to provide a survival benefit to the species possessing
them. However, the production and replenishment of these
venoms come with a metabolic cost for the venomous animals
(Morgenstern and King, 2013). This metabolic cost has forced
venomous animals to evolve mechanisms for minimizing venom
expenditure, such as the venom optimization hypothesis (Wigger
etal., 2002) and toxin synergism (Laustsen, 2016). Indeed, snakes
(Strydom, 1976; Mora-Obando et al, 2014; Lauridsen et al.,
2016), spiders (Chan et al., 1975; Wullschleger, 2005), scorpions
(Lazarovici et al., 1984), and bees (Mingarro et al., 1995) have
evolved to produce venoms with potencies that are larger than
the sum of the individual toxins (toxin synergism). One of the
most prominent examples of this phenomenon is the synergy
between cytotoxins and phospholipases, which was reported for
the first time more than half a century ago (Condrea et al., 1964).
Cytotoxins from snakes belong to the three-finger toxin (3FTx)
superfamily of proteins and share a common scaffold of three
loops of B-strands extending from a central globular core
reticulated by four highly conserved disulphide bridges
(Kessler et al., 2017). Researchers have used different names for
categorizing these toxins, including membrane-active
polypeptides, membrane-disruptive polypeptides, membrane
toxins, membranotoxins, cardiotoxins (Harvey, 2018), direct
lytic factors (DLF) (Slotta and Vick, 1969), and cobramines
(Wolff et al., 1968). However, in 1988, Dufton and Hider
adopted the name “cytotoxin,” which underlines the fact that
this group of toxins can kill different cell types by interacting
with and disrupting their membranes (Dufton and Hider, 1988).
The term “cytotoxin” has since then been more widely adopted
in the literature and will be the term used in this study. Melittin,
the main toxic component of bee venoms, was also first identified
as a DLF, and as its mechanism closely resembles that of
cytotoxins (Dempsey, 1990), it may be considered as a
“cytotoxin-like” peptide.

While snake cytotoxins are mainly found in the genera Naja
and Hemachatus (Dufton and Hider, 1988), snake venom
phospholipases A, (svPLA,s) are found in all venomous snake
families (i.e., Viperidae, Elapidae, Atractaspididae, and
Colubridae) (Kini, 1997; Xiao et al., 2017). Catalytically active
svPLA,s hydrolyze membrane glycerophospholipids at the sn-2
site of these molecules (Xiao et al, 2017), however, many
svPLA,s have over the course of evolution lost their catalytic
activity, yet retain toxicity via other functions, such as an ability
to disrupt cellular membranes very selectively (Arni and Ward,
1996; Kini, 2003). Based on their molecular structure, svPLA,s
can be classified into three groups. 1) Group IA contains seven

disulfide bridges and a characteristic surface loop between
residues 63 and 67, called the elapidic loop. This group is
primarily found in Elapidae, although some have also been
reported for Colubridae. 2) Group IIA contains a seven-residue
C-terminal extension and seven conserved disulfide bonds and is
found in Viperidae. 3) Group IIB has a six-residue C-terminal
extension and only six disulfide bridges, which means it lacks an
otherwise universally conserved 61-95 disulfide bond. This
group of svPLA,s is found in vipers (Six and Dennis, 2000). A
different group of phospholipases A,, group III, can be found in
lizard and bee venoms. Group III PLA,s have molecular masses
that are higher than the molecular masses of PLA,s from snakes
(15-18 kDa compared to 13-15 kDa, respectively) and contain
eight disulfide bridges (Dennis et al., 2011).

The first synergistic effect between PLA,s and cytotoxins was
reported by Condrea and Mager in 1964. Their study (Condrea
et al, 1964) demonstrated, using erythrocytes, that when lower
concentrations of Naja naja PLA, causing no significant hemolysis
or phospholipid hydrolysis (3.3% hemolysis, 0% phospholipid
hydrolysis) were combined with a cobra cytotoxin with no
phospholipase activity, significant hemolysis and phospholipid
hydrolysis was observed (86.5% hemolysis, 77% phospholipid
hydrolysis) (Condrea et al, 1964). In a later study (Klibansky
et al,, 1968), it was shown that synergism also occurred between
PLA,s from Vipera palestinae and cytotoxins from cobras, implying
that synergism was not restricted to toxins from the same animal. In
1995, the occurrence of synergism between cytotoxin P4 from N.
nigricollis and homologous PLA,s along with many heterologous
PLA,s was investigated using melanoma tumor cells. Here, sublytic
concentrations of cytotoxin P4 combined with non-lytic
concentrations of PLA,s from N. nigricollis, N. atra, N.
melanoleuca, Walterinnesia aegyptia, Bitis arietans, and
Pseudocerastes persicus, along with porcine pancreas and bee
venom, were demonstrated to cause 100% cell lysis (Chaim-
Matyas et al., 1995). For bees, similar examples have been
reported, where PLA, from bee venom (bvPLA,) has been shown
to synergistically increase the lytic effect of melittin (Yunes et al,
1977; Frangieh et al., 2019; Pucca et al,, 2019).

Despite the considerable amount of research that has been
performed in the field of toxinology, little is still known about the
phenomenon of toxin synergism. In particular, the synergistic effects
between cytotoxins and PLA;s, as well as other toxin-toxin
combinations, remain understudied, and the molecular mode of
interaction between many of these toxins, as well as their combined
mechanism of action, are yet to be completely elucidated. In this
study, we demonstrate how several different combinations between
all three PLA, groups (I, II, and III) and different cytotoxins from N.
nigricollis, N. mossambica, N. melanoleuca, as well as melittin from
bee venom interact synergistically using a cytotoxicity assay
involving immortalized human keratinocytes. Based on the
synergistically enhanced cytotoxic effects observed on the
keratinocytes, an interaction-based assay, and a thorough
literature review, this study also proposes a mechanistic model for
how cell lysis is synergistically enhanced by cytotoxin and PLA,
complex formation.
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MATERIALS AND METHODS

Toxins

Venoms of N. nigricollis (the black-necked spitting cobra), N.
melanoleuca (the forest cobra), and N. mossambica (the
Mozambique spitting cobra) were purchased from Latoxan
(Valence, France). Melittin (P01501) and bvPLA, (P00630)
were purchased from Sigma-Aldrich (Cotia, SP, Brazil, and St
Louis, MO, USA, respectively). Bothrops asper myotoxin IT (MII,
lacking PLA, activity, P24605) was isolated as previously
described (Lomonte and Gutiérrez, 1989). Venoms of N.
nigricollis, N. melanoleuca, and N. mossambica were
fractionated by reversed-phase high-performance liquid
chromatography (RP-HPLC) as described elsewhere (Lauridsen
etal,, 2017), and peaks were numbered according to (Petras et al.,
2011; Lauridsen et al., 2017; Dehli, 2018), respectively. In order
to evaluate toxin purities, the fractionated toxins were sent to the
Proteomics Core at the Technical University of Denmark where
De Novo sequencing was performed. The subsequent peptide
spectra were screened against the Uniprot database using N. naja
or B. asper as the identifier species. The snake cytotoxins were
screened against N. naja and MII was screened against Bothrops
asper. The cytotoxin and phospholipase A, purities are shown in
Supplementary Table 1 and Supplementary Figure 1.

Cell Culture and Synergy Assessment

An immortalized human keratinocyte cell line (N/TERT) (kindly
provided by Edel O’Toole from the Queen Mary University of
London) (Dickson et al., 2000) was cultured in Dulbecco’s
modified Eagle’s medium (DMEM:F12; Grand Island, NY,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS),
1% (v/v) penicillin-streptomycin (Sigma, St. Louis, MO, USA),
and 1 x RMplus supplement (McGeoghan, 2017), under
standard conditions (37°C, 5% CO,, and 85% humidity). Sub-
culturing was performed by incubating with 0.05% Trypsin-
EDTA (Life technologies, Grand Island, NY, USA) for 5 to 10
min at 37°C to detach adherent cells. The cell suspension was
diluted 1:1 with medium to neutralize the trypsin, and then
centrifuged at 1,300g for 5 min. Approximately 4x10° cells
diluted in 100 pl of medium were seeded per well in 96-well
polystyrene black opaque-plates (Thermo Fisher Scientific,
Roskilde, DK) and incubated overnight under the standard
conditions. The medium was aspirated and replaced by media
(100 pl per well) containing different combinations of PLA,s
(bvPLA,, MII, or Nmol2) and cytotoxins (fraction 18 from N.
nigricollis (Nn18), fraction 20 from N. nigricollis (Nn20), fraction
17 from N. melanoleuca (Nm17), fraction 9 from N. mossambica
(Nmo?9)) or melittin, which had been co-incubated for 30 min at
37°C before addition. Controls consisted of wells without cells,
cells incubated without addition of toxins, and cells incubated
with only individual toxins. The plates were incubated under the
standard conditions for 24 h. Cytotoxicity was evaluated by the
CellTiter-Glo luminescent cell viability assay (Promega,
Madison, WI, USA) which uses adenosine triphosphate (ATP)

levels to measure living cells (Riss et al., 2011). The
manufacturer’s protocol was followed. Experiments were
performed in triplicate with two technical replicates for each
combination, and results were expressed as mean + SD. Data
were evaluated through an analysis of variance (ANOVA) test
followed by a Bonferroni post-test, and a significance level of p <
0.05 was used for statistical testing. All statistical analyses were
performed using GraphPad-Prism 6 software (GraphPad-Prism
Software Inc., San Diego, CA, USA).

Combination Index

The Coefficient of Drug Interaction or Combination of Drug
Index (CDI) (Zhao et al., 2014), here named Combination
of Toxin Index (CTI), was calculated by the equation
CTI = (E),,/E; x E,, where (E),, is the measured effect of the
combination effect; E; and E, are the individual effects of
each toxin. Thus, CTI values of <1, =1, or >1 indicate that the
toxin-toxin interactions are synergistic, additive, or
antagonistic, respectively.

Toxin Biotinylation and Protein-Complex
Isolation

The toxins MII, Nm17, and melittin were biotinylated using
PEG,-conjugated biotin (EZ-Link™ NHS-PEG,-Biotin, Thermo
Fisher Scientific, Rockford, IL, USA) with 1:1.5 molar ratio (toxin/
biotin), as described elsewhere (Laustsen et al., 2017). In order to
evaluate if the synergistically-acting toxins interact with each other
and generate complexes, a pull-down assay was performed.
Different combinations of toxins were used: biotinylated MII
(bio-MII) + Nml17, biotinylated Nm17 (bio-Nm17) + bvPLA,,
and biotinylated melittin (bio-melittin) + bvPLA,. The mixtures
containing 5 pg of each toxin diluted in phosphate-buffered saline
(PBS) pH 7.2 (final volume, 100 pl) were co-incubated for 1 h at
37°C and transferred to 30 pl of Dynabeads M-280 Streptavidin
(Invitrogen, Trondheim, Norway). Beads and mixtures were
incubated for 30 min at room temperature and mixed gently
each 10 mins. As control, the same combinations were used with
non-biotinylated toxins. Magnetic separation was used to collect
the beads. The beads were washed three times with 200 pl of PBS
pH 7.2. For elution of the toxins, 30 pl of PBS pH 7.2 containing
lithium dodecyl sulphate loading buffer (NuPAGE LDS, Thermo
Fisher Scientific, Rockford, IL, USA), and 0.1 M of dithiothreitol
(DTT, Thermo Fisher Scientific, Rockford, IL, USA) were added to
the beads and incubated 10 min at 70°C, after which the toxins
were recovered from the supernatant. The samples obtained from
the pull-down assay were analyzed through electrophoresis for low
molecular weight proteins according to the method of Schagger
and von Jagow (Schigger and von Jagow, 1987). Samples were run
on a 16% Tris-Tricine SDS-PAGE gel (Novex Tricine Gels,
Invitrogen, Carlsbad, CA, USA) at 149 V and 150 mA. The gel
was stained with silver (SilverXpress, Life Technologies, Carlsbad,
CA, USA).
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RESULTS

Cytotoxic Effects of Cross-Species

Synergistic Combinations of Toxins

Immortalized human keratinocytes (N/TERTSs) were challenged
with individual cytotoxins in different concentrations and
analyzed for cell survival (data not shown). Based on these
experiments, doses resulting in low cytotoxicity (0-20%), were
used for challenging N/TERT cells. The isolated cytotoxins
(Nn18, Nml17, Nn20, Nmo9) and melittin, as well as these
cytotoxins in combination with three PLA,s (Nmo12, MII, and
bvPLA,) from different species were added to the culture
medium of the N/TERT cells and incubated for 24 h (Figure
1). Exposure of N/TERT cells to Naja spp. cytotoxins showed an
average of seven-fold higher cytotoxic activity in combination
with MII (~62%), five-fold higher in combination with Nmo12
(~50%), and four-fold higher when combined to bvPLA, (~45%)
(Figure 1). In contrast, melittin showed the highest cytotoxic

effect in combination with bvPLA,, with five-fold higher
cytotoxicity (~90%), and a three-fold higher cytotoxicity when
combined with MII (~60%) and Nmo12 (~55%).

To provide evidence of the synergistically potentiated effects
of the toxins in combination compared to the effects obtained by
the single toxins, the CTI was calculated. All 12 cytotoxin/
melittin-PLA, combinations demonstrated a strong synergistic
effect (CTI < 0.5). Moreover, three of the combinations (melittin
+ bvPLA,, Nn18 + MII, and Nn20 + MII) presented very strong
synergism (CTI < 0.2) (Figure 2).

Evidence of Formation of Phospholipase
A,-Cytotoxin Complex

To investigate the possible occurrence of cytotoxin-PLA,
complexes, a pull-down assay was performed. The results
indicated that formation of a complex took place between
cytotoxins and PLA,s independent of the tested toxin
combination (Figure 3). Thus, these data demonstrate that

A
100 2 mm Control (-)
9 o PlAss
< g0 = N. nigricollis cytotoxin (Nn18)
g 0 Bl N. melanoleuca cytotoxin (Nm17)
2 ? B N. nigricollis cytotoxin (Nn20)
> 4w ? B N. mossambica cytotoxin (Nmo9)
g 2 % . m Melittin
? 7 Naja spp. cytotoxin + PLA,
[ T 2 Ald I Melittin + PLA,
QD O @ NN SR IO S I LA RO L
5 & ‘03\?: & 8 ‘\o‘;\’: S e&s‘q\:\‘, ‘w"'si& o ‘\{’3\«’;’ « ‘23";6‘;&‘
o O B O B R
FET FE T e

MIl. Similar patterns were seen for other toxins.

FIGURE 1 | Synergistically enhanced lytic effects of combinations of cytotoxins and PLAs from the same and different species. (A) Low lytic concentrations of
cytotoxins (Nn18: 8 pg/ml, Nm17: 6 pg/ml, Nn20: 20 pg/ml, Nmo9: 1 pg/ml, and melittin: 5 pg/ml) were mixed with sublytic concentrations of PLAzs (Nmo12: 50
pg/ml, bvPLA,: 50 pg/ml, and MIl: 12 pg/ml) and the combinations were added to human keratinocytes (N/TERT). Controls were performed with N/TERT cells not
subjected to the toxins. Synergistically enhanced cytotoxicity was examined after 24 h of incubation by determination of adenosine triphosphate (ATP) levels through
a luminescent cell viability assay. Experiments were performed in triplicates with two replicates for each combination, and results are expressed as mean + SD. Data
was analyzed by an analysis of variance (ANOVA) test followed by a Bonferroni post-test. (p < 0.001 compared to the respective effect with the individual cytotoxin).
(B) Representative morphological features of N/TERT cells captured by Evo XL imaging system using a 4x objective lens. (a-c) Standard N/TERT cell cultures
forming islands of adherent and flattened keratinocytes, indicating viable cells: a: control; b: bvPLA,, and c¢: Nn18. (d-f) N/TERT cell cultures forming separated
clusters of keratinocytes (fragmentation) and presenting several rounded cells, indicating cell damage and lysis: d: Nn18 + bvPLA,; e: Nn18 + Nmo12, and f: Nn18 +
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FIGURE 2 | Combination effect of cytotoxins and PLAzs. The Combination of
Toxin Index (CTI) was calculated for 12 different combinations of melittin/
cytotoxins and PLAs. The X axis shows the level of cytotoxicity, where O =
100% of viable cells, and 1 = 0% of viable cells. The Y axis shows the CTI
values, where values <1, =1, or >1 indicate that the toxins act synergistically,
additively, or antagonistically, respectively. CTl <0.5 indicates strong
synergism, and CTI <0.2 very strong synergism. Triangles, diamonds, and
circles represent melittin/cytotoxin combinations with PLA,s from group |
(Nmo12), Il (MIl), and Il (ovPLAy), respectively.
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FIGURE 3 | Electrophoresis profiles of toxins and toxin complexes isolated in
a pull-down experiment. Different combinations of cytotoxins and PLAss (5 ug
of each and one of them biotinylated) were co-incubated for 1 h at 37°C. This
was followed by a pull-down experiment using Dynabeads M280 Streptavidin.
Toxins were eluted with lithium dodecyl sulphate (LDS) and dithiothreitol (DTT)
and heated at 70°C for 10 min. Eluted toxins were evaluated using a Tris-
Tricine SDS-PAGE 16% and silver staining. Lane 1: Ladder; Lane 2: bio-MIl +
Nm17; Lane 3: bio-Nm17 + bvPLA,; Lane 4: bio-melittin + bvPLA,; Lane 5:
MIl; Lane 6: melittin (control); Lane 7: bvPLA, (control); Lane 8: Nm17
(control). No protein band was seen when combinations with non-biotinylated
toxins were used (data not shown). Strep. means streptavidin.

cytotoxins and PLA,s from the same and different species can
form complexes, and that these complexes could be responsible
for the synergistically enhanced cytotoxic effects observed on
keratinocyte bilayer membranes. The hypothesized mechanism
of hetero-oligomer complex interaction with membranes and
complex-induced lytic effect is represented in Figure 4.

DISCUSSION

Toxin synergism between groups of toxins is a vast field of study
that remains largely unexplored, since most toxin-toxin
interactions are yet to be studied. However, cytotoxins, PLAs,
snake venom metalloproteinases (SVMPs), and snake venom
serine proteases (SVSPs) are among the toxin families that
possess the ability to interact synergistically with other toxins,
which has been investigated in previous studies (Xiong and
Huang, 2018). For instance, it has been demonstrated that a
combination of acidic and basic svPLA,s (including Asp49 and
Lys49 subtypes) can be found in a single snake species (Angulo
and Lomonte, 2009), having synergistic effects (Mora-Obando
et al., 2014; Bustillo et al., 2019). This is in agreement with the
belief that toxin synergism can be identified whenever
predominant protein families of snake venoms are co-
administered (Xiong and Huang, 2018). In this relation, cobra
snake venoms are known to be dominated by cytotoxins and
PLA,s. In fact, around 95% of N. nigricollis and N. mossambica
venom is composed of cytotoxins (72.8% and 67.7%,
respectively) and PLA,s (21.9% and 27.1%, respectively)
(Petras et al.,, 2011). Bee venom is also dominated by melittin
(50%) and PLA, (15%) toxins (Prado et al., 2010). Thus, due to
the high abundance in venoms of cytotoxins and PLA;s, their
interactions have been studied for decades and are considered
great examples of protein complementation serving to potentiate
biological activity (Gasanov et al., 2014). However, the
mechanism behind this synergism phenomenon has not
been elucidated.

Toxin synergism can be achieved through several
mechanisms, mainly divided into intermolecular synergism,
where toxins act on different targets or processes causing
increased toxicity, or through supramolecular synergism, where
toxins either interact with the same target or associate into a
complex with increased toxicity (Laustsen, 2016). Gasanov et al.
dedicated many efforts to propose a model for cytotoxin-PLA,
interaction (Gasanov et al., 1995; Gasanov et al., 1997; Gasanov
et al, 2014). Moreover, methods like chromatography (gel
filtration) (Mukherjee, 2010), ELISA (Saini et al,, 1997), and
functional assays (Louw and Visser, 1978; Chaim-Matyas et al.,
1995) have been used successfully to prove that formation of
non-covalent complexes between cytotoxins and PLA, occurs.
Here, we demonstrate that MII, a basic Lys49 PLA, from B. asper
with no enzymatic activity, produced a strong or very strong
synergistic effect with different cytotoxins (Nn18, Nm17, Nn20,
Nmo9) and melittin. The interaction of cytotoxins with this type
of viper PLA, has never been studied before. Our data with non-
enzymatic MII are also supported by a recent study, which
demonstrated that Asp49 and Lys49 PLA,s from Bothrops
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FIGURE 4 | Hypothetical phenomena of synergistically enhanced cell lysis mediated by cytotoxin-PLA, or melittin-PLA, hetero-oligomers on phospholipid bilayer
membranes. (A) Cytotoxins (monomers or oligomers) likely bind to anionic extracellular proteins or carbohydrates (Harvey, 2018), which may lead to further
oligomerization and formation of membrane pores, leading to cell lysis (Forouhar et al., 2003; Konshina et al., 2011). (B) When combined with PLAS, cytotoxins are
more likely to easily bind to the neutral outer membrane on the lipid binding surface of the molecule (Singer et al., 2002; Burke and Dennis, 2009), resulting in
synergistically enhanced lysis. (C) Different to cytotoxins, which are proteins of predominantly beta sheet structure, the helical structure of melittin provides better
opportunities for melittin interaction with neutral membranes (Dempsey, 1990; Kleinschmidt et al., 1997), which is possibly mediated via electrostatic attraction
between basic amino acid residues of melittin and the phosphate group of phosphatidylcholine (Dempsey, 1990; Kleinschmidt et al., 1997). The melittin-phospholipid
binding enables melittin oligomerization, formation of membrane pores, and lysis (Yang et al., 2001; Pucca et al., 2019). (D) As for cytotoxins, PLA.s can also
facilitate melittin binding in the cell membrane, resulting in synergistically enhanced lysis. (E) PLA-induced hydrolysis also affects membrane integrity through the
detergent action of the hydrolytic products of phospholipids, which may also contribute to the Iytic effects (Lomonte and Gutiérrez, 2011). The last hypothetical
phenomenon is unlikely to account for the synergistic effects observed for MIl, since this toxin lacks enzymatic activity.
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diporus venom present synergistic effects, and that the Lys49
variant (lacking enzymatic activity) has greater myotoxicity,
cytotoxicity, anti-adhesion activity, and causes stronger
inhibition of cell migration (Bustillo et al., 2019). In addition,
to the best of our knowledge, it is the first time that the presence
of supramolecular synergistic interaction between cytotoxins and
PLA, is demonstrated using a pull-down assay. In this study we
demonstrate that independently of the animal species from
which the tested venom toxin is derived, cytotoxins and PLA,s
interacted and formed hetero-oligomers. Hence, we speculate
that cytotoxin-PLA, oligomers are generated in the venom gland
and their cytotoxic effect is synergistically enhanced by this
formation of hetero-oligomers. To support our hypothesis, a
literature review was performed.

Due to their cationic nature, cytotoxins are likely to have no
or very weak electrostatic interaction with phospholipids on the
outer membrane leaflet of a mammalian cell, mostly composed
of neutral components, unfavorable for interacting with the
cytotoxins (Harvey, 1985). Since most of the negatively
charged lipids are located in inner membrane leaflet
(cytoplasmic face), cytotoxins likely first bind to anionic
extracellular proteins or carbohydrates (e.g., oligosaccharides)
(Harvey, 2018). Thus, cytotoxins (monomers or oligomers) seek
and interact with unknown membrane anionic moieties through
their basic electrostatic field. The cytotoxin-protein binding may
enable cytotoxins to penetrate the membrane through their
hydrophobic first loop and interact with negatively charged
lipids from the inner membrane leaflet, which may lead to
further oligomerization and formation of membrane pores,
leading to cell lysis (Forouhar et al, 2003; Konshina et al,
2011). The cytotoxin-mediated mechanism of pore formation
is like the perforin polymerization used by cytotoxic effector cells
(Natural Killer cells and cytotoxic T lymphocytes) (Abbas et al.,
2016). No specific protein targets have yet been identified for
cytotoxins (Gasanov et al., 2014).

Different from cytotoxins, all three groups of PLA,s tested
(IA, IIA, and III) bind readily to the neutral outer membrane
through interactions with a group of hydrophobic residues on
the lipid binding surface of the molecule (Singer et al., 2002;
Burke and Dennis, 2009). Moreover, in case of MII, it was
demonstrated that the toxin can also bind to fifteen different
proteins, including nucleolin (Massimino et al., 2018). Thus,
within the complex formation, PLA,s likely facilitate cytotoxin
binding and penetration into the membrane, thereby enhancing
the cytotoxin activity, which results in synergistically enhanced
lysis. Supporting the synergistic activity, most PLA,s hydrolyze
the ester bond of glycerophospholipids located at position two
(sn-2), resulting in a structural change of the cell membrane and
lysis. Although the composition of glycerophospholipids is
diverse among mammalian cells and their distribution is
different in the inner or outer plasma membrane leaflets
(Hishikawa et al., 2014), PLA,-induced hydrolysis also affects
membrane integrity through the detergent action of the
hydrolytic products of phospholipids (i.e., lysophospholipids
and fatty acids) contributing to the lytic effect as well

(Lomonte and Gutiérrez, 2011). In addition, the augmentation
of lysophospholipids facilitates flip-flopping of phospholipids
and better exposure of acidic lipids to cytotoxins on the outer
membrane leaflet (Gasanov et al., 1997).

Chaim-Matyas and co-authors have shown that among all
different combinations of the P4 cytotoxin from N. nigricollis and
PLA,s from different origins, the highest synergistic activity is
seen between P4 and one of the basic PLA,s found in the same
venom (Chaim-Matyas et al., 1995). Very strong synergism
between intraspecies toxins was also observed in our study,
where melittin and bvPLA, combinations exhibited the highest
cytotoxicity in N/TERT cells (>90% cytotoxicity and CTI <0.2).
Interspecies toxin combinations were also tested, and
interestingly, for snakes, we found that Nmo12, an acidic PLA,
from N. mossambica, exhibited less synergistic effects when
combined with Naja spp. cytotoxins, compared to when it was
combined with MII from the B. asper pit viper. Although more
studies must be conducted for the evaluation of interfamily
synergism, our results might indicate that synergism is not
solely dependent on the toxins co-evolving within the same
genus but may be a more universal feature co-evolving across
genera and families. On the other hand, combinations employing
cobra cytotoxins and bvPLA, resulted in lower synergism
compared to combinations with cobra cytotoxins and snake-
derived PLA,s. This observation is not surprising, as it is to be
expected that PLA,s and cytotoxins originating from snakes have
co-evolved to result in the highest level of toxicity, just as the case
is for PLA,s and melittin from bees. All in all, our data from 12
cross-species combinations indicate that synergistic effects of
toxin-toxin combinations may be less dependent on species and
more related to the fundamental structural and biochemical
characteristics of the proteins themselves. Notably, in this
study, not all toxins were isolated in high purity upon venom
fractionation. Some of the cytotoxins and phospholipases were
observed to have co-eluted in some fractions. However,
synergistic effects were still observed when either fractionated
or purified toxins were combined.

This is the first study that evaluates the cytotoxic effects of co-
administration of cytotoxins and PLA,s on human keratinocytes.
Many other cell types have been used for assessment of cytotoxic
effects of venom cytotoxins and/or PLA,s, including
erythrocytes, lymphocytes, cardiac myocytes, spleen cells,
endothelial cells, skeletal muscle myoblasts/myotubes, and
various tumor cells (Chaim-Matyas et al,, 1991; Gasanov et al.,
1997; Gasanov et al., 2014). However, to the best of our
knowledge, there exists no studies reporting the effect of these
individual toxins (or in combination) on human keratinocytes,
which are among the most affected cells in cases of cobra bite-
induced dermonecrosis (Rivel et al., 2016) or skin necrosis
caused by bee venom (Palm and Medzhitov, 2013). The lack of
studies using human keratinocyte cell lines could be justified by
the limited availability of primary keratinocytes to generate
epidermal models. Here, we demonstrate that N/TERT cells
can be a biologically relevant target for in vitro studies with
toxins (Smits et al., 2017).
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CONCLUSION AND FINAL REMARKS

This study demonstrates how cytotoxins and PLA,s from
different species (elapids, vipers, and bees) may interact
synergistically to enhance cell lysis, explored via the use of a
human keratinocyte assay mimicking human skin in vitro. The
results indicate that strong to very strong synergism may result
from the hetero-oligomerization of cytotoxins and PLA,s to
potentiated toxin complexes, which are speculated to be better
posed to interact with and disrupt cellular membranes. Finally,
based on the results obtained in this work combined with
findings extracted from prior art, we propose a mechanistic
model for how cytotoxin and PLA, complex formation may
possibly mediate synergistically enhanced cell lysis. We further
demonstrate that toxin synergism between cytotoxins, cytotoxin-
like toxins, and PLA,s may occur across snake genera, snake
families, and even entirely different species (snakes and bees) due
to the fundamental structural and biochemical characteristics of
the toxins themselves.
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Loxosceles spider venom contains Sphingomyelinase D (SMase D), the key toxin causing
pathology. SMase D hydrolyzes the main component of lipid rafts, sphingomyelin, which
changes the membrane microenvironment resulting in the activation of endogenous
metalloproteinase from the ADAMs family. Alterations in membrane microenvironment
of lipid rafts contribute to the activation of several cell surface molecules. Serine
proteinases convertases acting on the pro-domain of membrane metalloproteinases,
such as ADAMs, increase the cleavage and the release of proteins ectodomains and
receptors located at the cell surface areas containing lipid rafts. We, therefore,
investigated the interaction of SMases D with these membrane microdomains (lipid
rafts) in human keratinocytes, to better understand the molecular mechanism of
SMases D action, and identify the ADAM(s) responsible for the cleavage of cell surface
molecules. Using specific inhibitors, we observed that ADAMs 10 and 17 are activated in
the cell membrane after SMase D action. Furthermore, proproteins convertases, such as
furin, are involved in the SMase D induced ADAMs activation. One of the signaling
pathways that may be involved in the activation of these proteases is the MAPK pathway,
since phosphorylation of ERK1/2 was observed in cells treated with SMase D. Confocal
analysis showed a strong colocalization between SMase D and GM; ganglioside present
in rafts. Analysis of structural components of rafts, such as caveolin-1 and flotillin-1,
showed that the action of SMase D on cell membranes leads to a reduction in caveolin-1,
which is possibly degraded by toxin-induced superoxide production in cells. The action of
the toxin also results in flotilin-1 increased detection in the cell membrane. These results
indicate that SMases D from Loxosceles venoms alter membrane rafts structure, leading
to the activation of membrane bound proteases, which may explain why the lipase action
of this toxin can result in proteolytic cleavage of cell surface proteins, ultimately leading
to pathology.
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INTRODUCTION

Loxosceles spiders envenomation (Sicariidae Family) occur in
temperate and tropical regions of North, Central, and South
America, Africa, Asia, and Europe (Wasserman and Anderson,
1983; Platnick, 2011). Bites by these spiders commonly result in
local necrotic skin lesions and more rarely cause systemic effects
including hemolysis, intravascular coagulation, and
thrombocytopenia, which may result in renal failure (Barretto
et al., 1985; Schenone et al., 1989; Tambourgi et al., 1998).

Forrester et al. (1978), analyzing Loxosceles reclusa venom,
showed the association of venom toxicity with sphingomyelinase
activity, and sphingomyelinase D (SMase D) is now considered
the most important component for the establishment of this
spider envenomation pathology (Tambourgi et al.,, 1998). We
previously showed that SMases D from Loxosceles venom
induced activation of membrane-bound metalloproteinases
from the Adamalysin family, by indirect action on the cell
surface in a variety of cells (Tambourgi et al., 2000; van den
Berg et al, 2002). This resulted in e.g. the cleavage and
ectodomain shedding of Glycophorins (GPs), endothelial
protein C receptor (EPCR), and Thrombomodulin (TM),
explaining the observed complement mediated hemolysis and
intravascular coagulation (Tambourgi et al., 2000; van den Berg
et al., 2002; Paixdo-Cavalcante et al., 2006). In addition, we
demonstrated that SMase D induces the ADAM (ADAM: a
desintegrin and metalloprotease) mediated ectodomain
shedding of numerous other cell surface molecules including
MCP (Membrane Cofactor Protein: MCP; CD46), Major
Histocompatibility Complex class I (MHCI), B2-microglobulin
(associated with MHCI), Epidermal Growth Factor Receptor
(EGFR), and the C5a receptor (CD88) in many cell types,
including keratinocytes (reviewed by [Tambourgi et al., 2010]).
We have used keratinocytes successfully as a model to study the
molecular mechanisms operating in cutaneous loxoscelism
(Paixdo-Cavalcante et al., 2006; Paixdo-Cavalcante et al., 2007;
Correéa et al., 2016; Lopes et al., 2019).

ADAMs are transmembrane proteases belonging to the
family of Metzicins, subfamily of Adamlysins. They induce
ectodomain shedding of a number of cell surface proteins and
are considered crucial in modulating various physiological and
pathophysiological processes (van Goor et al., 2009). The
mechanism by which the Loxosceles venom induces activation
of these ADAMs is not yet understood.

The metalloprotease domain of ADAMs is protected by a pro-
domain and the primary pathway of activation and removal of
the pro-domain is performed by proprotein convertases (PCs)
such as furin, PC7, PC5/6B, and SKI-1 (Seidah, 2006; Klein and
Bischoff, 2011). These proprotein convertases belong to a family
of serine proteinases of the Subtilisins type (Seidah et al., 2008)
and play an important role in the regulation of ADAMs
(Reviewed by [Seals and Courtneidge, 2003]). Several studies
showed that inhibition of furin transport from the Golgi to the
cell membrane, by Brefeldin A and monensin, resulted in a
decrease in activity of ADAM-17 (Lum et al.,, 1998; Roghani
et al., 1999; Howard et al.,, 2000; Kang et al., 2002).
Overexpression of PC7 increased the activity of ADAM-10

(Anders et al., 2001), and the genetic modification of the furin
binding site of ADAMs 10, 12, and 19 prevented their activation
(Loechel et al., 1998; Anders et al., 2001; Kang et al., 2002).

The shedding of ectodomains of surface molecules by
ADAMs proteins may occur or increase due to various cellular
stimuli (Walev et al., 1996; Miillberg et al., 2000; Chalaris et al.,
2007), including those that result in the activation of MAPK and
ERK signaling pathways (Xu et al., 2012). Furthermore, the
cleavage and release of ectodomains are influenced by the
spatial organization of the transmembrane molecule and
protease within the lipid microenvironment of membranes
(Walev et al., 2000; Kojro et al., 2001; Matthews et al., 2003;
von Tresckow et al., 2004; Zimina et al., 2007). Maturation of
ADAM-17 occurs in lipid rafts and the mechanisms that regulate
the hydrolytic activity of this protease, on various substrates,
involve the re-distribution of the target proteins within the lipid
rafts (Walev et al., 2000; Kojro et al., 2001; Matthews et al., 2003;
von Tresckow et al.,, 2004; Zimina et al., 2007).

Lipid analysis has revealed that over 70% of all cellular
sphingomyelin (SM), the main substrate for Loxosceles SMase D,
is located in lipid rafts (Smart et al., 1999) and that SM, as well as
other sphingolipids, play an important role in the physical
properties of biological membranes (Giocondi et al., 2004), and
are necessary to maintain the integrity of the lipid rafts. A
sphingomyelinase, from Staphylococcus aureus, altered the
properties of lipid rafts in peripheral blood derived mononuclear
cells, resulting in a concomitant reduction of cholesterol content of
the rafts (Diaz et al, 2005). In addition, the composition and
function of membrane rafts can be modulated in response to a
number of factors and conditions (Simons and Ikonen, 1997)
including Reactive Oxygen Species production (Park et al., 2009;
Mougeolle et al., 2015) and ceramide generation (Zhang et al., 2009)
and their functions are closely related to the associated proteins.

Considering that (i) interference with organization of lipid
rafts or SM-hydrolysis can lead to changes in various biological
processes in the cell, (ii) that shedding of cell surface molecules
depends on the membrane microenvironment and (iii) that
SMases D in the venoms of Loxosceles hydrolyze SM, we aimed
to investigate the effects of Loxosceles SMase D on the activation
of metalloproteinases, proprotein convertases, and lipid raft
structure in human keratinocytes, in order to elucidate the
complex action of this toxin.

MATERIAL AND METHODS

Reagents, Antibodies, and Buffers

Broad spectrum matrix metalloprotease inhibitor Galardin
(GM6001) (Li et al., 2002), proprotein convertases inhibitors, FI
(Furin inhibitor); FII (Furin, PACE4 and PC1 inhibitor); ProproC
(Furin, PACE4, PC1/3, PC4, and PC5/6 inhibitor) were obtained
from Merck-Millipore (Darmstadt, Germany). Specific inhibitors
for ADAM-10 (GI254023 abbreviated GI) and ADAMI17
(GW280264; abbreviated GW) (Ludwig et al., 2005) were kindly
provided by Prof. Ann Ager (Cardiff University, UK). PMSF
(serineprotease inhibitor) and Monensin (Golgi transport
inhibitor), Bovine serum albumin (BSA), paraformaldehyde
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were purchased from Sigma Aldrich (St. Louis, MO, USA).
Dimethyl sulfoxide (DMSO) and Tween-20 were obtained from
Merck-Millipore (Darmstadt, Germany), “Prolong Gold antifade”
containing 4',6-diamidino-2-phenylindole (DAPI) nuclear stain
was from Invitrogen (Paisley, UK). EIA Titerzime Phospho-
ERK1/2 Enzyme Immunometric Assay was from Assay Designs
(Ann Arbor, MI, USA). Reagents for analysis of ROS and RNOS
production, Dihydroethidium (DHE) and Dihydrorhodamine-
123 (DHR) respectively, were obtained from Sigma-Aldrich
(MO, USA) and Alexa555-conjugated Cholera Toxin subunit b
(CTx-b/Alexa555)-was obtained from Molecular Probes (Eugene,
Oregon, USA). Rabbit antibodies against Flotilin-1 and Caveolin-1,
FITC-conjugated secondary antibodies as rabbit anti-mouse IgG
(RAM/FITC) or goat anti-rabbit IgG (GAR/FITC) were obtained
from Sigma-Aldrich (Saint Louis, MI, USA). Mouse monoclonal
antibodies (MoAbs) against human EGFR (Epidermal Growth
Factor Receptor), MCP (CD46: Membrane Cofactor Protein), 3,-
microglobulin, TNF-RI (CD120a: Tumor Necrosis Factor-
Receptor 1), and streptavidin-PE were purchased from BD
Biosciences (San Jose, CA, USA). MoAbs against human ADAM-
17 and ADAM-10, rabbit IgG against GM,; ganglioside, and Goat
anti-rabbit conjugated Alexa 488 (GAR/Al488) were from Abcam
(Cambridge, UK). MoAb against human CD59 (Bric229) was from
International Blood Group Reference Laboratory (IBGRL, Bristol,
UK). Rabbit IgG anti-Loxosceles SMase D was produced in house.
DMEM (Dulbecco's Modified Eagle Medium) and penicillin-
streptomycin were purchased from Gibco, Invitrogen Corp.
(Eugene, Oregon, USA), and Fetal bovine serum (FBS) was from
Cultilab (Sao Paulo, Brazil). ATV (Trypsin 0.2% and Versene
0.02%) was purchased from Adolpho Lutz Institute (Sdo Paulo,
Brazil). Buffers: Veronal buffered saline-VBS** (2.8 mM barbituric
acid, 145.5 mM NaCl, 0.8 mM MgCl,, 0.3 mM CaCl,, 0.9 mM Na-
barbital, pH 7.2), Phosphate buffered saline-PBS (8.1 mM
Na,HPO,; 1.5 mM KH,PO,; 137 mM NaCl; 2.7 mM KCl, pH
7.4), FACS buffer (PBS buffer containing 1% of albumin and 0.1% of
sodium azide), and FACS fixing solution (FACS buffer containing
paraformaldehyde 1%).

Expression and Purification of
Recombinant Sphingomyelinase D

The recombinant Sphingomyelinase D (SMase D) from L. laeta
venom was prepared as described by Fernandes-Pedrosa et al.
(Fernandes Pedrosa et al., 2002). The permission to access to
genetic resources register n° AEE9AEA 11/01/2018 was provided
by National System of Management of Genetic Heritage and
Associated Traditional Knowledge (SisGen).

Cells Culture

Human keratinocyte cell line HaCaT (obtained from Banco de
Células do Rio de Janeiro - BCR]) were grown in 75 cm? flasks
(Corning Inc., New York, USA) in DMEM supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin, at 37°C
and 5% CO,.

Treatment of Cells
HaCaT cells were trypsinized with ATV and resuspended in VBS**
buffer. Cells (1 x 10° cells/ml), pre-incubated for 5 min with

Galardin (GM6001, 90 uM), ADAM-10 (GI, 45 uM) or ADAM-
17 (GW, 45 puM) inhibitors, PMSF (1 mM), Monensin (10 pg/ml);
proprotein convertases inhibitor (FI, FII and ProproC, 20 uM) or
their vehicles, were further incubated with SMase D (25 ug/ml) or
buffer, for 2 h at 37°C under slight agitation.

Cell Surface Markers Analyses

Cells treated as described in Treatment of Cells, were incubated
for 30 min at 4°C with monoclonal antibodies against EGFR
(1:200), MCP (1 pg/ml), B2-microglobulin (1:200), CD59
(1:250), ADAM-10 (1:1,000), ADAM-17 (1:100), GM,
ganglioside (1:50), Flotilin-1 (10 pg/ml), Caveolin-1 (8 pg/ml),
and rabbit anti Loxosceles SMase D IgG (1:200). After washing,
cells were incubated for 30 min at 4°C with secondary antibodies
(RAM/FITC or GAR/FITC, 1:100). Some cells were also
incubated for 30 min at 4°C with anti-TNF-RI biotin-labeled
antibody (1:50), washed and, then, incubated with streptavidin-
PE (1:200). Fluorescence intensity of 10,000 cells was analyzed in
a flow cytometer (FACSCanto, Becton Dickinson, CA, USA).

Analysis of the Production of Reactive
Oxygen (ROS) and Reactive Nitrogen
Oxide Species (RNOS) and Intracellular
Signaling Pathway Activation in Human
Keratinocytes

Analysis of RNOS and ROS production by human keratinocytes
treated with SMase D was analyzed by flow cytometry. HaCaT
(10° cells) were treated with SMase D or buffer and incubated
with 5 pmol/L of DHE (for superoxide, O2°"), or DHR (for
peroxynitrite, ONOQ") for 1 h at 37 and 30°C, respectively and
5% CO,. Cells were spun (1,500 rpm, 5 min), and resuspended in
300 pl FACS fixing solution and fluorescence intensity was
measured in the flow cytometer (FACScanto, Becton
Dickinson, CA, USA).

Activation of pERK1/2 by SMase D was analysed using the EIA
Titerzime Phospho-ERK1/2 Enzyme Immunometric Assay Kkit,
according to the manufacturer's recommendations. The reaction
was read in a plate reader (Multiskan-EX, Labsystems, Helsinki,
Finland) at a wavelength of A 450 nm. The calculation of the
PERK1/2 concentration in the samples was performed using the
PERK recombinant standard curve (62.5 to 2,000 pg/ml) with
subtraction of the value of the blank. Protein concentration of cell
lysates was determined by the method of Lowry et al. (1951).

Analysis of SMase D Binding to Lipid Rafts
HaCaT cells (1.5 x 10*/well) were cultured in four well Culture
slides (BD) for 24 h in complete medium, followed by culture for
24 h in serum free medium. Cells were treated with SMase D
(5 pg/ml) or buffer in serum free medium for 2 h at 37°C and 5%
CO,. Wells were washed five times using serum free medium,
followed by incubation in PBS containing 5% BSA for 1 h at
room temperature and brief washing with PBS for 5 min.
Binding of SMase D to the cells was assessed by incubation
with rabbit IgG anti-SMase D (1:200 PBS/2% BSA, 30 min, RT),
followed by three washes with PBS/Tween20 (0.01%) and
incubation with GAR/AI488 (1:500 in PBS/2% BSA, 30 min, RT).
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For the visualization of lipid rafts, cells were incubated with
Alexa555-conjugated Cholera toxin subunit b (CTx-b/AlI555) (1.3
1g/200 pl, 30 min, RT) (Harder et al., 1998; Gniadecki et al., 2002).
Cells were washed three times in PBS/Tween20 (0.01%) and fixed in
1% paraformaldehyde for 20 min at 37°C. Slides were
counterstained with “Prolong Gold antifade” containing DAPI
nuclear stain and covered with coverslips for microscopy.

The effect of SMase D treatment on the colocalization of
CD59 and ADAM-17 with GM;, in lipid rafts, was investigated
by incubating the cells with MoAbs against human CD59 (1:250)
or anti-human ADAM-17 (10 pg/ml). The colocalization of
SMase D, CD59, and ADAM-17 proteins and CTx-b was
assessed using BiolmageXD v1.0 software (Kankaanpid et al.,
2012) and threshold values were calculated by the method of
Costes (Costes et al., 2004). Colocalization coefficients, according
to Manders (Manders et al., 1993), were chosen since they
represent the true degree of colocalization. M1 denotes the
colocalization index of the green with red marking and M2 the
colocalization index of the red with green marking. An average of
ten different images, in three different focal planes, were analyzed
per experiment in four independent experiments.

Alternatively, to evaluate whether the labeling was restricted to
the membrane, cells were detached and treated with SMase D or
buffer, in suspension for 2 h at 37°C followed by cytospin
centrifugation (400 rpm for 5 min) (Cytospin 4, Thermo
Scientific, Massachusetts, USA) to fix the cells to the microscopy
slides and then incubated with antibodies as described above.

The photomicrographs were acquired in laser scanning confocal
microscopy system (LSCM) (LSM 510 meta, Carl Zeiss, Jena,
Germany) using objective C-Apochromat 63x/1.2W corr.

Statistical Analysis

Data were expressed as mean + standard error and statistically
analyzed with GraphPad Prism, version 6.1 for Windows (San
Diego, USA). Comparisons between more than two groups in
relation to one variable were performed by One Way ANOVA
and multiple comparisons performed by post-hoc Tukey HSD.
Comparison of two or more variables between more than two
groups was performed using Two Way ANOVA followed by
post-hoc Bonferroni test. Comparisons between two groups were
performed by Student's t test.

RESULTS

ADAM-10 and 17 Are Activated as
Consequence of SMase D Action on
Keratinocyte Cell Membrane

To investigate the role of ADAMs in the SMase D induced
shedding of cell surface molecules from the human keratinocyte
cell line HaCaT, the effects of a broad spectrum metalloproteinase
inhibitor (Galardin: GM) and specific inhibitors of ADAM-10 (GI)
and ADAM-17 (GW) were investigated. Figures 1B-F show that
SMase D treatment of HaCaT cells resulted in reduced surface
expression, likely as a consequence of shedding, of the membrane

bound molecules EGFR, B2-microglobulin (associated with
MHCI), MCP, and TNF-RI, but not CD59. This was significantly
inhibited by the pre-incubation with GM and also by GI or GW, as
well as a combination of both. This demonstrates that ADAMs-10
and -17 are activated as consequence of the action of SMase D from
Loxosceles on cell membranes. As previously described by us
(Paixao-Cavalcante et al., 2006), using anti-Loxosceles SMases D
specific antibodies we could observe that the toxin binds to human
keratinocytes membrane (Figure 1A).The use of ADAM inhibitors
did not affect the cell viability nor the binding of the toxin to the cell
membrane and the vehicle of the inhibitors did not produce any
interference with the cleavage of the markers (data not shown).

Proprotein Convertases Participate of the
ADAMs Activation After SMase D Action
on Keratinocyte Cell Membrane

ADAMs are zymogens and require cleavage of the prodomain,
by certain serine proteinases, also known as proprotein
convertases, such as furin (Seidah, 2006; Klein and Bischoff,
2011). In order to investigate whether furin is involved in the
SMase D induced ADAMs activation, HaCaT cells were pre-
treated with the broad-spectrum serine proteinase inhibitor
PMSEF. Furin itself is also a zymogen and has to enter the
Golgi to become activated, which can be prevented by
monensin, an inhibitor of transport to the Golgi (Vey et al,
1994). Thus, to investigate the activation of furin, cells were also
pre-treated with monensin, prior to incubation with SMase D.
Figure 2 shows that both PMSF and monensin were effective in
reducing the shedding of membrane markers by ADAMs,
suggesting the involvement of serine proteinases and Furin in
the mechanism of activation of ADAMs, on the keratinocytes
membrane, after SMases D action. Reduction in shedding was
not as effective as with the metalloprotease inhibitors.

In an attempt to identify the proprotein convertases that
participates in this process, the cells were treated with three
different inhibitors of proprotein convertases groups, i. e., FI:
specific furin inhibitor (Vey et al., 1995); FII: Furin, PACE4, and
PC1 inhibitor (Cameron et al, 2000); and ProproC: Furin,
PACE4, PC1/3, PC4, and PC5/6 inhibitor (Becker et al., 2012).
Figure 3 shows that the three inhibitors prevented the cleavage
of membrane markers, to some extent, being most effective at
inhibiting the release of cell surface B2-microglobulin and MCP.
These results indicate that proproteins as furin, PACE4, PC1,
PC7, and PC5B may be involved in the activation of ADAMs,
induced by the action of SMase D in the membrane. The
inhibitors did not have any effect on the cell surface expression
of the molecules analyzed on the keratinocytes treated with
buffer only, indicating that the observed effect was not due to
an effect on the natural turnover of cell surface molecules (data
not shown). The inhibitors or their solvents (DMSO, ethanol or
PBS) did affect neither the cell viability nor the binding of the
toxin to the cell membrane. Furthermore, the solvents of the
inhibitors did not interfere with the cleavage of the cell surface
markers induced by SMase D action on the cell membrane (data
not shown).
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SMase D Modulates the Expression of
ADAMs and Induces the Activation of
ERK1/2 Signaling Pathway
The results of the experiments, with ADAM-10 and ADAM-17
inhibitors, suggest an increase expression/function of these
ADAMs and indeed, using flow-cytometry, we show that
SMase D increases the detection/expression of ADAMs 10 and
17 on the cell surface (Figures 4A, B).

The shedding of surface molecules by ADAMs proteins may
occur or increase due to specific signaling pathways such as
MAPK and ERK (Xu et al., 2012). Based on this, we investigated
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FIGURE 1 | Involvement of ADAMSs in the shedding of surface markers, induced by SMase D. HaCaT cells were pre-incubated for 5 min with Galardin (GM: 90 uM),
ADAM-10 (GW: 45 pM), or ADAM-17 (Gl: 45 uM) inhibitors followed by SMase D (25 pg/ml) or buffer for 2 h. Binding of the SMase D to keratinocytes surface (A),
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the possible activation of ERK1/2 pathway after SMase D action
on keratinocytes. Figure 4C shows that SMase D activated this
signaling pathway, as demonstrated by an increased detection of
ERK1/2 phosphorylation in SMase D-treated keratinocytes.

SMase D Changes the Expression of
Structural Lipid Rafts Components GM;
Ganglioside, Flotilin-1, and Caveolin-1 on
Keratinocytes Membrane

Since the maturation of ADAM-17 occurs in lipid rafts and the
mechanisms that regulate the hydrolytic activity of this and other
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proteases, involve proteins within the lipid rafts (Walev et al., 2000;
Kojro et al., 2001; Matthews et al., 2003; von Tresckow et al., 2004;
Zimina et al., 2007), we analyzed the effect of SMase D on the
expression of the lipid raft markers GM, ganglioside, flotillin-1, and
caveolin-1 using flow cytometry. Figures 5A, B show that SMase D
increased the detection or expression of GM; ganglioside and
flotillin-1, while it reduced the expression or detection of
caveolin-1 (Figure 5C), an important component of a different
lipid domain named as caveolae.

SMase D Induces Superoxide Production
in Human Keratinocytes

Considering that oxidative stress may contribute to the
modification of lipid raft structural components (Park et al,
2009; Mougeolle et al., 2015) and that we observed a reduction in
caveolin-1 expression after the SMase D treatment, we
investigated the ability of SMase D to induce reactive oxygen
and nitrogen species production. Figure 5D shows that SMase D
induced a significant increase in superoxide production by
human keratinocytes. However, the production of peroxynitrite
was not affected by SMase D (Figure 5E).
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FIGURE 2 | PMSF and Monensin inhibit the SMase D-induced shedding of surface markers. HaCaT cells were pre-incubated for 5 min with PMSF (1 mM) or Monensin
(10 pg/ml) followed by SMase D (25 ug/mi) or buffer for 2 h. Expression of EGFR (A), B2-microglobulin (B), MCP (C), and TNF-RI (D) was analyzed by flow cytometry. Data
are presented as mean + standard error of duplicates, representative of two independent experiments. Statistically analyzed by one-way ANOVA followed by Tukey HSD
test using GraphPad Prism 6.1 Software. (*) Significant difference compared to buffer (p < 0.05). (#) Significant difference in relation to SMase D (p < 0.05).

SMase D Binds to Lipid Rafts on Human
Keratinocytes Membrane and Changes the
Behavior of Other Proteins Present in the
Microenvironment
As structural components of lipid rafts were altered by the action of
SMase D, we analyzed if the binding of SMase D on the cell
membrane would colocalize with GM, ganglioside, a marker of
lipid rafts. Confocal microscopy, using SMase D specific antibodies
and fluorescently labeled Choleratoxin b (CTx-b), which binds to
GM; was performed. Figures 6A, B showed that SMase D strongly
colocalizes (about 85%) with GM; ganglioside, with a Manders'
colocalization coefficient of M1 = 0.84 and M2 = 0.85. Z-stack
analysis showed that the bindings of SMase D and CTx-b occur
mainly at the cell surface, since, as the depth of the focal planes in the
Z-axis increased, the level of colocalization reduced (Figures 6C, D).
To analyze the behavior of proteins known for their location
or concentration of their activities in lipid rafts, we evaluated the
colocalization of SMase D, CD59 (typically lipid raft associated)
and ADAM-17, with GM,, in cells before and after SMase D
incubation. Figures 7A, B show that SMase D significantly
reduced the colocalization of CD59 and GM,; (Manders'
colocalization coefficient M1 = 0.64; M2 = 0.61) when
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compared to cells treated with buffer alone (Manders'
colocalization coefficient M1 = 0.76; M2 = 0.76). In contrast,
Figure 8 shows that SMase D significantly increased the
colocalization of ADAM-17 and GM; (Manders' colocalization
coefficient M1 = 0.78; M2 = 0.83) when compared to cells treated
with buffer (Manders' colocalization coefficient M1 = 0.60;
M2 = 0.47).

DISCUSSION

Various interventions have been proposed as a treatment for
loxoscelism, however, a definitive and fully effective therapy has
not yet been established. A better understanding of the molecular
mechanism of venom/toxins action is important to the
establishment of more effective therapeutic approaches for the
Loxosceles spider envenomation.

In previous studies, using a broad-spectrum metalloproteinase
inhibitor Galardin (GM6001), we demonstrated that Loxosceles
venom/SMases D activated metalloproteinases of the Adamalysin
family on nucleated cells surface resulting in cleavage of various
transmembrane anchored molecules (van den Berg et al., 2002;
van den Berg et al, 2012). Here, we show that in addition to
Galardin, specific ADAM-10 and -17 inhibitors significantly
reduced the cleavage of the cell surface markers EGFR, [32-
microglobulin and MCP. As also previously described by us
(van den Berg et al., 2002), CD59 was not affected by the action

of SMase D (Figure 1B). Furthermore, we show here for the first
time that TNF-RI is also cleaved by the indirect action of SMase D
on keratinocytes. Thus, data obtained with these inhibitors
indicate that both ADAM-10 and -17 are activated by SMase D
and contribute to the cleavage/shedding of cell surface molecules.
Combined inhibition of these enzymes did not provide a
complete inhibition of the shedding, suggesting that other
ADAMs may be involved. According to Ari-Pekka et al.
(Huovila et al., 2005), while ADAM-10 and -17 are the main
sheddases, several other ADAMs contribute to the shedding of
membrane bound proteins.

The results presented here show that proteins cleaved after the
action of the SMases D are part of the group of specific substrates of
ADAM-10 and -17. Shedding of surface molecules by ADAMs
proteins may occur or increase in response to cellular stimulation
with phorbol esters (Miillberg et al., 2000), bacterial toxins (Walev
etal,, 1996), apoptotic stimuli (Chalaris et al., 2007), and activation
of MAPK and ERK (Xu et al., 2012). Our results showing SMase D-
induced activation of MAPK ERK1/2 signaling pathway (Figure
4C) in keratinocytes, may suggest that the activation of this pathway
may contribute to the ADAMs activity.

The metalloprotease domain of ADAMs is protected by a pro-
domain in the inactive zymogens, which is removed by proprotein
convertases (PCs) such as furin, PC7, PC5/6B, SKI-1. These PCs,
which are serine proteases (Seidah, 2006; Klein and Bischoff, 2011),
are activated themselves during transport through the Golgi.
Inhibiting serine protease activity with the broad-spectrum
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inhibitor PMSF and inhibiting Golgi transport, using monensin,
resulted in a partial (EGFR, TNF-RI) to complete (MCP and ,-
microglobulin) inhibition of SMase D-induced shedding,
suggesting the involvement of proprotein convertases (Figure 2).
Using more specific inhibitors of the proprotein convertases,
including furin, their roles were confirmed, especially in the
shedding of MCP and [,-microglobulin, which cleavages were
completely inhibited (Figure 3). We thus show here for the first
time the participation of proprotein convertases in the SMase D-
induced shedding of cell surface molecules.

The furin specific inhibitor FI showed, in most cases, to be
equally efficient to the broader spectrum inhibitors FII and
ProproC, suggesting that furin is the main proprotein
convertase activated and involved in this process. However, in
the case of EGFR and TNF-RI, we did not observe a complete
inhibition and other mechanisms may contribute to the shedding
of these molecules.

Lipid raft disruption has been shown to increase shedding by
ADAMs-10 and -17 (Matthews et al., 2003; von Tresckow et al.,
2004). Tellier et al. (2006) showed that the zymogen pro-domain of

by Student's t test for ADAMs expression, using the GraphPad Prism 5.1. (*) Significant difference compared to buffer (p < 0.05).

ADAM-17 is cleaved by furin in lipid rafts, which results in
concentration of the shedding activity of ADAM-17 in lipid rafts
and inhibition of ADAM-17 resulted in increase in its substrates
within the rafts. Our results presented here also showed that SMase
D-induced cleavage of several cell surface proteins, in the cell
membrane, was prevented by ADAMs inhibitors. Corroborating
these findings, our confocal microscopy data showed that SMase D
changed the behavior of molecules located in the lipid rafts, resulting
in an increased lipid raft colocalization index of ADAM-17 and a
decreased CD59 colocalization (Figures 8 and 7, respectively).

Diaz and colleagues (2005) showed that sphingomyelinase C
from Staphylococcus aureus, altered the properties of lipid rafts in
peripheral blood derived mononuclear cells, resulting in a
concomitant reduction of sphingomyelin and cholesterol content
of the rafts. We have tried to emulate the action of SMase D and the
subsequent cleavage of various cell surface molecules with
commercial purified Sphingomyelinase C and with ceramide-1-
phosphate, but while the Sphingomyelinase C did not induce
cleavage of cell surface molecules, the ceramide-1-phosphate was
toxic to the cells and results were inconclusive (unpublished

Frontiers in Pharmacology | www.frontiersin.org

42

May 2020 | Volume 11 | Article 636


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Lopes et al.

SMase D and Lipid Rafts

observations). Therefore our observation that SMase D changes the
lipid raft composition and stability and increases the activity of
ADAMs, suggest that this is a unique property of this SMase D and
also reveals the importance of these microdomains in controlling
this process, as demonstrated by Tellier et al. (2006).

Since the shedding process by ADAMs occurs in the lipid
rafts following “perturbation” of the cell membrane
environment, we evaluated the expression of the major
component of lipid rafts GM; ganglioside, after treatment with
SMase D. We observed that the ganglioside detection increased
significantly after the action of SMase D, suggesting possible lipid
raft disruption leading to an enhanced binding of CTx-b to GM;
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FIGURE 5 | Analysis of GM; ganglioside, flotillin-1, and caveolin-1 and ROS production in human keratinocytes, treated with SMase D. HaCaT cells were treated for
2 h with SMase D (25 pg/ml) or buffer and analyzed for the expression of GM; ganglioside (A), flotilin-1 (B), and caveolin-1 (C) by flow cytometry or for the presence
of superoxide (O," ) (D) and peroxynitrite (ONOO") (E), by flow cytometry. Data are expressed as mean + standard error of duplicates, representative of two
independent experiments. Statistically analyzed by Student t test, using the GraphPad Prism 5.1. (*) Significant difference compared to buffer (p < 0.001).

ganglioside, probably due to increased molecule accessibility
(Slaughter et al., 2003).

There are two types of rafts: those containing the structural
protein caveolin-1 that form caveolae, and those that lack this
protein but express two different raft-specific proteins, called
flotillin-1 and 2 (Volonteé et al., 1999). As both caveolar and non-
caveolar rafts are highly enriched in sphingolipids and
glycosphingolipids, they are also known as glycolipid-enriched
microdomains. These rafts are also highly enriched in
gangliosides, especially GM; which has almost been exclusively
identified in these structures (Cremesti et al., 2002). Thus, we have
demonstrated that SMase D is capable of interfering with both types
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FIGURE 6 | Colocalization of SMase D and Cholera Toxin subunit b in human keratinocytes membrane. HaCaT cells cultured on slides were treated, for 2 h, with
buffer or SMase D (5 pg/ml). Binding of SMase D was analyzed using rabbit IgG anti-SMase D (1:200), followed by anti-rabbit secondary antibody conjugated with
Alexa-488 (1:200). Lipid rafts were visualized using Cholera toxin subunit b-AlexaFluor 555 and the nuclei counterstained with DAPI and slides were analyzed by
CLSM. Scale bars represent 20 um. (A) Cells treated with buffer or SMase D, at focal plane of 2.59 um. Colocalization areas are shown as grayscale images.

(B) average percentage SMase D/CTx-b colocalization represent means + SEM from, at least, 10 images in two independent experiments and three different focal
plans. (C) Cells treated with SMase D at focal planes from 0.86 to 5.18 um. Colocalization areas are shown as grayscale images. (D) Percentage of SMase D/CTx-b

colocalization at the different focal planes analyzed. Data on the graphs represent means + SEM from, at least, 10 images in two independent experiments and three
different focal plans.
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FIGURE 7 | Colocalization of CD59 and Cholera Toxin subunit b in human keratinocytes, treated with SMase D. HaCaT cells were cultured on slides and treated for
2 h with buffer or SMase D (5pg/ml). Cells were stained with Moab anti-CD59 (1:250), followed by RAM-FITC (1:50). GM; containing lipid rafts were visualized using

Ctx-b/Alexa Fluor 555 and nuclei counterstained with DAPI and slides were analyzed by CLSM. Scale bars represent 20 um. (A) Colocalization of CD59 and GM; at
the focal plane of 3.02 pm analyzed in cells treated with buffer or SMase D. Colocalization areas are shown as grayscale images. The graph (B) shows a comparison
between the colocalization of CD59 and CTx-b, in cells treated with SMase D or buffer and represents the mean + SEM from, at least, 10 images in two independent

experiments and three different focal plans. Statistically analyzed by Two Way ANOVA followed by Tukey HSD test, using the GraphPad Prism 5.1. (*) Significant
difference compared to buffer (p < 0.05).
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FIGURE 8 | Colocalization of ADAM-17 and Cholera Toxin subunit b in human keratinocytes, treated with SMase D. HaCaT cells were cultured on slides and
treated for 2 h with buffer or SMase D (5ug/ml). Cells were stained with Moab anti-ADAM-17 (20 pg/ml), followed by RAM-FITC (1:50). GM; containing lipid rafts
were visualized, using the CTx-b/Alexa Fluor 555 and the nuclei counterstained with DAPI and slides were analyzed by CLSM. Scale bars represent 20 pym.

(A) Colocalization of ADAM-17 and GM; at the focal plane of 3.02 um analyzed in cells treated with buffer or SMase D. Colocalization areas are shown as grayscale
images. (B) Comparison between the colocalization of ADAM-17 and Cholera Toxin subunit b in cells treated with SMase D or buffer and represent means + SEM

from at least 10 images in two independent experiments and three different focal plans. Statistically analyzed by Two Way ANOVA followed by Tukey HSD test, using
the GraphPad Prism 5.1. (*) Significant difference compared to SMase D (p < 0.05).
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of rafts, since a reduction in caveolin-1 expression/detection and
increase in flotilin-1 was observed in cells treated with SMase D.
Mougeolle et al. (2015) demonstrated that oxidative stress induces
caveolin-1 degradation. We have previously shown that SMase D
induces oxidative stress in leukocytes with production of superoxide
and peroxynitrite (Manzoni-de-Almeida et al., 2018), and
corroborating this data, we show here that SMase D induces
superoxide production in human keratinocytes (Figures 5C, D).
Regarding the flotillin-1, its increase may indicate an augmented
synthesis and recruitment of raft components to the membrane
after degradation or perturbation. In the absence of caveolins,
flotillins has been shown to assume the role of a structural protein
assisting lipid rafts assembly (Slaughter et al., 2003).

To confirm the action of SMase D on lipid rafts, we sought to
analyze the possible toxin binding to the microdomains, which
were indirectly visualized by Cholera toxin labeling, which binds
to GM; gangliosides. We observed a high colocalization index
between SMase D in the membrane and the GM,; ganglioside,
suggesting that the SMase D acts on the membrane and
preferably in these microdomains.

In conclusion, we have elucidated more of the mechanism by
which SMase D exerts its actions and our observation that SMase
D changes the rafts dynamics leading to activation of proproteases
such as furin and, consequently, the metalloproteases ADAM-10
and -17, opens up pathways for novel therapeutic interventions to
prevent and treat systemic and local pathologies after Loxosceles
spider envenomation.
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Roman G. Efremov *°, Jan Tytgat? and Alexander A. Vassilevski'>*

7 Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, Russia, 2 Toxicology
and Pharmacology, KU Leuven, Leuven, Belgium, S School of Biomedicine, Far Eastern Federal University, Viadivostok,
Russia, * Department of Applied Mathematics, National Research University Higher School of Economics, Moscow, Russia,
5 Moscow Institute of Physics and Technology (State University), Dolgoprudny, Russia

Voltage-gated potassium channels (Kys) perform vital physiological functions and are
targets in different disorders ranging from ataxia and arrhythmia to autoimmune diseases.
An important issue is the search for and production of selective ligands of these channels.
Peptide toxins found in scorpion venom named KTx excel in both potency and selectivity
with respect to some potassium channel isoforms, which may present only minute
differences in their structure. Despite several decades of research the molecular
determinants of KTx selectivity are still poorly understood. Here we analyze MeKTx13-3
(Kalium ID: o-KTx 3.19) from the lesser Asian scorpion Mesobuthus eupeus, a high-affinity
Ky1.1 blocker (ICsq ~2 nM); it also affects Ky1.2 (IC50 ~100 nM), 1.3 (~10 nM) and 1.6 (~60
nM). By constructing computer models of its complex with Ky, 1.1-1.3 channels we identify
specific contacts between the toxin and the three isoforms. We then perform mutagenesis
to disturb the identified contacts with Ky 1.1 and 1.2 and produce recombinant MeKTx13-
3_AAAR, which differs by four amino acid residues from the parent toxin. As predicted by
the modeling, this derivative shows decreased activity on Ky1.1 (ICsg ~550 nM) and 1.2
(~200 nM). It also has diminished activity on Ky/1.6 (~1500 nM) but preserves Ky/1.3 affinity
as measured using the voltage-clamp technique on mammalian channels expressed in
Xenopus oocytes. In effect, we convert a selective Ky/1.1 ligand into a new specific Ky1.3
ligand. MeKTx13-3 and its derivatives are attractive tools to study the structure-function
relationship in potassium channel blockers.

Keywords: scorpion venom, neurotoxin, voltage-gated potassium channel, potassium channel blocker, molecular
modeling, molecular dynamics

INTRODUCTION

It is believed that potassium (K") channels arose near the time of life origin on the earth. K*
channels are key membrane proteins of all living organisms, and about 80 genes encoding the main
o-subunits are found in mammalian genomes (Alexander et al., 2019). The most prevalent family of
K" channels in mammals is voltage-gated potassium channels (Kys) that includes 40 isoforms
(Attali et al., 2019). These proteins control neuronal excitability, heart rate, muscle contraction,
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hormonal secretion, cell proliferation, etc. It is not surprising that
modulation of Kys provokes changes in the physiology of a cell
or even of the whole organism (Hille, 2001).

Ky1.3 is one of the most studied and pharmacologically
important isoforms of K" channels. At least two major
directions of biomedical research are associated with this type
of channel. First, Ky1.3 in T lymphocytes is a validated target for
diverse autoimmune diseases, such as multiple sclerosis,
rheumatoid arthritis, and type 1 diabetes (Chandy et al., 2004;
Beeton et al., 2006; Feske et al., 2012). Second, this protein is a
crucial participant in a number of cancers because it is necessary
for cell proliferation, malignant angiogenesis, and metastasis
(Pardo and Stithmer, 2014; Chandy and Norton, 2016;
Teisseyre et al., 2019). For both of these directions selective
and effective inhibitors of Ky/1.3 are desirable. Novel ligands and
their derivatives are considered as promising molecular
instruments in Ky1.3 research and are exploited as templates
in drug design (Wulft and Zhorov, 2008; Chandy and Norton,
2017; Prosdocimi et al., 2019). Active compounds affecting Ky1.3
can be obtained from different natural sources, such as plant
extracts and animal venoms (King, 2011; Norton and Chandy,
2017), as well as synthesized de novo (Schmitz et al., 2005;
Hendrickx et al., 2020).

Scorpion venom serves as an abundant source of toxins acting
as K" channel ligands (KTx), which have evolved and been
selected for a highly efficient interaction with their molecular
targets, including Kys (Kuzmenkov et al., 2015a). According to
Kalium database (https://kaliumdb.org/), these compounds are
polypeptides containing 23 to 78 amino acid residues and cross-
linked by two to four intramolecular disulfide bonds
(Kuzmenkov et al., 2016a; Tabakmakher et al., 2019). A
dominating number of known KTx adopts the CSa/P
(cysteine-stabilized o-helix and B-sheet) fold, but some of
them present other types of fold (Mouhat et al, 2004;
Kuzmenkov et al., 2015a). A number of structural and
pharmacological findings pinpointed important determinants
in the interfaces of Kys and KTx contact that contribute to
toxin selectivity (Aiyar et al, 1995; Hidalgo and MacKinnon,
1995; Gross and MacKinnon, 1996; Giangiacomo et al., 2004).
Perhaps most importantly, obtaining the crystal structure of the
Ky1.2/Ky2.1 paddle chimera in complex with charybdotoxin
(ChTx) (Banerjee et al., 2013) highlighted the key amino acids
involved in the interaction and opened new opportunities for
scaffold engineering of more selective KTx (Han et al.,, 2008;
Kuzmenkov et al., 2018).

Earlier, we identified and purified MeKTx13-3 toxin (Kalium
ID: a-KTx 3.19, UniProt ID: COHJQ6, 37 residues, three disulfide
bonds) from the venom of the lesser Asian scorpion Mesobuthus
eupeus (Kuzmenkov et al., 2015b). We performed pharmacological
profiling of this KTx on several isoforms of Kys and found that it is
active on Ky1.1-1.3 and 1.6 with half-maximal inhibitory
concentration (ICsq) values of ~2, 100, 10, and 60 nM,
respectively. The toxin preferably blocked Ky1.1, however, cross-
reactivity with Ky1.3 was also observed (Kuzmenkov et al., 2019).
Since a large number of KTx inhibits both Ky1.1 and 1.3 in a similar
manner (Mouhat et al., 2005; Takacs et al., 2009; Gao et al., 2010),

the goal of our present work is to identify molecular determinants
responsible for the interaction with different channel isoforms and
switch the selectivity of MeKTx13-3 from Ky1.1 to Ky1.3.

MATERIALS AND METHODS

Ethics Statement

This study strictly complied with the World Health Organization’s
International Guiding Principles for Biomedical Research
Involving Animals. The research was carried out in AAALAC
accredited organization according to the standards of the Guide
for Care and Use of Laboratory Animals (8th edition, Institute for
Laboratory Research of Animals). All experiments were approved
by the Institutional Policy on the Use of Laboratory Animals of the
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry
Russian Academy of Sciences (Protocol Number 267/2018; date
of approval: 28 February 2019).

Homology Modeling of Toxins and Their
Complexes With Kys
Since the amino acid sequence of MeKTx13-3 is identical to that
of BmKTX (Romi-Lebrun et al., 1997), the known 3D structure
of the latter (PDB ID: 1BKT) (Renisio et al., 2000) was used in
our work. Kyl.1 model was generated in MODELLER 9.19
(Webb and Sali, 2016) using the Ky1.2 structure (PDB ID:
3LUT) (Chen et al,, 2010) as a template. Ky1.3 model has been
generated previously (Kuzmenkov et al., 2017; Kuzmenkov et al.,
2018; Berkut et al., 2019) using an analogous procedure.
Complexes of MeKTx13-3 with Kys were modeled
considering that the toxin interacts with the channels similarly
to ChTx, one of the most thoroughly studied KTx (Goldstein
et al,, 1994). The model of the complex of MeKTx13-3 with
Ky1.2 was built on the basis of the Ky1.2/2.1-ChTx complex
crystal structure (Banerjee et al, 2013): the structure of
MeKTx13-3 was spatially aligned with the structure of
channel-bound ChTx, which was subsequently replaced by the
aligned toxin. Complexes with Ky1.1 and 1.3 were generated
similarly, but the first step was spatial alignment of the channel
models with the Ky1.2/2.1 chimera (Kuzmenkov et al., 2017;
Kuzmenkov et al., 2018; Berkut et al., 2019).

Molecular Dynamics Simulations

The resulting complexes of MeKTx13-3 with Kys were placed
inside a lipid bilayer mimicking a neuronal membrane. We used
a pre-equilibrated fragment of bilayer (7.0 x 7.0 x 13.5 nm’; 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine/cholesterol, POPC :
POPE : Chl; 100:50:50 molecules, respectively, solvated with
14172 water molecules) that has been described in detail in our
previous works (Berkut et al., 2019); some phospholipid and Chl
molecules were removed to provide room for the protein. The
TIP3P water model (Jorgensen et al., 1983) and the required
number of Na" ions (to maintain electroneutrality) were used for
resolvation. All systems were equilibrated (heated up to 37°C)
during 100 ps of molecular dynamics (MD) simulation. Positions
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of the channel C* atoms of residues not involved in the channel
pore vestibule, as well as the N° atom of Lys26 in MeKTx13-3
were restrained during the equilibration to prevent
destabilization of the initial complex. Systems were then
subjected to 500 ns of MD. All simulations were performed
with the GROMACS software (Abraham et al., 2015) (version
2018) using the AMBER99SB-ILDN parameters set (Klepeis
et al,, 2010). Simulations were carried out with a time step of 2
fs, imposing 3D periodic boundary conditions, in the isothermal-
isobaric (NPT) ensemble with a semi-isotropic pressure of 1 bar
using the Berendsen pressure coupling algorithm (Berendsen
et al., 1984), and at a constant temperature of 37°C using the V-
rescale thermostat (Bussi et al., 2007). Van der Waals
interactions were truncated using a 1.5-nm spherical cut-off
function. Electrostatic interactions were treated with the PME
algorithm. During the simulation, the position of the N atom of
Lys26 in each complex was restrained inside the channel pore.

Determination of Interaction Energy and
Intermolecular Contacts

We determined the intermolecular contacts during MD and
estimated residual contributions to intermolecular interaction
energy based on MD trajectory using our in-house software
package IMPULSE (Krylov et al,, in preparation) analogously to
the procedures described in our previous study (Berkut et al.,
2019). Briefly, H-bonds were assigned using the parameters set
from the hbond utility of GROMACS software (Abraham et al.,
2015) (the distance D—A < 0.35 nm and the angle D—H—A >
150° for the hydrogen bond D—H--A, where D and A are the
hydrogen bond donor and acceptor, respectively); salt bridges,
cation-T, stacking, and hydrophobic contacts were calculated
using algorithms described in our previous works (Pyrkov and
Efremov, 2007; Pyrkov et al, 2009). The AMBER99SB-ILDN
parameters set (Klepeis et al., 2010) and 1.5 nm cutoff distance
for Lennard-Jones and electrostatic interactions were used
during the intermolecular short-range non-bonded interaction
energy estimation, the latter being the sum of the Lennard-Jones
and electrostatic terms. All drawings of 3D structures were
prepared with the PyMOL Molecular Graphics System, version
1.8 (Schrodinger, LLC). Graphical representation of interaction
energy profiles was performed using Python built-in libraries and
the NumPy package.

Toxin Isolation From Scorpion Venom
Natural MeKTx13-3 (0-KTx 1.19) was isolated from the same
stock of M. eupeus venom and following the same procedure as
described previously (Kuzmenkov et al., 2015b; Kuzmenkov
et al,, 2019).

Recombinant Peptide Production

Recombinant MeKTx13-3 and its derivative were produced using
an approach elaborated previously (Pluzhnikov et al.,, 2007).
Briefly, the peptides were produced in a bacterial expression
system as fusions with the carrier protein thioredoxin (Trx)
(McCoy and LaVallie, 1994) and recombinant human
enteropeptidase light chain (Gasparian et al., 2011) was used to
cleave the fusions.

DNA sequences encoding MeKTx13-3 and its derivative were
constructed from synthetic oligonucleotides by PCR in two steps
(see Supplemental Figure S1). On the first step the target PCR
fragments were amplified in 5 cycles using two forward primers
and two reverse primers (F1, F2, R1, and R2). The four primers
altogether constitute a full gene sequence. For the second step,
PCR mixtures from the first step were diluted 100 times, and 1 pl
of the dilution was used as a matrix; only the terminal primers
(F1 and R1) were used for the amplification (Supplemental
Table S1). The resulting PCR fragments were cloned into the
expression vector pET-32b (Novagen) using Kpnl and BamHI
restriction enzymes to produce the vectors coding for the
target polypeptides.

Escherichia coli SHuffle T7 Express cells (New England Biolabs)
were transformed using the corresponding expression vectors
and cultured at 30°C in LB medium to the mid-log phase.
Expression was then induced by 0.2 mM Isopropyl B-d-1-
thiogalactopyranoside. Cells were cultured at room temperature
(24°C) overnight (16 h) and harvested by centrifugation. The cell
pellet was resuspended in 300 mM NaCl, 50 mM Tris-HCI buffer
(pH 8.0) and ultrasonicated. The lysate was applied to a HisPur
Cobalt Resin (ThermoFisher Scientific); and the Trx-fusion proteins
were purified according to the manufacturer’s protocol.

Fusion proteins were dissolved in 50 mM Tris-HCI (pH 8.0)
to a concentration of 1 mg/ml. Protein cleavage with human
enteropeptidase light chain (1 U of enzyme per 1 mg of substrate)
was performed overnight (16 h) at 37°C. Recombinant peptides
were purified by reversed-phase HPLC on a Jupiter C5 column
(4.6 x 250 mm; Phenomenex) in a linear gradient of acetonitrile
concentration (0-60% in 60 min) in the presence of 0.1%
trifluoroacetic acid. The purity of the target peptides was
checked by MALDI MS and analytical chromatography on a
Vydac Cig column (4.6 x 250 mm; Separations Group) in the
same acetonitrile gradient.

Mass Spectrometry

Molecular mass measurements for natural and recombinant
peptides were performed using MALDI on an Ultraflex TOF-
TOF (Bruker Daltonik) spectrometer as described earlier
(Kuzmenkov et al., 2016b). 2,5-Dihydroxybenzoic acid (Sigma-
Aldrich) was used as a matrix. Measurements were carried out in
both linear and reflector modes. Mass spectra were analyzed with
the Data Analysis 4.3 and Data Analysis Viewer 4.3
software (Bruker).

lon Channel Expression in

Xenopus Oocytes

All procedures were performed in agreement with the guidelines
of ARRIVE (Animal Research: Reporting of In Vivo
Experiments) and the “European convention for the protection
of vertebrate animals used for experimental and other scientific
purposes” (Strasbourg, 18.111.1986).

The major pipeline of ion channel expression in oocytes was
described previously (Peigneur et al, 2011). Briefly, for the
expression of Ky genes (rat (r)Ky1.1, rKy1.2, human (h)Ky1.3,
rKy 1.4, rKy1.5, and rKy1.6) in Xenopus laevis oocytes, linearized
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plasmids containing the respective gene sequences were
transcribed using the T7 mMESSAGE-mMACHINE
transcription kit (Ambion). 50 nl of cRNA solution (1 ng/nl)
were injected into oocytes using a micro-injector (Drummond
Scientific). The oocytes were incubated in ND96 solution: 96 mM
NaCl, 2 mM KCl, 1.8 mM CaCl,, 2 mM MgCl, and 5 mM
HEPES, pH 7.4, supplemented with 50 mg/] gentamycin sulfate.

Electrophysiological Recordings
Two-electrode voltage-clamp recordings were performed at
room temperature (18-22°C) using a Geneclamp 500 amplifier
(Molecular Devices) controlled by a pClamp data acquisition
system (Axon Instruments) as described (Peigneur et al., 2011).
Bath solution composition was ND96. Ky, currents were evoked
by 250-ms depolarization to 0 mV from a holding potential of
-90 mV, followed by 250-ms pulses to —50 mV. For current—
voltage relationship studies, currents were evoked by 10-mV
depolarization steps. Concentration-response curves were
constructed, in which the percentage of current inhibition was
plotted as a function of toxin concentration. Data were fitted
with the Hill equation: y = 100/[1 + (ICso/ [toxin])"], where y is
the amplitude of the toxin-induced effect, [toxin] is toxin
concentration, and h is the Hill coefficient. Comparison of two
sample means was performed using a paired Student’s t-test (p-
value of 0.05 was used as a threshold of significance). All data
were obtained in at least three independent experiments (n > 3)
and are presented as mean + standard error of the mean.

RESULTS

Computational Study

Amino acid sequence of MeKTx13-3 is identical to BmKTX that
was isolated from Mesobuthus martensii, a close relative of M.
eupeus (Romi-Lebrun et al., 1997). Since the 3D structure of
BmKTX is known (PDB ID: 1BKT) (Renisio et al., 2000), we used
it to generate models of MeKTx13-3 in complex with Ky1.1-1.3.
The models were then subjected to MD simulations (Figures
1A-C).

To shed light on the molecular differences in MeKTx13-3
interaction with Ky isoforms, we analyzed intermolecular
contacts and residual contributions to interaction energy
during the MD simulations using our in-house software
package IMPULSE (Krylov et al, in preparation). It was
observed that in complex with Ky 1.2 the toxin does not form
any cation-m or stacking contacts, unlike in complex with
Ky1.1 or 1.3 (see Supplemental Table S2). This observation
is in good agreement with electrophysiological measurements
that displayed the preferred activity of MeKTx13-3 against
Ky1.1 and 1.3 (Kuzmenkov et al., 2019). We noted the
following specific contacts between the toxin and particular
channel isoforms.

(1) MeKTx13-3 residue Lys15 forms an H-bond and a salt
bridge with Ky1.1 residue Glu353 (Figure 1B). Analogous
contact with Asp351 (Figure 1D) is not observed in complex
with Ky1.2, apparently due to the fact that the neighboring

residue Arg350 repulses Lysl5 and prevents this contact
formation. No contact with Thr375 was found in complex with
Ky1.3 either, presumably due to the small size of the threonine
side chain and the lack of electrostatic attraction to reach Lys15.

(2) MeKTx13-3 residue Lys18 forms an H-bond with Ky1.1
residue Ser354 and a cation-7 contact with His355; in complex
with Ky 1.2 it forms an H-bond with GIn353 (Figures 1B, C). In
the complex of MeKTx13-3 with Ky1.3 the conformation of the
loop containing channel-specific residues Thr375 and Gly377
(Figure 1D) during MD is such that it does not reach Lys18, so
no specific contacts are observed.

(3) MeKTx13-3 residue GIlnl2 forms an H-bond with Ky1.2
residue Asp351 (Figure 1C). Analogous contact with Thr375
(Figure 1D) is not observed in complex with Ky 1.3 because the
short threonine side chain does not reach GIn12. No contact with
Glu353 is found in complex with Ky1.1 because the
conformation of the loop containing channel-specific residues
during MD prevents reaching Gln12.

In addition to the observed channel-specific contacts,
MeKTx13-3 residue Asp33 makes a significant positive
contribution to the binding energy (negatively affects the
affinity) (see Supplemental Figure S2) due to electrostatic
repulsion with a conserved negatively charged residue in the
channel vestibule (Asp377/375/399 in Ky1.1/1.2/1.3, see
Figure 1D).

Pharmacological profiling and detailed complex structure
analysis allow us to propose several point substitutions in
MeKTx13-3 for switching toxin selectivity. Since Gln12,
Lys15, and Lys18 form hydrogen bonds, salt bridges, and
cation-T interactions in complexes with Ky1.1 and 1.2, the
general idea of the modifications was to abolish the formation
of these polar contacts. Moreover, since these toxin residues do
not form specific contacts with Ky1.3, it is reasonable to
assume that such modifications will not affect the affinity to
this channel isoform significantly. Therefore, we suggested a
derivative of MeKTx13-3 in which GIn12, Lys15, and Lys18 are
replaced by Ala to reduce toxin affinity to Ky1.1 and 1.2, and
Asp33 is replaced by Arg to increase its affinity to Kys
(Figure 2A).

Recombinant Toxin Production

The natural toxin was purified from crude venom as we
described previously (Kuzmenkov et al., 2015b; Kuzmenkov
et al., 2019). Recombinant MeKTx13-3 and its derivative
MeKTx13-3_AAAR (MeKTx13-3 with the following
replacements: Glnl2Ala, Lys15Ala, Lys18Ala, and Asp33Arg)
were obtained according to our common protocol (Pluzhnikov
etal., 2007) using E. coli SHuffle B strain as an expression system.
Synthetic genes encoding the peptides were cloned into the pET-
32b expression vector, and Trx was used as a fusion partner to
ensure a high yield of the disulfide-containing peptides with
native conformation. The target peptides were produced as a
result of fusion protein cleavage by enteropeptidase followed by
separation using reversed-phase HPLC and identification by
MALDI MS (Figures 2B, C). The measured molecular masses
of the purified peptides were equal to the calculated values. The
final yield of the peptides was ~5 mg per 1 | of bacterial culture.
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D
rKyl.1 AEKEEAESEFES?PBA’ES'WWA%EM?T?&GBM’&P@TT
rKyl.2 AEADM_SIPDAFWWAWSMTTVGYGDMVPTTI

hKy1.3 AEADDPTSGFSSIPDAFWWAVVIMTTVGYGDMHPVTI

sequences of S5-P loops containing channel-specific residues are underlined.

FIGURE 1 | (A-C) Modeled structure of MeKTx13-3 in complex with Ky1.1-1.3. (A) Overall structure of the K\1.3-MeKTx13-3 complex after 100-ns MD simulation
inside a hydrated lipid bilayer membrane. Four channel a-subunits with identical sequences are color-coded. The pore domain helices of the channel subunit in the
foreground and voltage-sensing domain (VSD) of the adjacent subunit, as well as extended extracellular loops of the VSDs are omitted for clarity. Lipids are shown in
a semi-transparent space-filling representation; atoms are colored: oxygen, red; phosphorus, orange; nitrogen, blue; hydrogen of amino group, white; carbon of
POPC, light-yellow; carbon of POPE, yellow; and carbon of cholesterol, beige. Some lipids are omitted for clarity. MeKTx13-3 is presented in pink; residue Lys26
(plugs the channel pore) is shown as sticks. (B, C) Close-up view on the channel pore vestibule area in complexes Ky1.1-MeKTx13-3 and Ky1.2-MeKTx13-3,
respectively. Channels are shown in a semi-transparent representation. Lys26 and residues involved in the intermolecular contacts not present in the Ky1.3—
MeKTx13-3 complex are shown as sticks. Hydrogen bonds and salt bridges are shown as dashed yellow lines. Lipids are omitted for clarity. (D) Amino acid
sequence alignment of the extracellular pore region of Ky/1.1-1.3 channels. Residue numbering is above each sequence; different residues are shaded gray;

Note that the natural toxin is C-terminally amidated
(Kuzmenkov et al., 2015b), whereas this modification is
missing from the recombinant peptides.

Electrophysiology

We first compared the activity of the natural and recombinant
MeKTx13-3 (Supplemental Figure S3 and Supplemental Table
§3) on Kyl1.1. Recombinant peptide was less active than the
native toxin (ICsy values of 6.7 + 2.7 and 1.9 = 0.2 nM,

respectively), which is probably due to the lack of C-terminal
amidation in the former.

We then estimated the activities of the obtained
recombinant peptides MeKTx13-3 and MeKTx13-3_AAAR
at a concentration of 10 nM against six isoforms of Kys
(Ky1.1-1.6) expressed in X. laevis oocytes (Figure 3A).
Recombinant MeKTx13-3 as well as the natural toxin
inhibited almost completely (by >95%) potassium currents
through Ky1.1; ~25%, ~50%, and ~15% of current through
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MeKTx13-3
MeKTx13-3_AAAR
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FIGURE 2 | Production of MeKTx13-3 and its derivative. (A) Amino acid sequence alignment of MeKTx13-3 and MeKTx13-3_AAAR. Gray shading indicates the
positions where replacements were introduced. Cysteine residues are in bold, and lines above the sequences indicate disulfide bonds. Take a note that recombinant
analogue of MeKTx13-3 does not bear the C-terminal amidation of the natural toxin. (B, C) Reversed-phase HPLC separation of recombinant MeKTx13-3 and
MeKTx13-3_AAAR after digestion by enteropeptidase. For target peptides the measured molecular masses are indicated.
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FIGURE 3 | Electrophysiological profiling of MeKTx13-3 and MeKTx13-3_AAAR activities. (A) Representative traces of currents through KV1.1-1.6 in control (black)
and after application of 10 nM toxin (blue). (B) Concentration-response curves of MeKTx13-3 (left) and MeKTx13-3_AAAR (right) on KV1.1-1.3 and 1.6 obtained by

Ky1.2, 1.3, and 1.6 was blocked. At the same concentration
of 10 nM MeKTx13-3_AAAR blocked Ky1.3 by ~50%,
whereas only ~15%, ~5% and ~10% was blocked in Ky1.1,
1.2 and 1.6. Neither Ky1.4 nor Ky1.5 were affected by any of
the peptides.

Finally, we constructed dose-response curves for the
susceptible channels (Figure 3B; see Table 1 for ICs, values
and Hill coefficients). MeKTx13-3_AAAR demonstrated a
comparable activity with native MeKTx13-3 on Ky1.3 (IC5y =
8.9 + 0.9 nM for the natural toxin and 9.1 + 0.4 nM for the
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TABLE 1 | ICs5 Values (in nM) Calculated for MeKTx13-3 and Its Derivative against Ky1.1-1.6.

Toxin Ky1.1 Ky1.2
MeKTx13-3 1902 105.9 + 14.6

0.9+0.1) (1.3+0.3
MeKTx13- 5415 + 48.6 208.2 + 15.2
3_AAAR 0.7+0.1) (1.2+0.1)

Kv1.3 Kyl.4 Kv1.5 Ky1.6
89+09 N/A N/A 63.4+45
0.8 +0.2) (1.0+0.1)
9.1+04 N/A N/A 1522.3 = 183.4
0.7 +0.2) (1.4+03

N/A means toxin was not active up to 1 uM concentration. Hill coefficient values are given in parenthesis.

mutant), whereas its affinity to Ky1l.1 decreased dramatically
(ICsp = 541.5 + 48.6 nM instead of 1.9 + 0.2 nM for natural
MeKTx13-3). MeKTx13-3_AAAR also showed reduced activity
on Ky 1.2 (ICs, = 208.2 £+ 15.2 nM compared to 105.9 + 14.6 nM
for MeKTx13-3) and Ky/1.6 (IC5 = 1522.3 + 183.4 nM instead of
63.4 + 4.5 nM).

DISCUSSION

Animal venom serves a rich source of promising compounds
affecting ion channels, which can be utilized as potential drug
hits (Wulff et al., 2019). Detailed studies based on either toxin or
channel mutagenesis are essential for (i) the understanding of
fine molecular contacts between the toxins and very close
channel isoforms, and (ii) design and production of more
selective ligands. Hence prediction of critical amino acids
involved in toxin-channel complex formation in silico is a
convenient and powerful approach for following mutagenesis
studies (Kuyucak and Norton, 2014). For instance, such
computationally guided assay helped to design highly selective
peptide drug hits or leads, such as ShK-192 (Pennington et al.,
2009) and HsTX1[R14A] (Rashid et al., 2015).

Here, we have designed and produced a derivative of scorpion
toxin MeKTx13-3 with its selectivity switched from Kyl1.1 to
Ky1.3. MeKTx13-3 is one of a limited number of known animal
toxins that possess selectivity to homotetrameric Ky1.1
(Kuzmenkov et al., 2019). We introduced several substitutions
according to computer modeling experiments. To convert the
selectivity of MeKTx13-3 we replaced three amino acids by
alanine (GInl2Ala, Lys15Ala, and Lys18Ala) to abolish the
formation of H-bonds, salt bridges, or cation-m interactions in
the complexes with Ky1.1 and 1.2. Moreover, to prevent the
electrostatic repulsion between the negatively charged Asp33 in
MeKTx13-3 and the conserved aspartic acid residue in the P-S6
loop of Kys we introduced the Asp33Arg replacement.

We produced not only MeKTx13-3_AAAR, but also
recombinant MeKTx13-3 to confirm that (i) the peptide folding
is correct, and (ii) lack of the C-terminal amidation does not
impact toxin activity dramatically. These points are of importance,
because misfolded toxins usually lose activity, whereas C-terminal
amidation can boost ligand potency (Lebrun et al., 1997; Coelho
etal., 2014). Voltage-clamp recordings in X. laevis oocytes showed
that recombinant MeKTx13-3 is ~3.5 times less potent than the
natural toxin. We attribute this decrease in activity to the
amidation. It is well known that this post-translational
modification can affect the activity of peptides. The effects may

vary from dramatic to negligible, with most apparent cases found
in hormones (Merkler, 1994). As for potassium channel blockers,
the C-terminal amidation of ShK from the sea anemone
Stichodactyla helianthus resulted in ~4 times decreased potency
against Ky 1.3 (Pennington et al., 2012). Conversely, the amidation
of HsTX1 (0-KTx 6.3) from the scorpion Heterometrus spinifer
increases the activity against Ky1.3 five-fold (Lebrun et al., 1997).
The effects in our case are subtle, and we decided to use the
recombinantly produced peptide MeKTx13-3 lacking the
amidation in further studies.

The designed derivative MeKTx13-3_AAAR was also tested
on six Ky isoforms and as we expected the selectivity of this
analogue shifted towards Ky/1.3. A graphic approach to estimate
toxin specificity to a particular channel isoform (Ky1.3 in our
case) is using the selectivity factor, i.e. the ratio of ICs, (or Kg)
values for two channels. MeKTx13-3 displays Ky1.1/Ky1.3
selectivity factor of approximately 0.2, while for MeKTx13-
3_AAAR this parameter has changed to 60 (Supplemental
Figure S4). There is a number of more Ky1.3-specific toxins
and their derivatives, for instance, HsTX1, Vm24, or mokal,
demonstrating selectivity factors (Ky1.1/Ky1.3) of 500 or even
1000 (Romi-Lebrun et al., 1997; Takacs et al,, 2009; Varga
et al., 2012).

We aligned the sequences of several dozen toxins from KTx
subfamilies o-KTx1-4, 11, 12, 15-18, and 21-24 with
comparable length and cysteine pattern to MeKTx13-3 and
found that two of the residues mutated in our study (Glnl2,
the first amino acid before the second Cys residue; and Lys18, the
first amino acid after the third Cys) are quite conserved. In
numerous toxins GIn/Glu and Lys/Arg are located in these
positions, respectively. On the other hand, Lysl5 between
second and third Cys and Asp33 between the fifth and sixth
Cys are variable. Within o-KTx 3 subfamily (to which
MeKTx13-3 belongs) these positions display a similar pattern
(see Supplemental Figure S4). All four residues seem to
contribute to the bioactive surface of the toxins, and at present,
there is no apparent explanation as to why two of them are more
conserved than the other two. Moreover, we cannot infer any
correlation between these residues and toxin potency
or selectivity.

One may argue that the same substitutions as we introduced
to MeKTx13-3 might bring about similar changes of selectivity in
other a-KTx 3 toxins. However, and quite unfortunately, our
current understanding of Ky—KTx interactions does not allow to
predict the specificity of toxins from primary structure. It
appears that in each case molecular modeling experiments and
a detailed analysis of the contacts are required. This is because

Frontiers in Pharmacology | www.frontiersin.org

55

July 2020 | Volume 11 | Article 1010


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Gigolaev et al.

Tuning Scorpion Toxin Selectivity

one change in the sequence may actually affect how other
residues interact—due to sterical hindrances or packing eftects,
electrostatic attraction or repulsion, H-bond reshuffling, or local
folding rearrangements, all of which are not easily discernible
from primary structures. For instance, in case of MeKTx13-3
Lys15 seems to make a salt bridge with Glu353 in Ky1.1 (Figure
1B). Simple consideration of the primary structures would
predict the same salt bridge in Ky1.2 since it has Asp351 in
the same position of the alignment (Figure 1D). This contact is
not established in molecular modeling however, due to the
neighboring Arg350, which repulses Lys15. Similarly,
MeKTx13-3 residues Lys18 and GInl2 make channel-specific
contacts due to the different folding of the channel extracellular
loops, not just the amino acid substitutions. In conclusion, we
hope to have demonstrated here the possibility of switching toxin
specificity between two very close channel isoforms based on
careful in silico design.
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Acid-sensing ion channels (ASICs) are of the most sensitive molecular sensors of
extracellular pH change in mammals. Six isoforms of these channels are widely
represented in membranes of neuronal and non-neuronal cells, where these molecules
are involved in different important regulatory functions, such as synaptic plasticity,
learning, memory, and nociception, as well as in various pathological states. Structural
and functional studies of both wild-type and mutant ASICs are essential for human care
and medicine for the efficient treatment of socially significant diseases and ensure a
comfortable standard of life. Ligands of ASICs serve as indispensable tools for these
studies. Such bioactive compounds can be synthesized artificially. However, to date, the
search for such molecules has been most effective amongst natural sources, such as
animal venoms or plants and microbial extracts. In this review, we provide a detailed and
comprehensive structural and functional description of natural compounds acting on
ASICs, as well as the latest information on structural aspects of their interaction with the
channels. Many of the examples provided in the review demonstrate the undoubted
fundamental and practical successes of using natural toxins. Without toxins, it would not
be possible to obtain data on the mechanisms of ASICs’ functioning, provide detailed
study of their pharmacological properties, or assess the contribution of the channels to
development of different pathologies. The selectivity to different isoforms and variety in the
channel modulation mode allow for the appraisal of prospective candidates for the
development of new drugs.

Keywords: acid-sensing ion channels, natural compounds, ligand receptor interaction, structural features,
analgesia, drug development
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Osmakov et al.

Natural Ligands of ASICs

INTRODUCTION

Natural compounds synthesized by marine and terrestrial inhabitants
of three kingdoms (animals, plants, and bacteria) can be considered
simultaneously a hazard and a remedy for life quality improvements.
Since ancient times, pharmacy has been based inherently on the
discovery, examination, and implementation of bioactive molecules,
mainly from plants, for treatment of humans. However, the
appearance of effective separation methods provided a significant
impetus to the promotion of natural compounds from other
organisms on the drug market, since it became possible to remove
highly toxic components of venoms. The modern growth development
of genomics, proteomics, and biotechnology make possible successful
study of bioactive molecules, even from very rare animals. As a result,
there is an overabundance of structural and functional information of
natural compounds that was not confirmed by cellular target
specificity. In this review, we only include natural ligands capable of
interacting with an acid-sensing ion channels (ASICs).

ASICs are Na'-selective channels abundantly expressed in
neurons of the peripheral and central nervous systems, where
they perform an important function in signal transmission
associated with a local change in pH. They are of the most
sensitive sensors of acidification in the organism. Indirect
confirmation of the existence of these channels was first obtained
in the early 1980s, when sodium-selective and rapidly activated and
desensitized transient current was detected on mammalian sensory
neurons in response to a sharp acidification of the extracellular
medium (Krishtal and Pidoplichko, 1980; Krishtal, 2015). In the
mid-1990s, the channels with such properties were cloned and
expressed and then got their modern name of “acid-sensing ion
channels” (Waldmann et al., 1997).

Four genes encode six isoforms of ASICs in mammals: ASICla,
ASICI1b, ASIC2a, ASIC2b, ASIC3, and ASIC4 (Wemmie et al.,
2006). In neurons of the peripheral nervous system (PNS), all
isoforms and especially ASIC3 have been found, with the
exception of ASIC4. In neurons of the central nervous system
(CNS), all isoforms (except ASIC1b) have also been detected, and
the ASICla isoform is predominant (Deval and Lingueglia, 2015;
Schuhmacher and Smith, 2016). ASICs can form homo- and
heterotrimeric complexes. Thus, heteromeric complexes of all
isoforms have been detected in both CNS (ASICla/ASIC2a,
ASIC1a/ASIC2b, ASIC1a/ASIC4) and PNS neurons (ASICla/
ASIC1b, ASIC1a/ASIC3, ASIC1b/ASIC3, ASIC2b/ASIC3)
(Lingueglia et al., 1997; Alvarez de la Rosa et al, 2002; Askwith
et al., 2004; Gautam and Benson, 2013; Wu et al., 2016).

Ligands, controlling the function of ASICs, were found amongst
animal polypeptides, microbial metabolites, and in plant extracts

Abbreviations: 5-CQA, 5-caffeoylquinic acid; ASICs, acid-sensing ion channels; o~
DTx, o-dendrotoxin; BBH, boundless B-hairpin; CNS, central nervous system;
CNFs, cono-RFamides; DAU, daurisoline; DRG, dorsal root ganglion;
ECsp, half-maximal effective concentration; ECDs, extracellular domains;
EGCG, (-)-Epigallocatechin gallate; ICso, half-maximal inhibitory concentration;
ICK, inhibitor cystine knot; LIN, lindoldhamine; NEO, neomycin; nH, Hill
coefficient; NMR, nuclear magnetic resonance; pHso, half-activation pH;
PcTx1, psalmotoxin; PNS, peripheral nervous system; SSD, steady-state
desensitization; ST, streptomycin; TM, transmembrane; TRPV1, transient receptor
potential V1.

pointing on high-relevant evolutionary role of these channels. In
this review, we present the widest and most complete list of natural
ligands and discuss modern structural aspects and practical
applications of these compounds for the study of ASICs
physiological and pathological roles in an organism.

BIOPHYSICAL PROPERTIES OF ACID-
SENSING ION CHANNELS

The subunit composition of each ASIC determines its pH
sensitivity, kinetics, and pharmacology (Escoubas et al., 2000;
Diochot et al., 2004; Hesselager et al., 2004). Sensitivity to acidic
pH varies between different isoforms as follows: ASICla and
ASIC3 channels are the most sensitive, with a half-activation pH
(pHso) of about 6.4-6.6; ASIC1b channels occupy an
intermediate position (pHsg 5.9-6.3); and ASIC2a channels are
the least sensitive (pHsg 4.3-4.9) (Boscardin et al., 2016). ASIC2b
and ASIC4 do not respond to the acid stimulus and apparently
only form heteromeric channels with other isoforms, thereby
influencing the function of the channel as a whole (Deval et al.,
2004; Donier et al., 2008; Sherwood et al., 2011). Under the
action of an acid pulse, all functional ASICs form a rapidly
activated current, which then desensitizes at different rates
(Figure 1A for ASICla subtype) (Griinder and Pusch, 2015;
Osmakov et al.,, 2019a). According to the kinetics of
desensitization, the currents of ASIC3 channels stand apart; in
other words, a rapidly desensitizing (transient) component is
followed by a non-desensitizing current (sustained component),
which lasts as long as the stimulating pulse (Figure 1B for ASIC3
subtype) (Salinas et al., 2009; Osmakov et al., 2014). A common
property of all subtypes is an increase of current amplitude upon
more acid stimulation up to a certain saturation level, so the
proton activation curve (ligand receptor dependence) has a
characteristic shape and pH value of 50% response (Figure 1D).

Another property of ASICs is their ability to reach steady-
state desensitization (SSD)—that is, to transition into a
desensitized state from a closed state, bypassing the activation
process (Figures 1C, E). This phenomenon is observed when
the proton concentration in the environment increases
insignificantly and does not cause activation of the channels
but the channels respond to the next strong acid stimulus,
either much weaker or non-existent (Waldmann et al., 1997;
Alijjevic and Kellenberger, 2012).

For compounds isolated from natural sources (plant, microbial,
and animal peptides; see below), both positive and negative
modulating effects on ASICs have been described. Thus, some
ligands show the ability to reduce or, conversely, increase the
amplitude of the acid-induced current of one or several ASIC
isoforms (Figures 1C, D orange and blue curves, respectively).
Other ligands are able to increase or decrease the desensitization
time constant of this current (“narrowing” or “widening” the
current trace, respectively), thereby affecting the kinetics of a
channel’s transition from one state to another. Ligands can also
shift the dependence of channel activation (Figure 1D). On the
graph, the ligand’s potentiating effect is expressed as a curve shift
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FIGURE 1 | Biophysical properties of ASICs. The characteristic traces of currents recorded in whole-cell configuration are presented for ASIC1a (A) and for ASIC3
(B) as a black line; currents modified by ligands application are represented in green (potentiation) and red (inhibition). The gray line in (A) and cyan line in (B) reflect
the process of desensitization kinetics change. The pH dependence of the channel gating is shown as a result of steady-state desensitization (SSD) (C) and as

dependence of currents’ amplitude by various acidic stimuli applied (D) for the channel alone (black line). The potentiating effect of ligands is demonstrated as green

and blue curves, and the inhibiting effect as red and orange curves. (E) Current traces reflect the effect of pH-dependent SSD. In a weakly acidic environmental
medium, the channel loses its ability to fully respond to a stronger acid stimulus; however, the addition of a ligand is able to restore its properties (green line).

towards higher pH values (green curve), while its inhibitory effect is
expressed as a shift towards lower pH values (red curve). Another
group of ligands does not act on the activation of the channel
directly but produces an effect on the SSD of the channel. In this
case, the sensitivity of the channels at resting state to protons either
increases (the curve shifts towards higher pH values, and the
channel becomes poorly susceptible to acid stimuli; Figure 1C red
curve) or decreases (the curve shifts towards lower pH values;
Figure 1C green curve). Toxins usually have a mixed effect, for
example combining the amplitude change with a shift of activation
or SSD. Moreover, toxins often change the kinetics of activation and
inactivation processes, leading to alterations in the slope of curves.
Thus, a large arsenal of natural ligands for ASICs has been
accumulated to this day, and it is possible to control the
biophysical properties of these channels differently.

THE ARCHITECTURE OF ACID-SENSING
ION CHANNELS

The structure of an ASIC was first determined in 2007. It was an
X-ray crystal structure with 1.9 A resolution of truncated chicken
ASICla (cASICla), with shortened N- and C-termini in a low-
pH desensitized state (Jasti et al., 2007). Later, in 2009, the
structure of desensitized cASICla was published with the
retained N-terminus but still truncated disordered C-terminal
tail (Gonzales et al., 2009). The cASICla structure resembles a
bowl formed by three identical subunits (Figures 2A, B).
Trimers are stabilized by contacts between extracellular
domains (ECDs) and transmembrane (TM) helices of adjacent
subunits. There is a clear boundary between the ECD and TM
part within one subunit formed by a short (3-4 a.a.) linker—also
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called a “wrist” region—which serves for the signal transduction
from ECDs to the TM domain. The ECD of each subunit
protrudes above the membrane ~80 A and in turn has the
domain architecture containing the finger, thumb, palm, B-ball,
and knuckle domains (Figure 2A). Moreover, the proton-,
calcium-, chloride-, and other ligand-binding sites are located
within ECDs.

Proton-binding sites are located in the middle of ECDs (~45
A over the membrane) and consist of four spatially close pairs of
side-chains of: Asp238-Asp350 and Glu239-Asp346 from the
finger and thumb domains of the same subunit, Glu220-Asp408
from the palm domain of the adjacent subunit (these three pairs
form the acidic pocket, Figure 2B) and Glu80-Glu417 from the
palm domain (Jasti et al.,, 2007). The residues involved in the
acidic pocket are highly conservative in ASICs (Figure 2E),
demonstrating pKa values significantly different from the
isolated pKa of aspartate and glutamate residues. Calcium
could stabilize the closed, resting state of ASICs at high pH via
interaction with these pairs, thus recovering the desensitization
state (Todorovic et al.,, 2005). On the other hand, these acidic
residues have been identified in proton-insensitive ASICs too
(Coric et al., 2005), pointing to the possible existence of other
proton-binding sites. It was shown that the acidic pocket plays a
modulatory function and is subjected to conformational
rearrangement upon the activation of a channel, while the pair
of Glu80-Glu417 side chains in the palm domain is responsible
for acceleration of desensitization and the appearance of

cASIC1 E220 D238 E239 D346 D350 D408

TASIC1 E219 D237 E238 D345 D349 D407

1AsIC1 E222 D239 E240 N347 N351 D409

hasICl E219 D237 E238 D347 D351 D409

hasic2 E218 D236 E237 D344 G348 D406

hAsIC3 E219 D237 E238 D347 D351 D409

VAGLLGDIGGQMGLFIGASILTVLELF
IAGLLGDIGGQMGLFIGASILTVLELF
VAGLLGDIGGQMGLFIGASILTILEIF

IAGLLGDIGGQMGLFIGASILTVLELF

sustained current (Vullo et al, 2017). The acidic pocket has
extended conformation at high-pH resting and low-pH
desensitized states and collapsed conformation at low-pH open
state. Collapsed conformation is characterized by approximation
of aspartate and glutamate side-chains for the proton-binding,
which in turn results in the rearrangement of ECDs and the TM
domain to open the channel (Gonzales et al., 2009; Baconguis
and Gouaux, 2012; Yoder et al., 2018).

There is a tunnel piercing through the ASIC from the
extracellular top to the cytoplasmic bottom (Hanukoglu, 2017).
The main function of this vestibule is ion flow from the
extracellular environment into the cell. The vestibule is
subdivided into upper, central, and extracellular parts. The
hydrophobic residues Leu78 and Ile419 (cASIC1) separate the
central and extracellular vestibules, forming a trap in a
desensitized-like state (Dawson et al., 2012). The extracellular
vestibule, playing the role of a cation reservoir, is significantly
expanded in the open state compared to closed or desensitized
states (Gonzales et al., 2009; Baconguis and Gouaux, 2012;
Baconguis et al., 2014; Yoder et al.,, 2018).

The extracellular part of the vestibule is bounded with the TM
domain located in the phospholipid bilayer (Figure 2). The TM
domain consists of six oi-helices (two from each subunit), has an
hourglass shape, and plays a dual role, (i) for stabilization and
trimerization of the subunits within the channel trimers and (ii)
for pore formation and transfer of ions through the cell
membrane. The TM part of each subunit is formed by two -

finger acidic pocket
) / /{% 4
- s W
B-ball /«,‘k
8 thumb "I
w < S 5,
acidic, o )
pocket / 100 /
<
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FIGURE 2 | Architecture of chicken ASIC1a channel (PDB code 4NYK). (A, B) Side-views of the channel. Two channel subunits are shown by wheat and pale green
colors, and the third subunit is colored according its domain structure: the knuckle, finger, b-ball, thumb, palm, and TM part are colored in yellow, dark red, light
green, purple, blue, and orange, respectively. Asp and Glu residues forming the acidic pockets (surrounded by black dashed circles) and GAS belts are shown by
spheres. The locations of the B1-B2 and B11-12 linkers are colored by red. (C) Top view of the channel. (D) View of the channel from an intracellular side. The ion
selectivity filter formed by three GAS belts is shown by a red dashed circle. (E) Comparison of the residues forming the acidic pocket and TM2 in ASICs of different
origin (CASIC1, chicken ASICT; rASICT, rat ASIC1; IASIC, lamprey ASIC1; hASIC1,2,3, human ASIC1,2,3).
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helices: TM1 and TM2. TM1 contacts TM2 of the same subunit,
TM1 and TM2 from the adjacent subunits, and the lipid
environment, while TM2 lines the channel pore (Gonzales
et al, 2009). TM2 consists of two parts (TM2a and TM2b)
separated by three residues—Gly443-Ala444-Ser445 (cASIC1)—
that are referred to as a GAS belt (Figures 2A, B). In the closed
gate, TM2 adopts a kinked conformation, forming a pore “gag”
with other TM2s from the adjacent subunits. Straightening of the
TM2s transfers the pore to the open state with formation of the
ion selectivity filter, formed by three GAS belts from the adjacent
subunits (Li et al., 2011). The ion selectivity filter is the narrowest
part of the pore and serves for the selection of ion types flowing
through the channel. The size of the filter (radius ~3.6 A)
correlates well with the radius of hydrated Na* (Figure 2D).
The TM2 sequence is highly conservative in ASICs, pointing to
the similar structure of the pore domain within the whole family
(Figure 2E).

Presently, the structures of the cASICla channel in high-pH
resting, low-pH open, and low-pH desensitized states are known
(Jasti et al.,, 2007; Gonzales et al., 2009; Baconguis and Gouaux,
2012; Dawson et al., 2012; Baconguis et al., 2014; Yoder et al., 2018).
Two years ago, the structure of the full-length cASICla channel was
determined by cryo-EM revealing the structural similarity of the
full-sized and truncated channels. Based on the cASICla structures
in all three channel states, the Eric Gouaux group proposed the
gating mechanism (Yoder et al, 2018). According to this
mechanism, at neutral pH, the channel exists in the closed or
resting state. In this state, the acidic pocket is expanded, and the TM
domain does not pass the ion flow. When the pH of the extracellular
media goes to low values, the acidic pocket changes its conformation
from an expanded to a collapsed state, coming closer to carboxyl-
carboxylate pairs from the finger and thumb domains and thus
binding the protons. This in turn initiates a number of
conformational changes in ECDs, with counterclockwise rotation
of each subunit, movement of the B1 and B12 strands towards the
membrane, and displacement of the TM1 and TM2 helices away
from the threefold symmetric axis of the channel. This results in the
pore opening and ion flow through the channel. In hundreds of
milliseconds (Zhang and Canessa, 2002), the channel switches from
its low-pH open state to its low-pH desensitized state, accompanied
by reorientation of the B1-f2 and B11-B12 linkers to their initial
conformation, and consequently switches movement of TM1 and
TM2 back to the center of the pore and closes the channel gate. In
other words, the desensitized state of the channel is characterized by
simultaneous resting-like conformation of the TM domain and
activated-like conformation of the upper half of an ECD with a
collapsed acidic pocket and bound protons. This chimeric
conformation is reached by rearrangement of the B1-f2 and B11-
12 linkers. Most conformational changes were observed in the
B11-B12 linkers, resulting in 9 A reorientation of the Leu414 residue
(cASICla) towards the central vestibule. Returning to
physiologically high pH values leads to a release of protons from
the acidic pocket and its expansion. Thus, the B11-B12 linkers play
an important role in channel gating, serving as a bridge between
ECDs and the TM domain, within which conformational changes
lead to opening or closing of the channel.

In spite of the high relevance of cASIC1a structures in different
states and in complexes with various ligands for understanding of
the mechanism of channel gating, there are still many blind spots
regarding other members of this family. The rat ASIC subunits
share ~45-80% of their sequence identities, pointing to a possible
difference in the regions responsible for the channel gating. In line
with this, the unique Ca**-binding site was recently identified in
ASIC3, located in the channel pore (Zuo et al., 2018). Another
example of significant structural and functional differences within
the ASIC family is lamprey ASIC1, which does not respond to
protons. Substitution of only two residues located in the 31-strand
and the B1-PB2 linker with the corresponding residues Leu77 and
Leu85 from rat ASIC1 recovered the proton activation response,
suggesting the importance of other structural elements besides the
acidic pockets, which significantly differ between rat and lamprey
ASICls (Li et al., 2010) (Figure 2E). Indeed, two residues in the
acidic pocket of lamprey ASIC1 that have positions identical to rat
Asp345 and Asp349 from cASICla are Asn347 and Asn351,
respectively. This means that the acidic pockets of lamprey
ASIC1 have lower capability to bind protons at pH values close
to 5.0. ASIC2a is a pH-sensitive channel, while its splicing variant
ASIC2b is not (Schuhmacher et al.,, 2015). Both variants have
identical acidic pockets, albeit with mutated residue
corresponding to Asp350 from cASICla (Figure 2E). This
points to the presence of other important structural domains
responsible for channel gating. Such domains located in ECDs
immediately after TM1 were recently determined for ASIC2a
(Schuhmacher et al., 2015).

There are numerous reports about involvement of membrane
lipids into control of the spatial structure and function of
different receptors and ion channels including GPCRs (Fantini
and Barrantes, 2018), the nicotinic acetylcholine receptors
(Baenziger et al., 2000), K" and Na* voltage-gated ion channels
(Agwa et al, 2018; Jiang, 2019), TRPV1 channels (Morales-
Lazaro and Rosenbaum, 2019), TREK channels (Hernandez-
Araiza et al, 2018), and ENAC channels (Kleyman and Eaton,
2020). Interaction with PIP2 is necessary to open ENaCs
(Kleyman and Eaton, 2020), which belong to the same
degenerin/epithelial Na® channel (DEG/ENaC) family as
ASICs. In line with it, arachidonic acid was shown to
potentiate ASICla and ASIC3 by direct interaction with the
channels in the rat sensory neurons (Smith et al., 2007), and
arachidonic acid and lysophosphatidylcholine (16:0) activate
ASIC3 at neutral pH and induce pain behavior in rats pointing
on lipid-mediated signaling (Marra et al., 2016). At the same
time, no data are available about the role of lipids in modulation
of ASIC/toxin or ASIC/drug interactions. ASICs also were
reported to be involved in mechanosensation (Page, 2005; Lin
et al,, 2016) demonstrating dual protein functions: sensing both
tissue acidosis and mechanical force, although the mechanical
gating mechanism of ASICs is still unclear (Cheng et al., 2018).
Thus, the membrane environment could be an important
modulator of the ASICs activity and the reason for variety of
functional properties of the channel subtypes expressed in
different cells. Further study of the lipid bilayer role in the
ASICs gating is needed.
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NATURAL LIGANDS OF ACID-SENSING
ION CHANNELS

Plant Compounds

Low molecular weight ASIC ligands are represented by molecules
belonging to various classes of chemical compounds, ranging from
relatively simple pyrazines and polyphenolic acids to more complex
glycosides and quinoline alkaloids (Figures 3 and 4). Most of these
ligands are derived from herbs that are well known for their medical
properties and used in the traditional medicine of various nations.
The most of described below molecules have several other cellular
targets, and their therapeutic effects can be associated not only with
the modulation of ASICs. Thus, it is important to keep in view these
properties to explain possible auxiliary effects of the compounds,
and the biological effect exhibited by these molecules in vivo should
be considered the result of a complex effect on several targets.

5-Caffeoylquinic Acid

5-caffeoylquinic acid (5-CQA) belongs to a group under the
general name chlorogenic acids. It is a phenolic compound, an
ester of caffeic acid, and one of the stereoisomers of quinic acid.
5-CQA is abundantly present in various plants included in the
human diet (for example, green coffee beans) and is well known
for its antioxidant, anti-inflammatory, neuroprotective, and
analgesic properties (Zhang et al., 2003; dos Santos et al., 2006;

Lapchak, 2007; Li et al., 2008). It was demonstrated on rat dorsal
root ganglion (DRG) neurons that 5-CQA is concentration-
dependent and reversibly inhibits a pH 5.5-induced current
with a half-maximal inhibitory concentration (ICsy) of 0.235
UM (Table 1). To exclude the neuronal acid sensing via TRPV1
channels, authors carried out the experiment in the presence of
capsazepine (10 uM). Maximal observed inhibitory effect
reached 55% that indicated selectivity of 5-CQA to certain
ASIC isoforms. The compound also reduces the sensitivity of
neurons to various activating pHs, without changing the pHs,
and Hill coefficient (ny) parameters of the pH-dependence
activation curve (for a graphic example, see Figure 1D, orange
dashed curve). In this regard authors conclude that the
mechanism of the inhibitory effect of 5-CQA is not associated
with a decrease in the affinity of ASIC channels to protons. Local
administration of 5-CQA at doses of 1 uM and 10 uM attenuates
pain induced by intraplantar injection of 20 pl acetic acid (Qu
et al., 2014).

Chloroquine

Chloroquine is an antimalarial drug from the group of 4-
aminoquinoline derivatives that is first isolated from an extract of
cinchona bark. It has an antiproliferative effect on T cells; reduces
the production of several pro-inflammatory cytokines and the
innate immune system activation; possesses antiviral, antibacterial,
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and antifungal effects, and have been successfully used to treat
several rheumatological, immunological, and infectious diseases
(Plantone and Koudriavtseva, 2018). In the heart, chloroquine
block of the inward rectifier K" currents by inhibiting of Kir,;
channel with ICs, 8.7 + 0.9 UM (Rodriguez-Menchaca et al., 2008).
One of its known side effects is retinal toxicity (Hobbs et al., 1959).
On retinal ganglion neurons and on CHO cells expressing ASICla,
it was shown that chloroquine dose dependently and reversibly
inhibits the amplitude of a pH 6.5-induced current (ICs, 615.9 uM)
as well as causes a significant delay in peak maximum and
desensitization time constant (Table 1). This effect was enhanced
with an increase in the concentration of Ca®" ions in the
extracellular medium and weakened with an increase in the
activating acid stimulus. In the presence of chloroquine, the
amplitudes of the main parameters of the electroretinogram, such
as the b-wave of scotopic 0.01 and photopic 3.0 and vibrational
potentials, decreased (Li et al, 2014). In CHO cells expressing

ASIC3 channels and in DRG neurons, it was shown that
chloroquine dose dependently potentiates the sustained
component (ECsy of 4252 uM and ny 3.676) without affecting
the transient component of the proton-activated current. This effect
also depends on the concentration of calcium in the extracellular
medium and weakens with an increase in the activating stimulus.
Using site-directed mutagenesis, it was possible to demonstrate that
chloroquine can activate ASIC3 channels by binding to a non-
proton ligand sensor in the palm domain (Lei et al.,, 2016). In an in
vivo “cheek” assay model in mice (Shimada and LaMotte, 2008),
chloroquine caused combing, and this effect was attenuated in the
presence of an ASIC3 inhibitor (Lei et al., 2016).

Lindoldhamine and Daurisoline

Lindoldhamine (LIN) and daurisoline (DAU) are members of the
bisbenzylisoquinoline alkaloids group. This is a broad group of
biologically active compounds known for their anticancer, antiviral,

Frontiers in Pharmacology | www.frontiersin.org

65

July 2020 | Volume 11 | Article 991


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Osmakov et al.

Natural Ligands of ASICs

TABLE 1 | Effect of plant and microbial ligands in vitro on ASICs.

Compound Trend Value and object of action References
(-)-Epigallocatechin gallate 1 ICs0 13.2 uM for mASIC3 in CHO cells Yan et al., 2019
5-caffeoylquinic acid 1 ICs0 0.235 uM for rASIC in DRG neurons Quetal, 2014
Chloroquine 1 ICs0 615.9 uM for rASIC1a in CHO cells Li et al., 2014

1 ECsp 425.2 uM for sustained current rASIC3in CHO cells Lei et al., 2016
Daurisoline n ECs0 20 uM for transient current rASIC1a in oocytes Osmakov et al., 2019b

o ECs0 140 uM for rASIC1a in oocytes
Gastrodin | ICs0 0.2 uM for rASIC in DRG neurons Qiu et al., 2014
Ligustrazine 1 ICs0 270 uM for rASIC in DRG neurons Zhang et al., 2015

l ICs0 97 uM for rASIC1a, 62 uM rASIC1b, 129.4 uM rASIC2a, 239.5 uM rASIC3 in CHO cells Zhang et al., 2015
Lindoldhamine 1 ICs0 9 UM for rASIC1a oocytes (at pH 6.85 stimulus) Osmakov et al., 2019¢c

A ECs0 1.58 mM for hASICS, 3.2 mM rASIC3 in oocytes Osmakov et al., 2018

1 ECso of 3.8 uM for transient current hASIC3 in oocytes
Morphine 1 ICs0 2.3 uM for rASIC in DRG neurons Cai et al., 2014
Neomycin 1 ICs0 45 uM for rASIC in DRG neurons Garza et al., 2010
Paeoniflorin 1 ICs0 5 UM for rASIC in pheochromocytoma cells Sun et al., 2011
Puerarin 1 ICs0 38.4 uM for rASIC in hippocampal cells, 9.31 uM for rASIC1a in CHO cells Gu et al., 2010
Quercetin 1 ICs0 2.4 uM for rASIC1a, 1.3 uM for rASIC2a, 1.8 uM for rASIC3 in CHO cells Mukhopadhyay et al, 2017
Salicylic acid 1 ICs0 260 uM for rASIC3 in COS cells Voilley et al., 2001
Sevanol 1 ICs0 353 uM for transient hASIC3, 234 uM for sustained hASIC3 currents in oocytes Dubinnyi et al., 2012
Sinomenine 1 ICs0 0.3 uM for rASIC1a in CHO cells Wu et al., 2011
Streptomycin | ICs0 30 uM for rASIC in DRG neurons Garza et al., 2010
Thalassiolin B | ICs0 27 uM for rASIC in DRG neurons Garateix et al., 2011

1, Inhibition of current; 1, Potentiating of current; A, Activation of current without acidic drop; N, Generation of 2nd current component; <, Inhibition of steady-state desensitization; ICso,
half-maximal inhibitory concentration; ECso, half-maximal effective concentration; hASIC, human ASIC; rASIC, rat ASIC; mASIC, mouse ASIC.

anti-inflammatory, and neuroprotective properties (Tian and
Zheng, 2017). LIN was isolated from an acetic acid extract of the
plant Laurus nobilis L. On X. laevis oocytes expressing human and
rat ASIC3 channels, it was shown that LIN is capable of inducing
sustained incoming currents with EC5, of 1.53 mM and ny 0.93 (for
human ASIC3) as well as 3.2 mM and 0.82 (for rat ASIC3)
(Table 1). Moreover, LIN exerts a potentiating effect on proton-
induced currents of human ASIC3, increasing the transient
component by more than two times (ECs, of 3.8 uM and ny 1.1)
as well as inhibiting SSD and restoring the transient component
(ECs of 16 UM and ny 1) (Osmakov et al.,, 2018). LIN also exerts a
pH-dependent inhibitory effect on rat ASICla channels if a weak
stimulus (pH 6.85) is applied. Its strongest inhibitory effect (IC5, 9
UM and ny 1.2) weakens with an increase in the acid stimulus. As a
result, in the CFA-induced inflammation test, LIN showed a
significant anti-inflammatory effect; however, in the acetic acid-
induced writhing test, LIN did not show any analgesic effect
(Osmakov et al., 2019¢).

DAU has a similar structure with LIN but has three more methyl
groups (Figure 4). DAU is a common compound synthesized by
various plants of traditional Chinese medicine. DAU has been
shown to have a muscle relaxant and antiarrhythmic effect by
inhibiting currents of L-type calcium (active concentration >15 uM)
and hERG channels (active concentration >10 uM), respectively
(Liu et al,, 2010; Liu et al,, 2012). On X. laevis oocytes expressing the
rat ASICla channel DAU shows a potentiating effect on a pH 5.5-
induced currents, causing the appearance of the second transient
component (ECsy ~20 UM and ny 1.8) (Table 1). DAU also inhibits
SSD with an ECsy of ~140 UM and ngy of 0.8. As a result, DAU
causes an acidic shift for both the pH-dependence activation curve
and the SSD curve (see Figures 1C, D). In general, the mechanism

of DAU action can be assumed as competition with protons for
desensitization sites on the channel (Osmakov et al., 2019b).

(-)-Epigallocatechin Gallate

(-)-Epigallocatechin gallate (EGCG) is an ester of epigallocatechin
and gallic acid contained in large quantities in green tea extract.
EGCG exhibits pronounced antioxidant activity (Henning et al.,
2005), capable to induce apoptosis and inhibit the growth of various
types of cancer (Yang et al, 2009). EGCG blocks voltage-gated
sodium channel currents at rat hippocampal CA1 neurons (active
concentration >100 uM) (Deng et al., 2008) and inhibits the cardiac
sodium channel Nav, 5 with ICsq ~2,1 UM (Amarouch et al., 2020).
On CHO cells expressing various isoforms of ASICs, it was shown
that EGCG dose dependently and reversibly inhibits the amplitude
of the pH 5.0-induced current of mouse ASIC3 with an ICs; of 13
UM (Yan et al., 2019). It should be noted that the specificity of the
action was checked on isoforms belonging to different species,
namely human ASICla, rat ASIC1b and 2a, and mouse ASIC3.
Thus, this leaves open the question of the species specificity of the
action of EGCG. A study of the structure-activity relationship
showed that the presence of the gallate part, the presence of the
3-hydroxyl group on the pyrogallol part, and the chirality of the
pyrogallol part play an important role in the activity of the molecule.
In a hind paw licking test in mice, it was demonstrated that prior
local administration of EGCG (100 pM) attenuates (0.6%) acetic
acid induced pain-related behaviors (Yan et al.,, 2019).

Gastrodin

Gastrodin, a gastrodigenin glycoside, is the main bioactive
component of the Gastrodia elata Blume orchid extract used in
traditional Chinese medicine. Gastrodin is known to inhibit of
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the M-type K" currents in neurons with 1Csy 19.4 uM (Yang
et al, 2019). It has anticonvulsant and analgesic properties
alleviating migraine and trigeminal neuralgia, as well
demonstrates a neuroprotective effect in ischemia (Kumar
et al, 2013; Zeng et al., 2006). On rat DRG neurons, it was
demonstrated that gastrodin reversibly and concentration
dependently reduced the amplitude of pH 5.5-induced current
with an ICs, of ~0.2 UM (Table 1). At the same time, like 5-CQA
(see above), gastrodin in the presence of capsazepine (10 uM)
reduces the sensitivity of neurons to various activating pHs but
did not change the main parameters (pHso and nyy) of the pH-
dependence activation curve. In acid- and formalin-induced
pain-related behaviors in rats, gastrodin, having previously
been locally administered into the paw (up to concentration of
10 uM), shows analgesic and anti-inflammatory effects (Qiu
et al., 2014).

Ligustrazine (Tetramethylpyrazine)

Ligustrazine, a member of the alkylpyrazine group, is a bioactive
component found in the extract of the plant Ligusticum
chuanxiong Hort., used in traditional Chinese medicine. Its
neuroprotective, vasodilating, and cardioprotective effect has
been described (Liu et al., 1990; Zhou et al., 2004; Cheng et al.,
2007). Its inhibitory activity on L-type calcium current of
myocytes with ICs, varied in 88.19-200 UM range depending
to experimental conditions was found as well (Zou et al., 2001;
Ren et al., 2012). Also in micromolar range ligustrazine inhibits
the transient component of pH 5.0-induced current with an ICs,
of ~270 uM (Table 1) in rat DRG neurons as well as decreases
the number of action potentials evoked by acidosis. The
specificity of ligustrazine pH-dependent inhibition was studied
on CHO cells expressing various asic isoforms, and the following
results were obtained: ICsy of 97 UM for ASICla, 62 UM for
ASIC1b, 129.4 uM for ASIC2a, and 239.5 uM for the ASIC3
current. In this instance, ligustrazine does not change the
channels’ affinity to protons, but reduces their opening
efficiency. Ligustrazine repressed the ST segment (at doses of 3
and 10 mg/kg) and coronary artery occlusion-related T-wave (at
doses of 20 and 30 mg/kg) in rat angina models and inhibited the
myocardial infarction at doses of 3 mg/kg, thus reducing the
necrotic area. Ligustrazine also showed a significant analgesic
effect in the acetic acid-evoked pain response in rats (Zhang
et al,, 2015).

Paeoniflorin

Paeoniflorin is a monoterpene glycoside. It is one of the main
bioactive components in the root extract of the peony Paeonia
lactiflora. Antidepressant-like, immunostimulating, anticancer,
and pro-apoptotic effects have been shown for this compound
(Chen et al., 2012; Hu et al., 2013; Qiu et al., 2013). Paeoniflorin
produces an inhibition of L-type calcium current in NG108-15
cells with 1C5y 14 UM (Tsai et al., 2005) and inhibits Cav, ,
channels (the active concentration >50 uM) (Song et al., 2017).
On rat pheochromocytoma cells, paeoniflorin demonstrates a
cytoprotective effect. This effect is associated with ASICs’
inhibition since paeoniflorin dose dependently blocks pH 6.0-

induced currents (IC5y ~5 UM) and inhibited these channels’
expression in the cells, which was estimated by both RT-PCR and
ASIC-specific antibody labelling. As a result, it was found that
the activity of paeoniflorin leads to increased autophagic
degradation of a-synuclein and can serve as evidence of the
participation of ASICs in the development of Parkinson’s disease
(Sun et al., 2011).

Quercetin

Quercetin is a pentahydroxyflavone widely distributed in many
vegetables and fruits such as tomato, onion, citrus fruit, and a
number of berries. It has anti-inflammatory, anticancer, cardio
and neuroprotective, and antibacterial and antiviral properties
(Anand David et al.,, 2016). It can inhibit heart Nay, 5 channels
with ICsq of 19.4 uM (Wallace et al., 2006) and activate vascular
smooth muscle L-type calcium channels with EC5y ~5 pM
(Saponara et al., 2002). On CHO cells expressing various
isoforms of rat ASICs, quercetin was shown to equally inhibit
pH-induced currents with an ICs, of 2.4, 1.3, and 1.8 uM for
ASICla, ASIC2a, and ASIC3, respectively (Table 1). Quercetin
prevents a pH 6.0-induced increase of intracellular Ca**
concentration in HEK-293 cells and significantly reduces their
mortality. A molecular docking approach with rat ASICla site-
directed mutagenesis detected the possible involvement of the
channels’ central vestibule residues Arg369 and Glu416 in the
interaction with quercetin (Mukhopadhyay et al., 2017).

Puerarin

The flavonoid consisting of C-glycosyl and hydroxyisoflavone
parts is the main bioactive constituent of the leguminous plant
Pueraria lobata (Willd.) Ohwi extract. Its pharmacological activity
as an anti-inflammatory, analgesic, neuroprotective, anticancer,
and antioxidant molecule is known (Zhou et al., 2014). Puerarin
inhibits potassium channels Kir,; (ICs, 1.27 mM) and Kv;,
(ICsp ~55 uM) (Xu H. et al,, 2016), and the resting Na, channels
of DRG neurons (ICsy 481 uM) (Zhang et al., 2019). Studies on rat
hippocampal cells, as well as on CHO cells expressing ASICla,
showed that puerarin has an inhibitory effect with ICs and nH
values of 38.4 UM and 5.97 (hippocampal cells) as well as 9.31 uM
and 8.18 (CHO cells) (Table 1). Moreover, acceleration of
desensitization in the presence of puerarin was observed in both
systems because cytoprotector puerarin (100 puM) significantly
reduces the mortality of hippocampal neurons exposed to the
acidic (pH 6.0) solution (Gu et al., 2010).

Thalassiolin B

Another flavonoid consisting of chrysoeriol and O-glycosyl
sulfate moieties abundantly presented in the sea grass
Thalassia testudinum extract. Thalassiolin B was initially
known as the antioxidant (Regalado et al., 2009). Later, it was
shown that thalassiolin B inhibits the transient component of the
proton-induced current in rat DRG neurons with an ICs, of 27
UM (Table 1). In a formalin test in mice, thalassiolin B (100
mmol/kg) alleviated pain behavior, reducing the number of licks
during the first- and second-phase nociception (Garateix
et al., 2011).
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Salicylic Acid

Salicylic acid, or 2-hydroxybenzoic acid, is an important signaling
component in plant immunity (Marek et al., 2010). This compound
is well known for its anti-inflammatory, topical antibacterial, and
cosmetic properties (Arif, 2015). It was shown that salicylic acid is
able to inhibit the sustained component of current through ASIC3
channels expressed in COS cells with an ICs, of 260 UM, as well as
the ASIC3/ASIC2b heteromeric current at a concentration of 500
UM (Table 1) (Voilley et al., 2001).

Sevanol

Sevanol (or 9,10-diisocytril ester of epiphylic acid) belongs to the
group of polyphenolic compounds called lignans. Sevanol was
isolated from an acetic acid extract of Thymus armeniacus,
whereas it was absent in extracts of other representatives of
this genus (Osmakov et al., 2015). On X. laevis oocytes
expressing the human ASIC3 channel, it was shown that
sevanol is able to inhibit both components of the ASIC3
current. The transient component of the current is completely
inhibited (ICsq of 353 UM), whereas the sustained component is
inhibited by only 45% (ICs, of 234 uM) (Table 1). Sevanol also
inhibits the rat ASICla channel but with less efficacy (Dubinnyi
etal,, 2012). In models of acetic acid-induced writhing and CFA-
induced thermal hyperalgesia tests, sevanol showed dose-
dependent (range from 0.001 to 10 mg/kg), pronounced
analgesic and anti-inflammatory effects (Andreev et al., 2018).

Morphine

Morphine—a morphinane alkaloid and a tertiary amino
heteropentacyclic compound—is the most abundant opiate of
the opium poppy (Papaver plant). It is well known as an
analgesic, anxiolytic, and vasodilator drug with a number of
serious side effects (including addiction) that are a result of its
action on opiate receptors (Pathan and Williams, 2012). Studies
on rat DRG neurons in the presence of capsazepine showed that
morphine reversibly and dose dependently inhibits the pH-
induced currents of ASICs with an ICs, of 2.3 uM (Table 1).
The pH dependence of activation does not change significantly in
the presence of morphine. Further pharmacological analysis
showed that the effect of morphine on neurons is mediated by
p-opioid receptors and depends on the cAMP signaling pathway.
In an acid-induced pain test on rats, preliminary local
administration of 1-10 uM morphine causes a significant
decrease in the number of flinches of the hind paw, but this
analgesic effect disappears in the presence of an opioid receptor-
inhibitor naloxone (Cai et al, 2014). Morphine can also be
synthesized in mammals (Poeaknapo et al., 2004), and it was
shown that intermediates in this synthesis pathway—
isoquinoline alkaloids tetrahydropapaveroline and reticuline—
can directly potentiate ASIC3 channels (Osmakov et al., 2017).

Sinomenine

Sinomenine, by the chemical structure related to the family of
morphinane alkaloids, is one of the main biologically active
components of the extract of the medicinal plant Sinomenium
acutum. It has been shown that sinomenine possessed an anti-

inflammatory function and regulated the secretion of multiple
inflammatory cytokines and monocyte/macrophage subsets (Liu
et al., 2018), and it has also been used in the clinic for the treatment
of rheumatoid arthritis (Xu et al., 2008). On rat cortical neurons, as
well as on CHO cells expressing recombinant channels, it was
shown that sinomenine directly and dose dependently inhibits
ASICla channels with an ICs5, of ~0.3 uM (Table 1).
Sinomenine (1 uM) significantly reduces 30 mM KCl, and
acidosis-induced increases in intracellular Ca** concentration,
suggesting the inhibitory effect of sinomenine on L-type calcium
channels. In the cerebral ischemic insult model, sinomenine
exerted a neuroprotective effect and improved brain functional
recovery (Wu et al,, 2011).

Microbial Compounds

Aminoglycosides (Streptomycin, Neomycin, and
Gentamicin)

Aminoglycosides are a group of broad-spectrum antibiotics that
exhibit bactericidal action by inhibiting protein biosynthesis. Their
structure is based on amino sugars linked together, as well as with
aminocyclitol rings, via a glycosidic bond (Krause et al., 2016). They
also showed a blocking effect on Na*- and Ca**-channels (Zhou and
Zhao, 2002), as well as on transient receptor potential V1 (TRPV1)
channels (Raisinghani and Premkumar, 2005). In DRG neurons,
streptomycin (ST) and neomycin (NEO) reversibly but not
completely decrease the amplitude of pH 6.1-induced currents
with IC5p ~30 UM and ng 1.3 for ST and ICsy ~45 uM and nyg
1.7 for NEO (Table 1. In this case, ST and NEO, as well as
gentamicin, have a slowing effect on the desensitization process,
and this effect is enhanced with a decrease in the concentration of
Ca”" ions in the extracellular medium. On HEK-293 cells expressing
human ASICla, only ST shows an incomplete inhibitory effect,
without acting, however, on the kinetics of desensitization (Garza
et al,, 2010).

Animal Venom Toxins

To date, ASIC peptides’ modulators have been extracted from the
venoms of spiders, snakes, sea anemones, and wasps. Taken
together they differ in structure, subtype specificity, and the
mode of action onto the channels. Although many of the toxins
are not highly specific to ASICs over other cellular targets, a lot of
them have adequate affinity for these ion channels. Even if the
measured affinity to the channel/receptor is in the micromolar
range, this does not exclude such molecules from the list of
promising drug seeds (Kozlov, 2018).

RF-Amide Peptides
Cono-RFamides (CNFs) are a group of amides, isolated from
cone snails’ venom, with particular characteristics: the short
length, the C-terminal Arg-Phe-NH, (RFa) motif, and the lack
of cysteine residues (linear peptide) (Figure 5). Natural
analogues with non-amidated C-terminus detected in venoms
were inferior in their ability to potentiate ASIC channels.

Two conorfamides Asla and As2a and their non-amidated
forms Aslb and As2b from Conus austini differ by the mutation
in the third residue (Lys in Asla and Aslb, Argin As2a, As2b). It
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was shown that these compounds modulate proton-induced rat
ASICla and ASIC3 currents by slowing channel desensitization
following a sustained current inducing but they have no effect on
homomeric rat ASIC1b or ASIC2a, expressed in X. laevis oocytes
(Jin et al, 2019). Amidation of C-termini is essential for the
peptide activity, since non-amidated Aslb and As2b show only
weak inhibition of transient currents. The most active As2a
potentiates ASICla with an ECs5, of 10.9 uM by the
mechanism of the shift of the channel-desensitization constant
(gray curve on the Figure 1A), and the resulting current has an
unusual shape with a large amplitude. Similarly, this peptide
affects the ASIC3 subtype. The second interesting peptide Asla,
up to 200 uM, has a moderate effect on the sustained current
generation for rASICla and rASIC3.

Another group of CNFs isolated from the venom of Conus
textile is represented by three peptides (Tx1.1, Tx1.2, Tx1.3)
consisting of 4, 6, and 8 amino acid residues, respectively. These
CNFs show effects on ASIC3 currents like As2a peptide but also
increase the transient current amplitude. The shortest peptide
(CNF-Tx1.1) also potentiates the currents of heterotrimers
ASICla/3, ASIC1b/3, ASIC2a/3, and ASIC2b/3 and has a
higher affinity to homotrimer than CNF-Tx1.2. The
potentiating effect of CNF-Tx1.1 is implemented by several
mechanisms: shifts proton affinity of ASIC3 to higher pH for
potentiation (green curve on the Figure 1D); lowers pH for
desensitization (green curve on the Figure 1C); and increases the
transient current amplitude 1.48-fold (blue curve on the
Figure 1D). Intramuscular injection of this CNF in mice
increases acid-induced muscle pain (Reimers et al., 2017).

Linear peptides that activate ASIC are not only found in
marine snail venoms. Recent studies have described RF-amide
modulators of ASICs in wasp venom. Peptide Sal2b extracted
from the venom of solitary wasp Sphex argentatus argentatus
reversibly and pH-independently inhibits the ASIC currents of
rat DRG neurons with an ICs, ~81 nM when it is applied before
the activation stimulus. Peptides’ co-application with stimulus
does not produce any significant alteration in acid-induced

Asla RIKKPIFAFPRFE-NH-
As2a RIRKPIFAFPRFE-NH-
Aslb RIKKPIFAFPRF-OH
As2b RIRKPIFAFPRF-OH
Tx1.1  —-——————- RPRF-NH:
Tx1.2  —————-— VGRPRF-NH-
Tx1.3 —-———AIVGRPRF-NH:
Sal2b —-—-EDVDHVFLRF-OH
Shbb ———DVDHVFLRF-NH-
FIGURE 5 | RF-amide peptides family. The same residues are highlighted in
green, negatively charged residues Asp and Glu are written in blue, and
positively charged residues Lys and Arg are written in red.

currents, which indicates the peptides binding with the channel
closed state. In the same work another peptide Sh5b with a very
similar structure (Figure 5), purified from the venom of wasp
Isodontia harmandi, changes the ASIC current parameters in
DRG neurons insignificantly (Hernandez et al., 2019).

Polypeptide Toxins

Polypeptide animal toxins are able to modulate the activity of
ASICs with higher affinity at nanomolar concentrations.
Historically, two toxins, psalmotoxin (PcTx1) and APETx2,
became the basis of numerous scientific works in which they
were used as molecular tools to study the function of ion
channels ASIC1 and ASIC3 in living organisms. Later, other
toxins were discovered, but so far all of them have been isolated
from venomous animals such as spiders, sea anemones, and
snakes. Toxins differ in their size and spatial organization, which
was obtained by the NMR technique as a solution for a number
of polypeptide toxins (Figure 6), as well as by X-ray structural
analysis in the complex with cASICla (see section below).

PcTx1-Related Toxins

A 40-amino-acid-long peptide Psalmotoxin 1, isolated from the
spider Psalmopoeus cambridgei, shares the folding named
«inhibitor cystine knot» (ICK), which is a structural motif
characterized by a triple-stranded anti-parallel B-sheet
connected by three disulfide bonds forming a knotted core
(Figure 6). This ICK motif is a major type of spider toxin
organization, so distribution of the Cys residues like those
presented in (Figure 7) is utilized for toxins™ prediction from
modern big data (Kozlov et al., 2005; Kozlov and Grishin, 2011).

PcTxl, a highly basic polypeptide (pI 10.38), was discovered
as the first high-affinity and highly selective pharmacological
agent to ASICla (Escoubas et al, 2000). PcTx1 acts like a
selective reversible inhibitor of rat ASICla currents (ICs, of 0.9
nM), fully blocking it at 10-nM peptide concentration (Escoubas
et al., 2000), and of human ASICla (ICs, of 3.2 nM) (Cristofori-
Armstrong et al,, 2019). The inhibition mechanism of PcTx1 is
increasing its apparent affinity for H" through the desensitization
of the channel (red curve on the Figure 1C) (Chen et al., 2005). It
also inhibits mouse ASICla/2b (ICs, of 2.64 nM) (Sherwood
et al,, 2011) and rat ASICla/2a (Joeres et al., 2016). At the same
time, PcTx1 potentiates the ASIC1b isoform with an ECsy of
~100 nM (Chen et al., 2006). This toxin has been used many
times to study the properties of channels from wild neurons and
heterologously expressed channels. In particular, interesting
results were obtained in showing that ASICla subtypes play an
important role in retinal activity (Ettaiche, 2006). Also, due to the
successful selective inhibition of the ASICla subtype, it was
shown that ASIC1D is involved in the development of muscle
pain (Chang et al, 2019) and that the ASIC3 subtype is
responsible for postoperative pain (Deval et al., 2011).

One more ASIC-active toxin that has an 82% resemblance to
PcTx1 (shortened at three C-terminal residues and five residues
substitution) was named 7-TRTX-Hm3a (Hm3a). It was
extracted from the venom of a Togo starburst tarantula
(Heteroscodra maculata) (Er et al, 2017). In general, Hm3a
shares the pharmacological profile of PcTx1. It inhibits acid-
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APETx2

| &j‘y
 ml [

a-DTx

- \j
MitTx-a

MitTx-B

FIGURE 6 | Spatial structure of animal polypeptide toxins. The structures
drawn according to the following PDB data: PcTx1 (2KNI), Hita (2N8F), Ugro-
1 (2LZ0O), APETX2 (2MUB), Mamb-2 (2MFA), a-DTx (1DTX), and MitTx-c,
MitTx-B (4NTW). The distribution scheme of the secondary structure elements
for each toxin is shown next to the 3D structure as an inset.

evoked currents of rASICla expressed in X. laevis oocytes, with
an ICs; of 2.6 nM. It potentiates currents of homomeric rASIC1b
and heteromeric rASIC1a/ASIC1b with an ECs, of 46.5 and 17.4
nM, respectively. This peptide does not show any effect on
homomeric rASIC2 or rASIC3. Hm3a also inhibits human
ASICla (ICsy of 39.7 nM) and potentiates human ASIC1b
(EC50 of 178.1 nM), being ~30-fold and ~3.8-fold less potent
to rat isoforms respectively. It was shown that Hm3a is more
stable and resistant to thermal, chemical, and enzymatic
degradation than PcTx1, becoming a more attractive tool for
studying ASICs in vivo (Er et al., 2017).

A disulfide-rich polypeptide Hila consisting of 75 residues was
found in the venom of the Australian funnel-web spider
Hadronyche infensa. The structure represents two PcTx1-like ICK
domains with a short linker connecting them. The N- and C-
terminal moieties have 62 and 50% similarity to the PcTx-1
sequence, respectively, leading to a suggestion that this peptide

originated through duplication of a gene encoding PcTx1-like toxin
(Chassagnon et al., 2017). Hila equipotent inhibits rat and human
ASICla expressed in X. laevis oocytes (ICsy of 0.40 and 0.52 nM,
respectively), but unlike PcTx1, it does this incompletely even at
saturating peptide concentrations. Inhibition of the rASICla
subtype is more than 2,000 times more potent over other
subtypes, with the toxin having no effect on rASIC2a and rASIC3
up to 1 uM and weakly potentiating rASIC1b. Toxin Hila has slow
current-inhibition reversibility (T,¢ = 14.2 min for rASICla,
31.8 min for hASICla after application 10 nM of Hila), with
~40% recovery of the current amplitude after a 30-min washout,
which was not reported for any ASIC modulators before. Moreover,
Hila shows less pH-dependent inhibition, which means a small
acidic shift (0.18 pH units at 5 nM for hASICla) in contrast to
PcTx1. In vitro tests on primary oxidatively stressed neuron/
astrocyte cultures and in vivo tests on a rat-focal cerebral
ischemia model showed even greater neuroprotective efficacy of
Hila over PcTx1 (Chassagnon et al., 2017).

This structural group also includes the ICK cnidarians
peptide PhcrTx1 purified from the sea anemone Phymanthus
crucifer. Like PcTx1, this toxin is a basic peptide (pI = 10.89), but
its overall homology with PcTx1 is a negligible (only 28%). The
peptide reversibly inhibits the transient component of pH 6.1-
induced ASIC currents in rat DRG neurons with IC5y ~100 nM
without significantly affecting the time course of desensitization
and with no effect on the sustained component (Rodriguez
et al., 2014).

APETx2-Related Toxins

Currently, five peptide modulators of ASICs attributed to the
structural class 1b of sea anemone toxins (Kozlov and Grishin,
2012) have been described (Figure 8). Polypeptide APETx2
isolated from the venoms of the sea anemones Anthopleura
elegantissima was positioned for a long time as the specific
inhibitor of the ASIC3 subtype. The structure of this small 42-
amino-acid-long polypeptide has a large number of positively
charged amino acid residues like PcTx1 (pI = 9.59). According to
the 3D structure resolved by the NMR technique, APETx2 is a 3-
defensin-like peptide consisting of a compact disulfide-bonded
core from a four-stranded beta-sheet, cross-linked by three
disulfide bridges (Figure 6) (Chagot et al., 2005).

APETx2 rapidly and reversibly blocks homotrimeric ASIC3 and
heterotrimeric channels containing ASIC3 without any effect on
homomeric ASICla. The ICsq values are 63 nM for rASIC3
expressed in X. laevis oocytes and 175 nM for human ASIC3

PcTx1
Hm3a

EDCIPKWKGCVNRHGDCCEGLECWKRRRSFE-VCV-PKTPKT
EPCIPKWKSCVNRHGDCCAGLECWKRRKSFE-VCV-PKV-—--

Hila N-terminal domain NECIRKWLSCVDRKNDCCEGLECYKRRHSFE-VCV-PIPG--—
Hila C-terminal domain -FCLVKWKQCDGRERDCCAGLECWKRSGNKSSVCA-PIT---

PhcrTx1

——(‘JASQGQK(‘IKTKS—D(Il(llNGMWCAGTRGHT———CYKPK————
l—'—l

FIGURE 7 | Alignment of primary structures of PcTx1-like toxins. Cysteine residues are highlighted in yellow, and lines represent disulfide bridges’ formation. The
sequence residues similar to PcTx1 are highlighted in green, negatively charged residues Asp and Glu are written in blue, and positively charged residues Lys and

Arg are in red.
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expressed in COS cells. Heteromeric ASICla/3 and ASIC1b/3 in
COS cells are also inhibited by APETx2 but with less affinity (ICs of
2 and 0.9 pM, respectively). The ASICla/3 current can only be
partly inhibited (~60% by 3 uM concentrations of APETx2). A
better result was obtained for ASIC2b/3 heteromers, and the
transient current of which was inhibited to approximately 36% of
the control amplitude with an ICs, of 117 nM (Diochot et al., 2004;
Logashina et al., 2020). It was shown that APETx2 potentiates the
activity of rASIC1b at concentrations 30- to 100-fold higher than it
inhibits rASIC3 homomers, causing an increased current’s
desensitization, with no effect on the rise time. Moreover,
APETX2 potentiates rASIC2a currents using a different method
(decrease in the current rise time, with no effect on desensitization
time). In both cases, APETx2 appears to provide stabilization of the
open state for rASIC1b and rASIC2a (Lee et al., 2018). Furthermore,
the toxin weakly inhibits different potassium channels and TTX-
resistant currents of DRG neurons (Diochot et al., 2004; Blanchard
et al., 2012) but can reduce the Nay, , and Nay, 4 current in oocytes
above 50% in nanomolar concentrations (ICsq of 114 nM for Nay ,
and 55 nM for Nay;g) (Peigneur et al, 2012). At micromolar
concentrations, APETx2 inhibits hERG (ICs; of 1.21 WM) reversible
with a maximal inhibition of 54%, and this experimental fact would
seriously limit its potential as an analgesic (Jensen et al., 2014).

In the venom of the sea anemone Heteractis crispa, several
toxins were found with related structures to APETx2 and
inhibitory activity to ASICs (Figure 8). Between themselves,
the similarity of these toxins is high (1-9 substitutions from 41
total residues), but their activity to two main isoforms ASICla
and ASIC3 is different. The most represented in venom peptide
n-AnmTX-Hcrlb-1 reversibly inhibits transient component of
human ASIC3 currents expressed in X. laevis oocytes with an
1Cs0 of 5.5 UM (Kozlov et al., 2012). Otherwise, Hcrlb-2 inhibits
currents through rat ASICla (IC5, of 4.8 uM) more prominently
than ASIC3 currents (ICsq of 15.9 uM). Such possibilities in the
reduction of ASIC3 activity in PNS and ASICla activity in CNS
make this peptide the prospective candidate for analgesia
investigation, and Hcrlb-2 showed an analgesic activity in
vivo, significantly reducing the number of writhing of
experimental animals in acetic acid-induced writhing test
(Kalina et al.,, 2018). The peptide Her 1b-3, having one residue
substitution to the Hcrlb-2 sequence, keeps the same
effectiveness for ASICla and ASIC3 inhibition with an ICs, of
4.95 uM and 17 UM, respectively. The more structurally diverse
toxin Herlb-4 is capable of inhibiting the rASICla with an ICs,

of 1.25 uM, but with the same potency of ECs, of 1.53 UM, it
potentiates rASIC3 currents (Kalina et al., 2020). The diverse
activity of Hcrlb-4 for two different ASIC isoforms with
apparently the same affinity makes it a very interesting tool for
structural and bimolecular research.

Toxin Ugr 9-1

Peptide m-AnmTXUgr 9a-1 (Ugr 9-1) isolated from the venom
sea anemone Urticina grebelnyi consists of 29 amino acid
residues and belongs to a structural class 9a (Kozlov and
Grishin, 2012). Its spatial structure named “boundless [3-
hairpin” (BBH) was resolved (Figure 6). It is a twisted B-
hairpin without interstrand disulfide bonds connected by two
S-S bridges, with C- and N-terminal tails. The peptide shows the
reversible inhibition effect on human ASIC3 expressed in X.
laevis oocytes. It completely blocks the transient component with
an ICso of 10 puM, and only by 48% inhibits the sustained
component with an ICsy of 1.44 uM (Osmakov et al., 2013).
Intramuscular or intravenous injection of Ugr 9-1 (0.01-1 mg/
kg) produced a significant analgesic effect in the acid-induced
pain model and the complete Freund’s adjuvant-induced thermal
hyperalgesia test (Osmakov et al., 2013; Andreev et al., 2018).

Snake Toxins

Various by structure snake toxins are able to modulate the
activity of ASICs. Only a limited number of species produce
toxins affecting proton-activated ion channels, and it is obvious
that these channels are not primary target for their venom action.
The sequences of all currently known toxins are summarized in
Figure 9, while the spatial organization of toxins is shown in
Figure 6.

One group of polypeptides was extracted from the venoms of
different poisonous snakes. These include mambalgin-1 and
mambalgin-2 isolated from the venom of the black mamba
Dendroaspis polylepis, as well as mambalgin-3 from the venom
of the green mamba Dendroaspis angusticeps. Toxins utilized a
very common fold for snake venom compounds called three-
finger toxins, and they contain 57 amino acid residues and 4
disulfide bonds. The sequences of peptides are identical and
differ in one residue substitution (mamb-1 to mamb-2/Tyr to
Phe in 4th position and mamb-1 to mamb-3/Thr to Ile in 23rd
position) (Diochot et al., 2012). According to the authors, despite
the similar core, the structure of mamb-2 stands out amongst
common short three-finger toxins of a snake as a result of its

APETx2
Hcr
Hcr
Hcr
Hcr

GTACSCGNSKGIYWEYRPSCPTDRGYTGSCRYFLGTCCTPAD
1b-1 GTPCKCHGYIGVYWFMLAGCPNGYGYNLSCPYFLGICC-VDR
1b-2 GTPCKCHGYIGVYWFMLAGCPNGYGYNLSCPYFLGICC-VKK
1b-3 GTPCKCHGYIGVYWFMLAGCPDGYGYNLSCPYFLGICC-VKK
1b-4 GTPCllDCYGYT‘GVYWFMLSRClPSGYGYNLSClIHYFMGI(‘l',C—VKR

FIGURE 8 | Alignment of primary structures of APETx2-like toxins. Cysteine residues are highlighted in yellow, and lines represent disulfide bridges’ formation. The residues
similar to APETx2 structure are highlighted in green, negatively charged residues Asp and Glu are in red, and positively charged residues Lys and Arg are in blue.
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shortened first and third fingers and elongated middle finger.
Mambalgin-1 and mambalgin-2 reversibly inhibit homomeric
rASICla and heteromeric rASICla/2a and rASICla/2b
expressed in X. laevis oocytes with an ICsy of 55, 246, and
61 nM, respectively. They act as a gating modifier toxin by
decreasing the apparent proton sensitivity of activation (red
curve on the Figure 1D) and by slightly increasing the
apparent proton sensitivity for inactivation (red curve on the
Figure 1C) (Diochot et al., 2012). Also, they inhibit rASIC1b and
rASICla/1b with an IC5, of 192 and 72 nM, respectively. These
peptides inhibit human ASICla (ICs, of 127-580 nM) (Wen
et al,, 2015). In addition, it was shown that they inhibit ASIC
currents in the spinal cord and sensory and hippocampal
neurons but that mambalgins lack any effect on ASIC2a,
ASIC3, ASICla/3, and ASIC1b/3 (Diochot et al., 2012).

The double-chain toxin MitTx was isolated from the venom of
the Texas coral snake (Micrurus tener tener). Two non-covalently
associated subunits of Kunitz-type protease inhibitors MitTx-o.
and phospholipase-A2-like MitTx-3 are combined in one active
molecule to function as a strong and selective agonist for ASICs.
The current induced by the toxin is not desensitized but is
inhibited by ASICs’ selective inhibitors. The selectivity of MitTx
depends on pH, whereas at the neutral pH values, the toxin
potentiates the predominant ASIC1 subtype but changes
selectivity towards ASIC2a at a pH below 6.5. For the
homomeric channels expressed in X. laevis oocytes, ECs, of 9.4
nM for rat ASICla, 23 nM for rat ASIC1b, 36 nM for rat ASIC2a,
and 830 nM for rat ASIC3 were calculated. It did not show any
effect on 2b or 4 subtypes. Heteromeric rASICla/2a and rASICla/
3 expressed in CHO cells are only mild and weakly activated
(Bohlen et al., 2011). Injection into the hind paw of wild-type mice
resulted in a painful sensation determined by licking the paw. The
time of licking was reduced in ASICla-knockout mice, meaning
that pain-related behavior was mostly linked to the interaction of
the toxin with this channel subtype (Bohlen et al., 2011).

One more toxin with Kunitz-type protease inhibitors fold - o.-
dendrotoxin (0-DTx) is also ASICs modulating peptide. Similar
to mambalgin-3, this toxin was isolated from the Eastern green
mamba Dendroaspis angusticeps, and its main biological targets
are voltage-gated potassium channels (specifically of Kv, ;, Kv; ,

and Kv;¢ with ICsy of 9.4, 0.38, and 9 nM, respectively)
(Tabakmakher et al., 2019). In contrast to MitTx described
above, a-DTx reversibly inhibits the transient component of
pH 6.1-induced ASIC currents in rat DRG neurons with an ICs
of 0.8 uM without remarkable impact on the current
desensitization rate, and at 3 uM concentration, o-DTx also
inhibits the sustained component (Baez et al., 2015).

STRUCTURE-FUNCTION RELATIONSHIPS
IN PEPTIDE TOXINS AND ASICS

There are several structures of the cASICla complexes with
different peptide ligands playing the role of agonists, inhibitors,
and modulators (Jasti et al., 2007; Gonzales et al., 2009;
Baconguis and Gouaux, 2012; Dawson et al.,, 2012; Baconguis
et al,, 2014; Sun et al., 2018; Yoder et al., 2018). In 2012, two
separate groups from Switzerland and the USA published the
structures of the cASICla complex with PcTx1 (Baconguis and
Gouaux, 2012; Dawson et al., 2012). According to their studies,
three molecules of PcTx1 bind to cASICla at the interfaces of
two subunits about 45-50 A above the membrane bilayer
(Figures 10A, B). The binding is bimodal: by a hydrophobic
patch and basic cluster of the toxin. The hydrophobic patch
formed by Trp24, Trp7, Phe30, Val32, Val34, and Pro35 wraps
around the thumb domain helix5, whereas the basic cluster
formed by Arg26, Arg27, and Arg28 merges into the acidic
pocket in contact with Asp350, Asp238, and Glu220, as well as
with the palm domain of the adjacent subunit. Thus, PcTx1
simultaneously interacts with the palm, finger, and thumb
domains of the channel and blocks their relative arrangement
in the desensitized-like state (Baconguis and Gouaux, 2012;
Dawson et al., 2012). Alanine-scanning mutagenesis of PcTxI1
also showed that residues Trp7, Trp24, Arg26, Arg27, Arg28, and
Phe30 are important for interaction with rat ASICla (Saez et al.,
2015) (Figures 11 and 12). Due to the similarity of two Hila
domains to PcTx1, it was obviously to study the effects of N- and
C-terminal domains individually on ASICla (Figure 12). It was
shown that, in contrast to native Hila, the N-terminal domain

Mamb-1 LKCYQHGKVVTCHRDMKFCYHNTGMPFRNLKLILQGCSSSCSETENNKCCSTDRCNK
Mamb-2 LKCFQHGKVVTCHRDMKFCYHNTGMPFRNLKLILQGCSSSCSETENNKCCSTDRCNK
Mamb-3 LKCYQHGKVVTCHRDMKFCYHNIGMPFRNLKLILQGCSSSCSETENNKCCSTDRCNK

o-DTx

QPRRKLCILHRNPGR-CYDKIPAFYYNQKKKQCERFDWSGCGGNSNREKTIEECRRTCIG

MitTx-o QIRPAF?YEDPPFFQKCGAFVDSYYFNRSRITCVHFFYGQ?DVNQNHFTTMSECNRVQHG
I I !
J

|

MitTx-B NLNQFRLMIKCTNDRVWADFVDYGCYCVARDSNTPVDDLDRCCOAQKQCYDEAVKVHGCKPLVMEFYSFEC...

p— I

f
[

—

mRYLASDLDéSGNNTKCRNFVdNCDRTATLCILTATYNRNNHKIDPSRCQ

FIGURE 9 | Snake toxins active onto ASICs. Cysteine residues are highlighted in yellow, and lines represent disulfide bridges’ formation. The similar residues are

highlighted in green.
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inhibits rASICla fully reversibly and much weaker (IC50 of 1.04 ~ mambalgin-1 was suggested in 2018 (Sun et al., 2018). In spite of
uM), whereas the C-terminal domain does not inhibit this a low resolution of the obtained structure (5.4 A) without the ability
channel subtype at all. N-terminal serine residues were vestiges  to resolve the TM domain structure, a new mode of a peptide
of the fusion protein cleavage site (Chassagnon et al., 2017). interaction with ASICla was revealed. It was shown that three

The crystal structure of the cASICla complex with MitTx  molecules of mambalgin-1 bind to individual subunits of the
revealed the open state of the channel (Baconguis et al., 2014). In  channel, mainly forming contacts between the first and second
this structure, each heterodimer of MitTx exclusively interacts  loops of peptide and the thumb domain (Figures 10E, F). The
with a single channel subunit forming the numerous contacts  residues from the first loop of mambalgin-1 (Gln5, His6, Lys8) form
with the “wrist” region located near the membrane bilayer and  electrostatic contacts with the a4-helix of the thumb domain,
with the B11-B12-linker by its o-subunit, as well as with the  whereas the second loop interacts with the o5-helix of the thumb
thumb domain located 60 A above the membrane by the toxin’s ~ domain by electrostatic (Arg28, Lys31) and hydrophobic (Met25,
B-subunit (Figures 10C, D). Thus, the toxin has a protruding  Pro26, Phe27, Leu30, Leu32) contacts. Complex formation with
contact area with the channel, although without direct = mambalgin-1 changes the conformation of the thumb domain,
interaction with the acidic pocket. Comparison of the cASICla  shifting it away from the threefold molecular axis. It leads to
structure in the desensitized state with the structure of the  expansion of the acidic pocket and as a result could trap the
cASICla/MitTx complex points to the significantly increased  channel into the closed state. Thus, mambalgin-1 acts as an
intersubunit distance in the last case with overall expansion of  allosteric negative modulator. This mechanism was confirmed by
the extracellular vestibule and symmetric open pore (Baconguis  site-directed mutagenesis and electrophysiology studies of the
et al, 2014). At the same time, the ion selectivity filter does not mambalgin-1 and cASIC mutants (Sun et al, 2018), and it
undergo serious conformational transformations indicating the  principally differs from the earlier proposed mechanism based on
spatial independence of the channel gate and ion selectivity filter. ~ the computational modeling and site-directed mutagenesis, where

A significantly different mechanism of possible ASIC regulation =~ mambalgin-1 penetrated the acidic pocket and interacted with the
based on the cryo-EM structure of the complex cASICla/  thumb domain of rat ASICla exclusively by the residues from the

FIGURE 10 | The structures of the cASIC1a complexes with different peptide toxins. The channel subunits are shown by wheat, pale green, and blue colors. Asp
and Glu residues forming the acidic pockets in corresponding subunits are shown by spheres colored in yellow, gray, and violet. (A, B) The side and top views of the
complex cASIC1a/PcTx1 (PDB code 4FZ0). Toxins are shown using a red color. PcTx1 inserts its loop into the acidic pocket, simultaneously interacting with the
finger and thumb domains of one channel subunit and the palm domain of adjacent subunit. (C, D) The side and top views of the complex cASIC1a/MitTx (PDB
code 4NTW). Toxins’ o and B subunits are colored light orange and red, respectively. a-Subunit interacts with the wrist region and B1-2 and f11-B12 linkers,
whereas the B-subunit binds to the thumb and finger domains without penetration into the acidic pocket. (E, F) The model of the complex cASIC1a/mambalgin-1 is
built based on the cryo-EM density map (Sun et al., 2018), crystal channel structure (PDB code 4FZ1), and crystal mambalgin-1 structure (PDB code 5DU1).
Mambalgin-1 is shown using a red color. Loops of the polypeptide are numbered, and the mambalgin-1 form the contacts with the thumb domain by the first and
second loops without penetration into the acidic pocket.
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APETx2

FIGURE 11 | Spatial structure of toxins Ugr9-1 (PDB 2LZ0), Mamb-1 (PDB 5DZ5), PcTx1 (PDB 2KNI), and APETx2 (PDB 2MUB). Marked residues play an
important role in the activity of toxins on ASICs in accordance with scanning mutagenesis experiments. Basic, aromatic, and hydrophobic residues are indicated by
light yellow, light lilac, and light green colors, respectively.
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FIGURE 12 | The influence of point mutation in polypeptide modulators on modulating activity to ASICs. Mutations without effect (green), medium affecting (yellow),
and destroy the activity (orange) distributed in accordance with publications (references shown in picture). The decrease of mutants’ functional activity as part of the
wild-type peptide activity for each substitution is presented below as a number except for: X1, loss of ability to inhibit ASICs; X2, loss of ability to inhibit rASIC1a at
low concentration and gain of function as a positive modulator at high concentrations (>100 nM); X3, 2,600-fold decrease in inhibition of rASIC1a, and inhibition
becomes fully reversible; X4, important decrease in inhibitory potency on cASIC1a; X5 more than 100-fold decrease in ability to inhibit rASIC3; N1, small increase in
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second loop (Phe27, Arg28, Leu32, Ile33, and Leu34) (Mourier et al.,
2016; Sun et al,, 2018) (Figures 11 and 12).

Since the ASICI subunit shares quite a low sequence identity
with ASIC2, ASIC3, and ASIC4 subunits, further functional and
structural studies of other members of the ASIC family still have
a high challenge and require additional data for understanding of
the mechanisms of ion binding, channel gating, and modulation
using different ligands. Accordingly, several research groups are
working on identification of pharmacophores for that inhibit
ASIC3 channels. For example, the importance of N-terminus and
other residues of APETx2 for an interaction with the channel was
revealed (Figures 11 and 12). Specifically, Glyl, Thr2, Phels5,
Tyr,16, Argl7, Arg24, Arg31, Tyr32, Phe33, and Leu34 are
crucial for the inhibition or interaction with rat ASIC3
(Chagot et al., 2005; Jensen et al., 2012; Jensen et al., 2014). As
mentioned above, APETx2 also inhibits the off-target hERG
channels, and according to the mutagenesis study, surfaces
responsible for the effect of the toxin on hERG and ASIC3
partially overlap (Jensen et al., 2014).

Another ligand of the ASIC3 channels is the peptide Ugr 9-1
that is cleaved from the common precursor protein during their
maturation together with highly homologous peptides without
ASIC3 activity. Mutagenesis of these inactive homologs showed
that the key residues in Ugr 9-1 important for interaction with
ASIC3 are Phe9 and His12 (Figure 11) (Osmakov et al., 2016).
Therefore, the basic aromatic cluster of APETx2 and Ugr 9-1
important for interaction with ASIC3 resembles the situation
with PcTx1, whose interaction with ASICla is also bimodal
(Baconguis and Gouaux, 2012).

PERSPECTIVES IN THERAPEUTIC
DEVELOPMENT

ASICs being the most sensitive to pH-change channels are at the
forefront in the detection of normal and pathological stimuli in
the neurons and other cells. Moderate changes in pH, together
with a variety of other signals, could be an important signal in
normal function (rapid local acidification in synapses during
neuronal activity) and a sign of various pathological conditions
(ischemia, inflammation, and cancer) (Rash and Rash, 2017).
Peptides from venomous animals that are able to inhibit the
activation of ASICs or decrease their expression could be
considered useful hits for therapy of pathological states. The
most studied channels that evidently take part in different
normal and pathological processes are ASICla and ASIC3,
while the significance of other ASICs is less understood, but
some of them are also considered suitable for drug development.

Intensive studies of different ASIC modulators and knockout
mice disclosed the role of these channels (at least ASICla and
ASIC3) in detection of acidosis-mediated pain (Rash and Rash,
2017). Several pro-inflammatory endogenous mediators affect
ASICs function and potentiate their response to acidification
(arachidonic acid and RF-amide peptides (Askwith et al., 2000;
Allen and Attwell, 2002), spermine, dynorphins, and histamine
for ASICla (Babini et al., 2002; Sherwood et al., 2009; Nagaeva

et al., 2016), lactate and serotonin for ASIC3 (Immke and
McCleskey, 2001), and nocistatine and endogenous
isoquinoline alkaloids (Osmakov et al., 2017; Osmakov et al.,
2019a). Expression of ASICla in DRG neurons is elevated during
inflammation and unregulated by inflammatory mediators
(Voilley et al., 2001; Mamet et al., 2002). ASICla channels in
the spinal dorsal horn neurons contribute to inflammatory
hypersensitivity to pain (Duan et al, 2007). ASIC3 channels
are considered to play a significant role in the perception of
external stimuli in free nerve endings. They are present in a most
part of muscle afferents and in a significant part of DRG neurons
(Molliver et al., 2005; Tkeuchi et al., 2009). The administration of
animal toxins can cause significant anti-inflammatory and
analgesic effects by inhibiting ASICs” function in PNS or/and
CNS, as shown in the variety of animal models (Rash and
Rash, 2017).

Peptide APETx2 was reported to produce a significant
analgesic effect in several models of pain such as acid-induced
pain, CFA-induced hyperalgesia, migraine-related pain, and
postoperative pain (Karczewski et al., 2010; Deval et al., 2011;
Callejo et al., 2015; Andreev et al., 2018; Lee et al., 2018; Holton
et al., 2020). However, it should be taken into consideration that
the ability of APETx2 to affect various subtypes of ASICs and
several voltage-gated channels (as discussed above) limits
connection between the effects of this peptide in vivo with
ASIC3 function. Nevertheless, more selective to ASIC3, animal
toxin Ugr 9-1 significantly reduces inflammatory and acid-
induced pain at doses 0.01-1 mg/kg after intravenous or
intramuscular administration (Osmakov et al., 2013; Andreev
et al., 2018). Sevanol, the compound isolated from thyme,
revealed high analgesic activity and was even more effective
than peptide inhibitors of ASIC3, as was shown in a
comparative study (Andreev et al, 2018). Sevanol efficacy
could be a result of its ability to inhibit both components of
the ASIC3 current and its additional ability to inhibit ASICla.
Mambalgins are “multitarget” peptides from the venom of the
black mamba and block heteromeric channels of ASICla and
ASIC2a subunits in CNS neurons and ASIC1b-containing
channels in peripheral sensory neurons. Mambalgins relieve
the pain in several ways through inhibition of different
subtypes of ASICs expressed both in central and peripheral
neurons (Diochot et al,, 2012; Diochot et al., 2016; Chang
et al, 2019). Mambalgins intrathecal administration of ~340
pmol/mouse (~0.1 mg/kg dose) efficiently reduced different types
of pain (e.g., acute heat pain, inflammatory hyperalgesia,
formalin-induced pain) through an opioid-independent
pathway involving ASICla and ASIC2a channels. Local
injection of the same dose (~0.1 mg/kg) also produced a
significant analgesic effect on acute heat pain and reversed
carrageenan-induced inflammatory hyperalgesia via ASICIb
(Diochot et al,, 2012). An intravenous administration 15-30
pmol/mouse (~0.005-0.01 mg/kg dose) of mambalgin-1 was
reported to produce a significant analgesic effect in models of
acid-induced mechanical hyperalgesia, thus confirming ASIC1b
as a perspective pharmacological target on peripheral neurons
(Chang et al., 2019).
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ASIC:s play a significant role in a variety of processes in CNS, and
the use of selective animal ligands helped to establish
pharmacological perspectives of these channels’ modulators. In
CNS, ASICla was involved in synaptic plasticity and learning
(Wemmie et al., 2002; Du et al.,, 2014), fear conditioning, and fear
behaviors (Wemmie et al., 2003; Wemmie et al., 2004; Coryell et al.,
2008; Ziemann et al., 2009; Wemmie et al., 2013). Pharmacological
inhibition of ASICla by PcTx1 or genetic deletion of ASICla
strongly reduced the death of neurons and therefore the infarct
volume in the model of ischemic stroke (McCarthy et al.,, 2015),
whereas enhanced ASICla activity promoted the neuronal injury
during ischemia in the animal model (Duan et al, 2011). PcTx1,
injected in CNS, provides activation of the endogenous enkephalin
pathway and naloxone-sensitive analgesia (Mazzuca et al., 2007).
Also, PcTx1 exhibits neuroprotection activity of the substantia nigra
in a model of Parkinson’s disease (Dwyer et al., 2009).

Low pH of extracellular environment and intracellular
acidification accompanies tumor cell proliferation, metastasis, and
tumor-related inflammation (Harguindey et al., 2017). Tumor cells
express several pH-sensitive ion channels, including ASICs (Xu S.
et al., 2016). Down-regulation of ASIC2a augments acidosis-
mediated injury of C6 rat glioma cells (Liu et al., 2011). ASICla
physically interacts with Ca**/calmodulin-dependent protein kinase
I (CaMKII) and integrin-B1 (Xu S. et al., 2016), which are important
regulators of intracellular signaling and adhesion. Thus, ASICs can
influence glioblastoma cell proliferation by different mechanisms. In
addition to gliomas, ASICs are involved in regulation of lung (Wu
etal,, 2017), and other carcinomas growth, migration, as well as drug
resistance (Gupta et al., 2016; Zhang et al., 2017). In line with it,
benzamil and PcTx1 demonstrated antiproliferative activity against
glioblastoma cells (Rooj et al., 2012), and mambalgin-2 against
leukemia cells (Bychkov et al.,, 2020).

It is an interesting fact that targeted screening of chemical
libraries led to only several drug seeds. Some of them, such as
A317567 and A317567-10b, exhibited low selectivity to ASICs
(Dube et al.,, 2005; Kuduk et al., 2010), whereas others possessed
limited in vivo activity such as NS383 (Munro et al, 2016) and
PPC5650 (Nielsen et al., 2015). The most probable way to solve this
problem is the modification of natural compounds from plants such
as lindoldhamine (Osmakov et al., 2018; Osmakov et al., 2019¢),
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The Araneae order is considered one of the most successful groups among venomous
animals in the world. An important factor for this success is the production of venoms, a
refined biological fluid rich in proteins, short peptides and cysteine-rich peptides (CRPs).
These toxins may present pharmacologically relevant biological actions, as antimicrobial,
antiviral and anticancer activities, for instance. Therefore, there is an increasing interest in
the exploration of venom toxins for therapeutic reasons, such as drug development.
However, the process of peptide sequencing and mainly the evaluation of potential
biological activities of these peptides are laborious, considering the low yield of venom
extraction and the high variability of toxins present in spider venoms. Here we show a
robust methodology for identification, sequencing, and initial screening of potential
bioactive peptides found in the venom of Acanthoscurria rondoniae. This methodology
consists in a multiomics approach involving proteomics, peptidomics and transcriptomics
analyses allied to in silico predictions of antibacterial, antifungal, antiviral, and anticancer
activities. Through the application of this strategy, a total of 92,889 venom gland
transcripts were assembled and 84 novel toxins were identified at the protein level,
including seven short peptides and 10 fully sequenced CRPs (belonging to seven toxin
families). In silico analysis suggests that seven CRPs families may have potential
antimicrobial or antiviral activities, while two CRPs and four short peptides are
potentially anticancer. Taken together, our results demonstrate an effective multiomics
strategy for the discovery of new toxins and in silico screening of potential bioactivities.
This strategy may be useful in toxin discovery, as well as in the screening of possible
activities for the vast diversity of molecules produced by venomous animals.

Keywords: Acanthoscurria rondoniae, cysteine-rich peptides, peptidomics, proteomics, multiomics, antimicrobial
peptides, antiviral peptides, antitumoral peptides
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INTRODUCTION

Spider venoms are composed of a complex mixture of salts,
nucleotides and other small molecules, as well as bioactive
molecules such as proteins and peptides, usually referred to as
toxins (Escoubas and Rash, 2004; Kuhn-Nentwig et al., 2011;
Langenegger et al., 2019). In spiders, toxins are produced and
stored in venom glands. These toxins are synthetized in an
inactive form and undergo several maturation processes (i.e.
signal-peptide cleavage, posttranslational modifications (PTM:s)
and disulfide-bond formation) before being secreted in its
mature form (Mebs, 2001; Kaas and Craik, 2015).

The family of cysteine-rich peptides (CRPs) is the main class
of toxins present in spider venoms, typically presenting
molecular masses between 3 and 9 kDa. The toxins contain >6
cysteine residues that form disulfide-bonds (S-S), which confers
high stability to the peptides (Fry et al., 2009; Undheim et al.,
2015). CRPs acts in different voltage-gated ion channels (Kuhn-
Nentwig et al., 2011; Langenegger et al., 2019), such as calcium
(Kubista et al., 2007; Deng et al., 2014), potassium (Lee and
MacKinnon, 2004; Liao et al., 2006; Lau et al., 2016) and sodium
channels (Corzo et al., 2008; Rates et al., 2013; Zhou et al., 2020),
making them valuable tools to investigate physiological processes
(Ruta et al.,, 2003; Osteen et al., 2016). Moreover, through the
modulation of these channels, spiders can induce paralysis in
insects while having minor effects on other taxa, being potential
lead molecules for the development of biopesticides (Windley
et al., 2012; King and Hardy, 2013). Another class of spider
toxins are the antimicrobial peptides (AMPs), commonly found
in spider hemolymphs (Silva et al., 2000; Riciluca et al., 2012) as a
component of innate immunity, but also found in spider venoms
(Jung et al., 2006; Abreu et al., 2017). Usually, AMPs are small
molecules rich in cationic and hydrophobic residues that fold
into a cationic amphipathic secondary structure (Edwards et al.,
2016). AMPs interacts with the negatively charged outer
membrane of microorganisms (Seo et al., 2012) through
nonspecific interactions with anionic lipids (Arouri et al,
2009), causing membrane disruption through different pore-
forming mechanisms (Fuertes et al., 2011; Paredes-Gamero
et al., 2012). Interestingly, anticancer peptides (ACPs) share
the same main characteristics of AMPs, such as folding into a
cationic amphipathic structure and interacting with the
negatively charged outer-membrane (Gaspar et al., 2013).
Therefore, there is an increasing interest in studying the
application of AMPs for cancer treatment (Felicio et al., 2017;
Zhang et al., 2019; Pérez-Peinado et al., 2020).

The biochemical arsenal of spider venoms is essential not only
in predation and self-defense, but also in feeding, mating and
antimicrobial protection, among other possible roles (Schendel
et al,, 2019). Tarantula spiders are usually harmless to humans
(Lucas et al.,, 1994; Vetter and Isbister, 2008), but their venoms
are valuable natural sources of molecules with potential for
biotechnological applications and pharmacological research
(Escoubas and King, 2009; Mobli et al., 2017). According to
the World Spider Catalog, there are more than 48,000 spider
species described (http://wsc.nmbe.ch, accessed on May 1%,

2020) and it is estimated that they can produce more than 10
million bioactive toxins (Saez et al., 2010). However, according to
the ArachnoServer 3.0 database, about 1,500 spider toxins are
cataloged and curated to date (Pineda et al., 2018), representing a
small fraction of the estimated universe of spider venom toxins.
Thus, the discovery of biologically active peptides derived from
spider venoms is still a promising field in toxinology research.

The advances in sensitivity and resolution of mass spectrometers
as well as advances in DNA and RNA sequencing techniques have
led to a remarkable increase in the number of toxins reported in the
last years (Duan et al., 2013; Sanggaard et al., 2014; Zelanis and Keiji
Tashima, 2014; Abreu et al, 2017; Zobel-Thropp et al, 2018;
Langenegger et al., 2019). However, the increase in toxin
identification is not synchronized with the functional description
of new toxins, since the functional characterization involves a
significant number of experimental processes. Advances in
bioinformatics and computational capacity allowed the
development of machine-learning algorithms that serve as useful
allies in drug discovery (Kaas and Craik, 2015). These machine-
learning based tools may be used to predict potential biological
activities, such as antimicrobial (Meher et al., 2017) and antitumoral
(Manavalan et al., 2017), based on the primary structure of toxins.
Thus, they may serve as valuable guides in toxin selection for
further investigation.

Our group developed a workflow based on transcriptomic
analysis, multiple enzyme digestion of venoms, mass
spectrometry and bioinformatic analysis focused on the full
sequencing of mature toxins (Abreu et al., 2017; Lomazi et al,,
2018). In a previous work, we completely sequenced and
determined the number of S-S bonds of new mature CRPs
from the venom of Acanthoscurria gomesiana (Abreu et al,
2017). In this present study, we used our methodology allied to
in silico predictions of AMPs and ACPs to investigate the A.
rondoniae venom, which to the best of our knowledge, remained
largely unexplored to date.

MATERIALS AND METHODS

A scheme of the complete methodology used in this work is
illustrated as a flow chart (Figure 1). Details of each block are
given in the following items of this section.

Reagents

All proteolytic enzymes were obtained from Promega (Madison,
WI, USA). Dithiothreitol (DTT) and iodoacetamide (IAA) were
acquired from GE Healthcare (Chicago, IL, USA). Acetonitrile
(ACN) was purchased from Avantor (Center Valley, PA, USA).
Unless otherwise stated, all other reagents were acquired from
Sigma-Aldrich (Saint-Louis, MO, USA).

Animals

Three adult Acanthoscurria rondoniae specimens were kept in
captivity in the biotherium of the Laboratorio Especial de
Toxinologia Aplicada (LETA), Instituto Butantan (SP, Brazil).
These animals were collected and maintained under SISBIO/
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FIGURE 1 | Schematic representation of the multiomics workflow applied in this work.

ICMBio permanent license number 11024-3-IBAMA (Brazilian
Institute of Environment and Renewable Natural Resources) and
under the SisGen license number A82F014. The spiders were fed
on 15-day intervals with cockroaches or crickets and had water
ad libitum. All procedures were approved by the Research Ethical
Committee of the Federal University of Sao Paulo (protocol
number 7649061014).

Venom Gland Transcriptome sequencing

One female specimen of A. rondoniae was anesthetized with
carbon dioxide for about 10 min, euthanized to extract the
venom glands, which were immediately stored at —80°C.
mRNA from the venom glands was extracted and further
processed for ¢cDNA library construction following the
stranded TruSeq RNA Sample Prep Kit protocol (Illumina, San
Diego, CA, USA) (Freitas-de-sousa et al., 2015). Briefly, selected
poly-A-RNA was fragmented and primed with random
hexamers. Fragmented RNA was reverse transcribed and the
generated first strand cDNA was ligated to indexing adapters for
hybridization in the flow cell of a HiSeq 1500 System (Illumina,
Inc) for sequencing. The size distribution of the cDNA libraries
was measured by 2100 Bioanalyzer with DNA1000 assay (Agilent
Technologies, CA, USA). An ABI Step One Plus Real-Time PCR
System was used in quantification of the sample library before
sequencing. The cDNA libraries were sequenced on the Illumina
HiSeq 1500 System, in Rapid paired-end flow cell in a strategy of
300 cycles of 2¥150bp paired-end. The RNA-seq raw sequencing
reads were pre-processed through an “in house” pipeline for the
detection of PhiX contaminant, using the software bowtie2
version 2.2.5 (Langmead and Salzberg, 2012), followed by filter
quality control, to trim and remove reads with low-complexity
and homopolymer enriched regions, poly-A/T/N tails, adapter
sequences and low-quality bases with the software fastq-mcf
1.04.662 (Aronesty, 2013). Trimming was performed for reads
shorter than 40bp and if mean quality score was lower than 25 in

a window size equal to 15 and filtered out those composed by
90% of homopolymers or low-complexity regions. The raw data
generated in this project was deposited in the NCBI BioProject
section under the accession code PRJNA633430 and BioSample
SAMN14943686. This Transcriptome Shotgun Assembly was
deposited at NCBI TSA under the accession GIOJ00000000.

Transcriptome Assembly and Database
Generation

To generate a nonredundant set of transcripts, we performed a de
novo assembly by the Trinity software (Grabherr et al., 2011)
version r20131110, using 44,559,666 RNA-seq good quality
paired-reads, with parameter CuffFly to reduce the number of
false-positive isoforms, and minimum transcript length set to
300 bp. The prediction of translated amino acid sequences for the
reconstructed transcripts were based on the TransDecoder
software, version 2.0.1 (http://transdecoder.sourceforge.net/),
considering only predicted proteins with protein length >60aa.
Each transcript containing the coding sequences was aligned by
BLASTp (Altschul, 1997) against the Uniprot/Swissprot protein
database and the Transcriptome Shotgun Assembly (TSA) NCBI
to assess the protein annotation with cutoft e-value <le-5. The
analysis of PFAM domains for the predicted proteins was based
on hmmsearch tool in the software package hmmer (Johnson
et al,, 2010) against a PFAM domains database (Bateman, 2004),
using the cutoff e-value <le-3. The TransDecoder usually
predicts more than one coding sequence by transcript and only
one candidate was selected, following the priority order of match
for UniProtKB/Swissprot, PFAM and TSA-NCBI for annotating
and selecting the best candidate for each transcript.

Venom Extraction and Enrichment

The venom extraction procedure was carried out as previously
described (Rocha-e-Silva et al., 2009). Briefly, after one week of
fasting, three A. rondoniae specimens were anesthetized with
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carbon dioxide (CO,) and had their venom glands electrically
stimulated at a frequency of 10 Hz and voltage of 10-25 V. After
extraction, the venom was pooled due to the low yield of each
individual and then the pool was quantified using the Bradford
reagent and bovine serum albumin (BSA) as a standard. After
quantification, 500 pg of the pooled venom was submitted to
solid-phase extraction using C18 StageTips (Rappsilber et al.,
2007), with minor adjustments, in order to enrich the peptide
fraction. Briefly, the StageTips were conditioned with 500 pl of
methanol, then with 500 ul of methanol:water (1:1) and
centrifuged at 2,100 rpm for 2 min in both steps. Then, 500 pl
0f 80% ACN in 0.1% trifluoroacetic acid (TFA) were added to the
StageTips and centrifuged at 1,800 rpm for 3 min. In the
following step, 500 pl of 5% ACN in 0.1% TFA were added
and the tip was centrifuged for 1800 rpm for 3 min. After
conditioning and stabilization, 500 pg of pooled venom
(diluted in 5% ACN in 0.1% TFA, to a total volume of 500 pl)
were loaded to the StageTip and then centrifuged for 3 min at
1,400 rpm. Three washing steps were performed using 500 pl of
5% ACN in 0.1% TFA and centrifugation at 1,700 rpm for 2 min.
Lastly, the peptide fraction was eluted in 500 pl of 40% ACN in
0.1% TFA by centrifugation at 1,700 rpm for 3 min. After
enrichment, the sample was divided into six aliquots of equal
volumes (83 pl), vacuum-dried using a Concentrator Plus
(Eppendorf) and stored at 4°C until the digestion step.

Proteolytic Digestion

For proteomics analyses, a crude venom pool aliquot of 50 ug of
proteins was digested with trypsin. For peptidomics analyses, five
out of the six aliquots were submitted to proteolytic digestion
using a different enzyme for each aliquot. The vacuum-dried
aliquots were dissolved to 50 pl of digestion buffer according to
the enzyme: NH,HCO; 50 mM for trypsin and Asp-N;
phosphate buffer 50 mM for Glu-C; Tris/HCl 100 mM, CaCl,
10 mM for chymotrypsin and Tris/HCI 100 mM, CaCl, 0.5 mM
for thermolysin. The sixth aliquot was directly dissolved in 0.1%
formic acid for LC-MS/MS analysis to characterize the toxins in
their native (mature) forms.

To digest the toxins, volumes of 25 ul of 0.2% Rapigest
surfactant (Waters, MA, USA) were added to each sample,
which were incubated at 80°C for 15 min. Samples were
reduced with 2.5 pl of DTT 100 mM for 30 min at 60°C and
then alkylated with 2.5 pl of IAA 300 mM for 30 min at room
temperature in the dark. After reduction and alkylation, the
enzymes were added in an enzyme:protein ratio of 1:100 and
incubated at 37°C for 30 min. Except for thermolysin, in which a
ratio of 1:250 was used and the incubation was performed at 75°
C for 15 min. TFA was added to a final concentration of 0.5% to
stop the digestions. Samples were filtered using Ultrafree -MC
PVDF 0,22 pm filters (Millipore), vacuum-dried and stored at
—20°C until MS analysis.

Mass Spectrometry: Peptidomics

For peptidomics analysis, digested and native peptide fractions
were dissolved in 0.1% formic acid (solution A). Aliquots of 1 ul
were automatically injected by a nano chromatography EASY-

nlC 1200 system (Thermo Scientific) into a 15 cm x 50 um
Acclaim PepMapTM C18 column (Thermo Scientific) coupled to
a Q Exactive Plus mass spectrometer (Thermo Scientific).
Peptides were eluted with a linear gradient of 7%-45% of
solution B (80% acetonitrile in 0.1% formic acid) at 300 nl/min
for 60 min. Spray voltage was set at 2.5 kV and the mass
spectrometer was operated in the data dependent mode, in
which one full MS scan was acquired in the m/z range of 300-
1,500 followed by MS/MS acquisition using higher energy
collision dissociation (HCD) of the five most intense ions from
the MS scan. MS and MS/MS spectra were acquired in the
Orbitrap analyzer at 70,000 and 17,500 resolution (at 200 m/z),
respectively. Unassigned and +1 charge states were not subjected
to fragmentation. The maximum injection times and AGC
targets were set to 25 ms and 3E6 for full MS, and 40 ms and
1E5 for MS/MS. The minimum signal threshold to trigger
fragmentation event, isolation window and stepped normalized
collision energy (NCE) were set to, respectively, 2.5E4 cps, 1.4 m/
z and 26, 28, and 30. A dynamic peak exclusion was applied to
avoid the same m/z selection for the next 5 seconds. All samples
were analyzed in duplicates.

Mass Spectrometry: Proteomics

The proteomics analysis of the digested crude venom pool was
performed on a Synapt G2 mass spectrometer coupled to a
nanoAcquity UPLC system (Waters). Five il of peptide samples
were loaded online in a Symmetry C18 trapping column (5 pm
particles, 180 pm x 20 mm length; Waters) for 5 min at a flow
rate of 8 pl/min of phase A (0.1% formic acid). The mixtures of
trapped peptides were subsequently separated by elution with a
gradient of 7%-35% of phase B (0.1% formic acid in acetonitrile)
through a BEH 130 C18 column (1.7 pm particles, 75 mm by
150 mm; Waters) over 90 min at 275 nl/min. Data were acquired
in the data independent acquisition mode HDMS® with ion
mobility separation in the m/z range of 50-2,000 and in the
resolution mode. Peptide ions were fragmented by collision
induced dissociation (CID) and energies were alternated
between 4 eV and a ramp of 15-65 eV for precursor ion and
fragment ions, respectively, using scan times of 1.25 s (Abreu
etal., 2017; Pedroso et al., 2017). The ESI source was operated in
positive mode with a capillary voltage of 3.0 kV, block
temperature of 100°C, and cone voltage of 40 V. For lock
mass correction, Glu-Fibrinopeptide B (500 fmol/mL in
50% acetonitrile, 0.1% formic acid; Peptide 2.0) was infused
through the reference sprayer at 500 nl/min and sampled for
0.5 s every 60 s. The venom pool was analyzed in triplicate. All
mass spectrometry data (DIA and DDA) were deposited
to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al. 2019) partner repository with the dataset
identifier PXD019343.

Bioinformatic Analysis

Quantitative Peptidomics and Proteomics

For quantitative peptidomics, mass spectrometry raw data of the
native venom peptides were loaded in Progenesis QI for
proteomics (Nonlinear Dynamics, Newcastle, UK). Briefly, a
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reference run for the duplicates was automatically selected. The
retention times of precursor ions were processed for alignment,
peak picking and normalized to the reference run using default
parameters. The normalized data was exported from Progenesis
QI for proteomics in.csv format and further analysis were made
in Microsoft Excel (Microsoft), where precursor ions with an
intensity below 5.0x10° or with redundant m/z values were
excluded from subsequent analysis.

Quantitative proteomics was also performed in Progenesis QI
for proteomics with the same processing parameters. After
processing, a.mgf file of all MS/MS spectra was exported to
PEAKS Studio 7.5 (Bioinformatics Solutions Inc.) for protein
identification (as described in “Toxin Sequencing”). The
identification results were exported back to Progenesis as a.xml
file. Venom proteins were quantified by the average signal
intensity of the three most intense tryptic peptides of each
protein (Silva et al., 2006). Only proteins identified with a
minimum of three peptides and in at least two of the three
replicates were considered for further analysis.

Toxin Sequencing

Mass spectrometry raw data of digested venom fractions were
loaded and processed in PEAKS Studio 7.5 (Bioinformatic
Solutions Inc.). De novo analysis was performed according to
the following parameters: precursor ion mass tolerance of 10
ppm, fragment ion mass tolerance of 0.025 Da, maximum of one
nonspecific cleavage, maximum of two missed cleavages and
enzyme set according to the sample. Cys carbamidomethylation
was set as fixed modification and Asn/GIn deamidation, Met
oxidation and N-terminal acetylation as variable modifications.
Database searches were performed with the same parameters of
de novo analysis against the previously built A. rondoniae venom
gland transcriptome (92,939 sequences and 251 common
contaminants) utilizing de novo sequenced peptides with
average local confidence (ALC) scores 250%. Posttranslational
modifications and homology searches were performed through
PEAKS PTM and SPIDER modules, respectively. The false
discovery rate (FDR) was estimated by the decoy fusion
method (Zhang et al., 2012) and set to a maximum of 1%.

Mature Toxin Validation

Primary structures of toxins identified by de novo and database
search were submitted to analysis on the Spider|ProHMM
module of ArachnoServer 3.0 (Pineda et al., 2018) in order to
predict the cleavage sites of signal peptide and propeptide,
ultimately resulting in the prediction of its mature sequences.
The predicted mature sequences were then confronted with the
sequences obtained experimentally, and if a correspondence was
observed, the toxin was considered fully sequenced by LC-MS/
MS. Mature sequences were also submitted to analysis in the MS-
Product module of ProteinProspector v5.22 (http://prospector.
ucsf.edu/prospector/mshome.htm), which provides theoretical
fragmentations and precursor ion m/z values. The theoretical
m/z values of precursor ions with charges ranging from +2 to +9
were compared to those assigned in Progenesis QI for
proteomics and also manually validated in the raw data of the
native toxins through Xcalibur (Thermo Scientific). If a peak

corresponding to a m/z value of a mature toxin was found in the
raw data and the consensus sequence was supported by MS/MS
data, the presence of the toxin in the venom was validated.

Homology Search and Alignment

Validated mature sequences were submitted to homology search
through BLAST (https://www.uniprot.org/blast/), aligned with
T-Coffee (http://tcoffee.crg.cat/apps/tcoffee/do:regular) and
lastly, edited with Boxshade (http://www.ch.embnet.org/
software/BOX_form.html).

In Silico Anticancer and Antimicrobial
Assays

For the prediction of possible biological activities, in silico
analysis were performed by two tools. For antimicrobial
activity, we utilized iAMPpred (Meher et al.,, 2017), a
sequence-based computational tool which provides a score
(ranging from 0 to 1) which reflects potential antibacterial,
antiviral and antifungal properties. For this analysis, only
scores >0.8 were considered as significant values. Gomesin
from A. gomesiana hemolymph (Silva et al., 2000) was utilized
as a positive control for antibacterial activity. Mouse [3-defensin-
4 (mBD4) and P9 (Zhao et al,, 2016), a peptide derived from
mBD4, were utilized as positive controls for antiviral activity.
Rondonin from A. rondoniae hemolymph (Riciluca et al., 2012)
and gomesin were utilized as positive controls for antifungal
activity. For the prediction of antitumoral activities, we utilized
MLACP (Manavalan et al., 2017), a sequence-based
computational tool that utilizes two distinct machine-learning
based algorithms, RFACP and SVMACP. Only peptides which
presented a consensus with the two algorithms, with both
presenting scores >0.5, were considered as potential ACPs, as
recommended by the authors (Manavalan et al., 2017). For this
analysis, we utilized gomesin (Ikonomopoulou et al., 2018),
Aurein 1.2 from the frog Litoria aurea (Rozek et al., 2000) and
human neutrophil peptide-1 (HNP-1) (Gaspar et al., 2015) as
positive controls for anticancer activity.

Net Charge and Amino Acids Composition
Analysis

Net charge and amino acid composition were calculated by the R
scripts in the package Peptides (Osorio et al., 2015). For net
charge analysis, only CRPs were selected and Cys residues were
not considered due to disulfide bonds. For amino acids
composition, only predicted ACPs were selected.

RESULTS

A. rondoniae Venom Gland
Transcriptomics

Sequencing of the venom gland transcriptome of A. rondoniae
resulted in a total 46,511,000 raw paired-reads. After the quality
processing of raw reads, a total of 44,559,666 high-quality reads
remained (95.8% of the total). De novo assembly using Trinity
was performed on high-quality reads generating 150,409
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transcripts, with an N50 value of 892 bp, a median length of 473
bp and an average transcript length of 735 bp. These transcripts
generated 92,889 unique predicted proteins from the
transcriptome, which were used as the reference database for
the peptidomics and proteomics analysis.

A. rondoniae Venom Peptidomics

Raw mass spectral files (.raw) of native venom peptides, were
initially processed in Progenesis QI for proteomics, resulting in a
total of 17,329 mature precursor ions recorded. After manual
filtering for threshold establishment and clustering of redundant
peptide ions, a total of 2,800 precursor ions were kept for further
analysis (Figure 2A and Supplementary Table 1). Main clusters
of precursor ions around 5, 5.5, 6, and 7 kDa, mass values
typically observed for CRPs from tarantula venoms (King and
Hardy, 2013; Abreu et al., 2017). Also, there is a cluster in a mass
range below 1.5 kDa, which represents short peptides also

commonly found in tarantulas (King and Hardy, 2013). De
novo sequencing, database searches and homology analysis of
MS/MS spectra of digested venom peptides resulted in the
identification of 12,032 peptide spectrum matches
corresponding to 2,770 cleaved peptides (Supplementary
Table 2) belonging to 74 different proteins (Supplementary
Table 3). Among these 74 proteins, 62 were identified with
more than two unique peptides and 12 with two unique peptides.
The N-terminal of the mature toxins was determined by our
multiple digestion approach, given that the same N-terminal
amino acid was identified by consensus MS/MS spectra from
different enzymes. Although the solid phase extraction step of
our method was focused to enrich venom peptides, we identified
55 proteins with mass above 15 kDa (Supplementary Table 3).
However, the protein masses from entries in the transcriptomic
database are from the complete sequences, with the signal
peptide and prodomains, adding the respective masses to the
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FIGURE 2 | Mass maps of precursor ions identified in Acanthoscurria rondoniae peptidomic venom fraction after Progenesis QI for proteomics raw data processing.
(A) 2,800 precursor ions obtained after manual filtering and clustering of redundant ions. (B) Precursor ions corresponding to the 18 mature toxins validated in A.
rondoniae venom in different charge states.
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TABLE 1 | Mature toxins identified and validated in Acanthoscurria rondoniae peptidomic venom fraction.

Toxin Monoisotopic mass Mature sequence AA S- Log Rank
(Da) s
VLPVFV 670.41 PLPVFV 6 - 638 15
VWVPFW 757.47 VWWPFW 7 - 854 9
VENLAEP 770.39 VENLAEP 7 - 878 8
VLPPLKF 812.40 VLPPLKF 7 - 760 13
VPPILKY 828.51 VPPILKY 7 - 59 18
YPPPPPPPH 997.50 YPPPPPPPH 9 - 621 16
FETPNNPDGKVTKQE 1702.82 FETPNNPDGKVTKQE 15 -  6.08 17
U1-TRTX-Agm3a 3690.49 ACGSFMWKCSERLPCCQEYVCSPQWKWCQNP 31 3 949 2
U1-TRTX-Ar1a 3852.54 SCVHERETCSKVRGPLCCRGECTCPIYGDCFCYGS 35 4 9.08 4
U1-TRTX-Ar1b 3920.58 SCVYERETCSKVRGPLCCRGECTCPIYGDCFCYGS 35 4 8.05 12
U2-TRTX-Ar1a 4876.02 CATENVPCDENRPGDCCSEYECLKPTGHGWWYASYYCYKKKSG 43 3 891 6
UB-TRTX-Ar1a 5439.80 IIECFFSCEIEKDGKSKEGKPCKPKGDKDKDKKCSGGWRCKLKLCLKI 48 3 1029 10
U3-TRTX-Ar1b 5457.75 IIECFFSCEIEKDGKSKEGKPCKPKGDKDKDKKCSGGWRCKLKMCLKI 48 3 1054 1
U4-TRTX-Arla 6728.19 ECKQLKEKCSNHCDCCGKTVLCATVYVGRNTEMLCKEKRSDDPILNSIGKVINAATKAMSGC 62 4 9.36 3
U4-TRTX-Ar1b 6755.19 ECKQLKEKCNNHCDCCGKTVLCATVYVGRNTEMLCKEKRSDDPILNSIGKVINAATKAMSGC 62 4 880
US-TRTX-Ar1a 6928.76 ACTTEADCPNGCCTGGSFHRYCRSYGGEMDQCEPRNDFGSYSTACPCKEEFECSPIKRCQRR 62 5  8.32
UB-TRTX-Arla 6936.18 NREHCYIPRRRCVTTEQCCKPYDTVNYFVACGKAWPEDKKRKVNKCYICNNELTVCTR 58 4 7.56 14
U7-TRTX-Arla 7195.23 ETSCIEELQTCKNSCECCGTTTICSPSWVDGNEIKLCRNEGNKLQKVWHFFQKAYSKMHSCKT 63 4 8.98 5

Intensities are shown in a logarithmic scale (log10) and ranks were assigned based on the intensities. AA, number of amino acids; S-S, number of disulfide bonds.

mature proteins. Besides, part of the heavier venom proteins may
have bypassed the enrichment, as it seems to be the case of the
53.3 kDa Ar-CRISP, identified with 202 unique peptides and 80%
coverage, and the 82.4 kDa Ar-Neprilysin-1, identified with 193
unique peptides and 81% coverage (Supplementary Table 3).

The theoretical m/z values of these 74 proteins were
calculated in ProteinProspector and then compared to those
present in Progenesis QI for proteomics data (Supplementary
Table 1). A total of 57 toxins fully sequenced from the
overlapping peptide fragments generated by multiple enzyme
digestions are possible mutated CRPs and posttranslational
modified forms. To validate the identification of mature toxins,
precursor ion spectra were manually analyzed in Xcalibur
(Thermo Scientific) to confirm monoisotopic peak and charge
state assignments. This resulted in the validation of 17 new
toxins and also of the Ul-TRTX-Agm3a, a toxin described by
our group in the Acanthoscurria gomesiana venom (Abreu et al.,
2017). In total, 18 mature toxins were validated (Figure 2B and
Table 1). The 17 new toxins are distributed in 7 families
containing a total of 10 CRPs and seven short peptides
(Table 1). The CRPs families were named according to the
nomenclature proposed by King et al. (King et al., 2008). In
order to add another level of validation to the mature CRPs
identified, the whole translated sequences predicted by our
transcriptome were processed in the SpiderProlHMM module
of ArachnoServer 3.0 (Pineda et al., 2018). The mature sequences
of six CRP families were confirmed by the propeptide and signal
peptide cleavage site predictions, here represented by the
predicted transcript of each family, except for the U6-TRTX-
Arla, which is two amino acids residues (NR) longer than
predicted in the N-terminus (Supplementary Table 4).

We could not validate the presence of the mature forms of the
other 40 possibly mutated or modified CRPs and thousands of
native precursor ions still remained to be identified. We consider
that many of these forms are derived from the main CRP families

identified, as clusters of masses are observed around the main
seven classes reported here (Figure 2A and Table 1).
Posttranslational modifications, mutations and proteolytic
processing at alternative sites may result in a complex
population of toxin proteoforms present in the spider venoms.
Incorrect assignment of monoisotopic peaks and charge state on
acquisition may also limit identification and redundant ion
clustering. In addition, native toxins of ~11 kDa (Figure 2A)
could not have their mature forms identified and other CRP
families may have been missed in our native peptidomic analysis.
For in silico analysis, only the 18 validated toxins without any
posttranslational modifications were utilized.

A. rondoniae Venom Proteomics

In the proteomics analysis of the A. rondoniae venom 33 proteins
were quantified. We only considered proteins identified with at
least three peptides and present in two out of three replicates
(Table 2). The most abundant venom protein was the cysteine-
rich secretory protein (Ar-CRISP), composing 28% of the
venom, followed by the CRP U3-TRTX-Arla (26%) and then,
the U5-TRTX-Arla (15%). These first three toxins represent 69%
of the A. rondoniae venom toxins. The CRP proteoforms
identified in the peptidomics analysis were not included in the
quantitative proteomics due to the difficulty to precisely quantify
sequences with high homologies. But the U3-TRTX-Arlb,
differing by only one amino acid from the U3-TRTX-Arla
(L44M), is the most intense peak among the native CRPs,
corroborating the proteomics results. The most abundant toxin
family is of the CRP, composing 58% of the venom (Table 2).
The venom also contains significant amounts of the
metalloprotease neprilysin-1 (Ar-Neprilysin-1, 8.4%) and
hyaluronidase (Ar-Hyaluronidase, 1.5%). The proteins are
homologous to those of the A. geniculata venom (Sanggaard
et al., 2014). The Ar-CRISP is 76% homologous to the putative
cysteine-rich protease (L1941_T1/1_Tarantula_S_fr3), Ar-
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TABLE 2 | Relative quantification of proteins by proteomic analysis of the venom of Acanthoscurria rondoniae.

Accession Peptide count Mass (kDa) Description NI %

comp117964_c0_seq1.p1 181 53.3 Ar-CRISP 1.38E+07 27.9%
comp90511_c0_seq1.p1 28 10.7 US-TRTX-Ar1a 1.29E+07 25.9%
comp105543_c0_seq1.p3 25 9.4 U5-TRTX-Ar1a 7.29E+06 14.7%
comp127239_c0_seql.p1 101 82.4 Ar-Neprilysin-1 4.16E+06 8.4%
comp57753_c0_seq1.pi 13 12.3 U4-TRTX-Ar1a 4.13E+06 8.3%
comp90508_c2_seq2.p1 5 15 U2-TRTX-Arla 2.51E+06 51%
comp107050_c0_seq2.p2 12 13 U7-TRTX-Ar1a 1.47E+06 3.0%
comp127127_c4_seql.pl 46 49.8 Ar-Hyaluronidase 7.49E+05 1.5%
comp125618_c0_seq2.p1 5 6.9 U1-TRTX-Agm3a 6.81E+05 1.4%
comp90482_c0_seq1.p1 26 48.6 PFAM: Serpin (serine protease inhibitor) 4.25E+05 0.9%
comp98439_c0_seq1.p1 4 16.3 PFAM: Thyroglobulin type-1 repeat 3.283E+05 0.7%
comp117041_c0_seq1.p1 28 42.8 PFAM: Tyrosine phosphatase family 2.45E+05 0.5%
comp57865_c0_seq1.p1 7 18.5 Unknown 1.86E+05 0.4%
comp99029_c0_seq1.p1 4 10.8 UB-TRTX-Ar1a 1.62E+05 0.3%
comp117273_c1_seql.pt 23 451 PFAM: Putative serine esterase (DUF676) 1.46E+05 0.3%
comp119317_c0_seq2.p1 20 87.2 PFAM: Peptidase family M13 1.28E+05 0.3%
comp116850_c0_seq2.p1 9 53.1 PFAM: Zinc carboxypeptidase 6.93E+04 0.1%
comp122884_c0_seq2.p1 5 78.9 PFAM: Peptidase S8 pro-domain 4.99E+04 0.1%
comp117075_c0_seq1.p1 3 25.5 PFAM: Tetraspanin family 4.61E+04 0.1%
comp115582_c0_seql.p1 10 76.4 PFAM: Neutral/alkaline nonlysosomal ceramidase 4.30E+04 0.1%
comp113427_c0_seql.p1 91.1 PFAM: Fasciclin domain 4.15E+04 0.1%
comp87917_c0_seq1.p1 5 12.2 TSA: U3-hexatoxin-Hib [Hadronyche infensa] 1.98E+04 0.0%
comp27569_c0_seql.p1 3 27.4 TSA: putative uncharacterized protein. partial 1.53E+04 0.0%
comp126642_c0_seql.p1 3 46.1 PFAM: Cysteine-rich secretory protein family 1.16E+04 0.0%
comp114378_c0_seql.p1 18 72.2 PFAM: Hemocyanin. copper containing domain 7.96E+03 0.0%
comp120272_c1_seq8.p1 3 39.9 TSA: peptidylglycine alpha-hydroxylating monooxygenase 4.76E+03 0.0%
comp121853_c0_seq2.p1 6 72.3 PFAM: Angiotensin-converting enzyme 4.54E+083 0.0%
comp114378_c0_seq4.p1 17 71.5 PFAM: Hemocyanin. copper containing domain 2.72E+03 0.0%
comp117984_c0_seq2.p1 4 31.1 PFAM: Immunoglobulin I-set domain 2.60E+03 0.0%
comp57921_c1_seql.pi 4 44.9 PFAM: Hemocyanin. ig-like domain 7.99E+02 0.0%
comp114578_c0_seq3.p1 7 25.1 TSA: tri-cap-1 [Trittame loki] 4.91E+02 0.0%
comp114378_c0_seq2.p1 16 73.7 PFAM: Hemocyanin. ig-like domain 1.71E+02 0.0%
comp86283_c0_seq1.p1 6 78.4 PFAM: Transferrin 0.00E+00 0.0%

Neprilysin-1 is 74% and Ar-Hyaluronidase is 80% to the
respective Membrane venom metalloendopeptidase-a (L67_T1/
2_Tarantula_V_fr5) and Venom hyaluronidase (L1941 _T1/
1_Tarantula_S_fr3) from A. geniculata (Sanggaard et al., 2014).

In Silico Analysis Suggests Possible
Antimicrobial Activities of CRPs and
Antitumoral Activities of Short Peptides

For screening of the possible biological activities of A. rondoniae
toxins, we performed in silico simulations using iAMPred
(Meher et al., 2017) and MLACP (Manavalan et al.,, 2017), two
machine-learning algorithms to evaluate potential antimicrobial
and antitumoral activities, respectively. Both tools give as the
output a score from 0 to 1. Higher scores suggest a higher
probability of presenting the respective activity.

The results indicate that all new CRPs may have antimicrobial
activities (Table 3). In general, higher scores were obtained for
antimicrobial and antifungal activities (>0.9 for both in all seven
families), but all CRPs showed antiviral scores >0.5, with the lowest
score being 0.685 for U2-TRTX-Arla, while all other toxins had
scores higher than 0.8. The U3-TRTX-Arlx family demonstrated
the highest scores for antibacterial (>0.99) and antifungal activities
(>0.97). As for short peptides, our results suggest a lower probability
of presenting antimicrobial activity, except for the peptide
VLPPLKF, which had scores above 0.79 for all three activities.

Our positive control for antibacterial activity, gomesin, obtained a
score of 0.985, close to those observed for the seven CRPs families.
This was also observed for the positive controls of antifungal
activity, gomesin and rondonin, with scores of 0.973 and 0.903,
respectively (Table 3). Lastly, our positive controls for antiviral
activity, mBD4 and P9, a peptide derived from mBD4, obtained
scores of 0.773 and 0.940, respectively.

On the other hand, the results obtained for antitumoral
activities demonstrate that short peptides of A. rondoniae are
more prone to present antitumoral properties than the CRPs in
this in silico analysis. From the 7 short peptides, 4 demonstrated a
consensus on the two algorithms, indicating potential antitumoral
activities (Table 3). These short peptides are: PLPVFV, VPPILKY,
VVVPFVV and VLPPLKF. The two CRPs indicating potential
antitumoral activity are the U1-TRTX-Agm3a and the U1-TRTX-
Arlb. Gomesin, aurein 1.2 and human neutrophil peptide-1
(HNP-1), used as positive controls for anticancer activity,
demonstrated consensus on the two algorithms (Table 3).

Homology Analysis Indicates Potential
Biological Activities for Cysteine-Rich
Toxins

In order to identify homologous toxins from other spiders and
provide insights of possible biological activities by structural
similarity, one toxin of each of the seven families of CRPs were

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 1075


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Camara et al.

Acanthoscurria rondoniae Venom Multiomics

TABLE 3 | In silico predictions of biological activities of validated toxins identified in the venom of A. rondoniae spiders.

Antimicrobial activity

Peptide Bacterial Viral Fungal
Gomesin 0.985 0.898 0.973
Rondonin 0.671 0.301 0.903
P9 0.997 0.940 0.992
mBD4 0.990 0.773 0.968
Aurein 1.2 0.940 0.913 0.917
HNP-1 0.920 0.920 0.950
PLPVFV 0.623 0.586 0.515
VWPFW 0.645 0.538 0.432
VENLAEP 0.083 0.046 0.028
VLPPLKF 0.801 0.794 0.828
VPPILKY 0.751 0.410 0.429
YPPPPPPPH 0.542 0.382 0.406
FETPNNPDGKVTKQE 0.133 0.143 0.082
U1-TRTX-Agm3a 0.843 0.696 0.579
U1-TRTX-Arla 0.994 0.968 0.976
U1-TRTX-Ar1b 0.987 0.966 0.972
U2-TRTX-Arla 0.940 0.685 0.920
UB-TRTX-Arla 0.996 0.918 0.982
US-TRTX-Ar1b 0.997 0.924 0.986
U4-TRTX-Arla 0.981 0.770 0.954
U4-TRTX-Ar1b 0.978 0.742 0.937
US-TRTX-Arla 0.996 0.858 0.989
UB-TRTX-Arla 0.986 0.826 0.947
U7-TRTX-Arla 0.991 0.855 0.926

Antitumoral activity

RFACP Prob. SVMACP Prob.
ACP 0.668 ACP 0.926
Non-ACP 0.400 Non-ACP 0.447
Non-ACP 0.479 ACP 0.816
Non-ACP 0.371 ACP 0.837
ACP 0.870 ACP 0.935
ACP 0.879 ACP 0.938
ACP 0.639 ACP 0.656
ACP 0.637 ACP 0.635
Non-ACP 0.296 Non-ACP 0.508
ACP 0.632 ACP 0.740
ACP 0.501 ACP 0.528
Non-ACP 0.442 ACP 0.618
Non-ACP 0.350 Non-ACP 0.164
ACP 0.559 ACP 0.878
Non-ACP 0.489 ACP 0.862
ACP 0.541 ACP 0.903
Non-ACP 0.283 ACP 0.624
Non-ACP 0.292 Non-ACP 0.360
Non-ACP 0.324 Non-ACP 0.381
Non-ACP 0.139 Non-ACP 0.121
Non-ACP 0.142 Non-ACP 0.128
Non-ACP 0.363 ACP 0.519
Non-ACP 0.300 ACP 0.538
Non-ACP 0.256 Non-ACP 0.302

Antimicrobial activities were predicted by iAMPpred (Meher et al., 2017). Anticancer activities were predicted by MLACP (Manavalan et al., 2017): RFACP, random forest method;
SVAMCP, support vector machine method; ACP, anticancer peptide; Non-ACP, nonanticancer peptide.

selected for BLAST analysis. In general, our results demonstrated a
high conservation of primary sequences among species of the same
genus (Acanthoscurria) and decreasing homology with increasing
distance in the phylogenetic tree (Figure 3). For instance, the U1-
TRTX-Arla is 97% homologous to the A. gomesiana U1-TRTX-
Agm?2a (Abreu etal, 2017) and to the A. geniculata genicutoxin-D1
(Sanggaard et al., 2014). The next closest homolog is the HNTX-
XVIL3, from Cyriopagopus hainanus (Figure 3A), with 62%
homology. Ul-TRTX-Agm?2a has potential antimicrobial activity
(Abreu et al., 2017) and HNTX-XVIL3 presents weak inhibition of
Kv1.2/KCNA2 and Kv1.3/KCNA3 voltage-gated potassium
channels. U1-TRTX-Arla presented high levels of in silico
antibacterial, antiviral and antifungal scores (>0.96 for all three)
and may present potassium channel modulation by homology to
the HNTX-XVIL3.

The U2-TRTX-Arla is 88% homologous to the genicutoxin-B2
from A. geniculata (Sanggaard et al., 2014), 74% to Q-TRTX-Bs2a
from Brachypelma smithi (Corzo et al., 2008) (Figure 3B), 70% to
Ul1-TRTX-Hhnlk from Cyriopagopus hainanus and 69% to Q-
TRTX-Asp3, from Aphonopelma sp. Brachypelma smithi is a
Mexican Theraphosid and the Q-TRTX-Bs2a has insecticidal
activity against crickets, possibly acting on the Para/tipE insect
sodium channels (Corzo et al., 2008). As the U2-TRTX-Arla, the
Q-TRTX-Bs2a is amidated at the C-terminal Ser. Interesting to
notice that the identification of a peptidylglycine alpha-
hydroxylating monooxygenase in the venom proteome
(comp120272_cl_seq8.pl, Table 2) supports this PTM. The U3-
TRTX-Arla is highly homologous to toxins already reported in

other Acanthoscurria spiders, with 96% homology to the A.
gomesiana U1-TRTX-Agmla (Abreu et al, 2017), 94% to the
A. paulensis Ul-TRTX-Apla (Mourdo et al, 2013) and 92% to
the A. natalensis p-TRTX-Anla (Rates et al., 2013) (Figure 3C). The
U3-TRTX-Arla levels of antimicrobial scores were >0.98 for
antibacterial and antifungal activities, corresponding to the
antimicrobial potential of Ul-TRTX-Agmla (Abreu et al, 2017).
The U1-TRTX-Apla is insecticidal against Spodoptera frugiperda
caterpillars and Drosophila melanogaster (Mourao et al., 2013). And
the pu-TRTX-Anla affects insect neuronal voltage-dependent
sodium channels (Rates et al., 2013). The U4-TRTX-Arla, U5-
TRTX-Arla, U6-TRTX-Arla and U7-TRTX-Arla presented
different levels of homology to other spider toxins reported
mostly at the transcript level (Figure 3).

Net Charge Analysis and Amino Acid
Composition

From all 11 CRPs analyzed, seven presented positive net charge
at physiological pH (7.4), two are negatively charged and two are
neutral (Figure 4). The U6-TRTX-Arla presented the highest
net charge at physiological pH (+6,0), followed by the U3-TRTX-
Arla/b with a net charge of +5,9. The negatively charged CRPs
U2-TRTX-Arla and U5-TRTX-Arla presented net charges
values of -0,96, and -0,95, respectively. As for amino acid
composition, only the predicted ACPs were selected, totalizing
two CRPs and four short peptides. Our main goal was to evaluate
the percentage of nonpolar (hydrophobic) residues in those
toxins. We observed high percentages of hydrophobic residues
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a)
Ul-TRTX-Arla
U1-TRTX-Agm2a
Genicutoxin-D1
HNTX-XVII

B)

U2-TRTX-Arla
Omega-TRTX-Asp3
Ul1l-TRTX-Hhnlk
Omega-TRTX-Bs2a
Genicutoxin-B2

C)
U3-TRTX-Arla
U1l-TRTX-Apla
Ul-TRTX-Agmla
p-TRTX-Anla

D)
U4-TRTX-Arla
HNTX-XVIII
U7-TRTX-Hsla
Genicutoxin-Al

E)
U5-TRTX-Arla
U8-TRTX-Hhnla

F)

U6-TRTX-Arla Y ¢

U8-TRTX-Hslb NGEMCYIPRR b > IAWP < CBNELTLCTR|
U36-TRTX-Cgla INGEMCY R P N ; KA ) N BNELTLCTR|

Genicutoxin-Cl

G)
U7-TRTX-Arla
HNTX-XV-3
U30-TRTX-Cglb

FIGURE 3 | Alignments of the seven families of CRPs validated in Acanthoscurria rondoniae peptidomic venom fraction with homologous toxins (>50% primary
structure similarity) from other spider species. (A) U1-TRTX-Ar1a: A. rondoniae; U1-TRTX-Agm2a: A. gomesiana (UniProt ID: PODQJ4); Genicutoxin-D1: A.
geniculata; HNTX-XVII: Cyriopagopus hainanus (UniProt ID: D2Y2C5). (B) U2-TRTX-Ar1a: A. rondoniae; Omega-TRTX-Asp3: Aphonopelma sp (UniProt ID: POCIO4);
U11-TRTX-Hhn1k: Cyriopagopus hainanus (UniProt ID: D2Y281); Q-TRTX-Bs2a: Brachypelma smithi (UniProt ID: B3FIV1); Genicutoxin-B2: A. geniculata. (C) U3-
TRTX-Ar1a: A. rondoniae; U1-TRTX-Ap1a: A. paulensis (UniProt ID: BSEWY4); U1-TRTX-Agm1a: A. gomesiana (UniProt ID: PODQJ3); u-TRTX-Anta: A. natalensis
(UniProt ID: BSAOPOQ). (D) U4-TRTX-Ar1a: A. rondoniae; HNTX-XVIII: Cyriopagopus hainanus (UniProt ID: D2Y251); U7-TRTX-Hs1a: Cyriopagopus schmiditi (UniProt
ID: B3FIN4); Genicutoxin-A1: A. geniculata. (E) U5-TRTX-Ar1a: A. rondoniae; U8-TRTX-Hhn1a: Cyriopagopus hainanus (UniProt ID: D2Y2C0). (F) UB-TRTX-Arla: A.
rondoniae; U8-TRTX-Hs1b: Cyriopagopus schmidti (UniProt ID: P82960); U36-TRTX-Cgla: Chilobrachys guangxiensis (UniProt ID: B1P1J5); Genicutoxin-C1: A.
geniculata. (G) U7-TRTX-Ar1a: A. rondoniae; HNTX-XV-3: Cyriopagopus hainanus (UniProt ID: D2Y2B9); U30-TRTX-Cg1b: Chilobrachys guangxiensis (UniProt ID:
B1P112).

(>60%) in CRPs and even higher percentages of hydrophobic
18 residues (>85%) in short peptides (Table 4).

—— U-TRTX-Agm3a
—— UL-TRTX-Arla
—— UL-TRTX-Artb
—— U2-TRTX-Arta

U-TRTX-Arfa
—— UB-TRTX-Ar1b
—— U4-TRTX-Arta
—— U4-TRTX-Arlb
—— US-TRTX-Arta

DISCUSSION

——U7-TRTX-Arfa

In this study, we applied a multiomics strategy to explore the

venom composition of A. rondoniae and in silico analysis in

order to prospect new toxins with possible therapeutical

applications. Previously, one experimental study was

conducted to characterize AMPs from A. rondoniae spiders,

which led to the identification of rondonin, an antifungal

124 peptide present in the spider hemolymph (Riciluca et al.,

-15 — 2012). To our knowledge, this work is the first analysis of A.

2 4 6 8 10 12 14 rondoniae venom composition. Through this strategy, we

pH sequenced the venom gland transcriptome, identified and

quantified proteins and determined the sequences of mature

FIGURE 4 | Net-charge analysis of all CRPs validated in Acanthoscurria toxins of 17 new CRPs and short peptides present in the native

rondoniae peptidomic venom fraction. Net charges were calculated in pH venom, as well as one previously identified by our group, Ul-
ranges of 0-14 in 0.5 intervals. TRTX—Agm3a (Abreu et al., 2017)'

Net charge
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TABLE 4 | Amino acids composition analysis of anticancer peptides (ACPs) predicted by MLACP (Manavalan et al., 2017).

Amino acids class Peptide

U1-TRTX-Agm3a U1-TRTX-Ar1b VLPPLKF PLPVFV VVVPFVV VPPILKY

# % # % # % # % # % # %
Tiny 5 20 9 33.3 0 0 0 0 0 0 0 0
Small 10 40 14 51.9 3 42.9 4 66.7 6 85.7 3 42.9
Aliphatic 3 12 4 14.8 3 42.9 3 50 5 71.4 3 429
Aromatic 5 20 4 14.8 1 14.3 1 16.7 1 14.3 1 14.3
Hydrophobic 13 52 14 51.9 6 85.7 6 100 7 100 6 85.7
Hydrophilic 12 48 13 48.1 1 14.3 0 0 0 0 1 14.3
Charged 5 20 8 29.6 1 14.3 0 0 0 0 1 14.3
Cationic 3 12 4 14.8 1 14.3 0 0 0 0 1 14.3
Anionic 2 8 4 14.8 0 0 0 0 0 0 0 0

Homology searches and alignments demonstrated similarities
of all seven CRP families to toxins reported in other spider venoms
and, as expected, higher similarity to toxins of other
Acanthoscurria spiders. The results indicate that these toxins
may be biologically essential for the spider survival and also
highlights a close phylogeny relationship within the genus. The
U3-TRTX-Arlx family demonstrated a high similarity with the
toxins U1-TRTX-Apla, Ul-TRTX-Agmla, and p-TRTX-Anla, all
from other Acanthoscurria spiders. It is important to notice that
this family also corresponds to the most expressed CRP in A.
rondoniae venom observed by the quantitative proteomics and
peptidomics approaches. The data highlights the relevance of U3-
TRTX-Arlx family for A. rondoniae spiders. Similarly to other
spider venoms, enzymes as neprilysin, hyaluronidase, and
carboxypeptidases, among others were found in the venom of A.
rondoniae (Sanggaard et al., 2014; Borges et al, 2016; Kuhn-
Nentwig et al., 2019). These enzymes may act in synergy with
the neurotoxic CRPs to increase the spread and efficiency of the
venom in the preys, as hypothesized elsewhere (Kuhn-Nentwig
et al., 2019).

Our results from antimicrobial activity prediction demonstrated
that all new CRPs identified in A. rondoniae venom have a
probability of being antimicrobial, while only one short peptide
(sequence: VLPPLKF) demonstrated possible antibacterial and
antifungal properties. Gomesin was used as a positive control for
antibacterial score since it has shown experimental activity
against several Gram-positive and Gram-negative bacteria,
such as Escherichia coli, Klebsiella pneumoniae, Bacillus spp
and Staphylococcus spp (Silva et al., 2000). Gomesin scored
0.985 in iAMPpred for antibacterial activity, which is slightly
lower than most of CRPs analyzed (Table 3). As for antifungal
activities, gomesin and rondonin were selected as positive
controls. Gomesin demonstrated activity against the
filamentous fungi Tricoderma viridae as well as the yeast
Candida albicans (Silva et al., 2000), while rondonin
demonstrated activity against Candida albicans (Riciluca et al.,
2012). The scores for antifungal activity obtained for gomesin
and rondonin were 0.973 and 0.903, respectively, while all seven
families of CRPs presented antifungal scores >0.92. Taken
together, these results suggest the probabilities of the new

CRPs identified in this work to present antibacterial and
antifungal activities, which should be further explored by in
vitro and in vivo assays. From all seven families of new CRPs, the
U3-TRTX-Arlx family presented the highest scores for
antibacterial (>0.99) and antifungal (>0.98) activities, probably
due to the high proportion of basic residues (Table 1), which
impacts directly on net-charge and isoelectric points. These
toxins have a net-charge of 594 at pH 7.4 (Figure 4). The
high positive net charges are relevant and possibly increase
antimicrobial activity, as evidenced by other studies with
cationic peptides (Jiang et al., 2008; Paredes-Gamero et al.,
2012). It is also important to notice that these toxins present
high isoelectric points of 10.60 and 10.52 for U3-TRTX-Arland
U6-TRTX-Arla, respectively (Figure 4). The net positive charges
at neutral pH probably increase the efficiency of interaction with
negatively charged membranes of microorganisms (Jiang et al.,
2008). Future experiments may confirm the antimicrobial
activity of the A. rondoniae peptides.

Many of the CRPs presented i silico antiviral scores, although
in lower levels than antifungal and antibacterial, on average
(Table 3). For antiviral activity prediction, we utilized mBD4
and P9, a peptide derived from mBD4, which has shown a broad
activity of antiviral effects on respiratory virus such as HIN1,
H3N2, H5N1, H7N7, H7N9, SARS-CoV and MERS-CoV in in
vivo and in vitro assays (Zhao et al., 2016). The scores for antiviral
activity of mBD4 and P9 were 0.773 and 0.940, respectively. The
toxins from the Ul-TRTX-Arlx family demonstrated higher
scores than P9 for antiviral activity, while all other families
except U2-TRTX-Arlx and U4-TRTX-Arlx demonstrated
scores between those obtained from mBD4 and P9, which also
suggests a potential antiviral activity and should be further
evaluated by in vitro and in vivo assays. Antiviral peptides may
be promising therapeutic drugs (Vilas Boas et al., 2019). Some
Arthropod peptides were found to suppress viral gene expression,
as the cecropin A from the moth Hyalophora cecropia, which
inhibited HIV activity (Wachinger et al., 1998), and mucroporin-
M1, a peptide derived from the venom of the scorpion Lychas
mucronatus which inhibited the activities of measles, SARS-CoV
and influenza H5N1 viruses (Li et al., 2011). The authors proposed
that the antiviral action of the peptide mucroporin-M1 could be by
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interaction with the virus envelope, binding to it by surface charge
interactions and drastically decreasing the infectivity of the three
viruses (Li et al., 2011). Several of the A. rondoniae CRPs found in
this work present positive net charges at physiological pH and
could be promising antiviral peptides, although this is not the only
property to be considered.

In regard to in silico antitumoral activities, the predictions
suggest that only two CRPs, Ul-TRTX-Arlb and UI-TRTX-
Agm3a, may present antitumoral properties, as well as four
short peptides: VLPPLKF, PLPVFV, VVVPFVV and VPPILKY.
For this analysis, we utilized HNP-1 and Aurein 1.2 as positive
controls. HNP-1, an human o.-defensin AMP, showed cytotoxic
activity against prostate tumor cells in vitro (Gaspar et al., 2015).
Aurein 1.2, derived from the frog Litoria aurea, is another example
of AMP with anticancer activity, as demonstrated by in vitro
assays (Rozek et al, 2000). Both controls scored >0.84 in both
algorithms of MLACP and, consequently, were predicted as ACPs.
From all 11 CRPs, Ul-TRTX-Agm3a and U1-TRTX-Arlb have
the shortest amino acids sequences, with 31 and 35 amino acids,
respectively. It is also important to highlight that hydrophobicity
plays a pivotal role in ACPs activity (Huang et al., 2011) and, as
shown in Table 4, these potential ACPs are composed of more
than 50% hydrophobic residues. It is interesting to note that short
peptides indicated potential anticancer activity. In a possible
peptide therapy, the potential of short peptides may be
advantageous as they are easier to synthesize and modify,
present higher ability to penetrate tumors and good
biocompatibility (Thundimadathil, 2012). Therefore, the toxins
present in the venom of A. rondoniae may be promising
candidates to the investigation of therapeutic compounds.

The in silico anticancer and antimicrobial predictions have
demonstrated to be important steps in our methodology, since it
enabled a simple and fast screening of potential biological
activities. It is important to highlight that the in silico
predictions are indicatives of potential biological activities.
However, the high scores in these predictions may not
necessarily imply in real antimicrobial or anticancer activities.
To confirm these hypotheses, experimental work should be
performed in order to evaluate the biological activities of these
peptides in vitro and in vivo. Although not definitive, the
predictions suggest promising peptides and may serve as a guide
in target selection for further steps of investigation, which is often
a time-consuming task. These results demonstrate the effectiveness
of a multiomics approach for toxin discovery, characterization and
prospection of biological activities. The next steps would be the
synthesis or expression of promising toxins to experimentally
validate the activities observed in silico.
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Animal poisons and venoms are comprised of different classes of molecules displaying
wide-ranging pharmacological activities. This review aims to provide an in-depth view of
toxin-based compounds from terrestrial and marine organisms used as diagnostic toals,
experimental molecules to validate postulated therapeutic targets, drug libraries,
prototypes for the design of drugs, cosmeceuticals, and therapeutic agents. However,
making these molecules applicable requires extensive preclinical trials, with some
applications also demanding clinical trials, in order to validate their molecular target,
mechanism of action, effective dose, potential adverse effects, as well as other
fundamental parameters. Here we go through the pitfalls for a toxin-based potential
therapeutic drug to become eligible for clinical trials and marketing. The manuscript also
presents an overview of the current picture for several molecules from different animal
venoms and poisons (such as those from amphibians, cone snails, hymenopterans,
scorpions, sea anemones, snakes, spiders, tetraodontiformes, bats, and shrews) that
have been used in clinical trials. Advances and perspectives on the therapeutic potential of
molecules from other underexploited animals, such as caterpillars and ticks, are also
reported. The challenges faced during the lengthy and costly preclinical and clinical
studies and how to overcome these hindrances are also discussed for that drug
candidates going to the bedside. It covers most of the drugs developed using toxins,
the molecules that have failed and those that are currently in clinical trials. The article
presents a detailed overview of toxins that have been used as therapeutic agents,
including their discovery, formulation, dosage, indications, main adverse effects, and
pregnancy and breastfeeding prescription warnings. Toxins in diagnosis, as well as
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Animal Toxin-Based Drug Discovery

cosmeceuticals and atypical therapies (bee venom and leech therapies) are also reported.
The level of cumulative and detailed information provided in this review may help
pharmacists, physicians, biotechnologists, pharmacologists, and scientists interested in
toxinology, drug discovery, and development of toxin-based products.

Keywords: poison, venom, toxin, drug discovery, scorpion, snake, toad, Conus

INTRODUCTION

Animal poisons and venoms are rich sources of proteins, peptides,
neurotransmitters, among other compounds. Together, these
molecules can induce major damages in the prey’s body, being
one of the mechanisms employed by these animals to subdue and/
or kill their preys or predators. The main difference between the
terms “poison” and “venom” is the delivery method. Poisons are
generated by specialized cells or tissues or are acquired from the
diet, causing prey toxicity by ingestion or contact with the
poisonous animal. On the other hand, venoms are produced by a
tissue or organ (venom gland) and are parenterally introduced into
the prey by the venomous animal, with a specialized apparatus
(fang, stinger, teeth, nematocysts,among others) (Foxand Serrano,
2007). The word “toxin” will be used for both compounds from
animal poisons and venoms in the whole article.

As a result of evolution and natural selection, toxins from animal
poisons and venoms display wide-ranging pharmacological
activities. Since the toxin targets are related to biological
functions, with many of them playing important roles in human
diseases, several venom components were used in the design of new
therapeutic agents. They were also employed as cosmeceuticals,
diagnostic tools, and experimental molecules to validate postulated
therapeutic targets, improving several drug libraries (Ghosh et al.,
2019; Utkin et al,, 2019).

Although several biologically active toxins have been reported
from terrestrial and marine organisms, there is a large gap
between the initial drug discovery phase, including their
validation as drug models, and their use in a clinical study.
Drug candidates must pass through an extensive range of in
vitro and in vivo tests to establish their pharmacology and
biochemistry, carcinogenicity, and effects on the reproductive
system, to assess their safety before moving on to the clinical
phases (Tamimi and Ellis, 2009). In other words, drug
development includes the discovery of a candidate molecule,
preclinical and clinical studies, which are usually costly and takes
a significant amount of time to attend the requirements stated by
the regulatory agencies throughout the world.

This review aims to highlight the key successes and some
examples of the obstacles and challenges faced when developing
toxin-based drugs. It covers toxins from poisonous and
venomous animals, drugs that target diverse pathological
conditions, the molecules that have failed, and those that are
currently in clinical trials. It also aims to encourage scientists
to elucidate the mechanism of action of the already known
venom components, discover new molecules with innovative
therapeutic potential, and develop strategies to improve their
pharmacokinetic and pharmacodynamic properties. Moreover,

perspectives on the research and development of a wide range of
toxins from several underexploited animal poisons and venoms
are also discussed.

ACHIEVEMENTS WITH ANIMAL TOXIN-
BASED MOLECULES

Readers and scientists looking for approved drugs must consider
the databases from regulatory agencies, such as the US Food and
Drug Administration (FDA) and the European Medicines
Agency (EMA). Furthermore, valuable information for health
professionals and general public can be found at the Drug
Information Database. However, the information provided by
these databases is significantly limited, since biotechnology
companies and pharmaceutical industries usually perform the
drug development processes. Thus, much of the information
relevant to drug development is not published and/or quite
difficult to access.

Therefore, the subsections Approved Drugs to Venom Therapies
will address the toxin-based approved drugs, diagnostic tools,
cosmeceuticals and venom therapies, respectively, with the
currently available details found at these databases.

Approved Drugs

Among the 11 approved toxin-based molecules marketed, one
molecule (ziconotide) is obtained from cone snails, two from
lizards (exenatide and lixisenatide), two from leeches (bivalirudin
and desirudin), and six from snakes (captopril, enalapril, tirofiban,
eptifibatide, batroxobin, and cobratide). Batroxobin and cobratide
are native compounds purified from snake venoms, desirudin is a
recombinant molecule, and the other drugs (bivalirudin, captopril,
enalapril, eptifibatide, exenatide, tirofiban, and ziconotide) are
synthetic molecules (Table 1).

Most toxin-based approved drugs are derived from snake
venoms. One of the possible reasons for this scenario is the larger
amount of venoms produced by snakes in comparison to small
animals (e.g. scorpions, spiders, and snails) (King, 2011; King,
2013). In parallel, the effect of snake venoms on hemostasis
evidenced the cardiovascular system as a pharmacological target
for snake venom toxins. Furthermore, the analytical techniques
capable of characterizing limited amounts of venom components
from small animals were only developed recently. These are
some issues that boosted the initial toxinological studies primarly
on snake venoms. The advent of more sensitive techniques and
the improvement in experimental models in the last years have
allowed the study of poorly expressed toxins and their novel
pharmacological targets (Boldrini-Franca et al., 2017).
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TABLE 1 | Approved drugs and therapies for human use.

Molecule Species Production Formulation Mechanism Use Dosage(maximum dose per day)* More frequently reported adverse effects, Reference
(brand name)  origin of of action pregnancy and breastfeeding warnings*
venom
toxin
Batroxobin Brazilian Purified from  Ampoule contains 10 Cleaves Ao Acute cerebral 40 batroxobin units by i.v. infusion Microvascular thrombosis (Stocker, 1978;
(Defibrase®) lancehead  venom batroxobin units, NaCl, chain of infarction; over 1 h. Vu et al., 2013;
L] shake chlorobutanol, and partially ~ fibrinogen unspecific Pentapharm
(Bothrops hydrolyzed gelatin in water angina DSM
moojeni) pectoris; Nutritional
sudden Products Ltd,
deafness 2018)
Batroxobin Common Purified from  Vial of batroxobin (5 Cleaves Aa-  Gelification of 1 ml (or maximum of 1.5 ml) of No toxicity phenomena are described in the (Plateltex,
(Plateltex- lancehead  venom batroxobin units/1 ml), and  chain of blood for calcium gluconate mixed with tissues treated with the gel. 2018)
Act® ™ snake 1 vial of calcium gluconate  fibrinogen topical batroxobin (5 U). This mixture is mixed
(Bothrops (940 mg gluconate/10 ml) applications with 6-10 ml of platelet concentrate.
atrox) After gel formation (7-10 min), it is
applied on the area or in the site to be
treated.
Batroxobin -  Brazilian Purified from  Medical device used for the Cleaves Aa-  Autologous Citrate is added to the device (during  The sealant has no known adverse effects. (Kjaergard and
Fibrin lancehead  venom preparation of an chain of fibrin sealant  surgery or 24 h before), where is Trumbull,
sealant snake autologous fibrin; citrate fibrinogen in surgery drawn 120 ml of the patient’s blood. 1998; Vivostat
(Vivostat®) " (Bothrops After 25 min, an autologous fibrin is A/S, 2018)
moojeni) ready for use.
Bee venom Honeybee  Whole 100 pg/1 ml (bee venomin  Anti- Pain Monthly s.c. injections; twice weekly Irritation, swollen, reddened skin and severe (Gotter, 2019;
therapy Apis venom 0.9% NaCl) inflammatory ~ associated range from 1 to 20 intradermal allergic reactions that can be life-threatening. US National
(Apitox®) mellifera action; with injections (100 pg/0.1 ml saline) —at Library of
alteration of osteoarthritis  acupuncture points Medicine,
the immune and multiple 2020)
response via  sclerosis
antigen
competition
Bivalirudin European Synthetic Powder for injection, 250 Reversible Anticoagulant  0.75 mg/kg by direct IV injection, Hemorragic events, back pain, pain (unspecified), (US Food and
(Angiomax®)  medicinal myg, (bivalirudin direct in followed by 1.75 mg/kg per hour nausea, headache, hyper/hypotension, injection  Drug
@ leech trifluoroactetate, mannitol thrombin percutaneous  (300-325 mg daily) site pain, insomnia, vomiting, pelvic pain, anxiety, Administration,
(Hirudo and sodium hidroxide) inhibitor coronary bradycardia, dyspepsia, abdominal pain, fever, 2020)
medicinalis) intervention nervouness, urinary retention; pregnancy risk
factor B
Captopril Jararaca pit  Synthetic Oral tablets: 12.5, 25, 50, Angiotensin-  Hypertension, 50 or 100 mg orally 3 times a day Cough and skin rash; US FDA pregnancy (US Food and
(Capoten®) viper snake and 100 mg (inactive converting cardiac failure  (maximum dose: 450 mg/day) category D; excreted into human milk— Drug
@ (Bothrops ingredients: anhydrous enzyme discontinue breastfeeding or discontinue the Administration,
Jararaca) lactose, colloidal silicon inhibitor drug, since the effects in the nursing infant are 2020)
dioxide, crospovidone, unknown
microcrystalline cellulose,
and stearic acid)
Cobratide Chinese Purified from  Freeze-dried powder (70 or  Blockage of ~ Chronic Minimum and maximum daily dose are Fatal side effects, such as respiration inhibition, (Chen et al.,
(Ketongning, cobra (Naja venom 140 pg/vial) with dextran nicotinic arthralgia, 280 ug and 840 pg, respectively — can 2016;
naja atra) and glycine as excipient, for  receptors sciatica, occur when it is injected at higher dosage levels.  Orientoxin
(Continued)
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TABLE 1 | Continued

Molecule Species Production Formulation Mechanism Use Dosage(maximum dose per day)* More frequently reported adverse effects, Reference
(brand name)  origin of of action pregnancy and breastfeeding warnings*
venom
toxin
cobrotoxin) injection and cobratide neuropathic enteric coated capsule Biotech Co.
@ enteric coated capsule headache (CN101381408B) Ltd., 2019)
Desirudin European Recombinant  Sterile powder for injection  Selective and  Prevention of 15 mg (5-15 min prior surgery), Bleeding, deep vein thrombophlebitis, wound (US Food and
(Iprivask®) @ medicinal (desirudin-15.75 mg, near- venous followed by 15 mg every 12 h up to secretion, nausea, vomiting, fever, hematoma, Drug
leech anhydrous magnesium irreversible thrombotic 12 days anemia; pregnancy risk factor C; no Administration,
(Hirudo chloride-1.31 mg, and inhibitor of events breastfeeding when using desirudin 2020)
medicinalis) sodium hydroxide for thrombin
injection USP)
Enalapril Jararaca pit  Synthetic Oral Tablets, 2.5, 5, 10, and Angiotensin-  Hypertension, 2.5 mg twice daily up to 10-20 mg Increased serum creatinine,hypotension, (US Food and
(Vasotec®) @ viper snake 20 mg; 1.25 mg/mli.v. (with converting cardiac failure  twice daily. Increased dosage up to 40 dizziness, headache, fatigue, skin rash, Drug
(Bothrops benzyl alcohol 0.9%) enzyme mg/day (1 or 2 divided doses) abdominal pain, anorexia, constipation, diarrhea,  Administration,
Jararaca) inhibitor nausea, vomiting, cough, dyspnea; US FDA 2020)
pregnancy category D; excreted into human milk
—discontinue breastfeeding or discontinue the
drug, since the effects in the nursing infant are
unknown
Eptifibatide  Pigmy Synthetic l.v. bolus injection (20 mg/  Prevents Acute Initial dose of 180 pg/kg intravenous Bleeding, dizziness; US FDA pregnancy category  (RxList, 2019;
(Integrilin®)  rattlesnake 10 ml); i.v. infusion (75 mg/  binding of coronary bolus administered and for B; not known if distributed into human milk European
@ (Sistrurus 100 ml); i.v. infusion (200 fibrinogen, syndrome; maintenance 2 ug/kg/min by a Medicines
miliarius) mg/100 ml); Each vial of von percutaneous  continuous infusion until hospital Agency, 2020)
any dose also contains 5.25 Willebrand coronary discharge, or for up 18 to 24 h,
mg/ml citric acid and NaOH  factor, and intervention whichever comes first. A minimum of
to adjust to pH 5.35. other 12 h of infusion is recommended by
adhesive the manufacturer.
ligands to
GPlIb/llla
Exenatide Gila Synthetic Prefilled cartridge pen (250  Glucagon-like  Type 2 5 or 10 pg twice daily 60 min before Hypoglycemia, nausea, vomiting, diarrhea, jittery  (US Food and
(Byetta®) @ monster pg/ml; s.c. injection) peptide-1 diabetes two main meals of the day, ~6 h apart  feeling, dizziness, headache, dyspepsia, asthenia, Drug
lizard receptor mellitus gastroesophageal reflux disease, hyperhidrosis, Administration,
(Heloderma agonist constipation, abdominal distention, decreased 2020)
suspectum) appetite, flatulence; data lacking on the use in
pregnancy; not known if excreted into human
milk
Extended- Gila Synthetic Exenatide (2 mg) and Glucagon-like  Type 2 2 mg weekly at any time of the dosing  Hypoglycemia, nausea, diarrhea, injection-site (European
release monster diluent peptide-1 diabetes day, with or without meals reactions (pruritus, nodule, erythema, Medicines
exenatide lizard receptor mellitus hematoma), vomiting, constipation, headache, Agency, 2020;
(Bydureon®) (Heloderma agonist viral gastroenteritis, gastroesophageal reflux US Food and
@ suspectum) disease, dyspepsia, fatigue, decreased appetite;  Drug
data lacking on the use in pregnancy; not known Administration,
if excreted into human milk 2020)
Leech European Leech Leeches drain blood from Inhibits Skin grafts Usually 1-10 leeches are used for Lymphadenitis, slight swelling, pain of regional (Mumcuoglu,
therapy medicinal tissue platelet and each treatment, while at the beginning, lymph nodes on the side of leech application and  2014; US Food
leech aggregation the patient might need two or more subfebrile temperature. Leech therapy is not and Drug
(Continued)
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TABLE 1 | Continued

Molecule Species
(brand name)  origin of
venom
toxin
(Hirudo
medicinalis)
or other
species
Lixisenatide Gila
(Lyxumia® monster
and lizard
Adlyxin®) @ (Heloderma
suspectum)
Tirofiban Saw-scaled
(Aggrastat®) viper snake
@ (Echis
carinatus)
Ziconotide Magical
(Prialt® @ cone
marine snail
(Conus
magus)

*For complete and detailed information, we suggest consulting Drugs.com and the patient information leaflets provided by the medicine manufacturer; 1), enzyme; 2), peptide; 3), non-protein molecule; i.t., intrathecal; i.v., intravenous; s.c.,

subcutaneous.

Production

Synthetic

Synthetic

Synthetic

Formulation

0.15 mg/3 ml (0.05 mg/ml)
—s.C.

0.3 mg/3 ml (0.1 mg/ml)—
S.C.

l.v. bolus (3.75 mg in 15 ml
—vial); i.v. bolus and
infusion (5 mg in 100 mI—
vial); i.v. bolus and infusion
(12.5 mg/250 ml—bag)

25 or 100 pg/ml (aqueous
pH adjusted solution pH 4-
5, L-methionine and NaCl);
it

Mechanism
of action

and the
coagulation
cascade

Glucagon-like
peptide-1
receptor
agonist

Antagonist of
fibrinogen
binding to the
GPlIb/llla
receptor
Cav2.2
channel
antagonist

Use

reattachment
surgery

Type 2
diabetes
mellitus

Acute
coronary
syndrome

Severe
chronic pain

100

Dosage(maximum dose per day)*

treatments per day. Leeches should
be applied on the darker spots of the
reattached body parts or flaps. Usually
the treatment lasts for 2-6 days.

Initial dose: 10 pg by s.c. injection
once a day. Increase to 20 ug on day
15. This drug should be administered
1 h before the first meal of the day.
Concurrent use with short acting
insulin has not been studied and is not
recommended.

Initial dose: 25 pg/kg i.v. within 5 min.
Maintenance dose: 0.15 pg/kg/min i.v.
infusion for up to 18 h

Initial dose: < 2.4 pg/day (< 0.1 pg/h)
less than 2 to 3 times/week. Maximum
dose: 19.2 pg/day (0.8 ug/h) by day
21.

More frequently reported adverse effects,
pregnancy and breastfeeding warnings*

recommended in pregnancy, lactation and in
patients with an unstable medical status and
disposition to keloid scar formation.

Nausea, vomiting, diarrhea, headache, dizziness,
low blood sugar; data lacking on the use in
pregnancy; not known if distributed into human
milk, but its use is not recommended.

Dizziness, slow heart rate, leg pain, pelvic pain,
swelling, increased sweating; US FDA pregnancy
category B; not known if distributed into human
milk.

Dizziness, confusion, drowsiness,abnormal gait,
memory impairment, ataxia, speech disorder,
headache, aphasia, hallucination, thinking
abnormality, amnesia, anxiety, blurred vision,
increased creatine phosphokinase, anorexia,
nystagmus, fever; pregnancy risk factor C

Reference

Administration,
2020)

(European
Medicines
Agency, 2020;
US Food and
Drug
Administration,
2020)
(Medicure
Pharma, 2016)

(US Food and
Drug
Administration,
2020)
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Additionally, the discovery of many ion channels in the 1970-
1980s, and the better understanding of the nervous system,
which houses the main molecular targets of small venomous
invertebrates, opened up the field to new therapeutic leads for
non-cardiovascular targets (King, 2013).

The first animal toxin-based drug approved for human use
was captopril in 1981. Captopril (Capoten®, Bristol-Myers
Squibb) was developed based on the bradykinin potentiating
factor (BPF) present in Bothrops jararaca snake venom (Ferreira,
1965; Camargo et al., 2012). BPF is a nonapeptide that acts by
blocking the activity of the angiotensin-converting enzyme
(ACE), inhibiting the production of the hypertensive molecule
angiotensin II and potentiating the action of the hypotensive
peptide bradykinin (Ferreira, 1965; Ferreira and Rocha e Silva,
1965; Ferreira et al., 1970a; Ferreira et al., 1970b).

Since the native peptide found in this venom was quite
expensive to be synthesized and impossible to be orally
administered (Ferreira, 2000), captopril was designed by the
miniaturization of the original molecule, and by the addition of a
succinyl group to a proline residue, which allowed its oral
administration. This amino acid residue located at the C-
terminal of BPP5a (one of the most active peptides in the
bradykinin potentiating factor) is responsible for interacting
with ACE (Cushman et al,, 1977; Camargo et al., 2012).
Captopril (alone or in combination with other drugs) is
suitable and widely used for hypertension treatment (Weber
et al., 2014).

After captopril, enalapril (MK-421, enalapril maleate) was
approved by the FDA in 1985 for hypertension and congestive
heart failure treatments (Patchett, 1984). The mercapto group in
captopril structure was believed to be responsible for the skin
rash and loss of taste reported as common adverse effects when
using this drug. Therefore, the main challenge in enalapril
development was to substitute the mercapto by an alkyl group,
keeping the interaction with ACE (Patchett, 1984). Enalapril
(Vasotec®, Merck) is produced as a prodrug that undergoes in
vivo de-esterification to give rise to enalaprilat (MK-422), whose
potency is greater than captopril, but has limited oral
bioavailability (Biollaz et al., 1981; Patchett, 1984). Historically,
captopril and enalapril are the hallmark in the development of
ACE inhibitors for the treatment of hypertension.

The antiplatelet drug tirofiban (Aggrastat®, Medicure
International, Inc.) is based on the RGD motif (Arg-Gly-Asp)
from echistatin, a disintegrin found in the venom of the saw-
scaled viper Echis carinatus (Topol et al., 1999). Tirofiban was
approved by the FDA in 1998 for acute coronary syndrome
treatment (Hartman et al., 1992). It mimics the RGD sequence
and possesses a (S)-NHSO,-C,Hy group that enhanced the
interactions with the platelet glycoprotein GPIIb/IIIa receptor
(Gan et al,, 1988). The competition with fibrinogen for the RGD
recognition sites on the GPIIb/IIla complex results in the
inhibition of platelet aggregation and other antithrombotic
properties (Topol et al., 1999; Lang et al., 2012).

Eptifibatide (Integrilin®, Millennium Pharmaceuticals, Inc.)
is another antiplatelet drug approved by the FDA in 1998 and
licensed to Schering-Plough in 2005. It was developed during the

efforts to create synthetic analogues of barbourin, a disintegrin
isolated from Sistrurus miliarius barbouri snake venom. Due to
its conservative amino acid substitution of arginine (R) for lysine
(K), barbourin presents more specificity for platelet glycoprotein
GPIIb/IIIa complex than other disintegrins containing the RGD
motif (Scarborough et al., 1991). Also, it was verified that the
affinity for GPIIb/IIIa is highly influenced by the amino acid
residues adjacent to the KGD sequence and the size of the
peptide ring created through the disulfide bond formation.
From this information, different synthetic peptides with
potential clinical use were designed, including eptifibatide
(Scarborough, 1999). Eptifibatide is a cyclic heptapeptide
(deamino-Cys(1)-hArg-Gly-Asp-Trp-Pro-Cys(1)-NH,) more
resistant to proteolysis due the introduction of a ring in the
structure (Scarborough et al., 1993; Tcheng and O’Shea, 2002).

In the middle of 1900s, hirudin was isolated from Hirudo
medicinalis leech saliva (Lee and Ansell, 2011). This 65-amino
acid peptide presents an anticoagulant effect, through direct
thrombin inhibition, and it was the only molecule to prevent
blood coagulation until the discovery of heparin (Dodt et al,
1984; Markwardt, 1991). The removal of a sulfate group at Tyr63
residue gave rise to desulfatohirudin and increased in 10 times
the complex formation with thrombin; however, obtaining this
molecule with high activity and yield was a challenge to be
overcome to allow clinical studies (Johnson et al.,, 1989;
Markwardt, 1991). Desirudin (Iprivask®, Bausch Health), the
recombinant 63-desulfohirudin (variant HV-1) produced in
Saccharomyces cerevisiae (strain TR 1456), was approved by
the FDA in 2003 for prophylaxis of deep vein thrombosis after
hip replacement surgery (Warkentin, 2004). Revasc® (Novartis)
was approved by EMA in 1997, but it was withdrawn from the
market in 2014 for commercial reasons.

In general, hirudins inactivate irreversibly thrombin, causing
more bleeding than heparin (Romisch et al., 1993). Therefore,
some analogues were developed with the aim of optimizing the
therapeutic profile of hirudin based on the interaction with the
active site of thrombin (Warkentin, 2004). Bivalirudin
(Angiomax®, The Medicines Company) is a synthetic peptide
resulted from rational drug design, comprised of 20 amino acids:
4 N-terminal residues from native hirudin which interact with
the active site, connected by 4 glycine residues to the last 12
residues present in its C-terminal responsible to interact with the
anion exosite (Maraganore et al., 1990). This drug binds
reversibly to thrombin, which decreased the risk of bleeding
reported to other hirudins (Nutescu and Wittkowsky, 2004).
Angiomax® was approved by the FDA in 2000 to patients with
unstable angina undergoing percutaneous transluminal coronary
angioplasty (Bittl et al., 2001). In Europe it is marketed as
Angiox® (Mehrzad et al., 2017).

In 2004, ziconotide (Prialt®, Elan Pharmaceuticals, Inc.) was
approved for the management of severe chronic pain by the FDA
and by the EMA (Smith and Deer, 2009). Ziconotide (SNX-111)
is a synthetic analogue of the omega-conotoxin MVIIA isolated
from the venom of the fish-hunting snail Conus magus. It is a 25-
amino acid peptide that blocks Ca,2.2 channels (N-type voltage-
sensitive calcium channels) and, consequently, inhibits the
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conduction of nerve impulse and release of neurotransmitters
into the thalamus, leading to antinociception (McGivern, 2007;
Vink and Alewood, 2012). Ziconotide does not induce
dependence or tolerance, which is a valuable advantage in
comparison to morphine, which is also less effective than
ziconotide (Scott et al., 2002). However, the main limitations
of ziconotide use are its intrathecal administration route, which
impairs the patient’s adherence to the treatment (Smith and
Deer, 2009), and narrow therapeutic index (Scott et al., 2002).
Recently, the intranasal route has been studied to overcome the
challenge of administering ziconotide (Manda et al., 2016).

Exenatide (synthetic exendin-4 from Gila monster, Heloderma
suspectum) is the first glucagon-like-peptide-1 (GLP-1) analogue
(Furman, 2012) and has been used as an adjuvant in the treatment
of type 2 diabetes mellitus (Nauck et al., 2007; Henry et al., 2014).
It presents a combination of actions: stimulation of insulin and
suppression of glucagon secretion that result in blood glucose
control, and reduction of body weight and cardiovascular risk
factors (Eng et al., 1992; Greig et al., 1999; Alves et al., 2017).

Since GLP-1 is rapidly degraded by serum proteases presenting
a very short lifetime, the key point was the development of GLP-
lanalogues resistant to these enzymes (Lorenz et al., 2013). Indeed
the N-terminal (HGE) of exendin-4 is more resistant to peptidases
that degrade the endogenous GLP-1 which make that more potent
and longer-lasting than GLP-1 (Eng et al., 1992; Greig et al., 1999).
The first pharmaceutical form of exenatide (Byetta®) was
approved by the FDA in 2005 and in 2009 by the EMA. Even
with the N-terminal more resistant to proteases, Byetta® has a
half-life of ~2.4 h after administration (Lorenz et al., 2013).

Lixisenatide (Lyxumia® in the Europe and Adlyxin® in the
USA.,, Sanofi S.A.) is a 44-amino acid peptide, with an amide
group on its C-terminus. It is comprised of the first 39 amino
acids of exendin-4, with a deletion of proline at position 38 and
addition of six lysine residues (Christensen et al., 2009).
Lixisenatide was approved in 2013 and 2016 by the EMA and
the FDA, respectively, as the first once-daily injectable GLP-1
receptor agonist for the treatment of diabetes type II, presenting
a half-life of ~3 h (Elkinson and Keating, 2013; Lorenz et al.,
2013; US Food and Drug Administration, 2016).

In addition, there is an extended-release form of exenatide
(Bydureon®), approved in 2011 and 2012 by the EMA and the
FDA, respectively. It has a half-life of 5-6 days due to its
encapsulation into poly (D,L-lactide-co-glycolide) microspheres,
which hydrate in situ and slowly degrade to release the drug over
time, resulting in less peak-trough variation (DeYoung et al.,, 2011;
Lorenz et al.,, 2013). Long-acting exenatide has also been developed
in a ready-to-use auto injector to facilitate the administration since
the former pharmaceutical form needs to be diluted prior to
administration (Wysham et al., 2017).

Apart from the marketed drugs in the USA and Europe, there
are also those approved by the National Medical Products
Administration (NMPA, formerly State FDA and China FDA
—SFDA and CFDA, respectively). Batroxobin (also known as
hemocoagulase, reptilase, and botropase) is a thrombin-like
serine protease obtained from B. atrox and B. moojeni snake
venoms (Itoh et al., 1987; Earps and Shoolingin-Jordan, 1998). It

cleaves fibrinogen, resulting in the formation of non-cross-linked
fibrin clots. Unlike thrombin, which releases fibrinopeptides A
and B from fibrinogen, batroxobin releases only fibrinopeptide A
(Holleman and Weiss, 1976). Although the enzyme is not
clinically approved in the USA, its defibrinogenating effect is
clinically used in other countries for the treatment of various
thrombotic diseases including deep vein thrombosis, myocardial
infarction, pulmonary embolism, and acute ischemic stroke (You
et al., 2004).

Currently, batroxobin has been commercialized with the brand
names: Batroxobin and Reptilase (Tobishi Pharmaceutical, China),
Defibrase (Tobishi Pharmaceutical, China and DSM Nutritional
Products Ltd Branch Pentapharm, Switzerland), Botropase
(Hanlim, South Korea and Juggat Pharma, India), Botroclot
(Juggat Pharma, India) (Drugs.com, 2020), Plateltex-Act®
(Plateltex S.R.O., Czech Republic) (Plateltex, 2018), and Vivostat
System (Vivostat A/S, 2018). Therapeutic applications of Defibrase®
include acute cerebral infarction, unspecific angina pectoris, and
sudden deafness (Pentapharm DSM Nutritional Products Ltd,
2018). Plateltex-Act® is used to prepare autologous platelet-gel, an
emerging biotechnology in current tissue engineering and cellular
therapy (Mazzucco et al., 2008). Batroxobin from Plateltex-Act®
converts fibrinogen into fibrin in the presence of Ca®* ions, and
forms a fibrin reticulum that causes the gelling of the product and
cooperates with the regenerative and reparative processes of
damaged tissues (Mazzucco et al, 2008; Plateltex, 2016). The
Vivostat System (Vivostat A/S, Denmark) is a medical device
used for the preparation of an autologous fibrin sealant in the
operating room by the action of batroxobin upon the fibrinogen in
the patient’s plasma (Vivostat A/S, 2018).

In 1998, cobratide (a short-chain post-synaptic a-neurotoxin
isolated from Naja naja atra snake venom, also known as
ketongning and cobrotoxin) was approved in combination
with synthetic drugs as a pain killer for the treatment of
moderate to severe pain (Gazerani and Cairns, 2014; Zhang,
2015). However, pharmacokinetics studies in vivo of cobratide
injection (China Approval no. H53022101) are still necessary to
adjust drug plasma concentrations and to reduce the risk of drug
accumulation and fatal side effects (e.g., respiration inhibition)
(Chen et al., 2016).

A detailed description of mechanism, pharmacology,
pharmacokinetics, and clinical development of most approved
toxin-based drugs can be found in specific reviews already
published for each compound (Brogden et al., 1988; Tabacova
and Kimmel, 2001; Wong, 2005; Zeymer, 2007; Graetz et al,,
2011; Pope and Deer, 2013; Serrano, 2013; Knop et al,, 2017;
Trujillo and Goldman, 2017; Yang et al., 2019).

Diagnostic Tools

Besides its therapeutic applications, batroxobin (Reptilase®) has
also been used for decades as a laboratory reagent to measure
fibrinogen levels and blood coagulation capability through the in
vitro clotting time using serine proteases instead of thrombin
(Reptilase® time) (Funk et al., 1971). Since Reptilase® does not
need Ca*" and phospholipids, some coagulation factors (V, VIII,
XI, and XIII) are not activated and the platelet aggregation is not
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induced, cleaving only the fibrinopeptide A. Both Reptilase®
time and thrombin time are complementary tests to evaluate
coagulation disorders. Reptilase® is also used to detect
antithrombin activit% (Francischetti and Gil, 2019).

RVV-V (Pefakit™) is a 27 kDa factor V-activating serine
protease from the Russel’s viper (Daboia russelii) venom, used
to identify factor V levels in plasma (Tokunaga et al., 1988). It is
widely used in assays for the diagnosis of resistance to activated
protein C, which does not cleaves factors Va and VIIIa
(Francischetti and Gil, 2019).

RVV-X (Stypven®) is a 120 kDa factor X-activating
metalloprotease from D. russelii venom that converts factor X
quantitatively into factor Xa (Tans and Rosing, 2001; Morita,
2005). This toxin is dependent of Ca", factor V, phospholipids
and prothrombin (Francischetti and Gil, 2019).

Ecarin, from E. carinatus venom, is a 55 kDa metalloprotease
able to activate prothrombin and detect its abnormal types
(Morita et al.,, 1976; Weinger et al., 1980; Braud et al., 2000).
Contrary to RVV-X, ecarin is independent of factor V,
phospholipids or Ca®*, detecting thrombin with chromogenic
substrates (Ecarin chromogenic assay—ECA) or in a clotting
assay (Ecarin clotting time—ECT) (Francischetti and Gil, 2019).

RVV-V, RVV-X, and ecarin are used to the diagnosis of lupus
anticoagulant (Francischetti and Gil, 2019), one of the clinical
manifestations of Antiphospholipid Syndrome, characterized by
the presence of antiphospholipid antibodies (Favaloro and
Wong, 2014).

Other snake venom toxins used as diagnostic tools include
Botrocetin® and Protac®. Venom coagglutinin (Botrocetin®)
isolated from B. jararaca venom is a 22 kDa C-type lectin-like
protein that aggregates platelets by increasing the affinity
between the receptor GPIba and von Willebrand factor
(Brinkhous et al., 1983; Beeton, 2013), independent of von
Willebrand factor molecule size (Francischetti and Gil, 2019).

ACC-C (Protac®) from A. contortrix contortrix venom is a
plasma protein C-activating serine protease used to quantify
protein S and C levels (Stocker et al., 1988) with chromogenic
substrates or by prolongation of the activated partial
thromboplastin time (aPTT). These protein levels are used to
investigate the cause of a blood clot (thromboembolism), linked
to deep vein thrombosis or pulmonary embolism. AAC-C
activity is not compromised by the inhibitor of protein C from
plasma (Francischetti and Gil, 2019).

Cosmeceuticals

The cosmeceutical field is a profitable venture. For example, the
anti-wrinkling effect of the botulinum toxin (Botox®), a toxin
isolated from Clostridium botulinum bacteria, accounts for
striking global sales of about $3 billion per year (Clark et al,
2019). Among the biologically active compounds from animal
venoms showing cosmeceuticals applications, we can cite the use
of bee venom-containing cosmetics on facial wrinkles in human
skin (Han et al., 2015), and the inhibitory activity of melanogenesis
of Argiotoxine-636 (ArgTX-636), a polyamine isolated from
Argiope lobata spider venom (Verdoni et al., 2016), including
a deposited patent (US10064814B2) for skin whitening/

depigmenting (Mabrouk et al, 2018). Another example is the
synthetic tripeptide [dipeptide diaminobutyroyl benzylamide
diacetate (H-B-Ala-Pro-Dab-NHBzl x 2 AcOH)],
commercialized as the cosmeceutical SYN®-AKE (Pentapharm).
It mimics the activity of waglerin 1, a 22-amino acid peptide from
Tropidolaemus wagleri snake venom, and reduces wrinkles by
inhibiting muscle contractions (Zhang and Falla, 2009).

Venom Therapies

Bee venom therapy is an ancient therapy which uses this toxin
arsenal as a cream, liniment, ointment, injection, acupuncture, or
directly via stings of live bees to treat several disorders (Ali,
2012). Those treatments rely on the fact that bee venom is
composed of a wide range of components, such as biogenic
amines, enzymes (mostly PLA,s), basic peptides, and non-
enzyme proteins (mainly melittin and apamin) (Santos et al.,
2011). Bee venom acupuncture corresponds to the most
common used method, especially in the Koreas, and can be
employed as an alternative treatment to pain, rheumatoid
arthritis, osteoarthritis, and multiple sclerosis. The treatment
consists of using bee venom in the relevant sites according to the
disease or acupuncture points (Lee et al, 2014). A phase II
randomized study to evaluate the effects of bee venom
acupuncture in 68 participants with adhesive capsulitis (frozen
shoulder) (NCT01526031) and another one in 60 patients with
chronic cervicalgia (NCT01922466) were completed in 2012 and
2015, respectively.

Bee venom designated as apitoxin (Apitox®) has been
marketed by Apimeds, Inc. for osteoarthritis in South Korea
since 2016. A phase III randomized study (NCT01112722) in 363
patients with diagnosed osteoarthritis of the knee was completed
in 2016 and a phase III randomized study (NCT03710655) for
multiple sclerosis is not yet recruiting patients (last update 2018).
Apitox® diminishes the pain and swelling associated with
rheumatoid arthritis, tendinitis, bursitis, and multiple sclerosis
(Bastos et al., 2011; Moreno and Giralt, 2015).

Another therapy for medicinal purposes is the hirudotherapy
(medicinal leech therapy), approved in 2004 by the FDA. Since
the beginning of civilization, leeches have been used for
therapeutic purposes (Koh and Kini, 2008; Abdualkader et al.,
2013). They are hematophagous animals that possess about 100
biologically active compounds in their saliva, especially the
anticoagulants, but also components with anti-inflammatory,
bacteriostatic, and analgesic properties (Singh, 2010). Many of
the compounds responsible for those activities have already been
identified (Sig et al., 2017), such as hirudin, kallikrein inhibitors,
calin, hyaluronidase, collagenase, histamine-like substances, and
antimicrobial peptides (e. g. theromacin, theromyzin, peptide B
and lumbricin) (Cooper and Mologne, 2017). H. medicinalis, also
known as the healing leech, is the main species used in the
therapy (Abdualkader et al., 2013). The hirudotherapy has been
shown to produce statistically significant improvement of
arthritic conditions (Cooper and Mologne, 2017) and has also
been applied in cardiovascular diseases, reconstructive and
microsurgery, cancer and metastasis, diabetes mellitus and its
complications, infectious diseases, arthritis, and as analgesic
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(Singh, 2010; Abdualkader et al., 2013). For an extensive review
regarding these venom therapies, please see (Mumcuoglu, 2014;
Jagua-Gualdron et al., 2020).

The hirudotherapy and all the toxin-based drugs approved by
the FDA are chronologically shown in the next timeline
(Figure 1).

ANIMAL TOXIN-BASED DRUG
DEVELOPMENT CHALLENGES

Animal toxins are most often useful as pharmacological tools for
target validation. However, in section Achievements With
Animal Toxin-Based Molecules it was shown that they have
also been successfully used as therapeutic agents.

Although there are examples of success, there is a gap between the
number of compounds with interesting pharmacological properties
obtained from animal poisons and venoms and those that are
approved. Drug development programs may be discontinued due to
several factors, like intellectual property disputes, changes in the
program leadership, lack of funding, among other business
decisions. The lack of publications regarding important data, during
the different stages of their development, also contributes to several
program discontinuations. While we sought to retrieve this
information from the scientific literature, this fact impairs most of
the process, concealing most of the key events.

The subsections Challenges Regarding Basic Research to
Challenges Regarding Clinical Trials will address the challenges
related to basic research, preclinical evaluation and clinical trials
during the development of animal toxin-based drugs. However,
many challenges faced during these stages are not available in the
scientific literature, since much of this information is under
intellectual property law for compounds that are still being
developed or for which the development stopped because of
internal issues.

Challenges Regarding Basic Research
One of the bottlenecks when studying toxins from small or rare
venomous species, such as scorpions and spiders, is the hardship in
obtaining large amounts of venom and purified toxins. For
example, the venom glands from Cupiennius salei spider contain
only 10 pl of venom, and the venom regeneration in milked animals
requires from 8 to 16 days (Wigger etal., 2002). On the other hand,
the snake Lachesis muta muta is able of injecting large venom
amounts (milliliters of venom yielding 200-400 mg of toxins)
(Stransky et al., 2018). The higher amount of collected snake
venom is one of the reasons that may explain why most of the
approved animal toxins-based drugs come from these animals.
Mucus-rich samples, such as toad and frog poisons, is also
another issue, which may hinder the use of omic approaches
(Shibao et al., 2018). In this context, studies comprising animal
toxins are not a simple task since many challenges must be
addressed. The small amount obtained from different poisonous
and venomous animals, together with the nature of the venom/
poison allied with the difficulty in isolating specific toxins, are the
main limitations faced during basic research. Overcoming these
limitations is thoroughly discussed in section Filling the
Gap Between the Drug Discovery and Its Commercialization—
Future Trends.

Challenges Regarding Preclinical
Evaluation

Problems in the development of toxin-based drugs encompass
selectivity, mechanism of action, formulation, stability, and
production cost (Zhang and Falla, 2009). Besides the modern
approaches using omic techniques, molecular biology,
bioconjugation, and nanomaterials in animal venom research,
venom components do not always meet all the requirements for a
potential therapeutic application. Drug metabolism and
pharmacokinetics properties of animal toxins, for instance, are key
factors that need to be carefully optimized (Kovalainen et al., 2015).

Snake Leech Cone snail Leech Lizard
Enalapril Bivalirudin  Ziconotide Leech therapy Lixisenatide

1985 20|00 20104 20|04 2016

1980s

| 1

1981 1998 2003 2005 2011

Snake Snake Leech Lizard Lizard
Captopril Tirofiban Desirudin Exenatide Extended-release

Eptifibatide exenatide
FIGURE 1 | Timeline showing the animal toxin-based drugs and hirudotherapy approved by the FDA.
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In this regard, after overcoming the challenges imposed during
the basic research, like obtaining enough amount of the toxin, it
becomes necessary to stand up against some pitfalls faced during
preclinical evaluation. Some compounds lack the ability of crossing
pivotal barriers in the organism, including the blood-brain barrier,
which may interfere in their delivery. Additionally, the susceptibility
to blood proteases, as well as their immunogenicity, which are
directly linked to biopharmaceutical degradation in vivo, are also
important factors to be considered. Due to the relatively large size
and other specific physicochemical properties, parenteral
administration is currently the most used delivery route for
approved venom-based drugs (Table 1) (Ibraheem et al., 2014;
Duskey et al., 2017).

Considering all the challenges at this phase, preclinical studies
are usually costly and lengthy, since they must attend all the
requirements stated by the regulatory agencies throughout the
world. In this respect, regulatory issues, together with problems
related to lack of funding, and manufacturing problems, have
been a hindrance for academics pursuing to advance their drug
candidates into the clinical trials.

Challenges Regarding Clinical Trials
Randomized clinical trials are the gold standard to evaluate
specific drug-related issues such as the efficacy and, to a lesser
extent, the safety of new medicines before marketing approval.
But these studies are not often able to evaluate special
populations, such as children, pregnant women, and the
elderly (Trifiro et al., 2019). To overcome these limitations,
studies using electronic healthcare records (EHRs) of
post-marketing comparative drug safety may complement
traditional spontaneous reporting systems to predict which
drugs require further epidemiological investigation. For
instance, a multi-country healthcare database network
identified new signals of potentially drug-induced acute liver
injury in children using EHRs (Ferrajolo et al., 2014). A method
of enhancing effectiveness of therapeutic agents using taxane
nanoparticle co-administered with the therapeutic agent has
been recently patented (US10660965B2).

On this point, the obstacles faced during the process of
approving a new drug are harder to overcome than just
improving its drugability, with two mainly issues contributing at
this stage. First, new therapeutic drugs must achieve very high
standards to be accepted, since they may have to compete with older
and well-known drugs on the market, which may be more effective
and cheaper, in most cases (because of the expired patent, for
instance) (Scannell et al., 2012). Another problem is when the role
of the toxin’s target on the disease state is less relevant than
previously thought for the manifestation of a particular disease,
resulting in low efficacy. Even more, unexpected and unwanted
effects could be observed in vivo if the target is expressed at different
cells or if the toxin binds promiscuously to other targets (Scannell
etal., 2012; Harvey, 2014; Vetter et al., 2017). In this context, adverse
effects, lack of efficacy and dose-limiting toxicity are responsible for
the interruption of many clinical trials (Harvey, 2014; Lewis, 2015).

LEARNING FROM DISCONTINUED TOXIN-
BASED DRUGS

Most cases of drugs withdrawn from the market (voluntarily or
prohibited by regulatory agencies) are related to different events,
ranging from safety issues, like serious side effects, to several non-
safety issues, encompassing those related to the manufacturing
process, regulatory or business issues, or lack of efficacy. The
foreseen toxicity of some toxin-based drugs may not be
completely avoided, impairing the process at different stages of
drug development. Therefore, understanding the mechanisms of
toxicity is of utmost importance as an attempt to prevent post-
marketing withdrawals (Siramshetty et al., 2016).

A mimetic peptide isolated from Naja spp. cobra venom,
ximelagatran (Exanta®, AstraZeneca), was discontinued in 2006,
due to hepatotoxic potential (King, 2011). This prodrug
anticoagulant agent, orally administered, had been approved in
Europe and South America for thrombin inhibition (Eriksson
et al.,, 2003; Koh et al., 2006; Fox and Serrano, 2007; King, 2011).
While Ximelagatran was mostly well tolerated in specific trial
populations, a small proportion of the treated patients developed
elevated liver enzyme levels, during phase II of clinical trials,
which caused the FDA to reject its approval.

A phase IIT study of agkisacutacin (also known as
hemocoagulase) in perioperative bleeding (Wei et al, 2010) was
ceased due to anaphylactic reactions (Xu et al., 2016). The enzyme,
which acts on fibrinogen and fibrin, is a heterodimeric serine
protease from Deinagkistrodon acutus venom whose monomers A
and B are comprised of 123 and 129 amino acid residues,
respectively, linked by a disulfide bond (Wei et al., 2010). On the
other hand, a phase IV randomized study (NCT03270735) to
evaluate the efficacy and safety of hemocoagulase injection in the
treatment of moderate to severe hemoptysis is recruiting patients
since 2017. However, updated information regarding the evolution
of this study could not be retrieved.

Pexiganan, also known as MSI-78 (a 22-residue linear peptide
analogue of magainin-2), isolated from the skin of Xenopus laevis
frog, is an antimicrobial peptide with therapeutic potential in
treatment of infected foot ulcers in diabetic patients. The
molecule presents in vitro activity against both Gram-positive and
Gram-negative bacteria. The company Dipexium Pharmaceuticals,
Inc. patented a 0.8% pexiganan acetate cream (Locilex® or Cytolex)
but, in 1999, FDA denied the approval of this medicine arguing that
its efficacy was not proven superior to that of the conventional
treatment in any of the clinical trials (Ladram and Nicolas, 2016;
Gomes et al, 2017).

Following the approval of ziconotide, other conotoxins, such as
leconotide and Xen2174, were synthesized, studied and advanced to
clinical trials. Leconotide (AM336 or m-conotoxin CVID from
Conus catus) caused side effects when intrathecally administered
and would be intravenously evaluated, but the developer company
went bankrupt (Harvey, 2014). Xen2174 (x-CTX MrIA from C.
marmoreus) progressed to Phase IIb trial (Lewis, 2015), but it
showed dose-limiting toxicity in pharmacodynamics and
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cerebrospinal fluid pharmacokinetics assays. Thus, it is unlikely that
this conotoxin can be used for the treatment of acute pain in
humans (Okkerse et al., 2017).

Alfimeprase, a recombinant zinc metalloprotease fibrolase from
Agkistrodon contortrix with 203 residues and three disulfide bonds,
cleaves the Aci- and B-chains of fibrin, releasing fibrinopeptides A
and B, respectively (King, 2011; Koh and Kini, 2012; Swenson and
Markland, 2013). This molecule reached phase III of clinical trials in
catheter occlusion and stroke; however, it was discontinued due to
the lack of effectiveness (Shah and Scher, 2007; Markland and
Swenson, 2010).

Among the several reasons for the interruption of many drug
development programs are also intellectual property conflicts,
lack of funding, business issues or changes in development
leadership. In the case of lepirudin (Reﬂudan®), for instance,
its marketing was discontinued by Bayer in 2012 because the
third-party manufacturer of the product had permanently ceased
production of the drug (Bayer Healthcare, 2012). But the reasons
that led to the manufacturing interruption have not been
published, which prevents the proposal of solutions. Lepirudin
is a recombinant peptide similar to hirudin, with an isoleucine
instead of a leucine at N-terminal region and also lacking a
sulfate group at Tyr63. It was marketed for prophylaxis or
treatment of thrombosis complicating heparin-induced
thrombocytopenia (Lee and Ansell, 2011).

The process of looking for information on drug removals from
the market or haltered developments is a difficult task, since some of
them are not available for several reasons aforementioned, and the
data retrieved from public databases are significantly limited. In
other words, factors that have not been published could have
contributed to the discontinuation of the program.

PROMISING ANIMAL TOXINS IN
PRECLINICAL STAGE AND CLINICAL
TRIALS

The database search for toxin-based drugs on clinical trials is
challenging. One needs to know the acronym or the abbreviation
of the desired active ingredient, since sometimes neither the
species nor the generic name is cited to allow a broad search.
Furthermore, most of the information on these drugs is
confidential and thus not available in the public domain.
Another problem is that a lot of available data for some drugs
have not been updated for several years, which makes it difficult
to find accurate details.

Clinical development is a lengthy and costly process that
includes phases I to III of clinical trials (previous regulatory
review and approval) and phase IV (post-marketing surveillance)
(Chow and Chang, 2008). Phase I recruits healthy volunteers to
assess primarily pharmacokinetics, safety and tolerability; phase
IT evaluates a cohort of patients with the target disease to
establish efficacy and dose-response relationship, and the large-
scale phase III studies confirm safety and efficacy (Tamimi and
Ellis, 2009). Phase IV clinical development focus on the safety
rather than efficacy (Chow and Chang, 2008).

The following subsections will address the clinical trial status
of some toxin-based drugs from different animal species and
additional information about these drugs is available in Table 2.

Amphibians

Chansu, the dried toad venom secreted by the skin glands of Bufo
gargarizans (previously B. bufo gargarizans) or Duttaphrynus
melanostictus (previously B. melanostictus), has been used in the
Traditional Chinese Medicine for more than 1000 years (Qi et al.,
2011). Bufalin, the major digoxin-like immunoreactive component
of Chansu, is a cardiotonic glycoside (bufadienolide) present in toad
poisons and has demonstrated anticancer activities in several
preclinical studies (Miao et al., 2013). Cinobufagin and
resibufogenin are also bufadienolides present in Chansu, capable
of inhibiting cancer cells growth in vitro (Xie et al, 2012; Li
et al,, 2013).

Huachansu (also known as cinobufacini) is a sterilized
aqueous extract of Chansu, designed for intravenous injection,
and has been widely used in oncological clinics in China to treat
patients with several types of cancer, being approved by the
NMPA (formerly China FDA) (Qi et al., 2011; Liu et al., 2015).
The major biologically active components present in huachansu
are steroidal cardiac glycosides, such as bufalin, resibufogenin,
cinobufagin, cinobufotalin, marinobufagin (also known as
marinobufagenin) and bufotalin, and indole alkaloids, like
bufotenine, bufotenidine, cinobufotenine, and serotonin (Su
et al., 2003).

During a phase I clinical study, huachansu was tolerable even
at doses 6 times higher than those normally administered, and
could slow disease progression in some cancer patients, with no
observed significant cardiac toxicity (Meng et al., 2009).

The efficacy and safety of gemcitabine-oxaliplatin (Gemox)
combined with huachansu chemotherapy is an effective and well-
tolerated regimen for advanced and metastatic gallbladder
carcinoma (Qin et al, 2008). Another study showed that
huachansu combined with chemotherapy reduced the occurrence
of gastrointestinal side effects and leukocytopenia in patients with
advanced gastric cancer (Xie et al., 2013).

Many in vitro studies demonstrating anticancer properties of
huachansu justify its continued evaluation in clinical trials. Phases
II and III studies started recruiting participants, in 2016, to
evaluate if cinobufacini tablets have synergistic effect in the
treatment of diffuse large B cell lymphoma, the most common
subtype of non-Hodgkin lymphoma. The estimated date of
conclusion of the study is December 2021 (NCT02871869).

Bombesin is a peptide composed of 14 amino acids
(EQRLGNQWAVGHLM-NH,), isolated from the poisonous
skin of the frog Bombina bombina, that shows high affinity for
gastrin-releasing peptide-receptors (Tornesello et al., 2017;
Utkin, 2017). Overexpression of members of this receptor
family has been documented in several human neoplasms,
such as prostate cancer, breast cancer, and small cell lung
cancer. In this way, these receptors represent a molecular
target for radiolabeled bombesin analogues as diagnostic or
radiotherapeutic applications in these tumors (Schwartsmann
et al., 2006; Wieser et al., 2014). Gallium-68 (68Ga)-DOTA-
bombesin completed phase II in 2017 with 10 patients presenting
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TABLE 2 | Toxin-based drugs in clinical trials.

Molecule (NCT Species origin Production Formulation Mechanism of action Use Status(last update) Reference
number) of venom toxin
ACV-1 (a-Vc1.1)  Conus victoriae ~ Synthetic S.c. injection Activation of GABAg Neuropathic Phase Il—discontinued (Clark et al.,
- Discontinued " receptors pain (lack of efficacy) 2010; King,
2011)
Agkisacutacin, Deinagkistrodon ~ Recombinant l.v. infusion (2U) Fibrinogen and fibrin Perioperative Phase Ill ceased (Wei et al.,
Hemocoagulase, acutus cleavage bleeding; (2016); phase IV 2010)
Recothrom® moderate to recruiting (September
(NCT not severe 1, 2017)
available; hemoptysis
NCT03270735) @
Alfimeprase - Agkistrodon Recombinant Parenteral Cleaves Aa.-chain of Catheter Phase Ill terminated (Swenson
Discontinued contortrix administration (up to fibrin and fibrinogen occlusion and (based upon et al., 2004;
(NCT00338585) @ contortrix 0.5 mg/kg was stroke preliminary safety and  Ouriel et al.,
tolerated) efficacy results froma  2005)
similar study) (January
15, 2008);
Ancrod Calloselasma Recombinant l.v. infusion (0.167 IU/kg Reduce fibrinogen Sudden Phases I/l completed  (Hennerici
(Viprinex®) rhodostoma for 6 h) sensorineural (December 21, 2018) et al., 2006)
(NCT01621256) @ (Malasyan pit hearing loss
viper)
Bombesin Bombina Synthetic l.v. Attaches to prostate Imaging agent Phase Il completed (US National
(NCT02440308) " bombina tumor cells with specific ~ for positron (April 11, 2017) Library of
receptors on their emission Medicine,
surfaces tomography/ 2020)
magnetic
resonance
imaging
Cenderitide, CD-  Dendroaspis Chimeric l.v. infusion (10, 25, 50,  Connection to Congestive Phase | completed (Leeetal,
NP angusticeps natriuretic 100, 200, and 300 ng/  natriuretic peptide cardiac failure, (June 6, 2007; 2009)
(NCT00482937, peptide kg/min over 4 h) or receptor heart failure and ~ February 11, 2020 and
NCT02603614, subcutaneous infusion myocardial January 4, 2019)
NCT02359227 (0.5,1.0,2.0, and 3.0 infarction
and ng/kg/min) or IV infusion
NCT02071602) (5 and 10 ng/kg/min
over 72 h)
Chlorotoxin Leiurus BLZ-100: l.v. infusion (BLZ-100: Binds to different Tumor paint for ~ Phase | completed (Patil et al.,
derivates - quinquestriatus  Synthetic/131-  dose unknown/31-I- targets (membrane intraoperative (April 6, 2016 and 2019; US
Tozuleristide quinquestriatus ~ 1-TM-601: TM-601: 0.2, 0.4, and type-2 matrix visualization of March 31, 2009) National
(BLZ-100) (Deathstalker Recombinant 0.6 mg) metalloprotease, solid cancer Library of
(NCT02234297) yellow scorpion) annexin A2, and CLC-3  cells Medicine,
and 131-1-TM- chloride channels in 2020)
601 glioma cells and other
(NCT00379132) ™M tumors of
neuroectodermal origin)
Cinobufacini Bufo gargarizans Sterilized water 0.3 g per tablet, three  Induction of apoptosis;  Several types of ~ Phase II/Ill recruiting (US National
(Buformin®) or Duttaphrynus  extract of dried tablets per time inhibition of cancer cells  cancer (July 17, 2017) Library of
(NCT02871869) melanostictus toad skin Medicine,
(Chansu) 2020)
Conantokin-G Conus Synthetic Intrathecal NMDA receptor Intractable Phase |—discontinued (Han et al.,
(CGX-1007) - geographus antagonist epilepsy (the developer 2008; King,
Discontinued " company went 2011)
bankrupt)
Contulakin-G Conus Synthetic Intrathecal Neurotensin receptor Neuropathic Phase Il—discontinued (Han et al.,
(CGX-1160) - geographus agonist pain (the developer 2008; King,
Discontinued " company went 2011)
bankrupt)
Dalazatide, ShK-  Stichodactyla Synthetic S.c. injection twice per  Kv1.3 channel Autoimmune Phase | completed (US National
186, helianthus week for a total of nine  antagonist diseases (May 6, 2015) Library of
Stichodactyla (Sun sea doses (psoriatic Medicine,
anemone) arthritis, multiple 2020)
(Continued)
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TABLE 2 | Continued

Molecule (NCT Species origin  Production Formulation Mechanism of action Use Status(last update) Reference
number) of venom toxin
toxin ShK sclerosis, lupus,
(NCT02435342) M rheumatoid
arthritis, etc.)
Desmoteplase Common Recombinant  l.v. single bolus (90 or Plasminogen activator Acute ischemic  Phase Il completed (US National
(NCT00790920 vampire bat 125 pg/kg of body a1 with high fibrin stroke (September 18, 2015 Library of
and (Desmodus weight) specificity and March 20, 2012) Medicine,
NCT00111852) @  rotundus) 2020)
Fibrin glue, fibrin Crotalus Thrombin-like  Topically Fibrinogen cleavage Adhesive, Phase I/Il completed (Ferreira et al.,
sealant @23 durissus serine protease sealant, and by the Clinic of 2017;
terrificus and from snake hemostatic Chronic Ulcers of the Buchaim
Bubalus bubalis  venom and effects Dermatology Service at et al., 2019)
fibrinogen-rich the Botucatu Medical
cryoprecipitate School, UNESP
from buffalo (November, 11, 2019)
blood
Huachansu Bufo gargarizans  Sterilized water 20 ml/m? for total Induction of apoptosis;  Several types of  Phase Il completed (US National
(NCT00837239 or Duttaphrynus — extract of dried 500 ml given as a 2-h  inhibition of cancer cells  cancer (July 12, 2012) and Library of
and melanostictus toad skin infusion active, not recruiting Medicine,
NCTO02647125) (Chansu) (April 30, 2020) 2020)
Leconotide Conus catus Synthetic 3-6 pg/h (intrathecal) Selective blocker of Neuropathic Phase I/lla— (Kolosov
(AM336 or m»- Cay2.2 channel pain discontinued (the etal., 2010;
conotoxin CVID) developer company King, 2011;
- Discontinued " went bankrupt) Harvey, 2014)
RPI-78M Naja kaouthia Detoxified or Orally (with Connetion to nicotinic Analgesic Manufacturing for (King, 2011;
(Receptin®) (NCT chemically benzalkonium chloride)  acetylcholine receptors  applications and  clinical trials (October  Drug
not avaiable) @ modified (NAChRs) multiple sclerosis 28, 2018) discovery and
development,
2016; Adis
Insight, 2018;
Ojeda et al.,
2018)
RPI-MN Naja naja atra Detoxified or S.c. injection Connection to nicotinic  Analgesic Phase | and Il (Biocentury,
(Pepteron®) chemically acetylcholine receptors  applications and  completed (January 2007; King,
(NCT not modified (nAChRs) and can HIV 28, 2020) 2011; Adis
avaiable)® protect cells due to its Insight, 2020)
ability to inhibit viral
replication
Shk-192 - Stichodactyla Synthetic 10 or 100 pg/kg by s.c.  Ky1.3 channel blocker  Autoimmune Phase | (Pennington
Discontinued " helianthus injection once daily disease et al., 2009;
King, 2011)
Soricidin, SOR- Blarina Synthetic .v. infusion (dose range  Inhibitor of the Ca? Ovarian (and Phase | completed (US National
C13 brevicauda from 1.375t0 6.12 mg/  *-selective transient other) cancers (June 23, 2016) and Library of
(NCT01578564 (Northern short- kg) receptor potential recruiting (August 6, Medicine,
and tailed shrew) channel TRPV6 2019) 2020)
NCT03784677) "
Tetrodotoxin Pufferfish, Synthetic Different injectable Sodium channel blocker  Neuropathic Phase Il terminated (US National
(T ectin®) marine animals dosages (1 ml), twice a pain caused by  (decided to proceed to Library of
(NCT01655823) ¥ and day for four consecutive chemotherapy ~ Phase lll) (October 30, Medicine,
phylogenetically days 2018) 2020)
unrelated
terrestrial
organisms
Xen 2174 (x-CTX Conus Synthetic Intrathecal Interacts with a large Postoperative Phase llb (2015)— (Brust et al.,
MriA) - marmoreus hydrophobic pocket pain discontinued 2009; King,
Discontinued within the 2011; Lewis,
norepinephrine 2015)
transporter
Ximelagatran Naja spp. Synthetic 36 mg orally twice daily. Direct thrombin inhibitor ~ Prevention of Phase Ill terminated (Gulseth,
(Exanta®) - venous (November 15, 2010)  2005; King,
—withdrawn from the ~ 2011)
(Continued)
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TABLE 2 | Continued

Molecule (NCT
number)

Species origin Production Formulation

of venom toxin

Discontinued
(NCT00206089) ¥

Mechanism of action

Use Status(last update) Reference

market and clinical
development in
February 2006 in the
interest of patient
safety (hepatic toxicity)

thromboembolic
events

1), peptide; 2), enzyme; 3), non-enzyme protein; 4), organic molecule; i.v., intravenous, NCT, ClinicalTrials.gov identifier; s.c., subcutaneous.

prostate cancer. It is an imaging agent for positron emission
tomography/magnetic resonance imaging and attaches to tumor
cells with specific receptors on their surfaces (NCT02440308).

Different chemical modifications have been introduced in the
synthetic bombesin to stabilize its structure, increase the binding
affinity and to potentiate its agonist/antagonist properties
(Cescato et al., 2008; Tornesello et al., 2017). A large variety of
bombesin receptor ligands have been preclinically tested, most of
which were bombesin agonists (Baratto et al., 2018). However,
most of these ligands demonstrated high gastrointestinal uptake
and limited metabolic stability in vivo, and can cause acute side
effects (nausea, abdominal pain and emesis) when administered
at higher doses (Accardo et al., 2016).

A synthetic bombesin/gastrin-releasing peptide-receptor
antagonist (RC-3095) was able to produce long-lasting tumor
regressions in murine and human tumor models in vitro and in
vivo. Due to the occurrence of local toxicity at the injection site
during a phase I trial in patients with advanced solid malignancies, a
recommended dose of RC-3095 for Phase II trials could not be
clearly established (Schwartsmann et al, 2006). Considering its
mechanism of action and preclinical antitumor activity, further
studies exploiting new formulations of RC-3095 for human use,
such as slow-release preparations and analogues with a more
favorable pharmacokinetics, are justified.

Epibatidine is an alkaloid extracted from the skin of the
Ecuadorian frog Epipedobatus tricolor (poison-dart frog). This
molecule binds to several nAChR subtypes, including o7, 04[32,
and the neuromuscular o118y subtype. Antinociceptive efficacy
of epibatidine is about 100 times more powerful than morphine,
but it has induced adverse effects, revealing high toxicity to be
used as a pain-relieving drug (Traynor, 1998; Salehi et al., 2019).

Many compounds based on the chemical structure of
epibatidine have been developed and tested to become new,
powerful pain-reducing drugs (Daly, 2004; Umana et al., 2013).
An example is ABT-594 (tebanicline or ebanicline) (Salehi et al.,
2019). ABT-594 is of particular interest once it is more powerful
than morphine showing no morphine-associated side effects and
only mild cardiovascular side effects (Fox and Serrano, 2007).
Due to severe gastrointestinal side effects caused by this first
analogue of epibatidine, it has not been included in pain
therapies in humans (Salehi et al., 2019).

Cone Snails

Conotoxins, isolated from different species of cone snails (Conus
ssp.), comprise a large family of small cysteine-rich peptides (10—
30 amino acid residues) organized in subfamilies according to

their structure (cysteine framework) and their mechanism of
action (Lewis et al., 2012; Ovsepian et al., 2019). Undoubtedly,
omega-conotoxins represent the most notable and famous
conotoxin subfamily, in which omega-MVIIA [ziconotide
(Prialt®)], previously reported in the section Achievements
With Animal Toxin-Based Molecules, belongs to.

KCP-400 (also known as RgIA4), derived from Vcl.1, the first
toxin isolated from C. regius venom, is a novel non-opioid drug
for the treatment of chronic pain. Vcl.1 is a highly potent toxin
that targets 090110 nAChR, blocking pain signaling at the site of
nerve injury, producing analgesic, anti-inflammatory and
neuroprotective effects (Romero et al., 2017). The preclinical
safety and efficacy studies of KCP-400 had been conducted by
Kineta Inc., which is currently developing the non-opioid KCP-
506 (Kineta Inc., 2020).

Because of their high potency and specificity, novel
conotoxins can provide additional information on the
pharmacology of ion channels, receptors, and transporters
(Lewis et al., 2012; Gao et al., 2017).

Hymenopterans

The whole venom of bees (Alyostal ST Apis mellifera) completed a
randomized phase II study, in 2014, to evaluate its efficacy and
potential effects in 50 participants presenting motor symptoms of
Parkinson’s disease (NCT01341431). The administration of bee
venom showed to be safe in non-allergic patients (Hartmann
et al, 2016). Following the same direction of bee venom, the
whole venom of ants has been employed in therapeutic use. For
instance, the extracted material from venom sacs of Pseudomyrmex
triplarinus could be helpful in relieving the pain caused by
rheumatoid arthritis (W0O1990003178A1, US4247540A).

The whole venom of wasps, bees and ants are also being used
in venom immunotherapy (VIT), which represents a treatment
to allergic patients preventing further sting-induced anaphylactic
reactions (Kolaczek et al., 2017). Several clinical protocols and
guidelines were published and generally consist of injections of
small but gradually increasing doses of a specific venom
(Bonifazi et al., 2005).

Despite those studies published employing hymenoptera
whole venoms, little has been reported on the therapeutic
applications of purified toxins. Thus far, the most explored
hymenoptera venom components are melittin, apamin (both
isolated from bees), and mastoparan (isolated from wasps)
(Moreno and Giralt, 2015). All those three components arise
as promising drug candidates for several conditions or
therapeutic applications, such as antitumor agents (Gajski and
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Garaj-Vrhovac, 2013; de Azevedo et al.,, 2015), learning
disabilities (Messier et al., 1991; Tkonen and Riekkinen, 1999),
antimicrobial and antiviral activity (Vila-Farres et al,, 2012;
Sample et al., 2013), cell penetrating-peptides (Jones and Howl,
2012), among other applications.

Concerning melittin, a phase II study of ARC-520 in 79
participants with chronic hepatitis B virus (HBV) was terminated
for regulatory and business reasons in 2019 (NCT02577029). The
Dynamic Polyconjugate® technology, developed by Arrowhead
Therapeutics, uses melittin as an endosomolytic agent to facilitate
the delivery of siRNA conjugates to hepatocytes (US8313772;
US8501930; US8618277; W02013003520A1).

Scorpions

Chlorotoxin (CTx) is the only toxin from scorpion venoms
undergoing clinical phase trials. The evidence of a venom
molecule that interacts with chloride (Cl") channels was firstly
demonstrated by DeBin and Strichartz, which showed that
Leiurus quinquestriatus quinquestriatus (the yellow scorpion
from the Middle East, also known as death stalker) venom was
able to block CI" channels of reconstituted rat epithelia and
embryonic rat brain (DeBin and Strichartz, 1991). CTx is a
peptide with 36 amino acids presenting 4070 Da, 4 disulfide
bonds and it is positively charged in pH 7. Moreover its structure
was solved by nuclear magnetic resonance spectroscopy: three-
stranded antiparallel B-sheet packed against an o-helix (Lippens
et al., 1995). The synthetic CTx was also produced successfully
(Ojeda et al., 2016).

CTx discovery was marked by a substantial rise of publications
using this molecule for different applications, such as insecticide
(DeBin et al., 1993), antiangiogenic (Jacoby et al., 2010), and tumor
binding (Cohen-Inbar and Zaaroor, 2016). CTx has demonstrated
the capability to bind to different targets including chloride
channels, membrane type-2 matrix metalloprotease (MMP-2) and
annexin A2 (Ojeda et al., 2016). However, a milestone in the CTx
discovery was the production of fluorescent molecular probes such
as the tumor paint (CTx conjugated with Cy5.5 or CTx : Cy5.5).
This bioconjugate can detect cancer foci and metastases from
malignant glioma, sarcoma medulloblastoma and prostate and
intestinal cancers using mouse models. The specific identification
by this fluorescent molecular beacon (CTx : Cy5.5) increases the
precision of surgical resection (image guidance) and improves
patient prognosis (Veiseh et al.,, 2007). CTx:800CW (an infrared
dye conjugate) was also produced; however, it has failed since the
integrity of the blood-brain barrier was compromised even in the
early stages of medulloblastoma tumor (Kovar et al., 2013).

Tozuleristide (BLZ-100), a CTx indocyanine green conjugate,
demonstrated to bind to tumor cells while sparing healthy tissues
(Butte et al., 2014). Phase I studies of BLZ-100 in 17 patients with
glioma undergoing surgery were finished in 2016 (NCT02234297).
The 131-1-TM-601 is the recombinant version of chlorotoxin (TM-
601) radioconjugated with iodine 131 (Hockaday et al, 2005;
Kesavan et al, 2010). It has been tested against different cancers
(breast cancer, non-small cell lung cancer, melanoma, colorectal
cancer, pancreatic cancer, prostate adenocarcinoma, glioma primary
and solid tumors). The Phase I with 60 patients presenting recurrent

or refractory somatic and/or cerebral metastatic solid tumors was
completed in 2009 (NCT00379132). Regarding intellectual property,
many patents applications can be detected relating to CTx variants,
bioconjugates and methods for use, with an extensive list of records
(e.g- WO2011142858A2; WO20006115633A2; US20030021810A1;
US20160096869A1; US20080260639A1).

Although solely CTx reached clinical phase so far, other scorpion
toxins have demonstrated therapeutic potential. For instance, the
scorpion venom active polypeptide (SVAP) from Mesobuthus
martensii (formerly B. martensii) has completed preclinical phase
as a potential antithrombotic peptide. The results demonstrated that
SVAP (0.125, 0.25, 0.5 mg/ml) inhibited rabbit platelet aggregation
in vitro. Moreover, this peptide (0.32 and 0.64 mg/kg, intravenous
administration) prolonged the occlusion time of carotid artery
thrombosis in rats. Thus, SVAP may be considered an interesting
molecule to be used in the treatment of cardiocerebral vascular
diseases (Song et al., 2005).

Cancer treatment is also explored with other scorpion toxins.
Besides CTx, BmKCT, a CTx-like molecule from M. martensii
venom, reversibly inhibits chloride currents of glioma cells (Yang
et al., 2005). BmkTa, also a CTx-like from M. martensii venom, is
able to abolish the human glioma cells growth in a dose-dependent
manner, with an ICs, of approximately 0.28 uM (Fu et al., 2007).
Although some peptides must be highlighted (AmmTx3, BmTx3,
Bekm-1, BmHyA, and IbTx), the list of scorpion toxins with
antiproliferative activities is extensive (Das Gupta et al., 2007; Fu
et al.,, 2012; Ding et al., 2014; Ortiz et al., 2015).

Scorpion toxins blocking potassium channels have also been
widely investigated. In particular, those inhibiting K, 1.3 currents are
considered potential bioactive molecules to treat autoimmune
diseases (Zhao et al., 2015). To the best of our knowledge, there
are 81 scorpion toxins with positive results in inhibiting K,1.3
(Oliveira et al,, 2019). Nevertheless, only eight of them present in
vivo assays (i.e. most of them were studied using solely in vitro
electrophysiological experiments). 1) HsTX1 from Heterometrus
spinifer venom demonstrated to reduce inflammation in an active
delayed-type hypersensitivity model and in the pristane-induced
arthritis using rat models (Tanner et al., 2017). 2) ImKTX88 from
Isometrus maculatus venom ameliorates pathological severity in rat
experimental autoimmune encephalomyelitis (Huang et al., 2017).
3) Kaliotoxin (Ktx) from Androctonus mauretanicus mauretanicus
venom showed the ability of preventing bone loss through a
receptor activator of NF-kB ligand (RANKL)-dependent
osteoclastogenesis mechanism, using rat periodontal disease
model. Thus, Ktx has been tested to treat periodontal disease and
rheumatoid arthritis (Valverde et al., 2004). 4) Margatoxin (MgTX)
from Centruroides margaritatus venom caused a reduction of tumor
volume into a xenograft model using nude mice by blocking K,1.3
channels, and it is being considered as a novel therapeutic target for
lung adenocarcinoma therapy (Jang et al, 2011). 5) OSK1 from
Orthochirus scrobilosus venom displayed blocking activity of K,1.3;
however, during in vivo experiments, it demonstrated to be
neurotoxic since it can diffuse immediately throughout the mouse
brain (Mouhat et al, 2005). 6-7) Ts6 and Tsl5 from Tityus
serrulatus venom inhibit the proliferation of effector memory T
cells and reduce inflammation in delayed-type hypersensitivity
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response using mice model (Pucca et al, 2016). 8) Vm24 from
Vaejovis mexicanus smithi venom reduces delayed-type
hypersensitivity reactions in rats (Varga et al, 2012), as well as
impairs the synthesis and secretion of T cell cytokines in response to
T-cell receptor engagement (Veytia-Bucheli et al., 2018).

Some reports have shown that maurocalcine from the
scorpion Maurus palmatus, a toxin active on ryanodine
receptors, goes into the cells and can also be used as a vector
for the penetration of cell-impermeable cargo molecules.
Mutated analogues of maurocalcine have been produced as
leads to develop better cell-penetrating peptides (CPPs) (Esteve
et al.,, 2005; Ram et al., 2009). CPPs are short (9-35 residues)
cationic or amphipathic molecules with the capability of being
rapidly internalized across cell membranes. In this way, they can
mediate the translocation of a conjugated drug across plasma
membranes, being considered an effective and non-toxic
mechanism for drug delivery (Ramsey and Flynn, 2015). The
first Ca** channel toxin from T. serrulatus venom, designated as
CPP-Ts, exhibited selective internalization properties and
specific nuclear delivery, being a potential intranuclear delivery
tool to target cancerous cells (de Oliveira-Mendes et al., 2018).

Sea Anemones

Sea anemones, the polyp form of marine coelenterates of the
phylum Cnidaria (Watters, 2005), are poorly studied, but
represent a rich source of new compounds. ShK-186, originally
isolated from Stichodactyla helianthus sea anemone venom,
inspired the design of dalazatide, a synthetic peptide composed
of 37 amino acids, acting as a K,1.3 inhibitor (Beeton et al.,
2006). In preclinical tests, dalazatide have significantly reduced
the clinical score of rat model of multiple sclerosis (Tarcha et al.,
2012). Dalazatide completed phase I trials in 2015 to examine the
safety of systemic multiple ascending dose administration in 32
healthy volunteers (NCT02446340) and in 24 patients with
plaque psoriasis (NCT02435342). No phase II study has been
started since then. However, public databases (e.g., the FDA,
Drugs.com, etc.) do not mention what happened to this
drug lead.

Snakes

Recently, collinein-1, a SVSP from Crotalus durissus collilineatus
venom (Boldrini-Franca et al., 2015) was recombinantly
expressed in Pichia pastoris system (Boldrini-Franca et al,
2019) and demonstrated to block, independently from its
catalytic activity, the hEAG1 ion channel, which is
overexpressed in several cell cancer lines. Collinein-1 reduced
the viability of human breast cancer cell line MCF7, which
displays high expression of hEAGI, but does not affect the
HepG2 and MCF10A cell lines, which present low expression
of this ion channel, demonstrating that the reduction of cell
viability might be connected with hEAGI inhibition by this
protein (Boldrini-Franca et al., 2020).

Isolated from the Malayan pit viper (Calloselasma
rhodostoma), ancrod is a thrombin-like enzyme able to release
fibrinopeptide A from fibrinogen Ao chain, causing
hypofibrinogenemia in humans (Reid, 1971). Structurally, it is

composed of 234 amino acids and presents six disulfide bonds
(Burkhart et al,, 1992). Because of its enzyme activity on
fibrinogen (Chan et al., 2016), this toxin was used in stroke
treatment (Pizzo et al., 1972), marketed for several decades by
Knoll Pharma in Germany and Austria, until it was withdrawn in
the 1980s (Chan et al., 2016). In 2002 the rights of this drug were
licensed. Two parallel trials (NCT00141001 and NCT00300196)
were in phase IIT of clinical trials by Neurobiological
Technologies (NTI), but both studies were terminated due to
low efficacy, suboptimal and inconsistent results which led to the
dissolution of NTI in 2009 (King, 2011; Liu et al, 2011). A
randomized study involving this molecule completed phase II
trial in 31 patients with sudden hearing loss to check its
effectiveness, safety, and tolerance for this kind of pathology in
2018 (NCT01621256).

The association of 15 residues of the C-terminal portion of
Dendroaspis natriuretic peptide, isolated from D. angusticeps
venom, with 22 residues of a human C-type natriuretic peptide,
formed the chimeric natriuretic peptide, cenderitide (CD-NP)
(Lisy et al.,, 2008; Lee et al., 2009). It can be applied in
congestive heart failure, and its mechanism of action is
associated with the connection to natriuretic peptide receptors,
leading to hypotension (Wei et al., 1993; Lee et al., 2009). Studies
with this peptide completed phase I in 2007, in a non-randomized
way, to check its efficacy, safety, and pharmacodynamics in 22
healthy participants (NCT00482937) (Lee et al., 2009; Ichiki et al.,
2019). A phase II study in 14 patients with stable chronic heart
failure (NCT02359227) and a phase I/II randomized study in 8
patients with chronic stable heart failure and moderate renal
impairment (NCT02603614) were completed in February 2020.
Another phase I randomized study to maintain the function of left
ventricle in 30 participants with myocardial infarction was
completed in 2019 (NCT02071602).

Fibrin sealant or fibrin glue, a bioproduct formed by a
thrombin-like serine protease from C. d. terrificus venom and
fibrinogen-rich cryoprecipitate from humans, could transmit
infectious diseases and was suspended by the FDA in 1978
(Spotnitz, 2014; Ferreira et al., 2017). To overcome this
drawback, the Center for the Study of Venoms and Venomous
Animals (CEVAP) at Sdo Paulo State University (UNESP), in
Brazil, started studying the aforementioned fibrin sealant using a
fibrinogen-rich cryoprecipitate from Bubalus bubalis buffaloes
blood (Barros et al., 2009; Ferreira et al.,, 2017), and this
bioproduct completed phase I/II of clinical trials with 10
patients in phase I and 30 patients in phase II (Ferreira et al.,
2017). The fibrin glue displays adhesive, sealant and hemostatic
effects due to its proteolytic activity on fibrinogen, producing
fibrin monomers, which forms a clot in the presence of calcium
(Barros et al., 2009; Ferreira et al., 2017). Similarly, preliminary
studies have been conducted to evaluate the effect of direct
application of Vivostat® (autologous fibrin sealant) in
controlling cerebral bleeding (Graziano et al., 2015; Graziano
et al., 2016).

A 33 kDa-batroxobin from B. atrox and B. moojeni venoms
(Itoh et al, 1987; Earps and Shoolingin-Jordan, 1998) was
expressed in P. pastoris and exhibited biochemical activities

Frontiers in Pharmacology | www.frontiersin.org

m

July 2020 | Volume 11 | Article 1132


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Bordon et al.

Animal Toxin-Based Drug Discovery

similar to those of native protein (You et al., 2004). The
recombinant batroxobin used with a medical adhesive
synergistically accelerated hemostasis in the mouse liver and
femoral artery models, reducing bleeding time and blood loss.
Hemostasis was more rapidly achieved with increasing
concentrations of batroxobin (You et al., 2014). Other
dressings using collagen and chitosan with recombinant
batroxobin also controlled bleeding and improved the
hemostatic properties of collagen and chitosan pads used alone
(Seon et al., 2017).

An analgesic preparation containing cobratide and oxycodone
for cancer-related pain (CN104645312) and a keluoqu tablet
preparation method using tramadol hydrochloride, ibuprofen and
cobratide (also known as ketongning and cobrotoxin)
(CN105769791) have been patented. The anti-nociceptive effects
of cobrotoxin (the N. n. atra snake venom short-chain post-synaptic
o-neurotoxin cobratide) do not involve muscarinic acetylcholine or
opioid receptors and the molecule has high affinity for the o
subunit of the nicotinic acetylcholine receptors (nAChR) (Gazerani
and Cairns, 2014). Cobratoxin, a long-chain post-synaptic o.-
neurotoxin isolated from the Thailand cobra (N. kaouthia),
produces anti-nociceptive and anti-inflammatory effects through
decreased production of inflammatory cytokines, for example,
TNF-0, IL-1, and IL-2, via its high affinity for the o, subtype of
nAChR (Gazerani and Cairns, 2014).

RPI-78M (Receptin®) and RPI-MN (Pepteron®) are detoxified
and chemically modified forms of cobratoxin and cobrotoxin,
respectively (King, 2011; Harvey, 2014). RPI-78M has 71 amino
acid residues with five disulfide bonds and completed phase I of
clinical trials for multiple sclerosis, while RPI-MN presents 62
amino acid residues and four disulfide bonds (King, 2011). Both
molecules show analgesic applications and present the nAChRs as
molecular target (Chan et al, 2016). Although RPI-MN is
parenterally administered via subcutaneous injection, RPI-78M
can be orally administered, since its absorption through the oral
mucosa occurs when it is formulated with benzalkonium chloride
(Reid and Raymond, 2010). Chemical modifications that detoxify
these molecules can alter their affinity to nAChRs. They may
include their oxidation with ozone, formate (also known as
methanoate) and hydrogen peroxide, being the latter more
adopted (Reid, 2007). RPI-MN has also completed preclinical
studies against Human Immunodeficiency Virus (HIV),
protecting cells due to its ability to inhibit viral replication (Reid,
2007; King, 2011; Harvey, 2014). However, its mechanism of action
has not been elucidated yet (Reid and Raymond, 2010).

Crotamine, a highly cationic and cysteine-rich CPP from C. d.
terrificus snake venom, displays membrane translocation
capabilities, penetrates into the cell and presents cytoplasmatic,
vesicular, and nuclear distribution (Kerkis et al., 2004). This
toxin is specifically uptaken by actively proliferating cells, being
able to permeate several lineages in vitro (Nascimento et al.,
2007). Additionally, several molecules based on crotamine
structure, including fluorescent derivatives (Tansi et al., 2019)
and functionalized with gold nanoparticles (Karpel et al., 2018),
for instance, are being developed. Crotamine and its analogues
have been tested in healthy and tumorous cell lines, and the

results indicate they can be used as selective delivery tools of
anticancer molecules (Mambelli-Lisboa et al., 2018).

Another component isolated from C. d. terrificus venom is
crotalphine (Konno et al., 2008), a potent analgesic comprised of
14 amino acid residues. It acts at peripheral opioid receptors
(Gutierrez et al., 2008) and selectively targets TRPA1 ion
channels (Bressan et al., 2016), being more potent under
conditions of acute peripheral sensitization (Zambelli et al.,
2014). The potent and long lasting opioid-mediated
antinociception of crotalphine has been evaluated in cancer
pain (Brigatte et al., 2013).

Spiders

The toxin m-theraphotoxin-Pcla or n-TRTX-Pcla (also known
as psalmotoxin 1 or PcTxl1), obtained from the Psalmopoeus
cambridgei (Trinidad chevron tarantula) venom, is considered a
novel therapeutic molecule for treating pain (Monge-Fuentes
etal., 2018). Classified as a specific inhibitor of ASICla, the most
abundant acid-sensing ion channel, the toxin m-TRTX-Pcl
demonstrated an effective analgesic effect comparable to
morphine in rat models of acute pain (Mazzuca et al.,, 2007).
Recently, PcTx1 was also reported as a valuable tool for
understanding the functional role of ASIC2a heteromeric
channels (ASICla/2a) (Liu et al., 2018) and had no effect on
acid-induced transient or chronic hyperalgesia in a mouse model
of fibromyalgia (Chang et al., 2019).

Hila, a PcTxl1-related toxin isolated from the Australian
funnel-web spider Hadronyche infensa, partially inhibits
ASICla and does not affect ASIC1b (Maatuf et al., 2019). This
toxin strongly attenuates brain damage after stroke and could be
used to protect the brain from ischemic injury (Chassagnon
et al, 2017), being considered as a lead for development of
neuroprotective agents (Ren et al., 2018).

Purotoxin-1 (PT1), obtained from the central Asian spider
Geolycosa sp. venom, has also been studied to pain treatment
(Monge-Fuentes et al., 2018). Characterized as a specific
antagonist of P2X3 purinergic receptor, which is the most-studied
subtype of P2X receptor related to pain, PT1 was able to inhibit
nociceptive effect in different rat pain models (Grishin et al., 2010).

Phoneutria nigriventer (the armed spider) presents different
toxins with potential pharmaceutical application and under
preclinical tests (Peigneur et al., 2018). The toxin Phalf,
classified as P/Q- and N-type voltage-gated calcium channel
blocker, and its recombinant form (produced in E. coli)
demonstrated analgesic effects in rodent models of pain (Souza
et al., 2008). Recently, the same toxin (Pholf) together with
PhTx3-3 (also a voltage-gated calcium channel blocker)
demonstrated significant inhibitory effects on the proliferation
and viability of different glioma cell lines (M059], U-138MG and
U-251IMG) at low concentrations (0.3-100 pM). In the same
study, Pha1p and its recombinant form named CTK 01512-2
caused significant reductions of tumor areas in vivo using mouse
glioblastoma model (Nicoletti et al., 2017). Moreover, Pho.1f3 and
its recombinant version were able to reduce the inflammatory
phase of the formalin-induced nociceptive behavior in rats, to
decrease neuropathic pain caused by chronic constriction injury
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of sciatic nerve in rats, and to reduce the hyperalgesia caused by
melanoma cancer model in mice (Rigo et al., 2017).

P. nigriventer venom became attractive because of its induced-
priapism effect. The S-ctenitoxin-Pn2a toxin, also known as &-
CNTX-Pn2a or Tx2-6, modulates voltage-gated sodium (Na,)
channels and demonstrated an erectile effect in rats (12 pg/kg,
subcutaneous or intravenous injection) (Nunes et al, 2008).
Interestingly, a minimum dose of 0.006 pg/kg directly injected
into the corpus cavernosum can cause erection in mice (Andrade
et al,, 2008). A synthetic 19-amino acid peptide, PnPP-19, designed
from active core of PnTx2-6 tertiary structure, potentiated erection
in vivo and ex vivo via the nitric oxide/cyclic guanosine
monophosphate pathway. PnPP-19 is a promising candidate for
erectile dysfunction treatment in patients that do not respond to the
usual therapies (Silva et al., 2015). Biozeus Biopharmaceutical S.A
performed pilot tests with the topical peptide (renamed BZ371) on
healthy human beings and has been performing a pilot test with
voluntary men with erectile dysfunction associated to hypertension
or diabetes. The regulatory toxicological preclinical tests have
already started. The next steps involve the final marketing
formulation and future clinical trials (Phases 1 and 2) (Biozeus
Biopharmaceutical SA, 2018; Johnson & Johnson, 2019){Johnson &
Johnson, 2019, Champions of Science® Storytelling Challenge: Latin
America and Caribbean Edition;Biozeus Biopharmaceutical SA,
2018, First clinical trial sponsored by Biozeus concluded!}.

Although antimicrobial activities with spider toxins are well
documented (for detail see Spider Toxin Database, http://
arachnoserver.org), their therapeutic use are limited due to
their susceptibility to proteolysis.

Tetraodontiformes

Tetrodotoxin (TTX), a guanidinium neurotoxin with high
affinity for voltage-gated sodium (Na,) channels, had
traditionally been known for many years as the main toxin
from Tetraodontidae pufferfish (Lago et al, 2015). However,
the toxin was present not only in other marine animals such as
octopuses, gobies and sea stars, but also in phylogenetically
unrelated terrestrial and aquatic organisms, including a
dinoflagellate Alexandrium tamarense, red calcareous algae,
arthropods, echinoderms, molluscs, worms, newts, frogs, and
bacteria Actinomyces, Aeromonas, Alteromonas, Bacillus and
Pseudomonas (Lago et al, 2015; Assuncao et al., 2017). The
blockage of Na' into the cell inhibits the action potentials’
propagation in the excitable cell membranes, which causes
neuromuscular paralysis (Duran-Riveroll and Cembella, 2017).
TTX has been used for the development of analgesic and
anesthetic drugs (Assuncao et al, 2017; Vetter et al., 2017)
and, under the trade name Tectin® (Wex Pharmaceuticals
Inc.), proceeded to phase III of the clinical trials for the
treatment of pain resulting from chemotherapy treatment in
2018 (NCT01655823).

Other Animals

The salivary secretion from different animals, such as bats, leeches,
lizards, shrews and ticks are considered important sources of
biologically active compounds. Other animals, such as

caterpillars, have biologically active compounds in their bristles.
Many of these compounds are still underexploited, lacking
information on their chemical structure, physiological role and
therapeutic application. Thus, the study of these compounds
increases the chances of discovering new compounds with great
pharmaceutical potential. The subsections Bats to Ticks will
address some potential therapeutic molecules found in the saliva
or bristles of these animals.

Bats

Desmoteplase, also known as “Desmodus rotundus salivary
plasminogen activator” (DPSA), is a thrombolytic agent for
acute ischemic stroke derived from vampire-bat saliva
(Medcalf, 2012; Shi et al.,, 2016). This fibrin-dependent
plasminogen activator is composed of 441 amino acids with
high fibrin specificity, long half-life, low bleeding tendency,
nonactivation by B-amyloid and lack of neurotoxicity
(Medcalf, 2012; Shi et al., 2016; Li et al., 2017). A phase III
randomized study in 492 participants with acute ischemic stroke
was completed in 2015. Currently, there is no drug based on
desmoteplase available for commercialization.

Caterpillars

Caterpillars from different South American countries, such as
Venezuela, Brazil, French Guyana, Peru, Paraguay, Argentina
and Colombia, are responsible for a severe bleeding syndrome
in humans who touch their bristles (Arocha-Pinango and
Guerrero, 2001). Lonomia obliqua is the main species of
caterpillar found in Southern Brazil and its venom is
comprised of molecules with antiviral, procoagulant,
fibrinolytic and wound healing activities (Veiga et al., 2005;
Reis et al., 2006; Alvarez-Flores et al., 2011; Carmo et al., 2015;
Sato et al,, 2016). Their toxic compounds are found in the
bristle extract, hemolymph, cryosecretion (a crude venomous
fluid ejected by the whole secretory tegument of caterpillars,
stored at -20°C for 24 h) and tegument extract (Pinto et al.,
2006; Veiga et al., 2009). Some compounds with potential
therapeutic applications were identified in Lonomia sp, e.g.
prothrombin or factor X activators, such as Lopap (L. obliqua
prothrombim activator protease) and Losac (L. obliqua Stuart
factor activator protease), PLA,-like, proteases, hyaluronidases,
o-fibrinogenases (e.g. Lonofibrase), protease inhibitors,
serpins, lipocalins, and lectins (Veiga et al., 2009). Currently,
there are three clinical studies on caterpillars recorded at the
Clinical Trials website (US National Library of Medicine, 2020).
However, these studies are related to their use as a source
of protein in the diet and none of them involves the
genus Lonomia.

Leeches

Two phase II randomized studies involving leech therapy in 118
(NCT00435773) and 60 participants (NCT02612974) with knee
osteoarthritis were completed in 2007 and 2015, respectively.
Additional information on FDA-approved hirudin analogues
from H. medicinalis leech saliva and hirudotherapy was reported
in section Achievements With Animal Toxin-Based Molecules.
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Lizards

Exenatide is the synthetic version of the native peptide exendin-4
isolated from the saliva of Gila monster lizard (H. suspectum) (Eng
et al,, 1992; Furman, 2012). According to the Clinical Trials website,
there are more than 300 clinical studies about exenatide. So far, there
are 207 completed studies, 12 terminated, 25 whose status has not
changed for 2 years, 47 recruiting volunteers, 11 that are not yet
recruiting, and three enrolled by invitation. Among the clinical
studies, exenatide has been used in patients with Parkinson’s
disease, showing beneficial effects on nerve cells by slowing down
or stopping the degenerative process of this disease (NCT03456687).
For an extensive review regarding clinical trials involving this drug,
please see (Odegard and Desantis, 2009; Bhavsar et al, 2013).
Additional information on exenatide was described in section
Achievements With Animal Toxin-Based Molecules.

Shrews

SOR-C13 is a synthetic selective peptide inhibitor of Transient
Receptor Potential Vanilloid 6 (TRPV6) calcium oncochannel
(Pennington et al., 2017; Soricimed, 2018). It is comprised of 13
amino acids derived from the C-terminal region of the paralytic
peptide soricidin (UniProtKB—POC2P6), from the submaxillary
and sublingual salivary glands of the Northern Short-tailed shrew
(Blarina brevicauda) (Bowen et al., 2013; Fu et al., 2017). It inhibits
the activation of nuclear factor of activated T-cell (NFAT)
transcription complex, and induces apoptosis in TRPV6-
overexpressing cells (NIH National Cancer Institute, 2018). A
phase I of study (NCT01578564) in 23 advanced cancer patients
with TRPV6 channel overexpression was completed in 2016 and a
phase I study (NCT03784677) started recruiting patients with
advanced refractory solid tumors in 2019.

Ticks

There are several studies addressing the importance of tick saliva
components. The use of evasins in the treatment of heart
diseases, such as myocarditis (Singh et al., 2017) and the use of
ixolaris, an anticoagulant protein from Ixodes scapularis tick
saliva, to reduce HIV-driven coagulopathy, for instance
(Schechter et al., 2017).

However, although tick saliva contains many components with
therapeutic and biotechnological potentials, there are neither
clinical studies involving the use of substances isolated from tick
saliva nor drugs available for therapeutic purposes. The 101
clinical studies currently registered on the Clinical Trial website
in respect to ticks are related to the development of vaccines
against ticks or the use of different antibiotics in Lyme disease.

FILLING THE GAP BETWEEN THE DRUG
DISCOVERY AND ITS
COMMERCIALIZATION —-FUTURE
TRENDS

Animal poisons and venoms are comprised of a cocktail of
bioactive components with a gamut of different activities.

Company pipelines worldwide are expanding the number of
peptide-based products currently in development mainly
because of the diversity of their application and activity.
However, industrial production of toxin-related drugs from
natural sources is quite challenging, laborious and presents
restricted yield (Boldrini-Franca et al, 2017). To overcome
these limitations, the main options are the chemical synthesis
of peptides and the production of biopharmaceuticals via
heterologous expression using biotechnological tools.

Recent data reinforces the advances in transcriptomics,
proteomics and heterologous expression techniques, which
allowed the characterization and potential production of low
abundant active venom components, presenting low or high
molecular mass (Boldrini-Franca et al., 2017). Additionally,
pharmacomics has been gaining ground by integrating “omic”
approaches to study dynamic molecular states and monitors
disease states and drug responses, improving the development of
novel drugs (Wilson and Daly, 2018).

The industry has focused on heterologous expression systems
as an interesting alternative for manufacturing biopharmaceuticals
of high molecular mass (Merlin et al., 2014). Recombinant protein
production processes require extensive design and regulatory
control before therapeutic products become commercially
available. Regarding heterologous expression, the accurate
cysteine bond formation and the proper incorporation of post-
translational modifications remain a challenge, and new
technologies to assess and mitigate immunogenicity risk of
engineered proteins are becoming more common. Therefore, a
special attempt should be made to ensure that the recombinant
protein presents comparable three-dimensional folding and
consistent pharmacological properties when compared to its
corresponding native form.

Native chemoselective reaction has been employed in the
production of animal toxins with potential therapeutic
application, such as mambalgin-2, a 57-amino acid analgesic
peptide from three-finger toxins family, from Dendroaspis
polylepis polylepis venom (Diochot et al., 2012; Harvey, 2014).
This approach allows the synthesis of large proteins, since it is
based in the production of different unprotected linear peptide
fragments, which are condensed in solution via chemoselective
reactions to originate the entire polypeptide (Kent et al., 2012).
Studies to improve the protecting groups, resins, linkers, and
activation and coupling reagents may enable the manufacture of
larger peptides and even small proteins for therapeutic
applications. However, the development of cheaper reagents
and methods for the synthesis and purification of peptides
are necessary.

Concerning the limitations of peptides in terms of their
biopharmaceutical properties, designed approaches that will find
molecules with intrinsically more favorable properties will need to
be devised. As mentioned earlier in section Achievements With
Animal Toxin-Based Molecules, the drug design of captopril made
oral administration possible. Additionally, designed cationicity-
enhanced analogues of natural antimicrobial peptides have
exhibited higher potency and spectra of antimicrobial activity
(Luna-Ramirez et al., 2017).
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Achievements towards successful oral delivery of proteins and
peptides by protecting them against degradation and increasing
their absorption remain as an active area of research. Regarding
toxin-based formulations, intranasal inoculation of hyaluronidase
from T. serrulatus venom induced mononuclear increase in the
bronchoalveolar space and became a promising tool for the
treatment of pulmonary fibrosis (Bitencourt et al., 2011).

Some approaches to improve biopharmaceuticals delivery, such
as alternative delivery routes, PEGylation and conjugation to (nano)
carriers, represent a relevant step towards targeted delivery of toxin-
based drugs. It is sobering to realize how little alternative delivery
routes and bioconjugation strategies have been exploited to deliver
toxin-based drugs, suggesting that studies on routes of distribution,
delivery vehicles, cargo molecules, and targeting strategies are
fruitful fields for future research.

Collinein-1, a thrombin-like serine protease from C. d.
collilineatus, was successfully modified by site-specific
PEGylation with maleimide-mPEG of 5 kDa and exhibited
higher catalytic efficiency and affinity for the substrate than
the native form (da-Silva-Freitas et al., 2015). The PEGylated
peptide HsTX1[R14A] from Heterometrus spinnifer scorpion
venom showed higher plasma circulating half-life in rodents
compared to the native peptide, which resulted in sustained
efficacy in rodent models of multiple sclerosis and rheumatoid
arthritis (Tanner et al., 2017).

In the drug development process, formulation patents using
advanced drug release systems extend the market exclusivity of
drugs, because of the high technical barrier to be overcome by
generic manufacturers after the expiration of patents. Focusing on
competitiveness, pharmaceutical companies have established
strategic partnerships with leading academic institutions that have
deep scientific expertise in novel concepts in the main areas of
biology or chemistry. Some reports have shown the antitumor
potential, among other applications, of animal venoms or their
toxins conjugated with a wide variety of nanomaterials, such as

silica, gold, chitosan, poly(D,L-Lactide)-based, and supermagnetic
iron oxide nanoparticles (Badr et al., 2014; Utkin, 2017).

Studies on cell penetrating peptides (CPPs) have open
unprecedented possibilities for vector applications in several
fields, such as basic research, therapeutics, technology, and
medical imaging. CPP-Ts, the first Ca®* channel toxin from T.
serrulatus venom, showed to be a potential intranuclear delivery
tool to target cancerous cells (de Oliveira-Mendes et al., 2018).
WaTx, a cell-penetrating toxin from the Australian black rock
scorpion U. manicatus, reduced the permeability of the TRPA1
ion channel to Ca** ions and can be used as a tool to study the
mechanisms involved in chronic pain (King et al., 2019).

Another field in ever-growing demand is the cosmeceutical
industry, especially in Asia, where Korea is at the forefront of
cosmeceutical development. Efficacy and safety studies on these
products in humans are on high demand (Juhasz et al., 2018).

CONCLUSION

Animal poisons and venoms are rich sources of molecules with a
wide range of applications. However, to make the use of these
molecules feasible, extensive preclinical trials are necessary, with
some applications also requiring clinical trials (Figure 2).
Although the research in the field of toxinology tends to be quite
challenging and time-consuming, the high selectivity of animal
toxins for their targets turns them into promising leads for the
development of effective therapeutic drugs. Studies on new
engineered molecules with reduced side effects can be reached by
untangling the interaction of venom peptides with their target.
Therefore, we are still at a beginning phase in comprehending the
complexity of animal venoms and poisons. While very few species
have been extensively studied, we still have thousands of
unexploited organisms, especially marine ones. Novel methods to
produce and deliver biopharmaceuticals are expected to be
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FIGURE 2 | Animal poisons and venoms as sources of candidate molecules for wide-ranging applications, after extensive characterization during preclinical and
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developed in the near future. With that in mind, we can get a
glimpse of how much work on toxinology and drug discovery is yet
to come in the next years.
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Snake venom phospholipases B (SVPLBs) are the least studied enzymes. They
constitute about 1% of Bothrops crude venoms, however, in other snake venoms, it
is present in less than 1%. These enzymes are considered the most potent hemolytic
agent in the venom. Currently, no structural information is available about these
enzymes from snake venom. To better understand its three-dimensional structure
and mechanisms of envenomation, the current work describes the first model-based
structure report of this enzyme from Bothrops moojeni venom named as B. moojeni
phospholipase B (PLB_Bm). The structure model of PLB_Bm was generated using
model building software like I-TESSER, MODELLER 9v19, and Swiss-Model. The build
PLB_Bm model was validated using validation tools (PROCHECK, ERRAT, and Verif3D).
The analysis of the PLB_Bm modeled structure indicates that it contains 491 amino
acid residues that form a well-defined four-layer afpa sandwich core and has a typical
fold of the N-terminal nucleophile aminohydrolase (Ntn-hydrolase). The overall structure
of PLB_Bm contains 18 p-strands and 17 a-helices with many connecting loops. The
structure divides into two chains (A and B) after maturation. The A chain is smaller and
contains 207 amino acid residues, whereas the B chain is larger and contains 266
amino acid residues. The sequence and structural comparison among homologous
snake venom, bacterial, and mammals PLBs indicate that differences in the length
and sequence composition may confer variable substrate specificity to these enzymes.
Moreover, the surface charge distribution, average volume, and depth of the active
site cavity also vary in these enzymes. The present work will provide more information
about the structure—function relationship and mechanism of action of these enzymes in
snakebite envenomation.

Keywords: snake venom phospholipases B, sequence and three-dimensional structure analysis, glycosylation,
structural comparison, structure-based substrate specificity and maturation

INTRODUCTION

Phospholipases B (PLBs) or lysophospholipases (EC3.1.1.5) are high-molecular-mass enzymes that
break ester linkages of glycerophospholipids of membranes at both positions sn-1 and sn-2 (Shiloah
et al,, 1973; Rokyta et al.,, 2011; Chapeaurouge et al., 2015). These enzymes have been named as
PLBs (Doery and Pearson, 1964), phospholipase B-like (Doery and Pearson, 1964; Aird et al., 2013),
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lysophospholipases (Takasaki and Tamiya, 1982), and Ntn-
hydrolases (Oinonen and Rouvinen, 2000). These are reported
to exist in the venom proteomes of various snakes, bee,
scorpions, and insects), fungi, bacteria, animal tissues, and rice
bran (Table 1).

Currently, little is known about the pathological and
physiological effects of these enzymes in snake venom (Rokyta
et al,, 2011; Chapeaurouge et al, 2015; Oliveira et al., 2019;
Tang et al., 2019). Upon snakebite envenomation, snake venom
PLBs (SVPLBs) display strong hemolytic and cytotoxic activities
and cause myoglobinuria and cytotoxicity (Takasaki and Tamiya,
1982; Bernheimer et al., 1986, 1987). The hemolytic activity of
these enzymes is related to the hydrolysis of phosphatidylcholine
(Bernheimer et al., 1986).

The relative abundance of PLBs varies in snake venoms,
and generally, it constitutes a small percentage of the crude
venoms; for example, PLBs constitute about 0.34% of the
crude venom of Elapidae (Margres et al., 2013) and in the
Viperidae, this percentage varies from 0.23 to 2.5 (Sousa et al.,
2013). In Botrops species, the highest percentage has been
reported in Rhinocerophis cotiara (2.5% of the crude venom)
(Sousa et al., 2013).

SVPLBs are high-molecular-mass proteins (~55 kDa) (Rokyta
et al., 2011; Chapeaurouge et al., 2015; Wiezel et al., 2015) with
a pI of 6.2 (Bernheimer et al.,, 1987). These enzymes display
maximum catalytic activity in the pH range from 8.5 to 10
(Doery and Pearson, 1964).

Research about the SVPLBs is in nascent stage, and the first
sequence report (based on transcriptomic analysis) about this
protein came out in 2011 (Chatrath et al., 2011; Rokyta et al.,
2011). The primary structure of SVPLB contains 553 amino acids
in which the first 36 amino acids form the signal peptides and
the remaining 526 make the PLB domain (Rokyta et al., 2011).
Both monomeric and dimeric forms of PLBs have been reported
to exist in snake venoms (Bernheimer et al., 1987; Chatrath
etal., 2011). SVPLBs are stable proteins and show full enzymatic
activity in the temperature range of 0-60°C; however, some of
these retain 47% of the biological activity even at a temperature
of 100°C (Bernheimer et al., 1987).

Although the primary amino acid sequence of PLBs from
a number of snake venoms is present in the protein sequence
database (UniProt databank), there is no report about their
three-dimensional (3D) structure. Owing to this, it is difficult to
co-relate their structural properties with the function. Keeping
this in view, the current work reports model-based structural
characterization of PLBs from Bothrops moojeni venom.

RESULTS AND DISCUSSION

Sequence Alignment Analysis

The primary amino acid sequence of PLB_Bm contains 553
amino acid residues in the precursor form and 491 amino acid
residues in the mature form (Amorim et al., 2017). The sequence
alignment analysis indicates a high sequence identity (70-97%)
among SVPLBs, moderate sequence identity (63-67%) with cow
PLB, and very low sequence identity (34%) with mouse PLB

(Figure 1 and Table 2). The primary amino acid sequence of
PLB_Bm contains seven cysteine residues in the precursor form
and five cysteine residues in the mature form (Figure 1). Of the
five cysteine residues, four make two disulfide bonds (Cys88-
Cys500 and Cys499-Cys523), whereas one cysteine (Cys237)
remains in the free form. This free cysteine functions as one of
the main amino acids in the active site of these enzymes, and
they are also called cysteine proteinases (Verma et al., 2016).
This cysteine residue is fully conserved in all SVPLBs and also
PLBs of cow and mouse (Figure 1). The four other cysteine
residues are fully conserved among SVPLB and mouse PLB;
however, in the cow PLB, the cysteine at positions 501, 502,
and 523 are not conserved (Figure 1). The amino acid residues
belonging to the active sites (Asp303, Lys527, Cys237, His254,
and Arg265) are also fully conserved among SVPLBs and mouse
and cow PLBs. SVPLBs contain one glycosylation site (Asn69),
which is fully conserved with the mouse PLB. The concurrence
(consensus) lipase sequence GXSXG is fully conserved among all
the aligned PLBs (Figure 1). The analysis of the phylogenetic tree
generated from the aligned sequence shows a close relationship
among SVPLBs and PLBs from mouse and bovine kidneys
(Supplementary Figure S1).

Domain Analysis

The ThreaDom (Threading-based Protein Domain Prediction)
(Xue et al., 2013) analysis indicates that PLB_Bm is a single-
domain protein. The molecular weights (calculated through
ProtParam (Gasteiger et al., 2005) of the precursor and mature
protein were 63.88 and 57.09 kDa with the corresponding pI
of 8.80 and 7.71, respectively. These results indicate that the
pI of PLB_Bm changes from highly basic to slightly basic
upon maturation. The theoretically calculated molecular weights
and plIs agree with the experimentally observed molecular
weights and pIs of these enzymes (Doery and Pearson, 1964;
Takasaki and Tamiya, 1982; Bernheimer et al., 1986, 1987;
Chatrath et al., 2011).

Homology Modeling

For the 3D structure characterization of PLB_Bm, the homology
model was generated using the online modeling servers like the
SWISS Model (Waterhouse et al., 2018), I-TESSER (Laskowski
et al, 2001), and MODELLER 9v19 program (Webb and
Sali, 2016). The atomic coordinates of phospholipase B-like
protein 1 from Bos taurus (PDB ID: 4BWC; 70% amino acid
sequence identity with PLB_Bm) (Repo et al, 2014), were
applied as a template.

Model Validation

The generated model of PLB_Bm was validated using programs
like PROCHECK, ERRAT, and Verif3D software (Bowie et al.,
1991; Lithy et al., 1992; Colovos and Yeates, 1993; Laskowski
et al,, 1993). The best model was selected based on the analysis
coming from these programs. The PROCHECK analysis of the
best 3D structure model of PLB_Bm shows that 95.7% (468
amino acid residues) were in the favored region and 4.3% (21
amino acid residues) were in the allowed region with no amino
acid residue in the outlier region of the Ramachandran plot
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TABLE 1 | Occurrence of PLBs in various organisms.

Snakes

References

Calloselasma rhodostoma, Trimeresurus insularis, Porthidium porrasi, Hypnale hypnale,

Crotalus durissus collilineatus, Echis carinatus carinatus, Bothrops moojeni, coral
snake, Naja kaouthia, Tropidolaemus wagleri, Russian Vipers of Pelias Group, Lachesis
muta rhombeata, Porthidium lansbergii lansbergii, Pseudechis guttatus, Austrelaps
superbus, Ovophis okinavensis, Protobothrops flavoviridis, Bothropoides jararaca,
Bothropoides neuwiedi, Rhinocerophis alternatus, Rhinocerophis cotiara, Bothrops

Bernheimer et al., 1987; Aird et al., 2013, 2017; Marcon et al.,
2013; Sousa et al., 2013; Viala et al., 2014; Jiménez-Charris et al.,
2015; Wiezel et al., 2015; Kovalchuk et al., 2016; Tang et al., 2016,
2019; Zainal Abidin et al., 2016; Amorim et al., 2017; Patra et al.,
2017; Tan et al., 2017; Vanuopadath et al., 2018; Jones et al.,
2019; Méndez et al., 2019; Oliveira et al., 2019

Jararacussu and Bothrops atrox, Drysdalia coronoides, Pseudechis colletti
Scorpion

Egyptian scorpion

Insects

Musca domestica L., Culex pipiens fatigans
Fungi

Penicillium notatum

Bacteria

Streptomyces sp. strain NA684,

Mammals

Bovine lysosomal phospholipase B-like protein
Rice bran

Doery and Pearson, 1964; Mohamed et al., 1969

Khan and Hodgson, 1967; Rao and Subrahmanyam, 1969

Fairbairn, 1948; Saito, 2014

Doery and Pearson, 1964; Matsumoto et al., 2013

Repo et al., 2014
Contardi and Ercoli, 1933

PLBs, phospholipases B.

(Lovell et al., 2003; Supplementary Figure S2). The overall
quality factor of the ERRAT analysis was 96 (Supplementary
Figure S3), which lies for the best structure quality of the
proteins 3D structure according to the writers of the program
(Colovos and Yeates, 1993).

Molecular Dynamics Simulation

The programs used for the molecular dynamics (MD) simulation
includes GROMACS (Berendsen et al., 1995; Maier et al,
2015), AMBER16 (Case et al., 2005; Salomon-Ferrer et al.,
2013), MDWeb, and MDMobby (Hospital et al, 2012). The
analysis of the MD simulation coming from all these programs
indicates the same results for the modeled structure of PLB_Bm
(Supplementary Figures S4A-D). The important 3D structure
parameters like chirality, disulfide bonds, and unusual cis/trans
configuration were correct, and there were no steric clashes in
the modeled PLB_Bm structure (Supplementary Figure S4A).
The analysis of the root-mean-square deviation (RMSD) and
radius of gyration (RG), the two essential parameters for 3D
structure validation, have shown that the PLB_Bm has not
undergone substantial changes during the modeling process. The
RMSD value did not diverge more than 1 A (Supplementary
Figure S4B), and the radius of gyration was constant (kept
around 21.5 A) throughout the MD simulation process
(Supplementary Figure S4C). The B-factor per residue was
~17 A (Supplementary Figure $4D), which lies in the average
B-factor range for the proteins with X-ray resolution (1.8-2.1 A)
(Carugo, 2018).

The Overall Structure of Snake Venom
Phospholipase B

The mature protein of PLB_Bm contains 491 amino acid
residues that fold into a well-defined 3D structure, which
contains four-layer apfa sandwich core and has a typical fold
of the N-terminal nucleophile aminohydrolase (Ntn-hydrolase)

(Figures 2A,B; Oinonen and Rouvinen, 2000; Lakomek et al.,
2009; Repo et al, 2014). The overall structure of PLB_Bm
contains 18 B-strands and 17 a-helices with many connecting
loops (Figures 2A,B and Supplementary Figure S5). The
structure divides into two chains (A and B) after maturation
(Oinonen and Rouvinen, 2000; Repo et al, 2014). The A
chain is small and contains 207 amino acid residues, whereas
the B chain is large and contains 266 amino acid residues
(Supplementary Figure S5).

The A chain has four B-strands numbered 1 through 4
and five a-helices named A to E (Supplementary Figure S5).
The B-strands are anti-parallel to each other. The N-terminal
of this chain starts with long B-strands, and the C-terminal
ends at a-helix (Figure 2B and Supplementary Figure S5).
This chain is stabilized by four intrachain salt bridges (His110-
Asp69, Argld4-Aspl67, Argl44-Aspl40, and Argl59-Asp55)
and two interchain salt bridges (Lys82-Asp259 and Argl57-
Asp264) (Table 3).

The B chain is more compact, and it contains 14 p-strands
and 12 a-helices. Of the 14 B-strands, seven are parallel, whereas
the other seven are antiparallel. The N-terminal of this chain
starts with a long B-strand, and the C-terminal ends with a short
B-strand. The active site is located in this chain (Figure 2B). This
chain is stabilized by two interchain salt bridges (Lys82-Asp259
and Argl57-Asp264) and 14 intrachain salt bridges (Arg253-
Asp285, Arg253-Asp488, Lys358-Asp356, Lys382-Asp403,
Lys382-Glu405, Arg391-Asp368, Arg436-Asp459, Lys440-
Asp437, Argd73-Asp475, Argd79-Asp477, Lys490-Asp285,
and Lys490-Asp488). This chain is further stabilized by two
intrachain disulfide bridges (Cys88-Cys500 and Cys499-Cys523)
(Figures 1, 2B).

Active Site

A 16-amino-acid-residue segment (208-224) is removed
autocatalytically between chains A and B, which opens the active
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FIGURE 1 | Sequence alignment among snake venom phospholipases B
(SVPLBSs), PLB from bovine kidneys, and 66.3 kDa protein from Mus
musculus. PLB_Bm, phospholipase B from Bothrops moojeni; PLB_Pf,

FIGURE 1 | Continued

phospholipase B from Protobothrops flavoviridis; PLB_Ca, phospholipase B
from Crotalus atrox; PLB_Oo, phospholipase B from Ovophis okinavensis;
PLB_Cj, phospholipase B from Coturnix japonica; PLB_Ss, phospholipase B
from Spilotes sulphureus; PLB_Ns, phospholipase B from Notechis scutatus;
4BWC, phospholipase B like protein 1 from bovine kidneys; 3FGW, 66.3 kDa
protein from M. musculus. The amino acid residues involved in catalysis are
underlined with blue, and the cysteine residues are underlined with yellow. The
consensus lipase sequence is underlined with gold color. The cysteine
residues that make disulfide bridges are linked (yellow lines). The putative
N-glycosylation amino acid residues are underlined in green. The secondary
structure elements (a-helices and B-strands) are shown above the sequence.

site and produces a cavity that facilitates the entry of a substrate
to the active site (Figure 2B). The free cysteine residue (Cys225),
which is situated between the key B-sheets in chain B, forms the
active site of this enzyme. This cysteine residue functions as both
a nucleophile and a general base during catalysis. It is further
supported by His242 and Lys490, which is in turn assisted by
Asp285, Asp488, and Arg253 (Figure 2C). These active site
residues are conserved in the PLBs from other organisms as well
(Figure 1 and Supplementary Figure S6). The sequence logo
produced from the aligned sequence of SVPLBs and PLBs of
mouse and bovine kidneys display high sequence identity around
the active site (Supplementary Figure S7).

Glycosylation
PLB_Bm contains carbohydrate moiety like PLBs from
other organisms (Lakomek et al., 2009; Repo et al., 2014).

The NetNGlyc serverl (Gupta et al., 2004) found a single
glycosylation site for this enzyme at Asn69. In the primary
amino acid structure of Drysdalia coronoides PLB, two putative
glycosylation sites have been found (Chatrath et al, 2011).
In bovine lysosomal phospholipase B-like protein (PDB ID:
4WBC) (Repo et al., 2014), six glycosylation sites were identified,
which include Asn68, Asn211, Asn305, Asn363, Asn408, and
Asn523. Of these, only Asn69 that is conserved between PLB_Bm
and bovine lysosomal phospholipase B-like protein contains
N-acetylglucosamine (NAG). Although Asn211, Asn305,
Asn408, and Asn523 are conserved with PLB_Bm, these were
found without carbohydrate moiety. In the structure of lysosomal
66.3 kDa protein from mouse (PDB ID: 3FGR) (Lakomek et al.,
2009), seven NAG molecules were found, which were attached
to Asn93, Asn236, and Asn520 (one NAG each) and Asn115 and
Asn441 (two NAGs each). Only Asn93, which corresponds to
Asn69 of PLB_Bm, is conserved between the two proteins and
contains NAG. In SVPLBs, the specific function of the glycan
moiety is not fully known; however, it may help the enzyme
to specifically bind to the cell surface, thereby facilitating the
hydrolysis processes.

Substrate Specificity

SVPLBs have been shown to hydrolyze phosphatidylcholine,
phosphatidylethanolamine, = and  lysophosphatidylcholine,
however, they are not active against phosphatidylinositol,

(Continued) phosphatidylserine, sphingomyelin, and cardiolipin
(Supplementary Figure S8; Bernheimer et al., 1986, 1987).
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TABLE 2 | Percent sequence identity among snake venom PLBs, PLB-like protein 1 from bovine kidneys, and 66.3 kDa protein from Mus musculus.

Proteins PLB_Bm PLB_Ca PLB_Oo PLB_Pf PLB_Ss PLB_Ns PLB_Cj 4BWC 3FGW
PLB_Bm - 96.93 96.20 95.84 87.70 84.45 70.58 63.57 34.33
PLB_Ca 96.93 - 96.56 96.93 88.79 86.26 70.95 62.98 34.40
PLB_Oo 96.20 96.56 - 95.48 87.16 84.99 71.32 63.37 34.24
PLB_Pf 95.84 96.93 95.48 - 89.33 85.71 72.63 64.15 33.65
PLB_Ss 87.70 88.79 87.16 89.33 - 96.60 72.02 64.73 34.02
PLB_Ns 84.45 86.26 84.99 85.71 96.60 - 64.73 62.40 33.65
PLB_Cj 70.58 70.95 71.32 72.63 72.02 70.40 - 67.57 34.19
4BWC 63.57 62.98 63.37 64.15 64.73 62.40 67.57 - 34.46
3FGW 34.33 34.40 34.24 33.65 34.02 33.65 34.19 34.46 -

PLBs, phospholipases B, PLB_Bm, phospholipase B from Bothrops moojeni; PLB_Pf, phospholipase B from Protobothrops flavoviridis; PLB_Ca, phospholipase B
from Crotalus atrox; PLB_Oo, phospholipase B from Ovophis okinavensis; PLB_Cj, phospholipase B from Coturnix japonica;, PLB_Ss, phospholipase B from Spilotes
sulphureus; PLB_Ns, phospholipase B from Notechis scutatus; 4BWC, phospholipase B like protein 1 from bovine kidneys; 3FGW, 66.3 kDa protein from M. musculus.

Cys225
His242

" Lys490

FIGURE 2 | Overall structure of phospholipase B from Bothrops moojeni (PLB_Bm) cartoon representation of (A) zymogen and (B) mature protein. The signal and

catalysis are highlighted.

the inner peptides are shown in black color. The active site residues and the disulfide bridges are shown as green and yellow sticks. (C) The residues involved in

On the other hand, PLBs of fungi, bacteria, and mammals
have been shown to hydrolyze a broad range of substrates like
phosphatidylcholine, phosphatidylinositol, phosphatidylserine,
phosphatidylethanolamine, phosphatidic acid, lysophosphatidyl-
choline, and lysophosphatidylethanolamine (Supplementary
Figure S8; Morgan et al., 2004; Lakomek et al,, 2009; Repo
et al, 2014). An explanation for the observed specificity of
SVPLBs and PLBs from other organisms can be made on
the basis of surface charge distribution around the active site
cavity (Ullah et al, 2018, 2019; Ullah, 2020). In SVPLBs,
the active site cavity is negatively charged, whereas the entry
to the active site is positively charged (Figure 3A). In the
case of bovine lysosomal phospholipase B-like protein, the
active site cavity and its entrance are both neutral and

positively charged, respectively (Figure 3B), whereas lysosomal
66.3 kDa protein from mouse that is also a PLB has an
active site cavity that is highly negatively charged, and its
entrance is also negatively charged (Figure 3C). A second
factor that may involve this substrate specificity is the volume
of the active site cavity. The SVPLBs have large active site
cavity volumes with long average depth (Table 4). Owing
to this, the phospholipids with the large polar head group
easily reach their active sites, whereas the PLBs from other
organisms have relatively small cavity volume with small
depth and can accommodate phospholipids with a small
polar head group (Table 4). The size of the active site
cavity gradually decreases in PLB_Bm while going from the
surface to the interior of the protein (Figure 3A). From
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TABLE 3 | Salt bridges in the PLB_Bm three-dimensional structure.

Residue 1 Residue 2 Distance
NZ LYS A 82 OD2 ASP B 259 3.51
NE2 HISA 110 OD2 ASP A 69 3.89
NH1 ARG A 144 OD2 ASP A 167 2.87
NH2 ARG A 144 OD2 ASP A 140 3.43
NH2 ARG A 157 OD2 ASP B 264 3.65
NH1 ARG A 179 OD2 ASP A 55 3.59
NH1 ARG B 253 OD2 ASP B 285 3.94
NH1 ARG B 253 OD2 ASP B 488 2.83
NZ LYS B 358 OD2 ASP B 356 3.59
NZ LYS B 382 OD1 ASP B 403 2.84
NZ LYS B 382 OE1 GLU B 405 2.90
NH2 ARG B 391 OD1 ASP B 368 2.72
NH1 ARG B 436 OD1 ASP B 459 2.74
NH2 ARG B 436 OD2 ASP B 437 2.76
NH2 ARG B 436 OD2 ASP B 459 2.70
NZ LYS B 440 OD1 ASP B 437 2.68
NH2 ARG B 473 OD1 ASP B 475 3.77
NH2 ARG B 479 OD1 ASP B 477 3.12
NZ LYS B 490 OD2 ASP B 285 2.93
NZ LYS B 490 OD1 ASP B 488 2.80

PLB_Bm, phospholipase B from Bothrops moojeni.

the above discussion, it is clear that the enzymes showing
specificity for phosphatidylcholine, phosphatidylethanolamine,
and lysophosphatidylcholine (SVPLBs) have negatively charged
active site with a large volume, which can accommodate
the phospholipids with large and positively charged head
groups (Supplementary Figure S8). The other PLBs (fungi,
bacteria, and mammals) having broad specificity display surface
charge distribution (partially positive and neutral and highly
negative), and the active site with a relatively small volume can
accommodate phospholipids with head group that is positively
and negatively charged or neutral (Supplementary Figure S8).

Maturation of Snake Venom
Phospholipases B

The SVPLBs like other snake venom enzymes are secreted as
zymogen with the signal peptide, an internal peptide, and a
phospholipase domain (Rokyta et al., 2011; Amorim et al., 2017;
Figures 4A-D, 5). The zymogen or precursor proteins of SVPLBs
contain 547-553 amino acid residues in length (Chatrath et al,,
2011; Rokyta etal., 2011; Aird et al., 2017). During the maturation
process, the SVPLBs lose the signal peptide. The amino acid
sequence analysis by signalP-3.0 (Bendtsen et al., 2004) indicates
that this part has 36 amino acid residues (Figure 4A). The
signal peptide is removed cotranslationally or by the action
of signal peptidases (Paetzel et al., 2002; Figure 5). A second
segment (internal peptide) is removed autocatalytically and
internally from these enzymes (Oinonen and Rouvinen, 2000).
This segment contains 16 amino acid residues (Figure 1). After
the removal of the internal peptide, the SVPLBs are divided into
two chains like bovine lysosomal phospholipase B-like protein

FIGURE 3 | Surface charge distributions of (A) phospholipase B from
Bothrops moojeni (PLB_Bm), (B) phospholipase B like protein 1 from bovine
kidneys, and (C) 66.3 kDa protein from Mus musculus highlighting the
contrasts at the catalytic interface. Black circles indicate the location of the
active-site pocket. Blue, red, and white represent positive, negative, and
neutral charges, respectively.

TABLE 4 | Average active site cavity volumes and average active site cavity
depths of PLB_Bm and their mammalian counterparts.

Protein Average volume (A"’) Average depth (A)
PLB_Bm model 5,740.88 15.71
4BWC 2,911.36 11.16
3FGR 4,231.83 13.35

PLB_Bm, phospholipase B from Bothrops moojeni.

and lysosomal 66.3 kDa proteins from mouse (Lakomek et al.,
2009). The two chains are connected by many hydrogen bonds
and non-bonded contacts between them (Lakomek et al., 2009).
The Kyte-Doolittle plot for hydropathy (Gasteiger et al., 2005)
and the temperature B-factor analysis indicate that both the signal
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and internal peptides are present in the hydrophilic region of the
protein (Figures 4B-D).

CONCLUSION
e The sequence and structural analysis of PLB_Bm
was carried out wusing several computational
biology programs.

e The sequence alignment analysis indicates a high sequence
identity (70-97%) among SVPLBs, average sequence
identity (63-67%) with cow PLB, and very low sequence
identity (34%) with mouse PLB.

e The 3D structural analysis of PLB_Bm indicates that its
structure is composed of four-layer apfo sandwich core
and has a typical fold of the Ntn-hydrolases.

e Structural comparisons with PLBs from cow and mouse
indicated that the surface charge distribution and the
average active site cavity volume and depth vary in these
enzymes, which may impart variable substrate specificity
to these enzymes.

e The maturation process of PLB_Bm involves loss of the
signal and internal peptides to convert it into the fully
active mature form.

e The structure of PLB_Bm described in this work is
solely a predicted structure, and these observations need

to be confirmed with experimental evidence like X-rays
crystallography (Ullah et al., 2020).

e This work will provide a good starting point for future
experimental studies of these enzymes.

MATERIALS AND METHODS

Sequence Logo Generated From Multiple
Sequence Alignment

The Weblogo 3.2 (Schneider and Stephens, 1990; Crooks et al.,
2004) was used to generate the sequence logo from multiple
sequence alignment using default parameters.

Domain Prediction and Biochemical
Properties of the PLB_Bm

The domain organization and biochemical properties of PLB_Bm
were predicted using the program ThreaDomEx (Wang et al.,
2017) and ProtParam' (Gasteiger et al., 2005), respectively.

Prediction of Ligand Binding
The ligand-binding sites in PLB_Bm were predicted using the
3DLigandSite (Wass et al., 2010) with parameters set to default.

'http://web.expasy.org/compute_pi/
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FIGURE 5 | Steps involved in the maturation of phospholipase B from Bothrops moojeni (PLB_Bm). The prepropeptide of PLB_Bm with the signal and internal
peptides (colored in black and red, respectively) and the mature protein with chain A (colored in green) and chain B (colored in blug).

Prediction of Glycosylation Sites

The ScanProsite tool (De Castro et al., 2006) and NetNGlyc
1.0 Server (Gupta et al, 2004) were used to predict the
putative glycosylation sites of PLB_Bm. All the parameters
were set to default.

Disulfide Bond Prediction
The disulfide bridges in PLB_Bm were checked using the
DiANNA webserver (Ferré and Clote, 2006) and Dinosolve
(Darden et al., 1993; DeLano, 2002; Anandakrishnan et al., 2012;
Yaseen and Li, 2013; Maier et al., 2015).

Homology Model Building of PLB_Bm

The 3D structure model of PLB_Bm was produced using
various protein modeling programs, like I-TESSER (Roy et al.,
2010), the MODELLER 9v19 program (Colovos and Yeates,
1993), and the SWISS Model (Waterhouse et al., 2018). The
atomic coordinates of Phospholipase B-like Protein 1 from
bovine kidneys (PDB ID: 4BWC) that display 70% amino acid
sequence identity with PLB_Bm were used as a template (Repo
et al., 2014). The best model was carefully chosen based on
the quality and validation reports produced by PROCHECK
(Webb and Sali, 2016).

Molecular Dynamics Simulation

The validation of the modeled 3D structure of PLB_Bm was
carried out through MD simulation using the programs like
GROMACS (Berendsen et al., 1995), MDMoby (Hospital et al.,
2012), AMBER16 (Maier et al., 2015), and MDweb (Hospital
et al., 2012). The FF14SB force field (Darden et al., 1993) was
used for all-atom-protein interaction. The protonation states of
the amino acid side chain were determined using the web server
H*™* (Anandakrishnan et al., 2012) at pH 7.0. The system was
neutralized with chloride ions, was placed in a rectangular box
of TIP3P water, and extended to at least 15 A from any protein
atom. The bad contact from the modeled structure was removed
by energy minimization of the system for 500 conjugate gradients
steps using a constant force constraint of 15 kcal/mol.A2. The
gradual heating of the system was carried out from 0 to 300 K for
250 ps with a constant atom number, volume, and temperature
(NVT) ensemble. The protein was maintained with a constant
force of 10 kcal/mol.A%. The equilibration step was achieved
using the constant atom number, pressure, and temperature
(NPT) ensemble for 500 ps. The simulation was carried out for
100 ns with a 4-fs time step. The pressure and temperature were
kept constant at 1 atm and 300 K, respectively, by Langevin
coupling. The particle-mesh Ewald (PME) method (Darden
et al., 1993) was used to compute the long-range electrostatic
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interactions by keeping the cutoff distance of 10 A to Van der
Waals interactions.

Model Validation

The PROCHECK software (Laskowski et al., 1993, 2001), ERRAT
version 2.0 (Colovos and Yeates, 1993), and Verify 3D (Bowie
etal., 1991; Liithy et al., 1992) were used for validation of the built
3D model of PLB_Bm.

Structure Superimposition

The PyMOL molecular graphics visualization program (DeLano,
2002) was used to align the build PLB_Bm model to other
homologous proteins from the Protein Data Bank.

Surface Charge Analysis

The PDB2PQR server program (Dolinsky et al., 2004) was used
for charge and radius calculations; and the ABPS Tools from
PyMOL was used for surface and charge visualization of the
protein (DeLano, 2002).
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Infections with the pathogenic bacterium Clostridioides (C.) difficile are coming more into
focus, in particular in hospitalized patients after antibiotic treatment. C. difficile produces
the exotoxins TcdA and TcdB. Since some years, hypervirulent strains are described,
which produce in addition the binary actin ADP-ribosylating toxin CDT. These strains are
associated with more severe clinical presentations and increased morbidity and
frequency. Once in the cytosol of their target cells, the catalytic domains of TcdA and
TcdB glucosylate and thereby inactivate small Rho-GTPases whereas the enzyme subunit
of CDT ADP-ribosylates G-actin. Thus, enzymatic activity of the toxins leads to destruction
of the cytoskeleton and breakdown of the epidermal gut barrier integrity. This causes
clinical symptoms ranging from mild diarrhea to life-threatening pseudomembranous
colitis. Therefore, pharmacological inhibition of the secreted toxins is of peculiar medical
interest. Here, we investigated the neutralizing effect of the human antimicrobial peptide o.-
defensin-5 toward TcdA, TcdB, and CDT in human cells. The toxin-neutralizing effects of
a-defensin-5 toward TcdA, TcdB, and CDT as well as their medically relevant combination
were demonstrated by analyzing toxins-induced changes in cell morphology, intracellular
substrate modification, and decrease of trans-epithelial electrical resistance. For TcdA, the
underlying mode of inhibition is most likely based on the formation of inactive toxin-
defensin-aggregates whereas for CDT, the binding- and transport-component might be
influenced. The application of a-defensin-5 delayed intoxication of cells in a time- and
concentration-dependent manner. Due to its effect on the toxins, a-defensin-5 should be
considered as a candidate to treat severe C. difficile—associated diseases.

Keywords: C. difficile infection, large clostridial glucosylating toxins, binary actin ADP-ribosylating toxin, toxin
inhibitor, AB-type protein toxins

INTRODUCTION

Bacterial AB-type protein toxins belong to the most toxic substances in nature and are able to cause
a broad variety of severe diseases in humans and animals. The extraordinary potency of bacterial
toxins is based on their inimitable structures harboring enzyme activities and their highly
sophisticated uptake mechanisms (Schiavo and van der Goot, 2001; Uptake and Trafficking of
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Protein Toxins | Holger Barth | Springer). The toxins serve as
important virulence factors, which are directly linked to the
clinical symptoms of human diseases as for example diphtheria,
anthrax or other severe enteric complications such as medically
relevant Clostridioides (C., formerly Clostridium) difficile-
associated diseases, in particular diarrhea (CDAD). Especially
C. difficile infection (CDI) remains a remarkable challenge for
affected patients and global health care systems. The
characteristic symptoms for CDI range from mild and watery
diarrhea up to severe forms of pseudomembranous or fulminant
colitis which may ultimately end in multi-organ failure (Spencer,
1998; Goudarzi et al., 2014). In addition to the patients suffering,
CDIs also remain a high economic burden. In England, the costs
for CDIs have been estimated at €5000 - €15000 per case (Kuijper
et al., 2006) accompanied with an increased length of stay in
hospital (van Kleef et al., 2014; Wilcox et al., 2017).

The gram-positive, spore-forming anaerobic bacterium C.
difficile is an important nosocomial gastrointestinal human gut
pathogen. The incidence and severity of CDIs have dramatically
increased over the last decade. This is mainly attributed to the
emergence of new hypervirulent strains. First and foremost, the
epidemically occurring C. difficile PCR ribotype O27 strain
gained more and more attention. This strain is characterized
by its comprehensive occurrence in Canada, the USA and
continental Europe (Pépin et al., 2004; Pepin et al., 2005;
Kuijper et al., 2008) and due to its higher morbidity and
mortality mainly caused by the presence of the three
proteinaceous AB-type toxins TcdA, TcdB, and CDT (Kuehne
etal., 2014). In fact, not the bacterium itself is responsible for the
development of clinical disease presentations but rather the
produced and secreted AB-type protein toxins. They are
responsible for epithelial breakdown of the gut barrier integrity
resulting in severe enterotoxicity (Carter et al., 2012; Carter et al.,
2015). The main causative determinants of C. difficile are the two
large single-chain AB-type toxins TcdA and TcdB (Aktories,
2011). They alone are sufficient to develop the full disease pattern
(Kuehne et al., 2010; Kuehne et al., 2014). TcdA and TcdB exhibit
a high sequence homology and share the same multidomain
architecture (von Eichel-Streiber et al., 1992; Jank and Aktories,
2008). However, hypervirulent C. difficile strains are able to
produce in addition to TcdA and TcdB a third toxin, the
binary toxin CDT (C. difficile transferase). CDT is a bipartite
toxin and is comprised of the enzymatic active component CDTa
and the binding- and translocation-component CDTb. CDTb is
able to form heptamers to which one single CDTa-molecule can
bind (Sheedlo et al., 2020). Although CDT differs in structure
and function, all three toxins share some important similarities
(Papatheodorou et al., 2018). They are secreted from the bacteria
and enter their human target cells via receptor-mediated
endocytosis. In acidified endosomes, their conformation
changes and their catalytic domains are released into the host
cell cytosol where they modify their specific intracellular target
proteins. TcdA and TcdB glucosylate and thereby inactivate
small GTPases of the Rho and Ras families of monomeric
GTPases (Just et al., 1995a; Just et al., 1995b; Just et al., 1996)
that cause colonic tissue damage by distinct mechanisms

(Chumbler et al.,, 2016), whereas CDT acts as an ADP-
ribosyltransferase modifying monomeric G-actin (Perelle et al.,
1997; Gilke et al., 2001). Intracellular substrate modification
leads to depolymerization of the actin cytoskeleton, and thus to
cell rounding and breakdown of the intestinal gut barrier
integrity. Therapy of CDI is challenging because an effective
antibiotic treatment is mostly limited to broad-spectrum
antibiotics such as metronidazole, vancomycin, or the newer
anti-CDI drug fidaxomicin (Debast et al., 2014), as first-line
treatment (Louie et al., 2011; Tart, 2013). Indeed, application of
antibiotics might eventually result in further disturbance of the
gut microbiota increasing the risk of recurrent CDIs.

Therefore, novel therapeutic approaches to treat CDI
preferentially based on the inactivation of the produced and
secreted toxins are urgently needed. In this context, antimicrobial
peptides (AMPs) and in particular human defensins play an
elevated role. Defensins are small and cationic peptides linked via
three intra-molecular disulfide bridges (Ganz and Lehrer, 1994;
Kagan et al, 1994). In addition to mere microbicidal activity,
inactivation and neutralization of several bacterial toxins were
reported (Kim et al, 2005; Kim et al., 2006; Giesemann et al.,
2008; Lehrer et al., 2009). Especially for o-defensins, an inhibitory
potency against several bacterial toxins was reported earlier (Kim
et al., 2005; Kim et al., 2006; Giesemann et al., 2008; Fischer et al,,
2018; Fischer et al., 2020). Based on these findings, we investigated
the effect of the human antimicrobial peptide o.-defensin-5 as
inhibitor of the C. difficile toxins TcdA, TcdB, and CDT and in
particular as inhibitor of the medically most relevant combination of
all three toxins.

MATERIALS AND METHODS

Protein Expression, Purification, and

Used Inhibitor

The recombinant protein toxins used in this work were expressed
and purified as described in earlier publications (Schwan et al.,
2009; Papatheodorou et al., 2010; Schwan et al., 2011). Native
TcdA was purified as described (Giesemann et al., 2008). o-
Defensin-5 was purchased from PeptaNova (Sandhausen,
Germany) and dissolved as described by the manufacturer.

Cell Culture and Cytotoxicity Experiments

Vero and Caco-2 cells were cultivated in culture dishes at 37°C and
5% CO,. For cultivation, cells were maintained in their respective
media (Vero cells: Minimum Essential Media (MEM) containing
10% fetal calf serum (FCS), 1 mM sodium pyruvate, 2 mM L-
glutamine, 0.1 mM non-essential amino acids (NEAA), 10 g/L
penicillin/streptomycin; Caco-2 cells: Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% FCS, 1 mM sodium pyruvate,
0.1 mM NEAA, 10 g/L penicillin/streptomycin) and split three
times a week at a confluency of 80% to 100%. For cytotoxicity
experiments, cells were seeded into different well plates ranging
from 96- to 8-well cell culture plates and grown for at least 1 day.
After reaching the requested density, the cells were treated with the
respective toxins in serum-free medium. After defined time points,
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pictures were taken using an Axiovert 40CFl microscope from
Zeiss connected to a ProgRes C10 CCD camera from Jenoptik to
monitor the intoxication process. Cell pictures were processed using
the Image]J software (Schneider et al., 2012; Rueden et al., 2017) in
combination with the plug in cell_counter.jar.

Investigation of the Glucosylation Status
of Rac1 in Cells After Treatment With
TcdA and/or TcdB

After reaching confluency, cells were treated with either TcdA
(10 pM), TcdB (10 pM) or the combination of both toxins (each
10 pM) in the presence or absence of o-defensin-5 in
concentrations ranging from 1 uM to 6 pM. For control, cells
were left untreated. After defined time points, the cells were
thoroughly washed, lysed, and transferred to SDS-PAGE
followed by Western blot. Native and thereby non-glucosylated
Racl was detected by using an anti-Racl-antibody (BD,
Bioscience, 610650, 1:1000) combined with the respective
secondary antibody (chicken-anti-mouse IgG-HRP, Santa Cruz
Biotechnology, 1:2500). Comparable protein loading of the
samples was confirmed via immunodetection of either Hsp90
(Santa Cruz Biotechnology, 1:500) or GAPDH (Santa Cruz
Biotechnology, 1:1000).

Sequential ADP-Ribosylation of Actin in
Lysates of CDT-Treated Cells

After reaching confluency, cells were treated with CDT (CDTa/
CDTb: 1 nM/1.3 nM) in the presence or absence of a-defensin-5 (1,
3, or 6 uM). For control, cells were left untreated. After 4.5 h, cells
were washed and scraped off in 50 pl of ADP-ribosylation-buffer
containing 1 mM DTT, 5 mM MgCl, and 1 mM EDTA, 20 mM
Tris-HCl pH 7.5 plus cOmplete' " protease inhibitor cocktail
(Roche, Germany). After lysis, 20 pl of the cell lysate was
incubated with 10 uM biotinylated NAD" (Trevigen, USA) in the
presence of 50 ng freshly added CDTa for 30 min at 37°C. After
adding SDS sample buffer and inactivation for 10 min at 95°C,
samples were analyzed by Western blotting. Biotin-labeled, i.e.,
ADP-ribosylated actin was detected with a peroxidase-coupled
streptavidin (Sigma-Aldrich, USA, 1:2500). To ensure comparable
protein loading, GAPDH was detected as described above.

In Vitro Glucosylation of Rac1 by TcdA

and In Vitro ADP-Ribosylation of Actin

by CDTa

For investigation of the in vitro glucosylation of Racl, 40 g of Caco-
2 whole cell lysate was incubated with 300 ng TcdA for 1 h at 37°C
in the presence of increasing concentration of o-defensin-5 (6, 12,
or 24 uM). For control, cell lysate was either left untreated or
incubated with TcdA alone. After heat inactivation, samples were
transferred to SDS-PAGE followed by Racl immunoblotting. For
investigation of the in vitro ADP-ribosylation of actin, 40 pg of
whole Caco-2 lysate was incubated with 1 ng CDTa for 30 min at
37°C with 10 pM biotinylated NAD" and with increasing
concentrations of o-defensin-5 (1 uM, 3 pM, and 6 uM). For
control, cell lysate was supplemented with 10 uM biotinylated

NAD", with CDTa of was left untreated. Biotin-labeled, i.e. ADP-
ribosylated actin was detected as mentioned above.

Fluorescence Microscopy

Caco-2 cells were seeded in 8-well p-slide chambers from ibidi
(Grifelfing, Germany) and incubated for 2 days at 37°C until
reaching confluency. Afterward, cells were treated with either the
combination of TcdA/TcdB (each 10 pM), CDT (2 nM/2.7 nM),
or the combination of all three toxins together (TcdA: 10 pM,
TcdB: 10 pM, CDT: 2 nM/2.7 nM) in the presence or absence of
o-defensin-5 (6 uM). After indicated time intervals of
incubation, cells were washed carefully two times with PBS and
fixed using 4% paraformaldehyde (PFA) for 20 min at room
temperature (RT). After permeabilization with Triton-X 100
(0.4% in PBS) for 5 min and treatment with 100 mM glycine
for 2 min at RT, cells were incubated with 5% skim milk powder
for 30 min at 37°C. Non-glucosylated Racl was stained with a
mouse anti-Racl antibody (BD Bioscience, 1:100) in
combination with a fluorescent labeled secondary antibody
(goat-anti-mouse-568, Invitrogen, USA, 1:750). Actin was
stained using phalloidin-FITC (Sigma Aldrich, 1:100) and
nuclei were stained via Hoechst33342 (1:10000) at 37°C for
5 min. Images were taken using iMic digital microscope (FEI,
Munich, Germany) and processed using Image] software
(following wavelength settings were used: Figure 1C: channel 1
(Hoechst), 500/1300; channel 2 (F-actin), 600/1200; channel 3
(Racl), 650/950. Figure 2C: channel 1 (Hoechst), 500/1200;
channel 2 (F-actin), 520/600; channel 3 (Racl), 1000/1000.
Figure 3B: channel 1 (Hoechst), 500/1300; channel 2 (F-actin),
515/600; channel 3 (Racl), 515/600).

TEER Measurements

Transepithelial electrical resistance (TEER) measurements were
used to analyze the integrity of a confluent Caco-2 cell
monolayer. Here, 1.2 x 10° Caco-2 cells were seeded in a 24-well
hanging cell culture insert (catalogue number MCHT24H48) from
Merck Millipore and incubated for 3 days at 37°C until TEER values
between 2000 and 3000 Q/cm? were reached. CDT (1.6 nM/2 nM)
was added apically in complete growth medium in the presence or
absence of o-defensin-5 (6 uM). TEER was measured using the
EVOMX apparatus provided with the STX2 electrode (both WPI,
USA). Blank resistance (filters only filled with culture medium) was
subtracted from raw TEER values and resulting values were
multiplied by the effective surface area of the membrane in the
filter (here 0.3 cm?®). Additionally, the exploited values were
normalized to time point zero (t0 = 100%).

Precipitation Studies With TcdA

After centrifugation at 10000 rpm for 20 min at 4°C, 1 pg of TcdA
was incubated for 15 min at 37°C in 30 pl serum-free medium in the
presence or absence of a-defensin-5 (6 pM). After an additional
centrifugation step at 14000 rpm for 20 min at 4°C, samples were
divided into a supernatant and a pellet fraction. The pellet fraction
was resuspended in 30 pl MEM, and all fractions were incubated
with SDS sample buffer at 95°C for 10 min. Afterward, the samples
were transferred to and analyzed by SDS-PAGE.

Frontiers in Pharmacology | www.frontiersin.org

138

August 2020 | Volume 11 | Article 1204


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Korbmacher et al.

a-Defensin-5 Neutralizes Clostridioides difficile Toxins

A TedA
+ a-def-5
3 con.
100 == TedA
— [ TedA + a-def-5 [1 uM]
s 53
S 80 B TedA+a-def-5 [3 pM]
= B TcdA + a-def-5 [6 uM]
g 604
=
<
= 404
s
o
= 204
0-
2h 3h 4h S5h 6h
1007
= 2 con
£ o] reda mative)
i |3 TedA (native) + a-def-5
2
<
-
@
=
cE
E
o
=
2h 3h 4h S5h
TedA
B
a-def-5 [uM]
con. 1 3 6 [kDa]
Hsp9%0 95
P — 72
—26
non-gluc.
Racl —— 17
TedA + + + + N
TedB + + + + -
a-def-5 + + = + [kDa]
: | —43
GAPDH [ — —34
26
non-glue. | - £ -
Racl —17
stained with phalloidin-FITC, nuclei were stained with Hoechst33342.

Calcium (Ca®*) Imaging

Caco-2 cells were seeded in an 8-well p-slide plate from ibidi
(Grifelfing, Germany) with a density of 1.5 x 10° cells per well
for 2 days. Then, the cells were loaded with 3 uM of Fura-2 AM
for 45 min at 37°C and afterward treated with bath solution
(containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM
MgCl,, 5 mM Glucose, 10 mM HEPES, pH 7.4). After three
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FIGURE 1 | a-Defensin-5 decreases the cytotoxic effects of TcdA, TcdB and of the combination of both toxins. (A) Vero cells were either treated with TcdA (10 pM,
left panel) or TcdB (10 pM, right panel) in the presence or absence of increasing concentrations of a-defensin-5 (1, 3, 6 uM), and the percentage or rounded cells
was determined. For comparison, Vero cells were treated with native TcdA (10 pM, left lower panel) in the presence or absence of a-defensin-5 (6 puM). Values are
given as mean + SD (n = 3). Significance was determined using the one-way ANOVA test (n.s. = not significant, “p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
(B) Vero cells (upper panel) were treated with TcdA (10 pM) and a-defensin-5 with increasing concentrations (1, 3, 6 uM) for 3.5 h. Caco-2 cells (lower panel) were
treated with either TcdA (10 pM), TcdB (10 pM) or the combination of both toxins (each 10 pM) with or without a-defensin-5 (6 uM) for 8 h. Afterward, cells were
lysed and subjected to Western blot analysis. Non-glucosylated Rac1 was detected using a specific antibody. Hsp90 or GAPDH were used as controls for equal
protein loading. (C) Caco-2 cells were treated with the combination of TcdA (10 pM) plus TcdB (10 pM) and with/without o-defensin-5 (6 uM) for 8.5 h. For control,
cells were left untreated. After incubation, cells were fixed and permeabilized. Non-glucosylated Rac1 was detected using a specific anti-Rac1-antibody, F-actin was

washing steps with bath solution, baseline was measured for
2 min, and cells were then treated with CDTb (13 nM) with or
without a-defensin-5 (6 uM). Calcium flow was recorded using
an iMic digital microscope (FEI, Munich, USA). Resulting
ratio images were created with excitation light pulses at 340

and 380 nm followed by subsequent ratio calculations
(340/380).
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FIGURE 2 | o-Defensin-5 protects cells from intoxication with the binary toxin CDT. (A) Vero cells (upper left panel) were treated with CDT (1 nM/1.3 nM) and Caco-
2 cells (lower left panel) were treated with CDT (4.1 nM/5.3 nM) in the presence or absence of a-defensin-5 with varying concentrations. Representative images for
Vero cells (6 h) and Caco-2 cells (4.5 h) plus/minus a-defensin-5 (6 uM) are depicted. For Vero cells, the amount of rounded cells over time was determined (right
panel). Values are given as mean + SD (n = 3). Significance was determined using the one-way ANOVA test (n.s. = not significant, *p < 0.05, **p < 0.01, **p <
0.001). (B) Caco-2 cells were treated for 4.5 h with CDT (4.1 nM/5.3 nM) with and without a-defensin-5 (6 uM). Afterward, cells were washed, lysed and subjected
with 10 uM biotinylated NAD* and 50 ng fresh CDTa. Biotin-labeled, e.g. ADP-ribosylated actin was detected by immunoblotting using the ECL system. GAPDH was
stained for comparable protein loading. (C) Caco-2 cells were treated with CDT (2 nM/2.7 nM) with or without a-defensin-5 (6 uM) for 5 h. For control, cells were left
untreated. Then, cells were fixed and permeabilized. Phalloidin-FITC was used to stain F-actin, Hoechst33342 was used to stain nuclei. (D) Transepithelial electrical
resistance was investigated using Caco-2 cells with CDT (1.6 nM/2 nM) with or without o.-defensin-5 (6 pM).
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RESULTS

The Human Peptide a-Defensin-5
Decreased the Cytotoxic Activities

of TcdA and TcdB

First, the cytopathic effects of TcdA and TcdB under the
influence of o-defensin-5 were examined in detail using the
mammalian epithelial Vero cell line. After intoxication, Vero
cells rapidly display a characteristic change in morphology, i.e.
cell rounding, which is a traditional and well-established specific,
robust, and sensitive endpoint to monitor the inhibition of
bacterial protein toxins. The TcdA- and TcdB-induced changes
in cell morphology (cell rounding) in the presence and absence of
increasing concentrations of ot-defensin-5 were quantified by cell
counting. Representative images which clearly show a specific
inhibition of TcdA and TcdB by o-defensin-5 are displayed
(Figure 1A). Since the effect was surprising for TcdA, native
toxin A was also tested in this case, which was also inhibited by
o-defensin-5 (Figure 1A, left lower panel). All subsequent
experiments were then performed with recombinant TcdA. In
order to further strengthen the inhibitory potential of -
defensin-5 especially on TcdA, the status of Racl glucosylation
in intoxicated cells was examined. Here, an antibody was used,
that is only able to detect non-modified Racl from untreated

cells. After intoxication and thereby glucosylation, Racl is no
longer detected by this specific antibody (Genth et al., 2006:
Egerer et al., 2007; Fischer et al., 2020). First, TcdA was
investigated with increasing amounts of o-defensin-5 and a
clear inhibition could be observed with the highest amount
(6 uM) of the inhibitor (Figure 1B, upper panel). But also for
TcdB and more importantly for the medically relevant
combination of both toxins, a clear inhibition in the presence
of o-defensin-5 could be detected (Figure 1B, lower panel). The
results for the combination of both toxins were further
confirmed via fluorescence microscopy (Figure 1C).

Human a-Defensin-5 Decreased the
Cytotoxic Activity of CDT

Next, the effect of o-defensin-5 toward the binary toxin CDT was
examined. First, Vero as well as human colonic Caco-2 cells were
treated with CDT in the presence and absence of o.-defensin-5
and a clear time- and concentration-dependent inhibition
became obvious (Figure 2A). Especially for the higher
concentrations of the peptide, the inhibition of CDT could be
clearly confirmed via investigating the effect on actin
modification in CDT-treated Caco-2 cells (Figure 2B). After
visualization of the actin cytoskeleton via fluorescence
microscopy, it became evident, that CDT caused a dramatic
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FIGURE 3 | a-Defensin-5 protects cells in a time- and concentration-dependent manner from intoxication with the combination of TcdA, TcdB, and CDT. (A) Vero
cells were treated with the combination of all three C. difficile toxins (TcdA: 10 pM, TcdB: 10 pM, CDT: 1 nM/1. 3 nM) and increasing concentrations of a-defensin-5
(1, 3, 6 uM). Representative images after 6 h are shown (upper panel). The amount of rounded cells was determined over time (lower panel). Values are given as
mean + SD (n=3). Significance was determined using the one-way ANOVA test (n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.0001). (B) Caco-2 cells were
treated with the combination of TcdA (10 pM), TcdB (10 pM), and CDT (2 nM/2.7 nM) in the presence or absence of a-defensin-5 (6 pM). After 5.5 h, cells were
fixed, permeabilized and non-glucosylated Rac1 was stained using a specific antibody. Phalloidin-FITC was used to stain F-actin, Hoechst33342 was used to stain

disorganization of actin which is characterized by a lower actin
signal in total. In the presence of ci-defensin-5, the cytoskeleton
was almost completely protected from CDT-catalyzed
degradation (Figure 2C). Last, the integrity of the epithelial
barrier function of confluently grown Caco-2 cells was analyzed.
CDT-treatment clearly reduced TEER in the Caco-2 monolayer
whereas this effect was delayed in the presence of o-defensin-5
(Figure 2D).

Treatment With a-Defensin-5 Protected
Cells From the Combination of TcdA,
TcdB, and CDT

Now, the medically relevant combination of all three C. difficile
toxins together was examined. Especially in antibiotic-resistant
hypervirulent C. difficile strains, the presence of all three toxins
leads to a significant worsened outcome for infected patients. In
the cell culture experiments the combination of all three toxins
led to a very rapid rounding of Vero cells. The characteristic

rounding was significantly delayed in the presence of o.-defensin-
5 and also for the combination, a clear time- and concentration-
dependent inhibition became evident (Figure 3A). To confirm
the results obtained so far and to directly visualize effects of the
combination of TcdA, TcdB, and CDT in intact Caco-2 cells,
fluorescence microscopy was performed. Unimpaired Caco-2
cells are characterized by a clear ring of cortical actin
and homogeneously distributed Racl. After treatment with
the toxins, these characteristics were dramatically altered. In
the presence of o-defensin-5, actin as well as Racl was
almost entirely protected from toxin-induced modifications
(Figure 3B).

Incubation of a-Defensin-5 With TcdA
Resulted in Precipitation and With CDTb in
Reduced Cytotoxicity and Pore Formation
Finally, the underlying molecular mode of inhibition was analyzed
in more detail. For TcdA as well as for CDTa, no influence on the in
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vitro-enzymatic activity in the presence of a-defensin-5 could be
observed (Figure 4A). Based on previous experiments, the
capability of o-defensin-5 to precipitate TcdA was investigated.
When incubated without inhibitor, TcdA was nearly completely
present in the supernatant fraction. In the presence of oi-defensin-5,
the effect was inverted and TcdA was mainly detectable in the pellet
fraction (Figure 4B). For CDT, the underlying mechanism might be
different and is most likely based on the impact of ot-defensin-5 on
the pore-forming activity of CDTb or more precisely on the
inactivation of the cytotoxic CDTb-pore. In higher
concentrations, CDTb is able to induce pores in the plasma
membrane in the absence of the enzymatic component CDTa.
The pore-formation leads to dramatic changes in cell morphology
and cell viability. Both effects could efficiently be prevented by the
addition of a-defensin-5 (Figure 4C). These findings were
confirmed using the Ca**-imaging method in combination with
living Caco-2 cells. Here, the increase in the Fura2 340/380 ratio,
indicating the formation of CDTb-pores and the influx of Ca®"-ions
into the cytosol of Caco-2 cells, could be prevented in the presence
of o-defensin-5 (Figure 4D).

DISCUSSION

For CDAD, as well as for many other important diseases that are
caused by exotoxins that are released from bacteria in the human
body, the efficient targeted inhibition of these toxins besides the
application of antimicrobial drugs is of highest relevance because
the toxins cause the disease. The optimal inhibitors should affect the
invading bacteria but also the released exotoxins. Such properties
have been reported for human o-defensins. The o-defensins belong
to the group of AMPs and are distributed in large amounts in host
defense cells and tissues. In contrast to other alpha-defensins, such
as o-defensins-1-4, which are predominantly produced in
neutrophilic granulocytes and are therefore also called human
neutrophil-derived o-defensins (HNP)1-4, the here investigated
o-defensin-5 is mainly produced by enteric Paneth cells (Lehrer
et al,, 1993). Paneth cells are specialized cells at the base of intestinal
crypts, also known as crypts of Lieberkithn. As part of the local
immune system in the small intestine, Paneth cells release o-
defensin-5 (and -6) into the lumen of the crypts preventing local
excessive colonization of microbes (Selsted and Ouellette, 1995).
Like all defensins, o-defensin-5 contains six intramolecular cysteine
residues which form an unalterable and specific pattern of disulfide-
bridges (Selsted and Harwig, 1989). The defined arrangement of the
intramolecular disulfide-bridges is accountable for a conserved
backbone topology, that protects the small peptide from
proteolysis and maintains the function of o-defensin-5 as broad-
spectrum microbicide in the environment of the intestinal lumen
(Alpha Defensin - an overview | ScienceDirect Topics). Therefore,
microbicidal tissue concentrations between 0.5 and 2.5 mg/g can be
achieved in the mucosa of the ileum (Ghosh et al., 2002). It became
evident that in addition to their microbicidal activity, specific
human defensins are able to inactivate and neutralize several
bacterial toxins (Kim et al, 2005; Kim et al., 2006; Giesemann
etal., 2008; Lehrer et al., 2009). Based on these previous findings, the

protective role of o-defensin-5 against TcdA, TcdB, and CDT was
investigated in this present study.

For TcdA, TcdB, and CDT, a time- and concentration-
dependent inhibition by o-defensin-5 was observed. For all
three toxins, the inhibition by c-defensin-5 could be quantified
morphologically on Vero cells and biochemically on Caco-2 cells.
By using fluorescence microscopy, the inhibitory potency of a-
defensin-5 could be further strengthened. This fact could also be
substantiated for the medically relevant combination of all three
toxins together. However, the underlying inhibition mechanism
seems to differ between the large clostridial glucosylating toxins
TcdA and TcdB and the binary actin ADP-ribosylating toxin
CDT. In the presence of the inhibitor we observed a clear
precipitation of TcdA, which could be made visible in a
sodium dodecyl sulfate polyacrylamide gel. At the same time,
we could not detect any influence of o-defensin-5 on the
enzymatic activity of TcdA, which is consistent with our earlier
results for o-defensin-1 (Fischer et al., 2020) but in some
contrast to the work of other groups. Giesemann et al. showed
in an earlier study that both o-defensin-1 and o-defensin-5 can
effectively inhibit TcdB, but not TcdA. In our present study,
however, we clearly show inhibition of TcdA in the presence of
o-defensin-5. In direct comparison, a broader concentration
range of o-defensin-5 was tested in our study, and in addition,
a five-fold less concentration of TcdA and recombinant instead
of native TcdA was used. Giesemann et al. could show that at
least for o.-defensin-1, the inhibition of TcdB was mediated by
negatively influencing the glucosyltransferase activity of TcdB
whereas for a-defensin-5, less or almost no influence on the
glycosyltransferase activity of the toxin was observed. This is in
line with our findings of the present study, where also no
influence of a-defensin-5 on the enzyme activity of TcdA was
detected. Au contraire, we found, that binding and co-
precipitation of TcdA is the underlying inhibitory mechanism
of o-defensin-5. Extensive co-precipitation of TcdB with o-
defensin-5 was also observed in the work of Giesemann et al.
and in the present study we could show, that this is also
the underlying mode of inhibition for TcdA. Presumably,
native TcdA that was used by Giesemann et al. was more
extensively bound by protein impurities that might have
prevented successful interaction with o-defensin-5 (Giesemann
et al., 2008).

For CDT, the mode of inhibition seems to be based on the
inactivation of the CDTb-pore. Several binding/transport
components of binary bacterial toxins form cation-selective
channels to transport the enzymatically active subunits of such
toxins into cells (Schmid et al., 1994). It was demonstrated that
also CDTDb forms pores in lipid bilayer membranes in vitro
(Kronhardt et al., 2017). More recently, it was shown that CDTb
forms di-heptamer like structures (Xu et al., 2020). Furthermore,
when applied to cells, CDTb alone (in the absence of CDTa) is
able to cause dramatic changes in cell morphology and cell
viability (Kronhardt et al., 2017). These massive cell-damaging
effects could be completely prevented by the addition of -
defensin-5. But also for CDT, we did not find any influence of the
small peptide on the enzymatic activity, although this has already
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FIGURE 4 | o-Defensin-5 has no influence on the enzymatic activity of TcdA and CDTa but leads to precipitation of TcdA and inhibition of the cytotoxic pore-
forming activity of CDTb. (A) Caco-2 lysate (40 pg) was incubated with TcdA (300 ng) and varying concentrations of a-defensin-5 (6, 12, 24 puM) for 1 h (left panel) at
37°C. Caco-2 lysate (40 pg) was incubated with CDTa (1 ng), 10 uM biotinylated NAD" and varying concentrations of a-defensin-5 (1, 3, 6 uM) for 30 min at 37°C.
Next, samples were subjected to SDS-PAGE and Western Blotting. Non-glucosylated Rac1 was detected with a specific antibody, biotin-labeled, e.g., ADP-
ribosylated actin was detected using streptavidin-peroxidase. Hsp90 and GAPDH were used to confirm equal protein loading. Values are given as mean + SD (n =
2). Significance was determined using the one-way ANOVA test (n.s. = not significant). (B) TcdA (1 pg) was incubated with and without o-defensin-5 (6 uM) for

15 min at 37°C in serum-free medium. Afterward, samples were centrifuged and separated fractions were subjected to SDS-PAGE (left panel). Densitometric
analyses from individual experiments are shown as bar graph (right panel). Values are given as mean + SD (n = 2). Significance was determined using the one-way
ANOVA test (n.s. = not significant, **p < 0.01). (C) Vero cells were treated with CDTb (5.3 nM) in the absence of CDTa with or without increasing concentrations of
a-defensin-5 (1, 3, 6 pM) for 4 h at 37°C. Representative images are shown in the left panel. After the incubation time, a MTS cell viability assay was performed.
Values are given as mean + SD (n=3). Significance was determined using the one-way ANOVA test (n.s. = not significant, ***p < 0.0001). (D) Caco-2 cells were
seeded in an 8-well ibidi plate and pretreated with Fura-2AM (3 uM) for 45 min. Next, baseline was measured for 2 min, and the cells were then treated with CDTb

been described for other toxins of the mono-ADP-
ribosyltransferase family (Kim et al., 2006). Most likely, o-
defensin-5 is not able to block existing CDTb pores like other
known pore blockers such as chloroquine (Schmid et al., 1994) or
other related compounds like fluphenazine (Bachmeyer et al,
2001; Bachmeyer et al., 2003). Based on our previous finding

(Fischer et al., 2020), we assume the same underlying mode of
inhibition for o-defensin-5 as for c-defensin-1, namely the
prevention of the formation of new CDTb-pores by o-
defensin-5. This conclusion could be drawn on the basis of
analyzing cell morphology and viability as well as on the basis of
calcium imaging. In these experiments, a clear increase in
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intracellular Ca** was observable when Caco-2 cells were treated
with CDTD in calcium containing medium. This effect was
prevented in the presence of o-defensin-5 indicating the
successful prevention of the formation of CDTb-pores.
Interestingly, when Caco-2 cells were treated with CDTb in
calcium-free medium, no increase in intracellular Ca** could
be detected, suggesting that CDTb does not lead to the release of
intracellular calcium per se (data not shown).

Taken together, o.-defensin-5 is a specific inhibitor of C. difficile
toxins TcdA, TcdB, and CDT. This human peptide might be an
auspicious pharmacological inhibitor to treat/prevent CDAD, in
particular after infection with hypervirulent, CDT-producing strains
of C. difficile. Thereby, a beneficial role of o.-defensin-5 might be a
first line host defense mechanism against invading pathogens in
combination with a newly discovered inhibitory potency against the
produced protein toxins.
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Epilepsy is a disease characterized by abnormal brain activity and a predisposition to
generate epileptic seizures, leading to neurobiological, cognitive, psychological, social,
and economic impacts for the patient. There are several known causes for epilepsy; one of
them is the malfunction of ion channels, resulting from mutations. Voltage-gated sodium
channels (NaV) play an essential role in the generation and propagation of action potential,
and malfunction caused by mutations can induce irregular neuronal activity. That said,
several genetic variations in NaV channels have been described and associated with
epilepsy. These mutations can affect channel kinetics, modifying channel activation,
inactivation, recovery from inactivation, and/or the current window. Among the NaV
subtypes related to epilepsy, NaV1.1 is doubtless the most relevant, with more than 1500
mutations described. Truncation and missense mutations are the most observed
alterations. In addition, several studies have already related mutated NaV channels with
the electrophysiological functioning of the channel, aiming to correlate with the epilepsy
phenotype. The present review provides an overview of studies on epilepsy-associated
mutated human NaV1.1, NaV1.2, NaVv1.3, NaV1.6, and NaVv1.7.

Keywords: channelopathies, epilepsy, ion channel, mutation, sodium channel

INTRODUCTION

Epilepsy is a disease known worldwide, affecting around 70 million people in the world (Thijs et al.,
2019). It has been considered a disease and no longer a disorder or a family of disorders since 2014
by International League Against Epilepsy (ILAE) and the International Bureau for Epilepsy (IBE)
(Falco-Walter et al., 2018). Epilepsy is conceptually defined as a disease in which an individual has at
least two unprovoked or reflex seizures in a period greater than 24 h apart, one unprovoked or reflex
seizure and a probability of having another seizure similar to the general recurrence risk after two
unprovoked seizures (greater than or equal to 60%) over the next ten years or an epilepsy syndrome
(Fisher et al., 2014).

When abnormal brain activity begins in one or more identified regions, epilepsy is
called focal, whereas, when it occurs in both hemispheres with a wide distribution, it is
called generalized. Finally, when it cannot be classified as either focal or generalized, it is called
unknown (Devinsky et al., 2018).

Frontiers in Pharmacology | www.frontiersin.org 146

August 2020 | Volume 11 | Article 1276


https://www.frontiersin.org/articles/10.3389/fphar.2020.01276/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01276/full
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:efschwa@unb.br
https://doi.org/10.3389/fphar.2020.01276
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.01276
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.01276&domain=pdf&date_stamp=2020-08-18

Menezes et al.

Epilepsy-Related Nav Channelopathies: A Review

Epilepsy can affect anyone, regardless of gender, age, and
income levels (Saxena and Li, 2017). Understanding the etiology
of epilepsy is crucial for clinical management of patients and for
conducting neurobiological research that will direct future
therapies (Thomas and Berkovic, 2014). The ILAE Task Force
has defined six etiologic categories; they are not hierarchical and
more than one might often apply (structural, genetic, infectious,
metabolic, immune, and unknown) (Falco-Walter et al., 2018).

Among those genetically caused, it is possible to identify
several epilepsy-related genes (Lindy et al., 2018). For example,
voltage-gated potassium channel, voltage-gated calcium channel
and voltage-gated chloride channel genes, GABA receptors,
nicotinic acetylcholine receptors, polymerase (DNA) Gamma
genes and voltage-gated sodium channel genes (Deng
et al., 2014).

Voltage-gated sodium channels (NaV) can be found mainly
in the central nervous system (CNS), peripheral nervous systems
(PNS), skeletal, and cardiac muscles (Huang et al., 2017). NaVs
are distributed throughout the body and play an important role
in the generation and propagation of action potential (Wang
et al., 2017b). Structurally, NaVs are composed by an o subunit
organized in four homologous ligated domains (DI-DIV), each
domain composed by six transmembrane segments (S1-5S6), and
one or more 3 subunits associated by non-covalent interactions
or disulfide bond (Abdelsayed and Sokolov, 2013; Gilchrist et al.,
2013; Catterall, 2017; Bouza and Isom, 2018; Jiang et al., 2020).
The domains of an o subunit present a high degree of
conservation with each other, presenting the region known as
the voltage sensor domains (VSD) located in transmembranes
S1-S4, especially S4 helix, which contains positively charged
residues, and the pore-forming (PM) domain located in S5-S6
segments, structuring a four VSD around a central pore (Ahern
et al., 2016).

The S4 helix of DI, DII, and DIII domains moves faster than
the S4 helix of DIV during membrane depolarization, and this
asynchronous movement is an essential feature in the steady
activation voltage-dependent process, which provokes
movement of S4-S5 intracellular links followed by the
displacement of the S6 segments to initiate Na' influx
(Goldschen-Ohm et al., 2013; Oelstrom et al., 2014). The
movement of the S4 helix of DIV initiates the process of fast
inactivation, since the movement of the voltage sensor in domain
DIV is associated with the displacement of an intracellular loop
between DIII and DIV within an IFM (isoleucine, phenylalanine,
and methionine) motif that binds intracellular to PM and
terminate Na® influx (Capes et al, 2013; Clairfeuille et al.,
2019). A second type of reversible inactivation occurs after
repetitive or prolonged stimulation and results in steady-state
inactivation whose asymmetric movement of S6 segments
collapses the pore (Payandeh et al,, 2012; Zhang et al., 2012;
Gamal El-Din et al,, 2013; Silva and Goldstein, 2013; Ghovanloo
et al,, 2016). Consequently, electrophysiological changes such as
increased current density, shifting steady-state activation, and
inactivation to negative and positive values, respectively,
enhanced persistent current, accelerated recovery from
inactivation, and delayed fast inactivation can cause gain-of-

function (GoF) in the channel. Also, decreased current density,
positive shift in steady-state activation, negative shift in steady-
state inactivation, and slower recovery from inactivation can
cause loss-of-function (LoF) (Mantegazza et al., 2005; Liao et al.,
2010; Lossin et al., 2012; Catterall, 2014b; Vanoye et al., 2014;
Wagnon et al, 2017; Yang et al., 2018; Zaman et al, 2018;
Wengert et al., 2019; Zhang S. et al., 2020).

Currently, there are nine different alpha subtypes of NaVs
(NaV1.1-NaV1.9), and mutations in these channels can cause
diseases known as channelopathies (Catterall et al., 2010).
NaV1.l (SCNIA), NaV1.2 (SCN2A), NaV1.3 (SCN3A), NaV1.6
(SCN8A) and NaV1.7 (SCN9A) are genes whose mutations are
related to epilepsy. So far, there is no correlation of mutations in
NaV1.4 (SCN4A), NaV1.5 (SCN5A), NaV1.8 (SCNIOA), and
NaV1.9 (SCN11A) with epilepsy, which is to be expected, since
these channels are mainly expressed in skeletal muscles, cardiac
tissues, dorsal root ganglia, trigeminal sensory neurons,
nociceptive neurons of the dorsal root and trigeminal ganglia,
respectively (Brunklaus et al., 2014). Both o and B subunits
(SCN1B) have been reported as the cause of epilepsy phenotype
(Meisler et al., 2010; Kaplan et al., 2016).

NaV channels rank amongst the 2% most conserved
proteins in the human genome, with an extremely low rate
of coding variation, accounting for nearly 5% of known
epileptic encephalopathies (Petrovski et al., 2013; Mercimek-
Mahmutoglu et al., 2015; Lek et al., 2016; Heyne et al,,
2019). Pathogenic mutated residues are situated in the
highly evolutionarily conserved portions of the channel:
transmembrane segments, intracellular inactivation gate loop,
and the proximal 2/3 of the C-terminal domain (Blanchard
et al,, 2015; Wagnon and Meisler, 2015). The final 1/3 portion
of the C-terminal and cytoplasmic interdomain loops 1 and 2
are less conserved (Denis et al., 2019). The proximal 2/3 of the
C-terminal are involved in the interaction of several binding
sites for proteins and accessory molecules, like beta subunits $1
and 33, fibroblast growth factors (molecules implicated in
neural development), calmodulin (regulatory protein in
neuronal function and hyperexcitability) and G protein
(Bahler and Rhoads, 2002; Spampanato, 2004; Wittmack
et al., 2004; Laezza et al., 2009; Yang et al., 2010). Moreover,
the C-terminal has been shown to interact with the inactivated
channel via ionic interaction between its positively charged
residues and negatively charged residues at the inactivation
gate. A shift in any of the charges can brake electrostatic
interaction and affect normal channel inactivation (Nguyen
and Goldin, 2010; Shen et al., 2017; Johnson et al., 2018).

The N-terminal region seems to play a more important role
on protein trafficking than on channel activity. This domain
interacts with the light chain of microtubule-associated protein
MAPI1B, facilitating the traffic of the NaV channel to the
neuronal cell surface (O’brien et al., 2012; Blanchard et al.,
2015). In addition, mutation in the N-terminal leads to protein
retention in the endoplasmic reticulum (Sharkey et al., 2009).

Newer genomic approaches, especially next generation
sequencing (NGS), improve the rate and reduce the costs
associated with genetic epilepsy diagnosis, since traditional
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cytogenetic and microarray-based tests are lengthy, expensive,
and diagnostic yield is incredibly low (Veeramah et al., 2013;
Allen et al., 2016; Sands and Choi, 2017; Orsini et al., 2018). The
use of gene panels and whole-exome sequencing (WES) provides
a powerful tool to change the paradigm of genetic epilepsy
diagnosis (Ng et al., 2010; Clark et al., 2018). These techniques
have been widely used to elucidate suspected inherited
neurological diseases in the last years, contributing to
dramatically increase the number of patients diagnosed with
genetic epilepsy. Both mendelian and de novo genetic epilepsy
can be detected with these methods, but doubtless, de novo
mutations are the most prevalent mutations related to epilepsy-
related voltage-gated sodium channel mutations.

Gene therapy is promising as an effective approach to treat
genetic diseases. Personalized epilepsy therapies are in
development and have shown promising results, ranging from
antisense oligonucleotides and small peptides to modulation of
gene expression through epigenetics (Riban et al, 2009; Tan
et al., 2017; Stoke Therapeutics, 2018; Perucca and Perucca,
2019). Even eating habits may be related to an improvement in
the patient's clinical condition. Ketogenic diet has been described
as an effective treatment in epilepsy (Gardella et al., 2018).
Moreover, the combination of traditional antiepileptic drugs
with new compounds displayed a synergic and improved
efficacy, since these molecules do not compete for the same
interaction site (Bialer et al., 2018). Each specific epilepsy-related
NaV isoform will be presented and discussed in detail in the
following sections.

NaV MUTATIONS

Nav1.1

The SCNIA gene encodes for the o subunit NaVI1.1, and is
allocated at the 2q24.3 chromosome between 165,984,641 and
166,149,161 base pairs, same gene cluster of SCN2A-SCN3A
genes, being the most frequent target of mutation in genetic
epilepsy syndromes (OMIM#182389) (Malo et al., 1991; Malo
et al., 1994; Catterall et al., 2010). NaV1.1 is widely expressed in
the CNS, predominant in inhibitory GABAergic interneurons,
regulating neuronal excitability, and the reduction of its activity
is one of the factors that cause epileptic diseases due to imbalance
between inhibition and excitation (Yu et al., 2006; Verret et al.,
2012; Tai et al., 2014; Rubinstein et al., 2015).

Epilepsy syndromes, such as generalized epilepsy with febrile
seizures plus (GEFS+; Online Mendelian Inheritance in Man
[OMIM] #604233), severe myoclonic epilepsy (SME) and SMEI,
also known as Dravet syndrome (OMIM #607208), are
associated with mutations in the SCNIA gene (Escayg and
Goldin, 2010; Meng et al., 2015; Huang et al., 2017).

In the SCNIA mutation database (http://www.caae.org.cn/
gzneurosci/scnladatabase/data), among 1727 mutations
described for the SCNIA gene, 1528 are related to epileptic
diseases (Table 1 and for the full description of mutations in
the SCN1A gene, see Supplementary Table S1). Among the
epilepsy-related mutations, 945 are related to severe myoclonic

epilepsy of infancy (SMEI), 263 are related to severe myoclonic
epilepsy (SME), 151 are related to severe myoclonic epilepsy
borderline (SMEB), 18 are related to partial epilepsy (PE), 31 are
related to partial epilepsy and febrile seizures plus (PEFS +), 8 are
related to generalized epilepsy (GE), and 55 are related to
generalized epilepsy with febrile seizures plus (GEFS +).

Mutations in the NaV1.1 channel are described in almost all
regions of the protein and may cause GoF or LoF (Goldin and
Escayg, 2010; Meng et al.,, 2015). Among the 52 mutations in
SCNIA related to epilepsy with functional studies, 35 mutations
(67.30%) exclusively display characteristics of LoF, 6 mutations
(11.53%) display characteristics unique to GoF, and 11
mutations (21,15%) display characteristics of GoF+LoF,
whereas, in GoF+LoF mutations, the main characteristic that
gives GoF features is enhanced persistent current, present in 10
out of the 11 GoF+LoF mutations listed (Tables 1 and S1).

Due to the role of the NaV1.1 channels in the regulation of
electrical excitability by the inhibitory interneurons, prescription of
AEDs non-selective sodium channel blockers (SCB) for SMEI or
GEFS + syndromes is contraindicated, for it may aggravate crises
due to the enhanced suppress status of the NaV1.1 channels
(Catterall, 2014a; Shi et al., 2016; Knupp and Wirrell, 2018;
Ziobro et al.,, 2018). The first-line drug-based therapy for SCNIA
epilepsy diseases is the enhancement of postsynaptic GABAergic
transmission with allosteric activation of GABA , receptors as target
by Clobazam and/or an increase in GABA concentration in synaptic
cleft resulting from increased GABA production and decreased
GABA degradation as target by Valproic acid (Catterall, 2014a;
Hammer et al., 2016; Knupp and Wirrell, 2018; Musto et al., 2020).
Antisense nucleotides (ASO) therapy to increase mRNA of SCNIA
for NaV1.1 channel expression in normal levels is a promising
strategy for genetic disorders involving haploinsufficiency (Hsiao
et al, 2016; Stoke Therapeutics, 2018). Drug-resistant Dravet
syndrome cases may thrive on alternative therapeutic strategies
based on ketogenic diets (Nabbout et al., 2011; Wu et al., 2018). A
recent study with 20 patients with medically intractable Dravet
syndrome caused by missense, non-sense, insertion, deletions and
splicing mutations presents efficacy during three months of
treatment in 17 patients, decreasing seizure frequency in more
than 50% (Yan et al., 2018). Besisdes that, Epidiolex is an FDA
approved CBD-based drug approved in June 2018 for the treatment
of severe forms of epilepsy, as Dravet and Lennox-Gastaut
syndromes (U.S. Food and Drug Administration [website]., 2018).
Clinical trials using CBD in DS and LGS shown reduced frequency
of seizures in monthly average (Lattanzi et al., 2020; Morano et al,,
2020). Voltage-gated sodium channel are inhibit by CBD in low
micromolar concentrations, ICs, between 1.9 and 3.8 uM, NaV1.4
and NaV1.1 being the most sensitive channels to CBD, 1.9 and 2.0
UM respectively, probably the mechanism of action is reducing
channel availability due shift to more hyperpolarized potential in
steady-state inactivation (Ghovanloo et al., 2019).

Nav1.2

NaV1.2 is encoded by the SCN2A gene (Wolff et al., 2017). It is
located on chromosome 2q24.3 (Shi et al., 2009) and expressed in
the CNS (Catterall, 2014a), especially in excitatory neurons
(Syrbe et al., 2016) and glutamatergic neurons (Sanders et al.,
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TABLE 1 | SCN1A-related epilepsies identified in clinical patients through WES and/or NGS.

Variant Location  Mutation Disease Alteration on biophysical properties or/and
Clinical report

Reference

Inherited mutation

A27T N-terminal ~ Missense =~ GEFS+ Diffuse spikes, prevailing in posterior regions (EEG)
SMEB

L61P N-terminal  Missense DS Febrile seizures

F63L N-terminal  Missense DS Severe developmental delay

Spike and Waves in right fronto-temporal region with
spreading (EEG)

F90S N-terminal  Missense DS Multifocal spikes, frontal-dominant spike-waves
complex (EEG)
S$103G N-terminal  Missense ~ SME Ataxia
DS Rare-spike wave complex (EEG)
S106F N-terminal  Missense  Focal epilepsy  Right temporal parietal occipital slow-wave and
generalized spike-wave complex (EEG)
M145T DI (81) Missense  Unidentified Decrease current density
epilepsy Shift steady-state inactivation to more positive values
L193F DI (S3) Missense  GEFS+ Generalized tonic—clonic seizures
V244L DI (S54-S5) Missense DS Myoclonic seizures

Generalized spikes or spike-and-wave complexes in
the interictal (EEG)

R377Q DI (S5-S6) Missense  GEFS+ Generalized tonic-clonic seizures
F4121 DI (S6) Missense  SMEB Febrile seizure
GEFS+
K488EfsX6 DI-DlI FrameShift DS NR
R542Q DI-DlI Missense  GEFS+ NR
SME
R618C DI-DII Missense  PEFS+ Generalized tonic-clonic seizures

Multifocal epilepsy and bilateral bursts of 3-4 Hz
spike and wave (EEG)

Y790C DIl (51-S2) Missense  GEFS+ Decreased current density
Decreased of cell surface expression
R859H DIl (S4) Missense  GEFS+ Shift steady state activation and inactivation to more

negative values
Enhanced Persistent current

$1084C Dil-Dlll Missense  Juvenile Paroxysmal generalised polyspike-and- wave
myoclonic complexes with myoclonic seizures (EEG)
epilepsy
DS
T1174S DII-Diil Missense  FHM Shift steady state activation to more positive values
FS Deceleration of recovery from fast inactivation
Increase of persistent current
V1353L DIll (S5) Missense  PEFS+ Non-functional channel
GEFS+
A1429S DIll Missense  Autossomal No definitive epileptic spikes (EEG)
(S5-S6) dominant
nocturnal
frontal lobe
epilepsy
R1596H DIV Missense  GEFS+ Generalized spike-wave complexes (EEG)
(S2-S3) Normal imaging (MRI)
11656M DIV (S4) Missense  GEFS+ Shift steady state activation to more positive values
G1674S DIV (S5) Missense  FS+ Febrile seizure

Hemiconvulsion

De novo mutation

(Nicita et al., 2010)

(Halvorsen et al., 2016)
(Nicita et al., 2010)

(Sun et al., 2008; Wang et al., 2012; Xu et al., 2014;
Butler et al., 2017b)

(Fujiwara, 20083; Ebrahimi et al., 2010; Tonekaboni
et al., 2013)

(Barba et al., 2014)

(Mantegazza et al., 2005; Colosimo et al., 2007)

(Cui et al., 2011)
(Morimoto et al., 2006)

(Zucca et al., 2008; Xu et al., 2015; Cetica et al.,
2017; Lindy et al., 2018)
(Ebrahimi et al., 2010; Tonekaboni et al., 2013)

(Yang et al., 2017)

(Escayg et al., 2001; Weiss et al., 2003; Combi

et al., 2009; Orrico et al., 2009; Wang et al., 2012;
Lee et al., 2014, Lal et al., 2016)

(Brunklaus et al., 2015)

(Annesi et al., 2003; Orrico et al., 2009; Bechi et al.,
2015; Bennett et al., 2017)

(Volkers et al., 2011; Myers et al., 2017a; Lindy
etal, 2018)

(Jingami et al., 2014)

(Escayg et al., 2001; Gargus and Tournay, 2007;
Yordanova et al., 2011; Rilstone et al., 2012; Cestele
et al., 2013; Lal et al., 2016)

(Wallace et al., 2001; Lossin et al., 2003; Bennett
etal, 2017)

(Sone et al., 2012)

(Hoffman-Zacharska et al., 2015)

(Lossin et al., 2003)
(Saitoh et al., 2015a)

Q3X N-terminal ~ Nonsense DS Generalized tonic clonic seizures

G58X N-terminal  Nonsense DS Autistic characteristics; Hyperactivity
Focal Epilepsy ~ Periventricular nodular heterotopia (MRI)

Y65X N-terminal ~ Nonsense DS Generalized tonic-clonic seizures

E75D N-terminal  Missense DS Slow-spike-wave complexes (EEG)

(Claes et al., 2003; Lim et al., 2011)
(Barba et al., 2014)

(Zucca et al., 2008)
(Arafat et al., 2017)

(Continued)
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TABLE 1 | Continued

Variant Location  Mutation Disease Alteration on biophysical properties or/and Reference
Clinical report
L80_D81del N-terminal Inframe DS Pharmacoresistant (Usluer et al., 2016)
deletion
D81N N-terminal  Missense DS Severe Motor and mental delay (Usluer et al., 2016)
Multi-focal spike-waves (EEG)
191T N-terminal  Missense DS Frontal-dominant spike-waves complex (EEG) (Sun et al., 2008; Xu et al., 2014)
G96EfsX24 N-terminal ~ FrameShift NR Genetic generalized epilepsy with intellectual disability (Fry et al., 2016)
R101Q N-terminal  Missense DS Psychomotor retardation (Fukuma et al., 2004; Harkin et al., 2007; Marini
SMEB et al., 2007; Depienne et al., 2008; Sun et al., 2010;
GEFS+ Zuberi et al., 2011; Wang et al., 2012; Tonekaboni
PEFS+ et al., 2013; Lee et al., 2014; Djémié et al., 2016)
A104V N-terminal  Missense DS Epileptic discharges, slow spike and weave; sharp (Kwong et al., 2012; Myers et al., 2017a)
wave, sharp and slow wave complex (EEG)
R118S N-terminal  Missense DS Generalized tonic-clonic seizures (Zucca et al., 2008)
Severe mental retardation
F144YfsX5 DI (S1) Frameshift SME Moderate psychomotor retardation (Fukuma et al., 2004; Zuberi et al., 2011; Wang
DS et al., 2012; Villeneuve et al., 2014)
M145DfsX4 DI (S1) Frameshift PEFS+ Generalized tonic-clonic seizures without any (Yu et al., 2010)
provoked factors
G177E DI (52-S3) Missense SME Non-functional channel (Nabbout et al., 2003; Ohmori et al., 2006; Usluer
DS et al., 2016)
L180X DI (82-S3) Nonsense DS Focal spike wave (EEG) (Liu et al., 2018)
W190X DI (S3) Nonsense DS Febrile, partial, generalized tonic-clonic and myo- (Marini et al., 2007; Kwong et al., 2012)
clonic seizures
Severe intellectual disability
S213W DI (83-S4) Missense  Epilepsy Febrile and afebrile seizures (Butler et al., 2017a)
Developmental delay
R219SfsX57 DI (S4) FrameShift DS Generalized tonic-clonic seizures (Claes et al., 2001)
R222X DI (S4) Nonsense DS No measurable current (Claes et al., 2001; Nabbout et al., 2003; Fukuma
SMEB et al., 2004; Harkin et al., 2007; Depienne et al.,
2008; Orrico et al., 2009; Zuberi et al., 2011; Wang
et al., 2012; Xu et al., 2014; Esterhuizen et al., 2018)
1227S DI (S4) Missense  SME Epileptiform discharges on both sides and spikes/ (Nabbout et al., 2003; Ohmori et al., 2006; Depienne
SMEB polyspikes during photic stimulation (EEG) et al., 2008; Mak et al., 2011; Wang et al., 2012;
Low current density (no detectable) Lindy et al., 2018)
A239V DI (54-S5) Missense  SME Focal right fronto-temporal spikes with spreading (lannetti et al., 2009; Nicita et al., 2010; Xu et al.,
DS (EEG) 2014)
Severe developmental delay
W280R DI (55-S6) Missense DS Febrile seizures (Nabbout et al., 2003; Wang et al., 2012; Liu et al.,
Status epilepticus 2018)
Myoclonic
Multifocal discharges (EEG)
P281L DI (S55-S6) Missense DS Moderate mental retardation (Depienne et al., 2008; Gokben et al., 2017; Lindy
etal, 2018)
E311X DI (85-S6) Nonsense DS Haploinsufficiency (Orrico et al., 2009)
G329A DI (S5-S6) Missense  GEFS+ Generalized tonic—clonic seizures (Myers et al., 2017a)
G343E DI (S5-S6) Missense  SMEB Spike-wave complex, (Fujiwara, 2003; Depienne et al., 2008; Zuberi et al.,
SME Multifocal spikes (EEG) 2011)
DS
D366E DI (85-S6) Missense DS Generalized tonic-clonic seizures (Zucca et al., 2008)
W384R DI (S5-S6) Missense DS Generalized tonic-clonic seizures (Zuberi et al., 2011; Wang et al., 2012; Verbeek
SMEB Partial seizures etal, 2013)
SME
T391P DI (S5-S6) Missense DS Generalized tonic-conic seizures (Reyes et al., 2011)
Partial Seizures
R393H DI (S5-S6) Missense DS Generalized tonic-clonic seizures (Claes et al., 2003; Marini et al., 2007; Sun et al.,
SMEB Myoclonus, Febrile seizures 2010; Zuberi et al., 2011; Lemke et al., 2012;
Developmental delay Rilstone et al., 2012; Wang et al., 2012; Xu et al.,
2014; Djémié et al., 2016; Haginoya et al., 2018)
v422L DI (S6) Missense EE Psychomotor developmental delay (Ohashi et al., 2014)

Theta activities with right predominance (EEG)

(Continued)
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TABLE 1 | Continued

Variant Location  Mutation Disease Alteration on biophysical properties or/and Reference
Clinical report
Y426N DI-Dll Missense DS Decreased current density (Nabbout et al., 2003; Ohmori et al., 2006; Allen
shift stead-state inactivation to more negative values et al., 2016)
Delayed recovery from inactivation
L433fsX16 DI-Dll FrameShift Myoclonic Generalized tonic-clonic seizures (Ebach et al., 2005)
astatic
epilepsy
E435X DI-DlI Nonsense DS Myoclonic seizures (Fukuma et al., 2004; Wang et al., 2012)
Atypical absence
Q554H DI-DlI Missense DS Generalized tonic-clonic seizure (Skiei et al., 2015)
Atonic and myoclonic seizures
S$662X DI-Dll Nonsense PEFS+ Generalized tonic-clonic seizures (Yu et al., 2010)
W738X DI-DlI Nonsense SME Febrile seizures (Kwong et al., 2012; Xu et al., 2014)
Generalized tonic-clonic
Severe intellectual disability
T808S DIl (S2) Missense ICEGTC Rare sharp waves in left temporal (EEG) (Fujiwara, 2003; Rhodes et al., 2005)
Increase current density
Delay recovery from inactivation
S843X DIl (S3) Nonsense DS Focal spike activity (EEG) (Buoni et al., 2006)
R862G DIl (S4) Missense  MMPSI Multifocal epilepsy (Carranza Rojo et al., 2011; Barba et al., 2014)
Hemiclonic
Cardiac arrest
Severe intellectual disability
T932X DIl (85-S6) Nonsense SME Generalized tonic-clonic seizures (Claes et al., 2003; Dhamija et al., 2014)
DS Severe mental retardation
M934lI DIl (S5-S6) Missense DS Moderate psychomotor retardation (Fukuma et al., 2004; Depienne et al., 2008; Wang
et al., 2012)
H939Q DIl (S5-S6) Missense DS Status epilepticus (Claes et al., 2003; Ohmori et al., 2006)
Generalized tonic-clonic seizures
Complex partial seizures
No measurable current
R946C DIl (S5-S6) Missense SME Non- functional Channel (Fukuma et al., 2004; Volkers et al., 2011; Zuberi
DS etal., 2011; Wang et al., 2012; Lee et al., 2014; Xu
SMEB et al., 2014; Lindy et al., 2018)
R946S DIl (S5-S6) Missense  Severe Short generalized tonic-clonic seizures at night (Ebach et al., 2005; Tiefes et al., 2019)
idiopathic Seizure onset left temporo-parietal (EEG)
generalized Seizure onset left frontal
epilepsy of Seizure onset right frontocentral,
infancy
R946H DIl (S5-S6) Missense  PEFS+ Non-functional Channel (Fukuma et al., 2004; Harkin et al., 2007; Depienne
SMEB et al., 2008; Liao et al., 2010a; Verbeek et al., 2011;
DS Volkers et al., 2011; Zuberi et al., 2011; Wang et al.,
2012; Verbeek et al., 2013)
C959R DIl (S§5-S6) Missense DS Post trauma epilepsy (Claes et al., 2003; Ohmori et al., 2006)
Lateralized tonic-clonic seizures
Severe mental retardation
Non-functional Channel
Vo71L DIl (S6) Missense DS Generalized and unilateral tonic-clonic seizures (Poryo et al., 2017)
Myoclonic seizures
Apneic spells
Vo82L DIl (S6) Missense ~ SMEB Focal epilepsy (Singh et al., 2009; Saitoh et al., 2012; Saitoh et al.,
2015a; Saitoh et al., 2015b)
V983A DIl (S6) Missense  ICEGTC Multifocal spikes, high voltage slow-waves (EEG) (Fujiwara, 2003; Rhodes et al., 2005)
Reduced current density
Shift steady-state inactivation to more positive values
Accelerated recovery from inactivation
VO83AfsX2 DIl (S6) FrameShift DS Enlarged extracerebral gap (MRI) (Wang et al., 2017b)
L986F DIl (S6) Missense DS Generalized tonic-clonic seizures (Claes et al., 2001; Lossin et al., 2003)
Non-functional channel
L991VfsX2 DIl (S6) FrameShift DS Febrile, partial, generalized tonic-clonic, myo-clonic (Kwong et al., 2012)

seizures
Moderate intellectual disability.

(Continued)
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TABLE 1 | Continued

Variant Location  Mutation Disease Alteration on biophysical properties or/and Reference
Clinical report
N10111 DII-Dill Missense  ICEGTC Rare sharp waves in lateral-temporal (EEG) (Fujiwara, 2003; Rhodes et al., 2005)
Reduced current density
Shift steady state inactivation to more negative values
D1046MfsX9 DiII-DIll FrameShift DS Diffuse cerebral edema (Computed tomography) (Myers et al., 2017b)
S1100KfsX8 Dlil-Dlll FrameShift DS Generalized clonic seizures (Claes et al., 2001)
Severe mental retardation
S$1104X DII-DIll Missense DS Febrile seizures (Depienne et al., 2008; Hernandez Chavez et al.,
2014)
E1153X Dil-Dil Nonsense DS Focal epilepsy with frontal-lateral activity (EEG) (Hernandez Chéavez et al., 2014)
E1176NfsX32 DiII-DIll FrameShift DS Severe intellectual disability (Willemsen et al., 2012)
Intractable seizures despite multiple anti-epileptic
drugs
R1213X DII-DllI Nonsense SME Rare spikes, multifocal spikes and spike-wave (Fujiwara, 2003; Depienne et al., 2008; Zuberi et al.,
DS complex (EEG) 2011; Wang et al., 2012; Allen et al., 2013; Xu et al.,
LGS Severe mental delay 2014; Lindy et al., 2018)
L1230P DIl (S1) Missense DS Focal spike-wave complex (EEG) (Liu et al., 2018)
Febrile seizures
Myoclonic seizures
F1263L Dill (S2) Missense ~ SMEB Rare spike-wave complex and poly spike-waves (Fujiwara, 2003)
complex (EEG)
R1636Q DIV (S4) Missense DS Epileptic encephalopathy (Harkin et al., 2007; Butler et al., 2017b)
LGS Myoclonic seizures
V1637E DIV (S4) Missense DS Episodes of status epilepticus (Nishri et al., 2010; Zuberi et al., 2011)

F1671fsX8 DIV

(S4-S5)
A1685D DIV (S5)
Y1694C DIV (S5)
L1717P DIV
(S5-S6)
T1722A DIV
(S5-S6)
C1741S DIV
(S5-S6)
G1754R DIV
(S5-S6)
S1768R DIV (S6)
E1881X C-terminal

FrameShift DS

Missense DS

Missense DS

Missense ~ SME
Missense DS
Missense ~ TLE-MTS
Missense DS
Missense DS

Nonsense DS
SMEB

triggered by fever
Generalized tonic-clonic seizures

Severe mental retardation
Spike-wave complex (EEG)
Non-functional channel
Myoclonic seizures

Atypical absence

Severe psychomotor retardation
Generalized tonic clonic seizure

Myoclonic, hemiclonic, focal seizures
Febrile status epilepticus

Focal seizures

Hemiconvulsions

Absences and tonic-clonic seizures
Febrile and generalized seizures

(Claes et al., 2001; Sugawara et al., 2002; Depienne
et al., 2008; Riva et al., 2009)

(Fujiwara, 2003) (Sugiura et al., 2012)

(Fukuma et al., 2004; Wang et al., 2012; Cetica
etal, 2017)

(Verbeek et al., 2013)
(Wu et al., 2015)
(Tiefes et al., 2019)
(Petrelli et al., 2012)

(Willemsen et al., 2012)
(Villeneuve et al., 2014)

Non genetic origin mutations reported*

G177DfsX4 DI (S2-S3)
V207G DI (S3)
D249E DI (S4-S5)
N275K DI (S5)
T363R DI (S5-S6)
N416l DI (S6)
$1631C DIV
(S3-S4)

FrameShift DS
Missense  EE
Missense DS

Missense  PEFS+
Missense DS
Missense DS
Missense DS

Generalized tonic-clonic seizures
Early-onset multifocal seizures
Generalized tonic seizures

Absences; Mental retardation
Hippocampal volume loss (MRI)
Generalized tonic-clonic seizures
Focal spike-wave (EEG)
Multifocal spikes (EEG)

(Fujiwara, 2003)
(Daoud et al., 2016)
(Le Gal et al., 2014)

(Kim et al., 2014)

(Zuberi et al., 2011; Le Gal et al., 2014)
(Zhou et al., 2018)

(Haginoya et al., 2018)

*Non genetic origin mutations reported: Mutations described through clinical diagnosis, but the mutation type (Mendelian or de novo) were not reported, mainly due to the lack of parents to
perform genotyping and difficulty in contacting the family. Generalized epilepsy with febrile seizures plus (GEFS+); Febrile seizures (FS); Febrile seizures plus (FS+); Lennox-Gastaut
syndrome (LGS); Dravet syndrome (DS); Borderline severe myoclonic epilepsy (SMEB); Severe myoclonic epilepsy (SME); Familial hemiplegic migraine (FHM); Partial epilepsy with
antecedent FS (PEFS+); Intractable childhood epilepsy with generalized tonic—clonic seizures (ICEGTC); Intractable childhood epilepsy with generalized tonic-clonic seizures (ICE-GTC);
Epileptic encephalopathy (EE); Malignant migrating partial seizures of infancy (MMPSI); Temporal lobe epilepsy (TLE); Mesial temporal sclerosis (MTS); Not Reported (NR); Domain (D);
Segment (S); Electroencephalography (EEG); Magnetic resonance imaging (MRI).
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2018), unlike the NaV1.1 channel, which is highly expressed in
the GABAergic interneurons (Catterall, 2014a).

More than 100 mutations have already been described for this
gene, with approximately 300 patients studied yet (Reynolds
et al., 2020) (Table 2). The most common diseases related with
SCN2A mutation are West syndrome (WS; OMIM #308350),
epilepsy of infancy with migrating focal seizures (EIMFS; OMIM
#616645), and benign familial neonatal-infantile seizures
(BFNIS; OMIM #607745) (Perucca and Perucca, 2019).
Although epilepsy-related mutations are present throughout

the channel, several hotspots such as the ion selectivity filter,
the voltage-sensing domain, the intracellular N-terminal, and the
C-terminal domain can be highlighted (Sanders et al., 2018).
NaV1.2 channels are expressed in the excitatory neurons;
therefore, GoF mutations are related to epilepsy because it causes
neuronal hyperexcitability. On the other hand, LoF mutations
are related to autism and intellectual disability phenotype (Ben-
Shalom et al.,, 2017). Nevertheless, some studies have already
related loss of function to epilepsy, as described by Lossin and co-
workers (2012) with R1312T mutation (Lossin et al., 2012).

TABLE 2 | SCN2A-related epilepsies identified in clinical patients through WES and/or NGS.

Variant Location Mutation Disease Alteration on biophysical properties or/ Reference
and Clinical report
Inherited mutation
R19K N-terminal Missense FS+ Febrile seizures (lto et al., 2004)
Partial seizure with eye deviation
R36G N-terminal Missense BFIS Focal seizures (Wolff et al., 2017)
Clonic seizures
n72v DI (82) Missense FS Fever-induced seizure susceptibility (Saitoh et al., 2015a)
R188W DI Missense FS+ Generalized tonic or tonic clonic seizures (Ito et al., 2004)
Partial seizures
A202V DI Missense BFNS Focal seizures (Wolff et al., 2017)
Generalized tonic-clonic seizures
V208E DI Missense BFIS NR (Lemke et al., 2012)
R223Q DI (84) Missense BFNIS Positive shifts of both activation and (Berkovic et al., 2004; Scalmani
inactivation curves et al., 2006; Zara et al., 2013)
D322N DI Missense DS NR (Shi et al., 2009)
(S5-S6)
F328V DI Missense Status epilepticus (Shi et al., 2009; Saitoh et al.,
(S5-S6) SMEB Focal seizures 2015a)
Lesions in the right parietal, temporal and
occipital lobes (MRI)
Q383E DI Missense BFNIS Seizures in early infancy (Syrbe et al., 2016)
E430Q DI-DII Missense BFNIS Focal spikes and bifrontal slow wave (Herlenius et al., 2007)
activity (EEG)
A467T DI-DlI Missense GEFS+ Loss of consciousness (Liu et al., 2018)
Clonic movements of all extremities
High body temperature up to 40 ° Celsius
R524Q DI-DlIl Missense FS Febrile seizures (Ito et al., 2004)
V892l DIl (S5) Missense BFNIS NR (Berkovic et al., 2004)
N1001K Dil-Dil Missense BFIS Afebrile seizures (Striano et al., 2006)
Tonic body extension
Right parietal-occipital sharp waves (EEG)
L1003l DII-Dill Missense BFNIS Generalized tonic-clonic seizures (Berkovic et al., 2004)
R1319Q DIl (S4) Missense Shift steady state activation and inactivation  (Berkovic et al., 2004; Scalmani
BFNIS to more positive values et al., 2006; Misra et al., 2008;
Zara et al., 2013)
E1321K Dill Missense BFNS NR (Grinton et al., 2015)
L1330F Missense BFNIS Shift steady state inactivation to more (Heron et al., 2002; Scalmani
Dill positive values et al., 2006; Misra et al., 2008)
(S4-85)
L1563V Missense BFNIS Increase in neuronal excitability (Heron et al., 2002; Scalmani
DIV Accelerated recovery from fast inactivation et al., 2006; Xu et al., 2007; Misra
et al., 2008; Berecki et al., 2018)
Y1589C DIV Missense BFNIS Increased persistent Na* current (Lauxmann et al., 2013)
(S2-S3) Delayed fast inactivation
Acceleration of recovery
11596S DIV (S3) Missense BFNIS Central and posterior focal spikes (EEG) (Herlenius et al., 2007)
K1641N DIV Missense BFIS Focal seizures with secondary (Zara et al., 2013)

generalization

(Continued)
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TABLE 2 | Continued

Variant Location Mutation Disease Alteration on biophysical properties or/ Reference
and Clinical report
De novo mutation
R102X N-terminal Nonsense EE Shift steady state inactivation to more (Kamiya, 2004; Ogiwara et al.,
(Mutation expressed with negative values 2009)
wild type channel) Decrease of available channel
N132K DI Missense EOCEE Tonic-clonic seizures (Matalon et al., 2014)
M136l DI Missense EIMFS Focal seizures (Carvill et al., 2013; Howell et al.,
Spasms 2015)
E169G DI (S82) Missense EOEE Multifocal spikes (EEG) (Nakamura et al., 2013)
Febrile seizure
Myoclonic seizure
Focal seizure
Ww191C DI Missense EIMFS Frequent multifocal spikes (EEG) (Su et al., 2018)
F207S DI Missense BNS Tonic-clonic seizures (Wolff et al., 2017)
Clonic seizures
G211D DI Missense WS NR (Kodera et al., 2013)
N212D Missense OS and WS Eyelid myoclonic (Nakamura et al., 2013)
DI Spasms
(S3-S4) Hypsarrhythmia
R220G DI Missense EE Generalized tonic-clonic seizures (Mercimek-Mahmutoglu et al.,
Generalized spike and slow wave (EEG) 2015)
T2271 DI Missense WS Tonic seizures (Wolff et al., 2017)
Apneic seizures
Spasms
T236S DI (S4-S5) Missense oS Focal seizure (Nakamura et al., 2013)
A240S DI Missense EIMFS Focal seizures (Howell et al., 2015)
M252V DI (S5) Missense BFNIS Increased persistent current (Liao et al., 2010b)
Accelerated of recovery from fast
inactivation
Accelerated of recovery from slow
inactivation
V261M DI (S5) Missense BFNIS Enhanced persistent current (Liao et al., 2010b)
Faster recovery from inactivation
A263T DI (S5) Missense EOEE Multifocal spikes (EEG) (Nakamura et al., 2013)
V423L Missense Change in slope of steady-state activation  (Wolff et al., 2017)
DI (S6) (O] curve
Enhanced persistent current
E430G DI-DlI Missense (O] Generalized tonic-clonic seizures (Matalon et al., 2014)
E717G.fs*30 DI-DlI Splice site EE High amplitude sharp waves (EEG) (Horvath et al., 2016)
Cerebral and
cerebellar
atrophy
G828V DIl Missense Focal seizures (Wolff et al., 2017)
BNS Clonic seizures
Autonomic seizures
Tonic-clonic seizures
Multifocal spikes (EEG)
R853Q DIl (S4) Missense WS Reduced transient current amplitude and (Samanta and Ramakrishnaiah,
densityShift steady state inactivation to 2015; Wolff et al., 2017; Berecki
more negative values et al., 2018; Mason et al., 2019)
Decreased persistent current
R856L Dil Missense EIMFS Focal seizures (Howell et al., 2015)
(During
embryogenesis)
R856Q DIl Missense oS Tonic seizures (Wolff et al., 2017)
S863F Dil Missense BNS and Generalized tonic-clonic seizures (Wolff et al., 2017)
Focal epilepsy
1873M DIl Missense EIEE Abnormal electroretinogram (Trump et al., 2016)
N876T Dl Missense OS and WS Spasms (Nakamura et al., 2013)
(S4-S5) Focal seizure
DIl Missense WS and LGS  Tonic seizures (Wolff et al., 2017)
L881P Tonic-clonic seizures
Atypical absences
(Continued)
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TABLE 2 | Continued

Variant Location Mutation Disease Alteration on biophysical properties or/ Reference
and Clinical report
G882R DIl Missense EIMFS Unilateral tonic-clonic (Wolff et al., 2017)
DIl Missense EIMFS Focal seizures (Wolff et al., 2017)
G882E Autonomic seizures
Hemiclonic seizures
Myoclonic seizures
Clonic seizures
V887A Dil Missense oS Spasms (Wolff et al., 2017)
G899S Missense Intractable Tonic-clonic seizures and absences (Wolff et al., 2017)
DIl (S5) infantile Shift steady-state activation to more
Childhood positive values
epilepsy Increased slop factor
K905N DIl Missense EIMFS Focal seizures (Carvill et al., 2013; Howell et al.,
2015)
F928C DIl Missense EIMFS Focal seizures (Carvill et al., 2013; Howell et al.,
2015)
H930Q Dil Missense Tonic-clonic seizures (Wolff et al., 2017)
MAE Atonic seizures
Myoclonic-atonic seizures
Tonic seizures
Atypical absences
N976K DIl Missense EE Focal seizures (Howell et al., 2015)
S987I1 DIl Missense EIEE Focal and tonic seizures (Trump et al., 2016)
G999L Dil-Dil Missense Infantile Diffuse slowing with high-amplitude bursts ~ (Foster et al., 2017)
epilepsy of activity (EEG)
Generalized seizures with burst suppression
E999K DII-Dlll Missense EIEE NR (Trump et al., 2016)
E999V DiI-Dll Missense EIEE NR (Allen et al., 2016; Trump et al.,
oS 2016)
11021Y.fs*16 Dil-Dill Frameshift LGS NR (Carvill et al., 2013)
E1211K Missense WS Shift steady-state activation and inactivation (Ogiwara et al., 2009; Wong et al.,
Dill (S1) to more negative values 2015)
Slower recovery from inactivation
K1260E and K1260Q DIl Missense EIEE NR (Trump et al., 2016)
(Mosaic)
R1312T Missense DS Reduced current density (Shi et al., 2009; Lossin et al.,
DIl (S4) Shift steady-state activation and inactivation 2012)
to more negative values
Enhanced closed-state inactivation
Slowed recovery from inactivation
M1323V Missense OS and WS Multifocal spikes (EEG) (Nakamura et al., 2013)
DIl (S4-S5)
V1326D DIl Missense EIMFS Focal seizures (Dhamija et al., 2013)
S$1336Y Dill Missense OS and WS Modified hypsarrhythmia (Nakamura et al., 2013)
(S4-S5)
M1338T Dil Missense 0s Spasms (Nakamura et al., 2013)
(S4-S5) Focal seizure
Multifocal spikes (EEG)
L1342P DIl Missense IOEE Progressive brain atrophy (Hackenberg et al., 2014)
Short tonic seizures
Multifocal sharp wave activity (EEG)
11473M DIll (S6) Missense SNEE Shift steady-state inactivation to more (Ogiwara et al., 2009)
negative values
Q1479P DIl Missense EIEE NR (Trump et al., 2016)
V1528Cfs*7 DIlI-DIV Frameshift LGS Tonic-clonic seizures (Wolff et al., 2017)
Tonic seizures
Status epilepticus
Q1531K DIlI-DIV Missense BNS Clonic seizures (Wolff et al., 2017)
Generalized tonic-clonic seizures
11537S and M1538I DIV Missense OS and WS Clonic seizures (Foster et al., 2017)
Frequent seizure activity (EEG)
M1548V DIv Missense Generalized tonic-clonic seizures (Wolff et al., 2017)
OS and WS
G1593R DIV Missense EIMFS Focal seizures (Howell et al., 2015)
(Continued)
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TABLE 2 | Continued

Variant Location Mutation Disease Alteration on biophysical properties or/ Reference
and Clinical report

F1597L Missense EIMFS Shift steady-state activation to more (Wolff et al., 2017)
DIV (S3) negative values
accelerated recovery from fast inactivation
D1598G DIV (S3) Missense Severe intellectual disability (Need et al., 2012)
SME Developmental delay Seizures/ infantile
spasms
P1622S DIV Missense Shift steady-state inactivation to more (Wolff et al., 2017)
(S3-S4) MAE negative values
T1623N DIV Missense OS and WS Multifocal spikes (EEG) (Nakamura et al., 2013)
(S3-54) Spasms
Hypsarrhythmia
V1627M DIV Missense EIMFS Focal seizures (Wolff et al., 2017)
Apnoeic seizures
G1634V DIV Missense oS Focal seizures (Howell et al., 2015)
Spasms
11640S DIV Missense EE Tonic seizures (Wolff et al., 2017)
Focal seizues
L1650P DIV Missense EIEE NR (Trump et al., 2016)
DIV Missense Spasms (Wolff et al., 2017)
A1652P WS
S1656F DIV Missense LGS Generalized tonic-clonic seizures (Wolff et al., 2017)
L1660T DIV Missense EE Generalized tonic-clonic seizures (Fukasawa et al., 2015)
(S4-S5)
L1660W DIV Missense Acute Tonic-clonic convulsions (Fukasawa et al., 2015)

encephalopathy  Frequent spikes and sharp waves in the
right fronto-temporal regions (EEG)
Cerebellar atrophy (MRI)

Q1811E C-terminal Missense Generalized tonic-clonic seizures (Wolff et al., 2017)
oS Focal seizures
L1829F C-terminal Missense EIEE NR (Trump et al., 2016)
H1853R C-terminal Missense [OF] Generalized tonic-clonic seizures (Martin et al., 2014)
Absence seizures
R1882L C-terminal Missense Epilepsy Generalized and irregular spike wave and (Baasch et al., 2014)

polyspike wave activity (EEG)
Focal and generalized tonic—clonic seizures
with opisthotonus, bradycardia, and

cyanosis
R1882G C-terminal Missense BIS Shift steady-state inactivation to more (Carvill et al., 2013; Schwarz
positive values et al., 2016; Wolff et al., 2017)
Increase current density and protein
production
R1882Q C-terminal Missense EIEE Increased current density (Trump et al., 2016; Berecki et al.,
Enhanced persistent current 2018; Mason et al., 2019)
D25NpB1 B subunit Substitution GEFS+ Inhibits the increment of functional (Baroni et al., 2018)
B1 subunit mutation* * human embryonic expression of NaCh currents
kidney 293 (HEK) Abolishes the shift of the voltage
cells co-expressing dependence of activation and inactivation
human Nav1.2
sodium channels
and D25NB1
Chromosome 2¢24.3 Chromosome Deletion Mental Anxiety disorders (Bartnik et al., 2011)
Portions of the SCN2A (112-kb) retardation ‘shiver-like’ episodes
and SCN3A genes Infantile
seizures
Chromosome q24.3q31.1 Chromosome Deletion Severe Focal and generalized seizures (Pescucdi et al., 2007)
58 known genes (10.29 - 10.58 Mb)  epilepsy Stereotypic and repetitive hand movements
including SCN2A, Slow background with high amplitude delta
SCN1A, SCN3A, SCN9A waves mixed with spikes and sharp waves
and SCN7A on the temporo-occipital areas (EEG)
Non genetic origin mutations reported*
V213D DI (S4) Missense EOEE Focal seizure (Nakamura et al., 2013)

Focal spikes (EEG)

(Continued)
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TABLE 2 | Continued

Variant Location Mutation Disease Alteration on biophysical properties or/ Reference
and Clinical report
T218K DI Missense EIMFS Focal seizures (Howell et al., 2015)
Spasms
D649N DI-DII Missense DS NR (Wang et al., 2012)
V752F DI-DII Missense Absence Increased current density (Oliva et al., 2014)
epilepsy Shift steady-state activation and inactivation
to more negative values
M1128T Dil-Dill Missense AERRPS Generalized convulsive seizure (Kobayashi et al., 2012)
Slow background activity and rare
multifocal spikes over the right temporal
and bilateral frontopolar regions (EEG)
Brain edema (Cranial computed
tomography)
G1522A Dill-DIvV Missense EE Absence seizures (Mercimek-Mahmutoglu et al.,
Generalized spike and waves (EEG) 2015)
R1629L DIV (S4) Missense EOEE Focal seizure (Nakamura et al., 2013)
Burst of spikes (EEG)
R1918H C-terminus Missense GEFS+ Generalized tonic-clonic seizures (Haug et al., 2001)
GAL879-881QQQ DIl (S4-S5) (rat ~ Mutated channel in  Epilepsy Delayed fast inactivation (Kearney et al., 2001)
brain) transgenic mice Increased persistent current when
expressed in Xenopus oocytes
R85CB1 Extracellular Substitution GEFS+ Fail to modulate fast inactivation kinetics (Xu et al., 2007)
immunoglobulin-  *Human embryonic Fail to modulated steady-state inactivation
like domain kidney (HEK)-293T
(B1 subunit) cells co-expressing
human brain
NaV1.2 alpha
subunit and
R85CB1
R85HB1 Extracellular Substitution GEFS+ Fail to modulated fast inactivation kinetics (Xu et al., 2007)
immunoglobulin-  *Human embryonic
like domain kidney (HEK)-293T
(B1 subunit) cells co-expressing
human brain
NaV1.2 alpha
subunit and
R85HB1
C121Wp1 Ig-like domain Substitution GEFS+ Destabilization of steady-state inactivation (Egri et al., 2012; Abdelsayed and
B1 subunit mutation* (B1 subunit) * Chinese hamster potentials Sokolov, 2013)
ovary (CHO) cells Disrupts the thermoprotective role of the 1
co-expressing subunit on channel availability
human Nav1.2
sodium channels
and C121Wp1
Chromosome 2¢24.3 Chromosome Duplication EOEE Multifocal spikes (EEG) (Baumer et al., 2015)
Involves the SCN2A and (1.77 Mb) Epileptic spasms
SCN3A genes
Chromosome 2¢24.3- Chromosome Deletion Severe Epileptic seizure with pale, atonic periods (Davidsson et al., 2008)
q31.1 (10.4-Mb) epilepsy followed by a spasm-like out-throwing of

47 genes involved
including SCN1A,

SCN2A, SCN3A, SCN7A

and SCN9A

both arms
Predominantly right-sided epileptiform
activity (EEG)

*Non genetic origin mutations reported: Mutations described through clinical diagnosis, but the mutation type (Mendelian or de novo) were not reported, mainly due to the lack of parents to
perform genotyping and difficulty in contacting the family. Generalized epilepsy with febrile seizures plus (GEFS+); Benign familial neonatal-infantile seizures (BFNIS); Benign familial neonatal
seizures (BFNS); Benign Familial Infantile Seizures (BFIS); Benign neonatal/infantile seizures (BNIS); Benign neonatal seizures (BNS); Benign infantile seizures (BIS); Febrile seizures (FS);
Febrile seizures plus (FS+); Epilepsy of infancy with migrating focal seizures (EIMFS); Ohtahara syndrome (OS); West syndrome (WS); Lennox-Gastaut syndrome (LGS); Dravet syndrome
(DS); Borderline severe myoclonic epilepsy (SMEB); Severe myoclonic epilepsy (SME); Early-onset epileptic encephalopathies (EOEE); Acute encephalitis with refractory, repetitive partial
seizures (AERRPS); Early infantile epileptic encephalopathy (EIEE); myoclonic-atonic epilepsy; Infantile onset epileptic encephalopathy (IOEE); Sporadic neonatal epileptic encephalopathy
(SNEE); Epileptic encephalopathy (EE); Not Reported (NR); Domain (D); Segment (S); Electroencephalography (EEG); Magnetic resonance imaging (MRI).
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Normally, LoF SCN2A gene mutations for epilepsy are related to
late-onset epilepsy; however, the mechanism of action is unclear
(Mason et al., 2019).

In some cases, NaV1.2 seizures are not controlled not even by
various antiepileptic drugs, as with the patient described by Syrbe
and colleagues (2016). The proband, even after being treated with
oxcarbazepine (OXC), valproic acid, topiramate, sulthiame,
phenytoin, among other drugs, kept on having seizures (Syrbe
et al, 2016). Furthermore, the SCB drugs can assist the patient
during the treatment as described by Gorman and King (2017).
The patient had seizures controlled after administration of
phenytoin (Gorman and King, 2017). In addition, Musto et al.
(2020) cite benefits treatments using SCB such as carbamazepine,
mexiletine, oxcarbazepine, phenytoin, lidocaine, and lamotrigine
for patients with early onset epilepsies (Musto et al., 2020).
Besides, Peters and colleagues studied a substance commercially
used as an antianginal drug (human heart) called ranolazine that
has been shown to affect NaV1.2 channels, reducing macroscopic
currents and delaying the recovery of fast and slow inactivation of
the NaV1.2 channel, consequently with more future studies
ranolazine could be a efficacious therapy for epilepsy (Peters
et al.,, 2013).

Drugs can be important to modulate channel kinetics for both
GoF and LoF, but some precautions must be observed. For
example, the degree of conservation between subtypes, such as
NaV1.2 and other sodium channels as NaV1.5 and the excessive
decrease in channel function or the excessive increase in function
obtained by the drug (Sanders et al., 2018).

Organizations like the FamilieSCN2A Foundation (www.
scn2a.org) might be essential in the search for new treatments.
Understanding the genotype-phenotype of gain and loss of
function is essential because science-patient relationship may
be helpful in the search for new therapies (Sanders et al., 2018).

NaVv1.3

SCN3A is a gene that encodes for type 3 voltage-gated Na" channel
o subunit, the NaV1.3, located on human chromosome 2q24, in a
cluster with SCNIA and SCN2A (Holland et al., 2008). NaV1.3 is
expressed predominantly in the CNS during embryonic and
neonatal development, being extremely low or sometimes
undetectable in postnatal individuals. Subsequently, during
infancy, it is gradually replaced by increased expression of the
NaV1.1 isoform (Felts et al., 1997; Whitaker et al., 2000; Cheah
et al, 2013; Zaman et al., 2018). On the other hand, studies
regarding nervous system injury and neuropathic pain showed an
increasing presence of NaV1.3 channels in affected tissues,
suggesting a pivotal hole of these transmembrane proteins in
these processes and diseases (Hains et al., 2003; Waxman and
Hains, 2006; Black et al., 2008). For the reasons mentioned above,
in the last decades, NaV1.3-associated pathogenesis has been
restricted to pain. Recently, a genetic linkage between NaV1.3
mutated variants and epilepsy has been suggested, especially in
cryptogenic epilepsy cases (OMIM#182391).

K354Q was the first described NaV1.3 epilepsy-related
mutation that revealed harmful electrophysiological alterations
(Holland et al., 2008; Estacion et al., 2010). In fact, mutations can
change many functional characteristics of NaV1.3 affecting

biophysical properties differently; however, these changes result
predominantly in neuronal hyper-responsiveness (Table 3)
(Cummins and Waxman, 1997; Chen et al., 2000; Cummins
et al, 2001; Sun et al., 2007). Previous reports correlate
heterozygous variants in SCN3A in association with moderate
forms of epilepsy, while homozygosis is related with severe
cognitive damage and premature mortality, resulting in a
broad range of epileptic phenotypes (Estacion and Waxman,
2013; Vanoye et al,, 2014; Lamar et al., 2017).

Different hereditary mutations on NaV1.3 have been reported
to date in patients with epilepsy. In general, the biophysical
characterization of these mutations reveals GoF, only one
mutation (N302S) is related with LoF (Chen et al., 2015), but
both GoF and LoF may lead to an increased seizure susceptibility
(Lamar et al.,, 2017).

Moreover, several de novo mutations in SCN3A have been
described in the last three years, related with severe infantile
neurological dysfunctions and cognitive impairments.
These mutations may alter the functionality of NaV1.3
channels, neurons organization, migration, and proliferation
during the embryonic development (Smith et al., 2018).
Epileptic encephalopathy and polymicrogyria are the main
features related with these pathogenic variants, and, so far,
polymicrogyria was not reported in other channelopathies, being
an exclusive characteristic of SCN3A mutants (Inuzuka et al., 2019).

There is a lack of clinical data on SCN3A-related epilepsies,
especially regarding treatment and the use of specific medication.
However, in vitro studies reported that mutations related with
GoF effect respond favorably to treatment using SCB, like
phenytoin, carbamazepine, lacosamide, and topiramate (Sun
et al., 2007; Sheets et al., 2008; Colombo et al., 2013; Zaman
et al,, 2018). The anticonvulsant valproic acid represents a novel
and promising epigenetic therapeutic approach (Tan et al,
2017). The compound modulates the SCN3A gene through
methylation, downregulating the expression of NaV1.3 and,
consequently, decreasing biophysical alterations in the channel.

NaV1.6
The SCN8A gene encodes for type 8 voltage-gated Na" channel o
subunit, the NaV1.6, located in chromosome 12q13.13. The first
case of SCN8A pathogenic variant associated with epilepsy was
reported eight years ago (Veeramah et al., 2012). Thereafter, due
to advances in genome sequencing technology, especially the
WES, the number of epilepsy diagnosis associated with NaV1.6
mutations has increased significantly (OMIM #600702), with
more than 300 patients diagnosed with SCN8A epilepsy
mutations and nearly 200 different putative spots of mutations
described, totaling over 100 published reports (Table 4). A
website developed especially to present SCN8A epilepsy and
related diseases (www.scn8a.net) was created to provide
information to families, clinicians, and researchers, gathering
news and recent publications on the subject in a private forum
for family interaction, to answer questions, strengthening the ties
between the community and the researchers.

NaV1.6 is expressed since prenatal, during fetal development
(Plummer et al,, 1997). Shortly after birth, expression begins to
increase, reaching maximum levels during the first years of life. This
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TABLE 3 | SCN3A-related epilepsies identified in clinical patients through WES and/or NGS.

Variant Location Mutation Disease Alteration on biophysical properties or/and Reference
Clinical report
Inherited mutation
K354Q DI Missense CCE Enhanced persistent current and current amplitude (Holland et al.,
provokes by ramp protocol 2008; Estacion
et al,, 2010)
R357Q DI Missense Focal Reduced current density (Vanoye et al.,
(S5-S6) epilepsy Enhanced current amplitude provokes by ramp 2014)
voltage protocol
R621C DI-Dll Missense BECTS Centro-temporal spikes (EEG) (Zaman et al., 2018)
FS
E1111K DIl Missense Focal Enhanced current amplitude provokes by ramp (Vanoye et al.,
epilepsy voltage protocol 2014)
Enhanced persistent current
M1323V Dill Missense Focal Enhanced current amplitude provokes by ramp (Vanoye et al.,
(S5-S6) epilepsy voltage protocol 2014)
C121Wp1 Extracellular ~ Substitution GEFS+ Resistant to enter into close-state inactivation (Lucas et al., 2005)
B1 subunit mutation* Ig loop * Chinese hamster ovary Shift steady state inacativation to more positive
(CHO) cells co-expressing values
human Nav1.3 sodium
channels and C121Wp1
Chromosome 2g24.3 Chromosome  Duplication BFNS NR (Heron et al., 2010)
Involves the SCN1A,SCN2A, (1.57 Mb)
and SCN3A genes
Chromosome 2g24.3 Chromosome  Duplication Neonatal-  Facial flushing, head turning to the left, eye deviation, (Raymond et al.,
Involves the SCN1A,SCN2A, (2.0 Mb) infantile bilateral arm jerking movement 2011)
and SCN3A genes epilepsy
Chromosome Chromosome Mosaic duplication DS Focal seizures with secondary generalization (Vecchi et al., 2011)
2023.3924.3 (12 Mb) BFNIS Atonic seizures (EEG)
Involves the SCN2A and
SCN3A genes
De novo mutation
L247P DI Missense Childhood  Reduced current density associated with low protein  (Lamar et al., 2017)
focal expression
epilepsy
1875T Dll Missense EE Enhanced persistente current (Miyatake et al.,
(S4-S5) Shift steady-state activation and inactivation to more ~ 2018; Smith et al.,
negative values 2018; Zaman et al.,
Generalized convulsion, infantile spasm 2018)
P1333L Dill Missense EIEE Enhanced persistent current (Trujillano et al.,
Increased current density 2017; Zaman et al.,
Shift steady-state activation and inactivation to more  2018)
negative values
M1765I DIV Missense Refractory  Focal and generalized seizures (Inuzuka et al.,
epilepsy Myoclonus and epileptic spasms 2019)
V1769A DIV (S6) Missense EIEE Enhanced persistent current (Zaman et al., 2018)
Shift steady-state activation to more negative values
Shift steady-state inactivation to more positive values
chromosome 2qg24.3 chromosome  Deletion WS Typical hypsarrhythmic pattern (sleeping and awake)  (Chong et al., 2018)
Involves the SCN1A,SCN2A, (1.1 Mb)
and SCN3A genes
Non genetic origin mutations reported*
N302S DI Missense Shift steady-state activation and inactivation to more  (Chen et al., 2015)
GEFS+ positive values
Slower recovery from inactivation with 500 ms
duration pre pulse
Faster recovery from inactivation with 20 ms duration
pre pulse
D766N DIl (52) Missense Focal Increased current amplitude by ramp voltage (Vanoye et al.,
epilepsy protocol 2014)

*Non genetic origin mutations reported: Mutations described through clinical diagnosis, but the mutation type (Mendelian or de novo) were not reported, mainly due to the lack of parents to
perform genotyping and difficulty in contacting the family. Cryptogenic childhood epilepsy (CCE); Benign epilepsy with centro-temporal spikes (BECTS); Generalized epilepsy with febrile
seizures plus (GEFS+); West syndrome (WS); Febrile seizures (FS); Benign familial neonatal-infantile seizures (BFNIS); Benign familial neonatal seizures (BFNS); Dravet syndrome (DS);
Epileptic encephalopathy (EE); Early infantile epileptic encephalopathy (EIEE); Not Reported (NR); Domain (D); Segment (S); Electroencephalography (EEG).
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TABLE 4 | SCN8A-related epilepsies identified in clinical patients through WES and/or NGS.

Variant Location Mutation Alteration on biophysical properties or/and Reference
Clinical report
Inherited mutation
K101R N-terminus Missense NR (Butler et al., 2017b)
137M D1 (S1) Missense NR (Johannesen et al., 2019)
T164M DI (82) Missense NR (Butler et al., 2017a)
G269R DI (S5) Missense Non-functional channel (Wengert et al., 2019)
R530W DI (S6)-Dll (S1) Missense NR (Olson et al., 2015)
N544 fs*39 DI (S6)-DIl (S1) Frameshift NR (Johannesen et al., 2019)
S702T DI (S6)-DIl (S1) Missense NR (Jang et al., 2019)
G822R DIl (S3) Missense Non-functional channel (Wengert et al., 2019)
Vv891M DIl (S5) Missense NR (Johannesen et al., 2019)
L1290V Dill - (S3-S4) Missense NR (Carvill et al., 2013)
L1331V Dill (S5) Missense NR (Larsen et al., 2015)
T1360N DIl (S5-S6) Missense Shift steady-state inactivation to more negative (Wengert et al., 2019)
values
E1442K Dl (S5-S6) Missense NR (Liu et al., 2018)
11464T DIl (S6)-DIV (51)  Missense NR (Johannesen et al., 2019)
G1476D DIl (S6)-DIV (S1)  Missense NR (Han et al., 2017)
E1483K DIl (S6)-DIV (S1)  Missense NR (Gardella et al., 2016)
11583T DIV (S3) Missense NR (Berghuis et al., 2015)
V1598A DIV (S3) Missense NR (Wang et al., 2017a)
R1638C DIV (S4) Missense Shift steady-state activation to more positive (Wengert et al., 2019)
values
V1758A DIV (S6) Missense Shift steady-state activation to more positive (Zaman et al., 2019)
values
N1877S C-Terminus Missense NR (Butler et al., 2017b; Johannesen et al., 2019)
R1904C C-Terminus Missense NR (Schreiber et al., 2020)
De novo mutation
Exons 2-14 - Deletion NR (Berghuis et al., 2015)
c.-8A > G UTR 5" UTR Eight base pairs NR (Johannesen et al., 2019)
change upstream of
start codon
c.4296A>G Dill Splice-site mutation NR (Denis et al., 2019)
M139I D1 (S1) Missense Shift steady-state inactivation to more negative (Zaman et al., 2019)
values
Enhanced persistent current
Slightly impaired fast channel inactivation
1142v D1 (S1) Missense NR (Denis et al., 2019; Kim et al., 2019)
A205E D1 (S1) Missense NR (Lindy et al., 2018)
F210L D1 (S1) Missense NR (Mercimek-Mahmutoglu et al., 2015)
V211L DI (S3) Missense NR (Denis et al., 2019)
V211A DI (S3) Missense NR (Berkovic et al., 2018)
L213P D1 (S3) Missense NR (Denis et al., 2019)
G214D DI Missense NR (Allen et al., 2013)
(S3-S4)
N215R DI Missense NR (Larsen et al., 2015)
(S3-S4)
N215D DI Missense NR (Deciphering Developmental Disorders Study,
(S3-S4) 2015)
V216D DI Missense NR (Ohba et al., 2014)
(S3-S4)
R223G 1(S4) Missense Reduced current density (de Kovel et al., 2014; Berkovic et al., 2018;
Increased current amplitude provokes by ramp Denis et al., 2019)
voltage protocol
1231T 1(S4) Missense NR (Berkovic et al., 2018)
S232P 1 (S4) Missense NR (Wang et al., 20174)
T239S 1 (S4-S5) Missense NR (Moller et al., 2016)
1240V DI (S4-S5) Missense NR (McNally et al., 2016)
L257V DI (S5) Missense NR (Schreiber et al., 2020)
F260S DI (S5) Missense NR (Larsen et al., 2015; Boerma et al., 2016)
C261F DI (S5) Missense NR (Rim et al., 2018; Kim et al., 2019)
(Continued)
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TABLE 4 | Continued

Variant Location Mutation Alteration on biophysical properties or/and Reference
Clinical report
L267S DI (S5) Missense NR (Malcolmson et al., 2016)
G317A DI (S5-S6) Missense NR (Denis et al., 2019)
F360A DI (S5-S6) Missense NR (Rolvien et al., 2017)
M367V DI (S5-S6) Missense NR (Lindy et al., 2018)
N374K DI (S5-S6) Missense Shift steady-state activation to more negative (Johannesen et al., 2019; Zaman et al., 2019)
values
T386R DI (S5-S6) Missense NR (Lindy et al., 2018)
Y401H DI (S6) Missense NR (Gardella et al., 2018)
L405M DI (S6) Missense NR (Denis et al., 2019)
L407F DI (S6) Missense NR (Fung et al., 2015; Zhang et al., 2015)
A408T DI (S6) Missense NR (Trump et al., 2016; Denis et al., 2019)
vV410L DI (S6) Missense NR (Larsen et al., 2015)
L483F DI (S6) -DllI (S1) Missense Slight shift steady-state activation to more (Zaman et al., 2019)
negative values
E587Ter DI (S6)-DIl (S1) Nonsense NR (Schreiber et al., 2020)
1763V DIl (S1) Missense NR (Butler et al., 2017b; Hewson et al., 2018;
Lindy et al., 2018; Costain et al., 2019;
Johannesen et al., 2019)
T7671 DIl (S1) Missense Decreased current density (Estacion et al., 2014; Gardella et al., 2018;
Increased current amplitude provokes by voltage Lindy et al., 2018)
ramp protocol
V791F DIl (52) Missense NR (Xie et al., 2019)
V842E DIl (S4) Missense NR (Lindy et al., 2018)
S845F DIl (S4) Missense NR (Lindy et al., 2018)
F846S DIl (S4) Missense NR (Ohba et al., 2014)
L848W DIl (S4) Missense NR (Denis et al., 2019)
R850Q DIl (S4) Missense Shift steady state inactivation to more negative (Fung et al., 2015; Zhang et al., 2015; Lindy
values et al., 2018; Kim et al., 2019; Tsang et al.,
Increased persistent current 2019; Pan and Cummins, 2020; Schreiber
Impaired inactivation et al., 2020)
R850E DIl (S4) Missense NR (Wang et al., 2017a)
R850L DIl (S4) Missense NR (Gardella et al., 2018)
L864V DIl (54-S5) Missense NR (Gardella et al., 2018)
L875Q DIl (S5) Missense NR (Allen et al., 2013)
A890T DIl (S5) Missense NR (Fung et al., 2015; Larsen et al., 2015; Zhang
etal., 2015)
V891M DIl (S5) Missense NR (Wang et al., 2017a)
V960D DIl (S6) Missense NR (Larsen et al., 2015)
L971V DIl (S6) Missense NR (Kim et al., 2019)
S978R DIl (S6)-Dlll (S1) Missense NR (Kim et al., 2019)
S978G DIl (S6)-Dlll (S1) Missense NR (Parrini et al., 2017; Gardella et al., 2018)
N984K DIl (S6)-Dlll (S1) Missense Shift steady-state activation to more negative (Blanchard et al., 2015; Boerma et al., 2016)
values
G1050S DIl (S6)-DIll (S1) Missense NR (McMichael et al., 2015)
S1073N DIl (S6)-Dlll (S1) Missense NR (Lindy et al., 2018)
E1201K Dill (S1) Missense NR (Johannesen et al., 2019)
V1274M DIl (S3) Missense NR (Jang et al., 2019)
Vi315M DIl (S4-S5) Missense NR (Trump et al., 2016; Bagnasco et al., 2018;
Denis et al., 2019)
N1318S DIl Missense NR (Johannesen et al., 2019; Lin et al., 2019)
(S4-S5)
A1319S Dill Missense NR (Lindy et al., 2018)
(S4-S5)
A1319D DIll Missense NR (Johannesen et al., 2019)
(S4-S5)
A1323S DIll Missense NR (Trump et al., 2016)
(S4-S5)
A1323T DIl Missense NR (Johannesen et al., 2019)
(S4-S5)
11327V Dl Missense NR (Vaher et al., 2013; Singh et al., 2015; Trump
(S4-S5) et al., 2016)
N1329D Dill - (S4-S5) Missense NR (Butler et al., 2017b)
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TABLE 4 | Continued

Variant Location Mutation Alteration on biophysical properties or/and Reference
Clinical report
V1330M DIl (S4-S5) Missense NR (Schreiber et al., 2020)
L1332R DIl (S5) Missense NR (Butler et al., 2017b)
P1428 K1473del DIl (S5-S6) Missense NR (Larsen et al., 2015)
G1451S DIl (S6) Missense Non-functional channel (Blanchard et al., 2015; Denis et al., 2019)
N1466K DIl (S6)-DIV (S1)  Missense NR (Ohba et al., 2014)
N1466T DIl (S6)-DIV (S1)  Missense NR (Ohba et al., 2014)
Q1470K DIll (S6)-DIV (S1)  Missense NR (Pons et al., 2018; Denis et al., 2019)
G1475R DIl (S6)-DIV (S1)  Missense Enhanced persistent current (Hussain et al., 2016; Ortiz Madinaveitia et al.,
2017; Parrini et al., 2017; Wang et al., 2017a;
Gardella et al., 2018; Lindy et al., 2018; Xiao
etal., 2018; Kim et al., 2019; Trivisano et al.,
2019; Zaman et al., 2019; Ranza et al., 2020;
Schreiber et al., 2020)
G1476S DIll (S6)-DIV (S1)  Missense NR (Lindy et al., 2018)
11479V DIll (S6)-DIV (S1)  Missense NR (Larsen et al., 2015; Lindy et al., 2018;
Schreiber et al., 2020)
E1483K DIll (S6)-DIV (S1)  Missense NR (Johannesen et al., 2019)
A1491V DIl (S6)-DIV (51)  Missense Shift steady-state activation to more negative (Gardella et al., 2018; Lindy et al., 2018;
values Zaman et al., 2019)
Increased current amplitude provokes by slow
voltage ramp protocol
M1494T DIll (S6)-DIV (51)  Missense NR (Kim et al., 2019)
K1498M DIl (S6)-DIV (S1)  Missense NR (Gardella et al., 2018)
M1529V DIV (S1) Missense NR (Johannesen et al., 2019)
115632F DIV (81) Missense NR (Maller et al., 2016; Gardella et al., 2018)
M1536l1 DIV (S1) Missense NR (Lindy et al., 2018)
F1547V DIV Missense NR (Gardella et al., 2018)
(S1-S2)
F1588L DIV (S3) Missense NR (Johannesen et al., 2019)
V1592L DIV (S3) Missense NR (Larsen et al., 2015; Ranza et al., 2020)
S$1596C DIV (83) Missense NR (Fung et al., 2015; Zhang et al., 2015; Boerma
et al., 2016)
11605R DIV Missense NR (Larsen et al., 2015)
(S3-S4)
T1614A DIV Missense NR (Johannesen et al., 2019)
(S3-S4)
R1617Q DIV (S4) Missense Increased persistent current (Rauch et al., 2012; Ohba et al., 2014;
Increased peak current density Dyment et al., 2015; Fung et al., 2015; Larsen
Shift steady state activation to more negative et al., 2015; Zhang et al., 2015; Fung et al.,
values 2017; Lindy et al., 2018; Johannesen et al.,
Shift steady-state inactivation to more positive 2019; Schreiber et al., 2020)
values
R1620L DIV (S4) Missense NR (Rossi et al., 2017)
L1621W DIV (S4) Missense NR (Fung et al., 2015)
G1625R DIV (S4) Missense NR (Deciphering Developmental Disorders Study,
2015)
L1630P DIV (S4) Missense NR (Schreiber et al., 2020)
11631N DIV (S4) Missense NR (Lindy et al., 2018)
M1645I DIV Missense NR (Zhang et al., 2015)
(S4-S5)
A1650T DIV Missense NR (Ohba et al., 2014; Larsen et al., 2015; Parrini
(S4-S5) et al., 2017; Gardella et al., 2018; Trivisano
etal., 2019)
A1650V DIV Missense NR (Lindy et al., 2018; Johannesen et al., 2019)
(S4-S5)
F1754S DIV (S6) Missense NR (Trump et al., 2016)
V1758A DIV (S6) Missense Shift steady-state activation to more positive (Balciuniene et al., 2019; Johannesen et al.,
values 2019; Zaman et al., 2019)
N1759T DIV (S6) Missense NR (Kim et al., 2019)
A1763G DIV (S6) Missense NR (Denis et al., 2019)
11764M DIV (S6) Missense NR (Gardella et al., 2018)
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Variant Location Mutation Alteration on biophysical properties or/and Reference
Clinical report
N1768D C-Terminus Missense Increased spontaneous firing (Veeramah et al., 2012)
Paroxysmal depolarizing-shift-like complexes,
Increased firing frequency
Increased persistent current
V17711 C-Terminus Missense NR (Johannesen et al., 2019)
Q1801E C-Terminus Missense NR (Larsen et al., 2015)
R1820X C-Terminus Nonsense NR (Maller et al., 2016; Johannesen et al., 2019)
R1831Q C-Terminus Missense NR (Liu et al., 2018)
R1831W C-Terminus Missense NR (Jang et al., 2019)
T18521 C-Terminus Missense NR (Lindy et al., 2018; Heyne et al., 2019)
L1865P C-Terminus Missense NR (Trump et al., 2016)
R1866Q C-Terminus Missense NR (Kothur et al., 2018; Johannesen et al., 2019)
E1870D C-Terminus Missense NR (Boerma et al., 2016)
R1872L C-Terminus Missense Enhanced persistent current (Wagnon et al., 2016; Sprissler et al., 2017;
Increased peak current density Lindy et al., 2018; Zaman et al., 2019;
Shift steady-state activation to more negative Schreiber et al., 2020)
values
Shift steady-state inactivation to more positive
values
R1872Q C-Terminus Missense Enhanced persistent current (Larsen et al., 2015; Horvath et al., 2016;
Increase peak current density Hussain et al., 2016; Arafat et al., 2017;
Shift steady-state activation to more negative Atanasoska et al., 2018; Lindy et al., 2018)
values
Shift steady-state inactivation to more positive
values
R1872W C-Terminus Missense Enhanced persistent current (Ohba et al., 2014; Larsen et al., 2015;
Increased peak current density Takahashi et al., 2015; Gardella et al., 2018;
Shift steady-state activation to more negative Denis et al., 2019; Kim et al., 2019; Zaman
values et al.,, 2019)
Shift steadly-state inectivation to more postive values
N1877S C-Terminus Missense NR (Anand et al., 2016; Parrini et al., 2017; Wang
et al., 2017a; Lindy et al., 2018; Costain et al.,
2019; Epifanio et al., 2019; Jain et al., 2019;
Ranza et al., 2020)
P1878S C-Terminus Missense NR (Lindy et al., 2018)
Non genetic origin mutations reported*
R45Q N-terminus Missense NR (Encinas et al., 2019; Heyne et al., 2019)
A108fsXTer7 N-terminus Truncated gene NR (Encinas et al., 2019)
T1661 DI (S2) Missense NR (Encinas et al., 2019)
1202N DI (S3) Missense NR (Butler et al., 2017a)
V211L DI (S3) Missense NR (Encinas et al., 2019)
V211A DI (S3) Missense NR (Encinas et al., 2019)
R220H D1 (S4) Missense NR (Oates et al., 2018)
R223s DI (S4) Missense NR (Encinas et al., 2019)
T239A DI (S4-S5) Missense NR (Encinas et al., 2019)
1240V DI (S4-S5) Missense NR (Encinas et al., 2019)
1240L DI (S4-S5) Missense NR (Encinas et al., 2019)
L257V DI (S5) Missense NR (Encinas et al., 2019)
L267V DI (S5) Missense NR (Denis et al., 2019)
1268L DI (S5) Missense NR (Encinas et al., 2019)
F360A DI (S5-S6) Missense NR (Encinas et al., 2019)
M367V DI (S5-S6) Missense NR (Encinas et al., 2019)
R381Q DI (S5-S6) Missense NR (Encinas et al., 2019)
T386R DI (S5-S6) Missense NR (Encinas et al., 2019; Schreiber et al., 2020)
S399P DI (S6) Missense NR (Encinas et al., 2019; Heyne et al., 2019)
V410L DI (S6) Missense NR (Encinas et al., 2019)
Y414F DI (S6)-Dll (S1) Missense NR (Butler et al., 2017a)
E416K DI (S6)-DlI (S1) Missense NR (Encinas et al., 2019)
Q417P DI (S6)-DlI (S1) Missense NR (Encinas et al., 2019)
R530Q DI (S6)-DlI (S1) Missense NR (Encinas et al., 2019)
E587Ter DI (S6)-DlI (S1) Nonsense NR (Encinas et al., 2019)

(Continued)

Frontiers in Pharmacology | www.frontiersin.org

163

August 2020 | Volume 11 | Article 1276


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Menezes et al. Epilepsy-Related Nav Channelopathies: A Review

TABLE 4 | Continued

Variant Location Mutation Alteration on biophysical properties or/and Reference
Clinical report

R598W DI (S6)-Dll (S1) Missense NR (Encinas et al., 2019)
G692R DI (S6)-DlI (S1) Missense NR (Encinas et al., 2019)
1763V DIl (S1) Missense NR (Butler et al., 2017a; Encinas et al., 2019)
T7671 DIl (S1) Missense Shift steady-state activation to more negative (Estacion et al., 2014)
values
L840P DIl (53-S4) Missense NR (Encinas et al., 2019)
L840F DIl (53-S4) Missense NR (Encinas et al., 2019)
S845F DIl (S4) Missense NR (Encinas et al., 2019)
L864V DIl (54-S5) Missense NR (Trivisano et al., 2019)
1868T DIl (S4-S5) Missense NR (Encinas et al., 2019)
A874T DIl (54-S5) Missense NR (Encinas et al., 2019)
V881A DIl (S5) Missense NR (Encinas et al., 2019)
E936K DIl (S6) Missense NR (Johannesen et al., 2019)
L969M DIl (S6) Missense NR (Encinas et al., 2019)
S979F DIl (S6)-Dlll (51) Missense NR (Encinas et al., 2019)
G1050S DIl (S6)-Dlll (S1) Missense NR (Encinas et al., 2019)
Y1241C DIll (52) Missense NR (Encinas et al., 2019; Johannesen et al., 2019)
S1308P DIl (S4) Missense NR (Encinas et al., 2019)
V1315M Dill Missense NR (Encinas et al., 2019)
(S4-S5)
L1320F DIl (S4-S5) Missense NR (Encinas et al., 2019; Schreiber et al., 2020)
A1323P Dlll Missense NR (Encinas et al., 2019)
(S4-S5)
11327V Dill Missense NR (Oates et al., 2018)
(S4-S5)
M1328T Dill Missense NR (Encinas et al., 2019)
(S4-S5)
N1329D Dill Missense NR (Butler et al., 2017a)
(S4-S5)
G1451S DIl (S6) Missense NR (Encinas et al., 2019)
G1461V DIl (S6) Missense NR (Encinas et al., 2019; Schreiber et al., 2020)
N1466K DIl (S6)-DIV (S1)  Missense NR (Encinas et al., 2019)
F1467C DIll (S6)-DIV (S1)  Missense NR (Encinas et al., 2019)
Q1470H DIll (S6)-DIV (S1)  Missense NR (Trivisano et al., 2019)
11479V DIl (S6)-DIV (S1)  Missense NR (Encinas et al., 2019)
A1491V DIl (S6)-DIV (S1)  Missense Shift steady-state activation to more negative (Johannesen et al., 2018; Trivisano et al.,
values 2019)
M1492V DIl (S6)-DIV (S1)  Missense NR (Encinas et al., 2019; Ranza et al., 2020)
Q1501K DIl (S6)-DIV (S1)  Missense NR (Encinas et al., 2019)
Splice donor DIl (56)-DIV (S1)  Truncated gene NR (Encinas et al., 2019)
c.4419+1A>G
M1536l1 DIV (81) Missense NR (Encinas et al., 2019)
V1592L DIV (S3) Missense NR (Encinas et al., 2019)
11594L DIV (83) Missense NR (Encinas et al., 2019)
S$1596C DIV (S3) Missense NR (Encinas et al., 2019)
T1614A DIV Missense NR (Encinas et al., 2019)
(S3-34)
R1617Q DIV (S4) Missense Enhanced persistent current (Encinas et al., 2019)

Increased peak current density
Shift steady-state activation to more negative

values
Shift steady-state inactivation to more positive
values
R1617P DIV (S4) Missense NR (Encinas et al., 2019)
G1625R DIV (S4) Missense NR (Encinas et al., 2019)
L1630P DIV (S4) Missense NR (Encinas et al., 2019)
F1642C DIV Missense NR (Encinas et al., 2019)
(S4-S5)
A1650T DIV Missense NR (Trivisano et al., 2019)
(S4-S5)
A1650V DIV Missense NR (Encinas et al., 2019)
(S4-Sb)

(Continued)
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TABLE 4 | Continued

Alteration on biophysical properties or/and

Reference

Clinical report

Shift steady-state activation to more negative

(Johannesen et al., 2019)

(Encinas et al., 2019; Schreiber et al., 2020)
(Liu et al., 2019)

Increase action potential firing frequency

Increased spontaneous firingParoxysmal

(Veeramah et al., 2012; Encinas et al., 2019)

depolarizing shift like complexes
Increased firing frequency
Enhanced persistent current

Increased persistent current

(Encinas et al., 2019)

(Encinas et al., 2019)

(Johannesen et al., 2019)

(Encinas et al., 2019; Ranza et al., 2020)
(Encinas et al., 2019)

Increased peak current density
Shift steady state activation to more negative

Shift steady inactivation to more positive values

Variant Location Mutation
11654N DIV Missense NR
(S4-S5)

N17598 DIV (S6) Missense NR
M1760I DIV (S6) Missense

values
N1768D C-Terminus Missense
K1807N C-Terminus Missense NR
R1831W C-Terminus Missense NR
D1833H C-Terminus Missense NR
T18521 C-Terminus Missense NR
R1872L C-Terminus Missense

values
N1877S C-Terminus Missense NR
R1904C C-Terminus Missense NR

(Johannesen et al., 2019; Schreiber et al.,
2020)
(Encinas et al., 2019)

*Non genetic origin mutations reported: Mutations described through clinical diagnosis, but the mutation type (Mendelian or de novo) were not reported, mainly due to the lack of parents to
perform genotyping and difficulty in contacting the family. Not Reported (NR); Domain (D); Segment (S).

channel is widely expressed in the nodes of Ranvier of myelinated
axons and in the distal part of the axon initial segments (AIS),
although they are also ubiquitously present throughout the central
and peripheral nervous systems, in both excitatory and inhibitory
neurons (Caldwell et al., 2000; Oliva et al., 2012). For these reasons,
NaV1.6 is one of the most common subtype of voltage-gated
sodium channels found in the central nervous system (Caldwell
et al,, 2000). In humans, the distal AIS is the specialized membrane
region in neurons where action potentials are triggered.
Overexpression of Navl1.6 in the AIS has been shown to cause an
increase in spontaneous and repetitive firing (Hu et al., 2009; Sun
et al, 2013), a possible explanation for why SCN8A mutations in
epilepsy patients are predominantly GoF and affect the action
potential threshold. On the other hand, the functional importance
of Navl.6 in inhibitory interneurons is not clear yet, but evidence
indicates a role for Navl1.6 in establishing synaptic inhibition in the
thalamic network (Makinson et al, 2017), supporting the LoF
results caused by missense mutations in the mature protein.
These attributes lead to different network effects in distinct
nervous system circuits. Mutations in SCN8A are associated with
early-infantile epileptic encephalopathy type 13 (EIEE13; OMIM
#614558), a phenotypically heterogeneous early onset epilepsy, with
seizure onset happening before 18 months of age (Hammer et al.,
2016). Patients typically develop intellectual disability,
developmental delay, and movement disorders (Ohba et al., 2014;
Gardella et al., 2016; Johannesen et al., 2018). Co-occurrence of
autism spectrum disorders, severe juvenile osteoporosis,
bradyarrhythmia, cortical visual impairment, and gastrointestinal
disorders have been reported in rare cases (Larsen et al, 2015;
Hammer et al,, 2016; Rolvien et al., 2017; Gardella et al., 2018).

Sudden unexpected death in epilepsy (SUDEP) has also been linked
to SCN8A mutations, described as the most common cause of death
in epilepsy patients. Reports have suggested that patients with
SCN8A-related epilepsy have increased risk of SUDEP, ranging
from 1% to 10% (Hammer et al., 2016; Wang et al., 2017a; Gardella
et al,, 2018; Johannesen et al., 2018). One possible correlation of
SUDEP with SCN8A-related epilepsy is the presence of NaV1.6 in
heart muscles and tissues, being broadly expressed within
ventricular myocytes (Maier et al., 2002). Single mutations may
affect heart function, causing failure of the cardiorespiratory system
and, consequently, death (Haufe et al., 2005; Noujaim et al., 2012).
Most recently, few cases of SCN8A-related epilepsies with “milder”
phenotype were associated with benign familial infantile seizures-5
(BFIS5; OMIM #617080) (Anand et al., 2016; Gardella et al., 20165
Han et al,, 2017).

An increase in new described variants made some mutation
patterns visible. Wagnon and co-workers observed numerous cases
of the same epiletogenic mutation, and suggested that CpG
dinucleotides are mutation hotspots that, through enzymatic
processing and epigenetic methylation, can convert cytosine to
thymine, such as arginine residues 1617 and 1872 (Wagnon and
Meisler, 2015). The prominent number of new variant cases in
Arg850 indicates this residue as a new hotspot, since the arginine
codon holds a CpG dinucleotide. In addition to these mutation
hotspots, residues 1763, 11327, G1475, A1650, and N1877 do not
present CpG dinucleotides in their codon; however, they can be
considered recurrent mutations in view of its high repetition cases in
literature (Table 4).

The mutation at position c.- 8A>G produces a pathogenic
variant, despite not being inside the gene, or promoter regions,
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transcriptional and translational sites. This mutation was detected
in an untranslated region outside of the Kozak consensus sequence
(Johannesen et al., 2019). Its role in SCN8A-related epilepsy is still
unclear; however, it may change RNA stability, modulate
transcriptional factors and promoters, modify the initiation of
translation, or work as an enhancer or silencer in the splicing
pattern. For all the reasons mentioned above, Nav1.6 variants are
predominantly harmful, and the same mutation can lead to
different phenotypes, hampering the correlation of genotypes with
phenotypes (Blanchard et al.,, 2015).

SCN8A mutations can be both GoF and LoF, which will likely
require different approaches and targets. Even in patients with
the same SCN8A mutation, the response to the same drug
treatment can differ. Surprisingly, most SCN8A-related
epilepsies respond favorably to channel blockers. Phenytoin
and lacosamide are SBCs widely used in SCN8A mutations
with GoF effect, while carbamazepine exhibited positive seizure
control in a patient with NaV 1.6 mutation and LoF effect.
(Blanchard et al, 2015; Wagnon and Meisler, 2015; Hammer
et al,, 2016; Perucca and Perucca, 2019). Phenytoin demonstrated
effectiveness in decreasing seizure episodes in several patients with
SCN8A-related epilepsies, however, side effects during prolonged
use are very common (Boerma et al., 2016; Braakman et al., 2017). A
recent study of a DS model using zebrafish demonstrated the use of
the channel blocking compound MV1312, which is 5-6 fold
selectivity of NaV1.6 over NaV1.1-1.7, reduced burst movement
phenotype and the number of epileptiform events, activity similar to
that described with the use of a selective NaV1.1 activator AA43279
(Weuring et al., 2020). Selective Nav1.6 blockers may represent a
new therapeutic strategy for DS patients. In addition, two precise
and promising drugs have been described recently: XEN901 and
GS967. XEN901 is an arylsulfonamide highly selective and potent
NaV1.6 inhibitor that binds specifically in voltage sensor domain
IV, avoiding recovery from inactivation. GS967 is a NaV1.6
modulator that inhibits the persistent sodium current and exhibits
a protective effect (Baker et al., 2018; Bialer et al., 2018).

NaVv1.7

The SCN9A gene encodes for the NaV1.7 channel, located in
chromosome 2q24 (Yang et al, 2018). NaV1.7 is expressed
preferably in the PNS, but it is also expressed in the CNS (Cen
et al., 2017). Consequently, mutations in this channel are
generally related to pain disorders (Young, 2007; Han et al,
2009; Doty, 2010; Rush et al., 2018); however, current studies
have described a correlation between epilepsy and this channel
(OMIM #603415).

Pain disorder mutations with GoF are related with diseases such
as erythromelalgia (EMI), small-fiber neuropathy (SFN) and
paroxysmal extreme pain disorder (PEPD), and mutations with
LoF are related with congenital insensitivity to pain (CIP) (Cen
et al,, 2017). Epilepsy studies such as Zhang S. et al. (2020) showed
mutations with GoF phenotype: W1150R, N641Y, and K655R
mutations (Table 5). Being that, after treatment with OXC (120
pmol/L), N641Y and K655R reduced sodium current and decreased
the opening time of the channel, while W1150R did not alter that
(Zhang S. et al., 2020). However, in a study conducted by Yang et al.
(2018), one of the patients presented generalized tonic-clonic

TABLE 5 | SCN9A-related epilepsies identified in clinical patients through WES and/or NGS.

Reference

Alteration on biophysical properties or/and Clinical report

Disease

Mutation

Location

Variant

Inherited mutation

(Cen et al., 2017)

Febrile and afebrile seizures

N-terminal Missense GEFS+

Q10R

Generalized tonic-clonic seizures

(Yang et al., 2018)

Generalized tonic-clonic seizure

Epilepsy

FS

Missense

DI

G327E
N641Y

(Singh et al., 2009; Zhang S. et al., 2020)

Reduced electroconvulsive seizure thresholds (Knocking mice)
Increased corneal kindling acquisition rates (Knocking mice)

Increased current density

Missense

DI- DIl

Faster recovery from inactivation

(Zhang S. et al., 2020)
(Zhang S. et al., 2020)

(Yang et al., 2018)

High-potential spike activity, paroxysmal release, and d frequency power enhancement (EEG)

More susceptible to clonic and tonic seizures induced by electrical stimulation (mice)

Enhanced persistent current
Focal seizures with secondary generalization

Generalized tonic-clonic seizure
Enhanced persistent current
Faster recovery from inactivation
Increased current density
Enhanced persistent current
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seizure with fever, treated with sodium valproic acid, and a LoF
mutation 11901fs was observed (Yang et al., 2018) (Table 5).
Variants of NaV1.7 have been related with febrile seizure or
GEFS+ (Cen et al,, 2017; Zhang S. et al,, 2020) and even as
asymptomatic (Singh et al., 2009). However, SCN9A can act as a
putative modifier of NaV1.1 gene; consequently, it can elevate
the severity of patients’ phenotype (Guerrini et al., 2010; Parihar
and Ganesh, 2013). Some NaV1.7 mutations could probably
contribute to generate a genetic susceptibility to a known
epilepsy disease called Dravet syndrome, in a multifactorial
way, as a modifier gene (Singh et al., 2009; Doty, 2010; Mulley
et al,, 2013; Cen et al., 2017; Zhang T. et al., 2020). That said,
some rare cases of DS found in patients can be understood
(Mulley et al., 2013). For example, even parents with mild
phenotype had children with severe cases (Guerrini et al., 2010).

CONCLUSION AND FUTURE
PERSPECTIVES

The past two decades have enabled remarkable progress in
understanding monogenic epilepsies. NaV-related epilepsies are
diseases of phenotypic heterogeneity, since sodium channels are
found in both the CNS and the PNS, but with different expression
ranges. The lack of a clear genotype-phenotype correlation to help
guide patient counseling and management by healthcare
professionals makes it very complex, and often expensive, to
determine a correct diagnosis. Consequently, identify the
monogenic mutation in individual patients with epilepsy is
important not only for diagnosis and prognosis, but also for a
correct treatment approach (Mei et al., 2017; Reif et al., 2017).

Susceptibility to specific treatments may be different depending
on the disease’s features, diverging even in patients who share the
same phenotype and/or mutation (Weber et al., 2014). The use of
innovative tools that facilitate and prevent diagnostic delay in
patients with epilepsy of unknown etiology onset is crucial. WES
has proved to be a valuable tool to circumvent the lack of an
accurate and fast diagnosis to epilepsies caused by monogenic
mutation, and also cheapen and drastically anticipate diagnosis.
This genetic diagnostic tool may reduce traditional investigation
costs by 55 to 70%, besides avoiding further pre-surgical evaluation
and epilepsy surgery (Kothur et al, 2018; Oates et al., 2018). In
addition to the financial impact, it can anticipate diagnosis from
nearly 3.5 years to 21 days, optimizing management and health care
support (Oates et al., 2018).

Effective and safe drugs for the treatment of monogenic
epilepsy are still an unmet clinical need. The drugs currently
available in the pharmaceutical market are only palliative
methods for a temporary control of the disease symptoms, and
few patients will benefit from the existing pharmacotherapy,
since a great number of patients treated with antiepileptic
channel blockers showed no improvement in clinical
conditions. Also, most treated patients exhibited manifold side
effects, and the prolonged use of these medications proved to be
harmful (Boerma et al., 2016; Braakman et al., 2017). Several
examples of novel and promising candidate compounds to be

used in personalized medicine, such as precision therapies, have
been suggested. A previously study demonstrated that CBD at
1uM inhibit preferably resurgent currents than transient current
in Nav1.6 WT and also inhibit peak resurgent current in Nav1.6
mutant N1768D, with less effect in current density and without
alters voltage dependence of activation (Patel et al., 2016)
Possibly the modulation of CBD over mutations in SCN8A
that promotes a phenotype with increased resurgent currents
would cause a reduction in the causative excitability of epileptic
seizures. CBD also showed its ability to preferential inhibit
resurgent currents in the NaV1.2 channel (Mason and
Cummins, 2020). Due the role of Navl.2 and Navl.6 in
excitatory neurons, preferentially inhibition in resurgent
currents by CBD could possibly reduce the excitability in that
subset of neurons and decrease the frequency of seizures by a
change in threshold of activation and repetitive fire (Lewis and
Raman, 2014). Peptides derived from scorpion and spider venom
are well known modulator tools in neuroscience and showed
specific capacity to regulate most NaV subtypes related with
monogenic epilepsy, unlike the available promiscuous drugs that
generally interact with any NaV channel isoform (Schiavon et al.,
2006; Israel et al., 2018; Richards et al., 2018; Tibery et al., 2019;
Zhang et al., 2019). Bioengineering tools, like antisense
oligonucleotides capable to regulate NaV1.1 channels expression,
and the peptide Hm1, that modulates the function of this subtype
of sodium channel, are some innovative treatment examples
(Richards et al., 2018; Stoke Therapeutics, 2018).

However, there is still a long path toward the development of
efficacious treatments for NaV-related epilepsies. Recent studies
offered a better understanding of the complexity of the phenotypic
and genetic spectrum, which has only just begun to be elucidated.
Biomolecular diagnostic tools will drastically reduce the
developmental and cognitive effects caused by misdiagnosis and
late diagnosis, and maybe, in the upcoming years, the treatment for
inherited NaV-related epilepsies will be conducted ideally in utero,
during the prenatal stage. Moreover, further functional studies, with
greater cohorts of patients, represent an urgent medical need for a
better understanding of the correlations between genotype and
clinical symptoms, as well as the different NaV-related epilepsies
mechanisms. These studies will improve clinical efficacy and
promote safety diagnostic strategies, as well as develop prognosis
prediction in the near future.
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Recombinant Ricin Toxin Binding
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Production of TNF-o by Mouse
Macrophages Through Activation
of TLR4 Signaling Pathway
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Yan Wang', Ying Chang ™2, Yucheng Sun’, Yanguang Hou, Chengbiao Sun’,
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Laboratory, Changchun, China, 2 Jilin Medical University, Jilin, China, S Institute of Translational Medicine, First Hospital of
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Ricin toxin binding subunit B (RTB) is a galactose-binding lectin protein derived from the
beans of the castor oil plant (Ricinus communis). Our previous studies have reported a
direct immunomodulatory effect of recombinant RTB, which stimulates RAW264.7 cells to
produce cytokines including TNF-a.. However, the role of RTB in innate immune response
and its specific mechanism have not been reported in detail. In this work, the results
showed that RTB treatment of macrophages significantly increased TLR4 protein levels.
RTB also activated TLR4 downstream events, including MyD88, IRAK, and TRAFG,
resulting in macrophage activation and TNF-o. production. This process is reflected in the
increase of kB phosphorylation. TLR4 knockdown macrophages treated with RTB
exhibited greatly reduced kB phosphorylation and TNF-a secretion. Moreover,
treatment with MyD88 inhibitor also suppressed TNF-a production. The docking of RT
and TLR4 was simulated by computer, and the contact residues were concentrated on
RTB. Our results suggest that recombinant RTB can activate mouse macrophages to
secrete TNF-a through activation of NF-xB via the TLR4 signaling pathways.

Keywords: ricin toxin binding subunit B, macrophage, TLR4, cytokine, signaling pathway

INTRODUCTION

Ricin is a plant toxin extracted from castor bean (Ricinus communis), which belongs to type II
ribosome-inactivating proteins. The ricin holotoxin consists of a toxic moiety A chain (RTA) and a
lectin moiety B chain (RTB) linked via a disulfide bond. (Lord and Spooner, 2011). The A-chain has
N-glycosidase enzymatic activity and causes protein synthesis arrest in mammalian cells. The B-
chain is a galactose-binding lectin protein that binds to galactosyl moieties on the eukaryotic cell
membrane (Stirpe and Barbieri, 1986; Lord et al., 2003). Our previous studies reported that
recombinant RTB is an immunomodulatory stimulus that stimulates the RAW264.7 mouse
macrophage cell line to produce inducible NOS (iNOS), tumor necrosis factor-o. (TNF-o.) and
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interleukin 6 (IL-6) via signaling pathways that may involve
protein tyrosine kinase, NF-kB, and JAK-STAT activation (Liu
et al., 2013; Xu et al., 2013). However, the role of RTB in innate
immune response and its specific mechanism have not been
understood very well.

Macrophages are important immune cells, which play an
important role in anti-infection, anti-tumor and immune
regulation as the first line of defense of innate immunity.
Activated macrophages release many types of cell factors to
remove pathogens (Akira et al, 2006; Mogensen, 2009). When
pathogens invade the body, a series of intracellular signal
transduction pathways are activated by various pattern
recognition receptors (PRRs) expressed on macrophages. Toll-like
receptor (TLR), a member of the PRR family which involved in
stimulating innate immune response (Horng et al., 2002). When
TLRs are activated, they require adaptor molecules, including
myeloid differentiation primary response protein 88 (MyD88),
TIR-domain-containing adaptor-inducing interferon-f§ (TRIF), IL-
1R-associated kinases (IRAKs), and TNF receptor associated factor
6 (TRAF6) (Motshwene et al. 2009; Palsson-McDermott and
O'Neill, 2009; Lin et al., 2010). MyD88 is recruited by TLR4, and
TNF-o. is secreted following LPS mediates the activation of MyD88-
dependent pathway by stimulating TLR4 (Park et al., 2010).

Since RTB has been shown to induce TNF-o. production by
RAW264.7 cells, we investigated whether TLR4 signaling
pathway plays a key role in RTB-mediated TNF-a secretion.

MATERIALS AND METHODS

Protein

RTB was cloned and expressed in Escherichia coli as described in
our previous reaserch with a slight modification (5). The protein
was purified using a nickel column (Ni-NTA; General Electric
Corp., Boston, MA, US). Endotoxin was removed using Detoxi-
Gel™ Endotoxin Removing Gel (Invitrogen, Frederic, MD, USA).
The endotoxin contamination in the RTB was <0.03 pg/ug to
exclude the possibility of LPS contamination.

Cell Culturing

RAW264.7 cells were incubated in RPMI-1640 medium (Gibco,
Carlsbad, CA, USA), containing 10% fetal calf serum (FCS)
(Hyclone, Logan, UT, USA), 100 U/mL of penicillin, and 100
U/mL of streptomycin at 37°C in a humidified atmosphere
containing 5% CO, and 95% air.

Cell Viability Assay

RAW264.7 cells were plated into 96-well plates at 5 x 10* cells/well
and cultured for 24 h. After addition of various concentrations of
RTB (12.5, 25, 50, and 100 pg/mL), the cells were incubated with

Abbreviations: RTB, Ricin toxin binding subunit B; RIP, Ribosome-inactivating
protein; RTA, Ricin toxin binding subunit A; iNOS, Inducible NOS; TNF, Tumor
necrosis factor; IL, Interleukin; DCs, Dendritic cells; PRRs, Pattern-recognition
receptors; TLRs, Toll-like receptors; MyD88, Primary response protein 88; TRIF,
TIR-domain-containing adaptor inducing interferon-B; IRAKs, IL-1R associated
kinases; TRAF6, Tumor-necrosis factor receptor associated factor;6 FCS, Fetal calf
serum; PVDF, Polyvinylidene difluoride.

10 pL of Alamar Blue cell viability reagent (Invitrogen, Frederic,
MD, USA) in medium for 24 h at 37°C. The absorbance was
measured at wavelengths of 570 and 610 nm.

RNA Interference

RAW264.7 cells were transfected with psiRNA-mTLR4 to
knockdown the TLR4 gene and with empty plasmid psiRNA-
LucGL3 as control. Zeocin selection was used to collect the stably
transfected RAW264.7 cells. The expression of TLR4 was
examined by RT-PCR and western blotting.

Western Blot Analysis

RAW?264.7 cells were pretreated with or without RTB for the
indicated time period, lysed with 100 pL of RIPA lysis buffer
(Beyotime Institute of Biotechnology, Jiangsu, China) in the
presence of protease inhibitor. Protein samples were separated
by 10% SDS-PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes (Merck-Millipore, Darmstadt, Germany).
The PVDF membranes were blocked with 5% non-fat milk (BD
Biosciences, Franklin Lakes, NJ, USA) for 1 h at room temperature
and then incubated with TLR4, MyD88, IRAK, TRAF6, or pIkB
antibody (Cell Signaling Technology, Danvers, MA, USA)
followed by appropriate secondary antibodies. Immunodetection
was performed using ECL reagents (GE Healthcare).

Cytokine Assays

To evaluation the TNF-a secretion induced by RTB, RAW264.7
cells or TLR4- siRNA treated RAW264.7 cells were plated into 24-
well plates, stimulated with RTB (50 pg/mL), the MyD88 inhibitor
Pepinh-MYD (25 mM) (InvivoGen, San Diego, CA, USA) or TAK-
242 (50 nM) (MedChemExpress, Monmouth Junction, NJ, USA)
for 24 h. Cytokine production in the supernatants was measured via
ELISA, according to the manufacturers’ instructions (Biolegend, San
Diego, CA, USA).

Flow Cytometry

RAW264.7 cells were stimulated with or without RTB, and
incubated with PE-conjugated anti-mouse TLR4 (Ebioscience,
San Diego, CA, USA) for 30 min at 4°C. PE-labeled IgG antibody
was used as control. Flow cytometry analysis was performed
using a CytoFLEX (BECKMAN COULTER) flow cytometer.

Computer Simulation of Molecular
Docking

The amino acid sequences of TLR4 and RT were obtained from the
NCBI database (https://www.ncbi.nlm.nih.gov). Protein modeling
was performed using the Swiss-Model (swissmodel.expasy.org)
online service via the TLR4 and RT amino acid sequences. An
appropriate template was selected to model the 3D structure of the
protein according to the sequence alignment. Then the protein
structure was optimized by Discovery Studio 4.5 (Acclery, Inc.). The
Discovery Studio Client was used to visualize the protein structure
model, and the ZDOCK algorithm was used to simulate the
intermolecular docking. The results of molecular docking were
optimized and analyzed by using RDOCK.
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Statistical Analysis

One-way ANOVA followed by a post hoc comparison using the least
significant difference (LSD) and independent t-test were performed
for data comparison using SPSS 11.0 statistical software(IBM,
Armonk, NY, USA). All graphical illustrations were generated in
Graph Pad Prism 6. Significance was indicated as follows: *p < 0.05;
“p < 0.01; **p < 0.001.

RESULTS
Cell Viability Assay

Alamar Blue assay was used to measure cell viability and
cytotoxicity. The results showed that RTB was not toxic to
RAW264.7 cells at concentrations of 12.5-100 pg/mL (Figure 1).
Based on this result, 50 LLg/mL was used in subsequent experiments.

The Effects of RTB on TLR4 Expression in
RAW264.7 Cells

To study whether TNF-o. production by RAW264.7 cells induced
by RTB is related to the TLR4 signaling pathway, we first
determined the expression of TLR4. Enhanced protein expression
induced by RTB was observed. The maximum expression of TLR4
was observed at 3 h and then decreased gradually up to 6 h
(Figure 2).

RTB Activates the TLR4 Signaling Pathway
in RAW264.7 Cells

To determine whether RTB activates the TLR4 signaling
pathway, we examined whether downstream signaling
molecules MyD88, IRAK, and TRAF6 were stimulated by RTB.
As shown in Figure 3, RTB-treated macrophages showed
increases in the expression of MyD88, IRAK, and TRAF6.
MyD88, IRAK, and TRAF6 protein expression all showed a
similar result to TLR4, reaching their maximum level at 3 h and
then decreasing gradually up to 6 h.

120,

1001

80+
601
40+

Cell Viability (%)

20+

125 25 50
Concentration of RTB (ug/mL)

0 100

FIGURE 1 | Effects of RTB on cell viability. Cells were treated with various
concentrations of RTB for 24 h. Cell proliferation was analyzed by Alamar
Blue assay. Cell viability without RTB treatment (control) was taken as 100%.
Data represent the mean + SD from three representative experiments.

TLR4-Dependent TNF-a Production
Following RTB Stimulation

We further determined whether TNF-a. secretion was induced
through RTB-activated TLR4 signaling pathways. We examined
the effect of treatment with a TLR4 siRNA or MyD88 inhibitor
on the RTB-activated induction of TNF-o. in RAW264.7 cells. A
TLR4 knockdown RAW?264.7 cell line was created by stable
transfection with psiRNA-mTLR4 (Figure 4A). TNF-o
expression was significantly reduced in TLR4- siRNA or
MyD88 inhibitor treated macrophages (Figures 4B-D).

TLR4-Dependent Activation of NF-xB
Following RTB Stimulation

To further explore whether TLR4 is involved in RTB-induced
macrophage activation, IkB activation was measured to identify
signaling changes. As shown in Figure 5, the expression of
phosphorylated IxB was up-regulated within 3 h of RTB
stimulation. In contrast, expression of phosphorylated IxB in
TLR4- siRNA treated macrophages was substantially reduced.

Computer Simulation of the Interface of
RT and TLR4

Model and optimize the structural models of RT (ID: 2vlc) and
TLR4 (ID: 3vql) through the Swiss-Model online server. The
Dock and Analyze Protein Complexes tool panel in Discovery
Studio was used to dock proteins with the Dock Proteins
(ZDOCK) protocol and display. Then, the ZRANK analysis
tool was used to determine the complex structure of RT and
TLR4, and the conformation of the complex was optimized by
the RDOCK algorithm, and the optimal docking structure of RT
and TLR4 was determined. The binding interface and area of RT
and TLR4 are shown in Figure 6 and Table 1.

In previous studies, we have verified the interaction between
RT and TLR4 through immunoprecipitation (Dong et al., 2019),
which supports the molecular docking model of RT and TLR4 in
this section.

DISCUSSION

RTB is a glycoprotein that delivers RT'A to the cytoplasm of host cells
via glycoproteins and glycolipids located at the cell surface (Olsnes
et al, 1975; Hartley and Lord, 2004). Similar to the effects of other
bacterial and plant AB toxins on the immune response, we found that
recombinant RTB possesses several immunostimulatory functions
(Liu et al,, 2013; Xu et al,, 2013). In this study, we identified a novel
TLR4 activator, RTB. We showed that recombinant RTB induced
TNF-0. production and NF-kB activation in a TLR4-dependent
manner in RAW264.7 macrophages.

TLR4 is commonly expressed on macrophages, dendritic cells
and other cells. TLR4 signaling pathways are known to play
important roles in immune cell activation (Kawai and Akira,
2010; Gay et al.,, 2014). In previous studies, we have verified the
interaction between RT and TLR4 through immunoprecipitation
(Dong et al., 2019). In this study, when RAW264.7 cells were
treated with RTB, it was observed that recombinant RTB
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FIGURE 2 | The analysis of TLR4 expression on RTB-treated RAW264.7 cells. (A) Expression levels of TLR4 were detected by western blotting. Cells were treated with RTB
(50 pg/mL) for 3, 6, or 9 h or LPS (50 ng/mL) for 6 h. Whole cell lysates were prepared and TLR4 protein expression checked by western blotting using a specific antibody
against TLR4 or B-actin. Relative protein level represents the relative ratio of expression of each protein versus actin. (B) TLR4 expression on RAW264.7 cells were analysed
by flow cytometry. Cells were treated with RTB (50 pug/mL) for 3 or 9 h or LPS (50 ng/mL) for 3 h. TLR4 expressions were examined by flow cytometry. Representative results
from one of three experiments with similar results are shown. Data represent the mean + SD from three representative experiments.

stimulated expression of the TLR4 protein. We further studied
the immunomodulatory effect of RTB on TLR4 signaling
pathway to clarify its mechanism. First, the Alamar Blue
analysis method was used to identify that RTB was not toxic to
cells. The expression of TLR4 induced by RTB was enhanced by
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RTB(ug/mL) - _ + o+ + activates the TLR4 signaling pathway, we examined whether
downstream signaling molecules MyD88, IRAK, and TRAF6
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and TAK-242, and inhibition of TNF-o. secretion was observed
in TLR4-/- mouse macrophages. Furthermore, the docking of RT
and TLR4 was simulated by computer and the contact residues

FIGURE 3 | Effect of RTB on the expression of TLR4-signaling pathway
components in RAW264.7 cells. RAW264.7 cells were treated with RTB (50 ug/
mL) for 3, 6, or 9 h or LPS (50 ng/mL) for 6 h. Expression levels of MyD88,

IRAK1, and TRAF6 were determined by western blotting. Relative protein level were concentrated on RTB. The simulation results found that the
represents the relative expression of each protein versus actin. Representative surface contact residues of TLR4 and RT were concentrated on
results from one of three experiments with similar results are shown. Data the B subunit. These data suggest that RTB stimulates TNF-o
represent the mean + SD of three replicates. Significance was indicated as pro duction by RAW?264.7 cells via the TLR4 signaling pathway

follows: p < 0.01 (*%).

and that TLR4 might act as an RTB receptor.
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FIGURE 4 | TNF-o. production in Raw264.7 cells treated with RTB. (A) Cells were stably transfected with control siRNA or siRNA specific for TLR4.Western blotting
analysis of TLR4 in cell lysates. (B) TNF-o, production in stably-transfected RAW264.7 cells treated with RTB. TLR4 siRNA stably-transfected RAW264.7 cells were
treated with RTB (50 ng/mL) for 24 h. TNF-o production was measured by ELISA. Data are presented as mean + SD of three replicates. Shown are representative
results from one of three experiments with similar results. (C) Raw264.7 cells were treated with or without the MyD88 inhibitor Pepinh-MYD (25 mM) and incubated
for 24 h and then stimulated with RTB (50 ng/mL) for 24 h. TNF-a. production was measured by ELISA. Data are presented as mean + SD of three replicates.
Representative results from one of three experiments with similar results are shown. (D) Raw264.7 cells were treated with or without another MyD88 inhibitor TAK-
242 (50 nM) and incubated for 24 h and then stimulated with RTB (50 pg/mL) for 24 h. TNF-o production was measured by ELISA. Data are presented as mean +
SD of three replicates. Representative results from one of three experiments with similar results are shown. Significance was indicated as follows: **p < 0.01;
***p <0.001.
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FIGURE 5 | plkB expression in Raw264.7 cells treated with RTB. (A) Raw264.7 cells were treated with RTB (50 ug/mL) for 3, 6, or 9 h or LPS (50 ng/mL) for 6 h.
Levels of plkB were determined by western blotting. The relative protein levels are expressed as the relative ratios versus actin. Representative results from one of
three experiments with similar results are shown. Values are the mean + SD of three replicates. (B) TLR4 stably transfected RAW264.7 cells were stimulated with
RTB (50 ug/mL), and plkB levels were determined by western blotting. Representative results from one of three experiments with similar results are shown. Values
are the mean + SD of three replicates. **p < 0.01 compared to control sIRNA group. **p < 0.01 compared to control siRNA treated with RTB.
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FIGURE 6 | Computerized simulation to reveal the complex of TLR4 bound by RT. RT formed a contact interface with residues mainly in RTB domain.

TABLE 1 | The binding interface and area of RT and TLR4.

From To RT Domain Distance Category
TLR4:LYS475:NZ RT:ASP336:0D2 RTB 3.06226 Hydrogen bond; electrostatic
TLR4:LYS354:NZ RT:ASP500:0D2 RTB 3.16169 Hydrogen bond; electrostatic
TLR4:ARG74:NH1 RT:GLUB0:0E2 RTA 4.81973 Electrostatic
TLR4:ARG416:NH2 RT:GLU128:0E2 RTA 4.74054 Electrostatic
TLR4:ARG512:NH1 RT:GLU134:0E1 RTA 3.78613 Electrostatic
TLR4:LYS533:NZ RT:ASP41:0D2 RTA 5.13394 Electrostatic
TLR4:LYS475:NZ RT:TRP351 RTB 4.49247 Electrostatic
TLR4:TYR37:0H RT:PRO297:0 RTB 3.38661 Hydrogen bond
TLR4:ARG86:NH1 RT:SER543:0 RTB 3.34691 Hydrogen bond
TLR4:SER104:0G RT:SER418:0G RTB 2.51362 Hydrogen bond
TLR4:ARG337:NE RT:SER520:0G RTB 3.36619 Hydrogen bond
TLR4:ARG337:NH1 RT:SER520:0G RTB 3.32147 Hydrogen bond
TLR4:TYR454:0H RT:LYS354:0 RTB 2.64150 Hydrogen bond
TLR4:LYS503:NZ RT:LYS354:0 RTB 3.21736 Hydrogen bond
TLR4:SER545:0G RT:ASN374:0D1 RTB 3.38933 Hydrogen bond
TLR4:SER300:N RT:SER54:0G RTA 3.17882 Hydrogen bond
TLR4:TRP351:NE1 RT:GLN428:0E1 RTB 2.27258 Hydrogen bond
TLR4:ASN356:ND2 RT:ASP500:0D2 RTB 2.42735 Hydrogen bond
TLR4:THR357:N RT:SER526:0G RTB 2.84165 Hydrogen bond
TLR4:THR357:0G1 RT:ASN524:0D1 RTB 2.33051 Hydrogen bond
TLR4:ASN427:ND2 RT:ASP377:0D1 RTB 3.00993 Hydrogen bond
TLR4:TYR439:0H RT:ASP83:0D2 RTA 2.43764 Hydrogen bond
TLR4:ARG512:NE RT:GLU134:0E1 RTA 2.71612 Hydrogen bond
TLR4:ARG512:NH1 RT:GLY110:0 RTA 2.90917 Hydrogen bond
TLR4:LYS533:NZ RT:MET40:SD RTA 2.99009 Hydrogen bond
TLR4:ARG86:CD RT:SER543:0 RTB 2.85600 Hydrogen bond
TLR4:HIS424:CD2 RT:ASP339:0D2 RTB 2.86625 Hydrogen bond
TLR4:HIS527:CE1 RT:SER355:0 RTB 3.43343 Hydrogen bond
TLR4:TYR449:0H RT:TRP351 RTB 4.13152 Hydrogen bond
TLR4:SER509:0G RT:TYR183 RTA 3.55468 Hydrogen bond
TLR4:ILE511:CG2 RT:HIS158 RTA 3.33491 Hydrophobic
TLR4:LEU539:CD2 RT:PHEG2 RTA 3.53391 Hydrophobic
TLR4:PRO33 RT:PRO297 RTA 3.93392 Hydrophobic
TLR4:MET40 RT:LEU541 RTB 5.33807 Hydrophobic
TLR4:LYS263 RT:LEU519 RTB 4.69888 Hydrophobic
TLR4:ALAT1 RT:PRO27 RTA 4.23869 Hydrophobic
TLR4:ARG74 RT:ILE29 RTA 5.19910 Hydrophobic
TLR4:TRP81 RT:ILE413 RTB 4.82280 Hydrophobic
TLR4:HIS429 RT:PRO352 RTB 5.47002 Hydrophobic
TLR4:TRP407 RT:VAL31 RTA 5.11514 Hydrophobic
TLR4:TYR542 RT:VAL133 RTA 4.98381 Hydrophobic
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TLR4 recruits MyD88 through the TIR domain. MyD88 then
activates IRAK and TRAF6, which activates MAPK and various
transcription factors such as NF-kB (Putra et al., 2014;
Yanagibashi et al., 2015; Sakai et al., 2017). IxB-a is an
inhibitory protein bound to dimers of NF-kB that retains NF-
KB dimers in the cytoplasm. The NF-xB pathway is activated by
increasing the level of IkB-o phosphorylation, which causes the
release of NF-xB and the expression of cytokine genes, such as
TNF-o0, IL-1, and IL-6 (Yamamoto and Gaynor, 2004; Kuan
et al, 2012; Karin and Delhase, 2012). Our previous studies
reported that NF-kB pathways may be involved in RTB-induced
TNF-a production. In accordance with our previous study, IkB
phosphorylation was altered in RTB-treated macrophages; this
effect could be reversed in TLR4- siRNA treated macrophages
after RTB treatment. These data suggest that NF-xB is an
important signaling pathway in RTB-treated RAW264.7 cells.

The present study demonstrates the mechanism of RTB and
TLR4, the induction of TNF-o production by RTB, and the
correlation between TNF-o production and activation of the
TLR4-dependent pathway induced by RTB stimulation. RTB
stimulated macrophages through TLR4-dependent NF-xB
activation. These signaling pathways may be responsible for
TNF-o production. These data suggest that RTB activates
macrophages to trigger TNF-o production through interaction
with TLR4-mediated pathways.
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Introduction: Bee-venom acupuncture (BVA) has been widely applied to various
disorders including pain-related diseases; however, patients are often warned of
adverse reactions such as anaphylaxis. This study aimed to estimate the risk of
hypersensitivity reactions to BVA and to determine their clinical features.

Methods: We retrospectively surveyed the medical records of patients treated by BVA
between January 2010 and April 2019 in Dunsan Hospital of Daejeon University, and all
cases of allergic reactions and their clinical symptoms were analyzed.

Results: A total of 8,580 patients (males 4,081 and females 4,499) were treated with BVA
which amounts to a total of 60,654 treatments (average 7.1 + 14.8 times). A total of fifteen
patients (7 males and 8 females) reported an allergic reaction (0.175%, 95% Cl, 0.086—
0.263) of type 1 hypersensitivity, indicating a rate of allergic reaction in 0.025% (95% ClI,
0.012-0.037) of the total BVA treatments. The average number of BVA treatments in
those patients was 6.9 + 6.5 (males: 4.1 + 3.4 and females: 9.3 + 7.9). Among the cases
of hypersensitivity reactions, 4 involved anaphylactic shock; therefore, the incidence rate
of anaphylaxis was 0.047% (95% CI, 0.001-0.092) for the 8,580 subjects and 0.007%
(95% ClI, 0.000-0.013) for the 60,654 treatments. All grade 1 cases were recovered within
1 day, whereas others took up to 30 days for complete recovery.

Conclusion: Our results may emphasize paying attention to unforeseeable risks of
anaphylaxis after bee-venom acupuncture. This study could be essential reference data
for the guidelines of appropriate use of bee-venom acupuncture and bee-venom-derived
interventions in clinical applications.

Keywords: bee venom, adverse drug reaction, hypersensitivity, anaphylaxis, side effect, acupuncture
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INTRODUCTION

Recently, venoms have received a lot of attention as an
intervention for diseases. Among these, bee-venom is most
commonly used as painkillers and anti-inflammatory drugs
(Seo et al.,, 2017; Memariani et al., 2019). Furthermore, bee-
venom is an effective therapeutic for other challenging disorders,
including incurable skin disease, cancer, and Parkinson’s disease
(Hartmann et al., 2016; Gu et al., 2018; Aufschnaiter et al., 2020).
Despite these potential applications, however, the clinical use of
bee-venom is limited due to allergic reactions, including life-
threatening responses such as anaphylaxis.

In general, adverse drug reactions (ADRs) are one of the
major reasons why the drugs were withdrawn from the post
marketing phase (Demoly et al., 2008; Onakpoya et al., 2019).
Drug hypersensitivity reactions account for 15% of ADRs
(Pichler and Hausmann, 2016). Drug-induced anaphylaxis is
the most serious and life-threatening hypersensitivity reaction
(Turner et al., 2017) and many drugs that trigger anaphylaxis
involving antibiotics, radiocontrast agents, and nonsteroidal
anti-inflammatory drugs (NSAIDs) are frequently problematic
in clinic (Wood et al.,, 2014; Giavina-Bianchi et al., 2018).
Regarding NSAIDs-related incidence rate of hypersensitivity
and anaphylaxis, one US clinical study reported as 0.30 and
0.02%, respectively (Blumenthal et al., 2017). Another study
presented incidence rates of 0.48% for hypersensitivity
reactions and 0.01% for anaphylaxis from 9,528 MRI
examinations with contrast-agent (Li et al., 2006).

Bee-venom acupuncture (BVA) is a common therapeutic
used worldwide, especially in Korean and Chinese clinics.
Since one death by BVA anaphylactic shock was reported, the
safety of bee-venom has been an important issue in Korea (Jung
et al., 2012b). Two studies demonstrated partially BVA-related
hypersensitivity reactions using data from clinical trials or
hospital records (Park et al., 2015; Kim et al., 2016); however,
further studies are still required to provide better clinical
guidance for safe use of BVA. The present study aimed to
estimate the risk size of hypersensitivity reactions by BVA and
to determine their clinical features.

MATERIALS AND METHODS
Study Design

This study was a retrospective analysis. The data source was the
electronic medical records (EMRs) of 66,614 subjects who had
visited the pain-spine center and rehabilitation center in Dunsan
Hospital of Daejeon University, South Korea, from January 2010 to
March 2019. This process was conducted via integrated hospital
information system (IHIS) that analyzed the order communication
system (OCS) and EMR. We first selected only subjects treated with
BVA and then searched the cases with hypersensitivity after BVA
treatment. We analyzed the incidence rate of hypersensitivity

Abbreviations: ADR, Adverse drug reaction; BVA, Bee-venom acupuncture;
EMR, Electronic medical record; ICD-10; International classification of diseases-
10, NSAID, Nonsteroidal anti-inflammatory drug.

reactions and anaphylactic shock along with their clinical features.
The inclusion criteria for the selection of patients and the incidence
of a hypersensitivity reaction were as follows: 1) subjects who had
been treated with BVA at least once, as recorded in their EMRs; or
2) subjects who complained of a BVA-related systemic allergic
reaction with/without the prescription of anti-allergic drugs such as
antihistamines, adrenaline, or adrenal cortex hormones. Strategy to
identify the hypersensitivity cases was based on the guideline for
BVA treatment, which all the cases of BVA allergic reaction should
be referred to one conventional doctor in same hospital. We
carefully reviewed the full medical records for all the
suspected cases.

BVA

The bee-venom source for BVA used in two centers was produced
by Green Myeongpum Pharm Company (Namyangju, Korea). This
bee-venom source was validated for its main active compound (over
99.9% melittin) and allergen-free purification (phospholipase A2,
apamin, hyaluronidase, and histamine) and was then diluted to 10%
with normal saline by Jaseng Namyangju Industrial Institute
(Namyangju, Korea) or Kirin Korean Medicine Industrial
Institute (Wonju, Korea). BVA treatment was conducted with an
injection of bee-venom solution (range, 1.0 to 2.0 mL) at a specific
acupoint of skin or muscle with interval of 3 or 4 days.

Ethics Statement
This study was approved by the Institutional Review Board for
Human Research of Daejeon University Dunsan Hospital
(approval number: DJDSKH-18-E-08-2). We have obtained
verbal consent from every subject identified as having a
hypersensitivity reaction.

Data Source Extraction and Analysis

We extracted general information on the subjects treated with BVA
including gender, age, frequency of BVA prescriptions and the main
health complaint (according to the International Classification of
Diseases-10; ICD 10) and cases of hypersensitivity reaction
including its primary symptoms, the recovery period, and the
presence of a family history of allergy-related illness. We, thus,
calculated the incidence rate of hypersensitivity reactions and
anaphylactic shock, with the number of subjects and times of
BVA treatment. The type of hypersensitivity reaction was
classified according to immune mechanisms and clinical
symptoms (Dispenza, 2019). The severity of the allergic
symptoms was assessed in three categories proposed by Brown
SG (Brown, 2004), which was established by slight modification
from Muller’s four classifications (Mueller, 1966), while the
definition of anaphylaxis followed the 2010 World Allergy
Organization guideline (Simons et al., 2011) as shown in
Supplementary Table 1. For every subject identified as having a
hypersensitivity reaction, we conducted a telephone survey to clarify
the consequences and other medical events since they stopped
BVA treatment.

Statistical Analysis
Categorical variables were expressed as frequency and percentages,
and averages were expressed as the means + standard deviation
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(SD). The incidence rate was given as a percentage within the 95%
confidence interval. The comparison between male and female
was analyzed using chi-squared test or Fisher exact test. Statistical
analyses were performed with the SPSS statistical software package
version 18.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Characteristics of Subjects

From EMR analysis, 8,580 subjects (4,081 males and 4,499
females) met our study criteria. The total number of BVA
prescriptions was 60,654, accounting for an average of 7.1 +
14.8 BVA treatments per subject (males: 7.0 + 11.8 vs. females:
7.1 £17.1, p > 0.05). The median age of the subjects was 53 years
(range, 13-98 years). Most subjects (93%) had complaints of the
musculoskeletal system and connective tissue or injury-related
pain. The number of subjects were counted without duplication,
no matter how many times they visited hospitals as an inpatient
or outpatient (Table 1).

Incidence Rates of Hypersensitivity
Reaction and Anaphylaxis

Fifteen subjects (seven males and eight females) showed
hypersensitivity reactions to BVA, with an incidence rate of
0.175% (95% CI: 0.086-0.263%) from 8,580 subjects and 0.025%
(95% CI: 0.012-0.037%) from 60,654 treatments. Among those,
four cases were anaphylactic shock, corresponding to 0.047%
(95% CI: 0.001-0.092) of subjects and 0.007% (95% CI: 0.000-
0.013) of treatments, respectively. No significant difference by
gender was observed for total hypersensitivity. The anaphylactic
shock was more frequent in female than male for both subjects
(0.067% in female vs. 0.025% in male) and treatments (0.003% in
female vs. 0.009% in male), but no statistical significance was
observed (p > 0.05, Table 2).

TABLE 1 | Characteristics of subjects.

Subjects Male/Female (%) Total
Number of subjects (%) 4,081 (47.6)/4,499 (52.4) 8,580 (100)
Median age (year, range) 49 (13 to 88)/53 (13 to 98) 53 (13 to 98)
Number of BVA treatments 28,626 (47.6)/32,028 60,654 (100)
(%) (52.4)

Mean N. of BVA treatments 7.0+11.8/7.1+£17.1 7.1 +£148

Main complains (ICD-10) N. of subjects

(%)
MOO0-M99: Diseases of the musculoskeletal system and 4,724 (50.2)
connective tissue
S00-T98: Injury, poisoning and certain other consequences 4,027 (42.8)
of external causes
G00-G99: Diseases of the nervous system 449 (4.8)
R00-R99: Symptoms, signs and abnormal clinical and 95 (1.0
laboratory findings, NEC
Others 110 (1.8)
Total subjects” 9,405 (100)

*Duplication was permitted to be counted in case one patient received BVA treatment as
an inpatient and an outpatient. Therefore, this number is larger than number for analysis
(8,580 subjects).

Clinical Features of Hypersensitivity
Reaction and Anaphylaxis

Regarding the severity of the symptom, 6 cases were grade 1,
while 7 and 2 cases were belonged to grade 2 and 3, respectively
(Table 2). All cases of hypersensitivities appeared immediately or
within one hour after BVA treatment, which is the typical feature
of type 1 hypersensitivity. They completely recovered, although
one subject was hospitalized. Skin symptoms such as generalized
itchiness and urticaria were the most common (80%), followed
by respiratory symptoms (46.7%), cardiovascular and
neurological symptoms (26.7%), and gastrointestinal symptoms
(20%). Twelve out of 15 cases occurred after several BVA
treatments, while three cases showed the hypersensitivity
reactions on the first exposure in our hospital (Table 3).

DISCUSSION

In this study, we investigated the clinical question: what is the
risk size of BVA-derived hypersensitivity reactions, including
anaphylactic shock and its clinical features. Most of the subjects
had disorders related to the musculoskeletal system and joints,
on which bee-venom and its main components may have a
therapeutic effect as a painkiller or chondroprotective agent
(Jeong et al., 2015). The incidence rate of hypersensitivity
reactions in our study (0.175% from 8,580 subjects and 0.025%
from 60,654 treatments) was slightly lower than results from
another retrospective study, which showed a 0.23% incidence
rate of BVA-induced hypersensitivity reactions (Kim et al,
2016). Drug-induced hypersensitivities can be broadly
classified into four types by immune mechanisms (Dispenza,
2019). BV-induced allergic reaction is known mainly to be of
type 1 hypersensitivity which is mediated by IgE (Kwon
et al., 2009).

In our results, all cases with hypersensitivities appeared
immediately or within one hour after BVA treatment,

TABLE 2 | Incidence rate of hypersensitivity reaction and anaphylactic shock.

Hypersensitivity reaction Incidence rate (95% CI)

By subjects (15 of 8,580)
Male (7 of 4,081)

Female (8 of 4,499)

By treatments (15 of 60,654)
Male (7 of 28,626)

Female (8 of 32,028)

0.175% (0.086-0.263)
0.172% (0.045-0.298)
0.178% (0.055-0.301)
0.025% (0.012-0.037)
0.024% (0.006-0.043)
0.025% (0.008-0.042)

Anaphylaxis shock Incidence rate (95% CI)

By subjects (4 of 8,580)
Male (1 of 4,081)

Female (3 of 4,49

By treatments (4 of 60,654)
Male (1 of 28,626)

Female (3 of 32,028)

0.047% (0.001-0.092)
0.025% (-0.024-0.073)
0.067% (-0.009-0.142)
0.007% (0.000-0.013)
0.003% (-0.003-0.010)
0.009% (-0.001-0.020)

Severity of symptom Frequency (%)

Grade 1 (Mild)
Grade 2 (Moderate)
Grade 3 (Severe)

6 (male 4, female 2), 40.0%
7 (male 3, female 4), 46.7%
2 (male O, female 2), 13.3%
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TABLE 3 | Characteristics of 15 allergic reaction cases with bee-venom acupuncture.

Case Chief complaints Family No. BVA Allergic reaction
(sex/age) (allergy history of treatment?
disorders*) allergy (Interval®) Main symptoms Type  Outcome (follow-up)”
(Grade)S

P1 Cervical sprain Fish allergy 1(0d) Urticaria Typel Recovered

(M/36) (mother) G1 (1d, itch)

P2 Cervical sprain None 2(14d) Urticaria Type1 Recovered

(M/38) G1) (1d, itch)

P3 Cervical sprain Asthma 4(3d) Urticaria Typel Recovered

(M/44) (orother) G1) (1d, itch)

P4 Lumbar HNP None 3(7d) Urticaria Typel Recovered

(M/48) G1) (1d, itch)

P5 Cervical HNP None 1(0d) Urticaria Typel Recovered

(F/53) (aspirin allergy) G1) (1 d, itch)

P6 Cervical sprain None 1(0d) Urticaria Typel Recovered

(F/56) G1) (1d, itch)

pP7 Knee contusion Allergic 2(8d) Dizziness, throat tightness, Typei Recovered

(M/32) (allergic rhinitis) rhinitis weakness, anxiety G2 (1d, dizziness)

(brother)

P8 Sprain of knee None 11 (22 d) Urticaria, constriction in chest, Typel Recovered

(M/64) weakness G2 (30 d, weakness)

P9 Cervical sprain None 14 (64 d) Urticaria, localized edema, Typel Recovered

(F/32) throat tightness G2 (2 d, itch)

P10 Cervical sprain None 22 (7d) Headache, dizziness, numbness, Typel Recovered

(F/42) (allergic rhinitis) abdominal pain, generalized pain G2 (21 d, dizziness)

P11 Frozen shoulder None 154 d) Urticaria, erythema, throat Typel Recovered

(F/42) (contrast agent swelling G2 (3 d, throat swelling)

allergy)

P12 Lumbar stenosis None 6 (362 d) Urticaria, pain, chilling, cold sweat, nausea, vomiting, Typel Recovered

(M/70) (asthma) anxiety, dyspnea G2 (30 d, anxiety)

P13 Lumbar HNP None 13 (231 d) Urticaria, paresthesia, Typel Recovered

(F/62) throat tightness, dyspnea G2 (2 d, weakness)

P14 Spinal stenosis None 2 (391 d) Urticaria, throat tightness, chest pain, nausea, vomiting, Typel Recovered

(F/59) dizziness, dyspnea, hypotension, loss of consciousness G3) (14 d, dizziness,
weakness)

P15 Cervical HNP Allergic 6 (129 d) Weakness, paresthesia, throat tightness, dyspnea, lip Typel Recovered

(F/60) (allergic rhinitis) rhinitis edema, hypotension, G3) (8 d, lip edema)

(son) loss of consciousness

*Presence of allergy disorders in an ordinary day. "Number of BVA treatments by the day of an allergic reaction. *Duration between two time points (the last BVA-treatment and the next
previous BVA administration). SSeverity of allergic reactions according to the grading system. Grade 1, 2, and 3 refer to ‘mild’, ‘moderate’, and ‘severe’ for classification of symptom’s
severity. *The time point when the last symptom(s) disappeared.

indicating the typical feature of type 1 hypersensitivity. Their ~ (patients vs. treatments), treatment-derived rates would be
clinical severities were 40.0%, 46.7%, and 13.3% for grade 1 to ~ underestimated due to the repeated BVA treatments likely 5 to
grade 3, respectively (Table 2). In general, anaphylaxis is the =~ 10 BVA sessions per patient. Accordingly, we have to notice that
most severe systemic hypersensitivity reaction. In the United  the patient-derived rates reflect further practically the risk sizes
States, 1.6-5.1% of the population are estimated to have  comparing with the treatment-derived rates.

experienced anaphylaxis, and 1% of hospitalizations for In general, the occurrence of drug-related adverse reactions,
anaphylaxis showed fatal results (Ma et al., 2014; Wood et al.,  including anaphylaxis, depends on the three main factors: the
2014). The contrast agents for MRI examination are well known  drug properties themselves, the genetic backgrounds of subjects
to show a high rate of anaphylactic reactions. Our data showed  and environmental factors such as the coadministration of drugs,
four cases of anaphylaxis due to BVA, corresponding to 0.047%  alcohol or food, underlying disorders, gender, age, or even
of subjects and 0.007% of treatments (Table 2), which is very  psychiatric status (Merle et al., 2005; Nguyen et al., 2006;
similar to the overall incidence rates of MRI contrast agents. One ~ Zhang et al., 2009; Liao et al., 2019). In its original state, bee
Korean group analyzed MRI contrast agent-related adverse  venom is a complex mixture of proteins (phospholipase A2,
reactions according to both patients (84,367 patients) and  phospholipase B, and hyaluronidase), peptides (mainly melittin)
doses (141,623 total doses) as we did, presenting 0.121% and low-molecular-mass components such as histamine (Wehbe
(patients) and 0.079% (doses) for hypersensitivity and 0.01% etal,, 2019), while the bee-venom which was used in this study is
(patients) and 0.008% (doses) for anaphylaxis (Jung et al, 2012a). composed of 99.9% melittin with removal of major toxic/allergic
Although our study and other studies showed the two kinds of =~ proteins. One previous study in Korea (using a diluted BV
the incidence rate of hypersensitivity reactions and anaphylaxis ~ material without allergen-purification studied from 1998 to
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2000) presented a 4-fold higher anaphylaxis incidence rate
(0.03% of 32,000 treatments) compared to the present results
(Hwang and Lee, 2000). Females are known to be more
susceptible to ADRs, including anaphylaxis (Jensen-Jarolim
and Untersmayr, 2008). In our results, the incidence rate of
anaphylaxis (but not total hypersensitivity) was 3-fold higher in
females than in males, as shown in the above MRI contrast
agents (1.5-fold) (Jung et al., 2012a) and BVA (2.4-fold in Kim’s
study, 2.7-fold in Hwang’s study) (Hwang and Lee, 2000; Kim
et al., 2016). Previous clinical studies have reported a positive
relationship between immune disorders and hypersensitivity
reactions, likely a 1.7-fold higher incidence of adverse reactions
to NSAIDs in subjects with autoimmune diseases (Blumenthal
et al., 2017). Our study found that 40% of cases (6 out of 15 with
hypersensitivity reactions) had underlying allergic diseases, but
we cannot identify the exact correlation due to the lack of
information for all subjects underwent BVA treatment. As in
other studies, age did not affect the incidence of hypersensitivity
or anaphylactic reactions in our study. Regarding the main
symptoms of hypersensitivity reactions and their frequency,
skin symptoms such as generalized itchiness and urticaria were
the most common (12 cases, 80%) and disappeared within one or
two days.

The subjects with a higher grade of severity (2 or 3 grade)
complained of respiratory, gastrointestinal, cardiovascular, and
neurological symptoms such as dyspnea, nausea, vomiting,
abdominal pain, hypotension, or loss of consciousness,
respectively. Although one patient was hospitalized for three
days, and weakness and anxiety in two subjects were likely to
last up to 30 days, all patients completely recovered (Table 3).
The two severe cases with hypotension and loss of
consciousness were treated with epinephrine and
dexamethasone, while 13 cases (mild and moderate) were
treated with antihistamine only or as a combination with
dexamethasone according to international management
guidelines for anaphylaxis. The average number of BVA
treatments was 7.1 + 14.8 in a total 8,580 subjects (Table 1),
and 15 cases had the 6.9 * 6.5 treatments (males 4.1 + 3.4 and
females 9.3 + 7.9) before occurrence of the adverse reactions
(Table 3, but the average number of treatments was not shown
in table). Twelve cases of hypersensitivity reactions happened
after several BVA treatments, while three cases showed it
immediately on the first exposure in our hospital. However,
these three subjects (P1, P5 and P6 in Table 3) had had BVA
treatments in other clinics before visiting our hospital and two
(P1 and P6) had experiences of mild allergic reactions
(reconfirmed by phone call). In general, anaphylaxis is caused
by IgE-mediated immunological release of chemical mediators;
thus, repeated exposure to allergens can boost the production of
IgE (Okano et al., 1999). One study reported that half of the bee-
venom anaphylaxis-related deaths did not show allergic
reactions to bee-venom exposure in the past (Golden, 2007).
Interestingly, all anaphylaxis cases had long duration (between
129 ~ 391 days) between two time points, the last BVA
treatment and the next previous BVA administration (Table
3). Currently, we cannot explain the reasons for our results;

however, we have to pay attention to melittin itself, the core
component of BV. Although the bee-venom used in present
study was prepared by removing major allergens, melittin was
known to induce minor allergic reaction (Jarisch et al., 1979).
Melittin also can form a complex with phospholipase
A2 (PLA2, the second most abundant compound), which
consequentially cleaves cellular membrane phospholipids and
then leads to inflammatory reaction (Mingarro et al., 1995).
Accordingly, the repeated exposure of melittin of BVA could
evoke the allergic reactions including anaphylactic shock in
certain subjects. This might be supported by our result, which
high grades (2 or 3) of hypersensitivity reactions occurred with
greater number of BVA treatments (10.1 £ 6.7 times) compared to
grade 1 (2.0 = 1.3 times).

Skin tests are generally adapted for the prediction of a drug
hypersensitivity (Brockow et al., 2002). At present, we
recommend skin tests for every patient requiring BVA
treatment, one before the first treatment and another after the
2-week interval period. However, it should be noted that all
hypersensitive persons cannot be identified only through the skin
test. High levels of serum IgE and tryptase are good indicators for
type 1 hypersensitivity, including anaphylaxis (Rueff et al., 2009).
In addition, the determination of the baseline serum tryptase
levels in patients who underwent anaphylaxis to BVA could be
helpful to rule out an unspecific mast cell activation disorder
(Vitte, 2015). We however didn’t conduct those tests in present
study. This would be the limitation of our present study along
with a retrospective study.

Taken together, we can expect that the BVA-related risks of a
hypersensitivity reaction and anaphylaxis are approximately
0.175 and 0.025% of subjects, and 0.025 and 0.007% of
treatments. This risk of anaphylaxis shouldn’t be ignored,
moreover requires to pay careful attention in clinical application
of BVA due to the possibility of fatal outcome. This study would
be a useful reference for the safe clinical application of bee-venom-
derived interventions and their pharmaceutical development in
the future.
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How the Toxin got its Toxicity
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Venom systems are functional and ecological traits, typically used by one organism to
subdue or deter another. A predominant subset of their constituent
molecules— “toxins” —share this ecological function and are therefore molecules that
mediate interactions between organisms. Such molecules have been referred to as
“exochemicals.” There has been debate within the field of toxinology concerning the
evolutionary pathways leading to the “recruitment” of a gene product for a toxic role within
venom. We review these discussions and the evidence interpreted in support of alternate
pathways, along with many of the most popular models describing the origin of novel
molecular functions in general. We note that such functions may arise with or without gene
duplication occurring and are often the consequence of a gene product encountering a
novel “environment,” i.e., a range of novel partners for molecular interaction. After stressing
the distinction between “activity” and “function,” we describe in detail the results of a recent
study which reconstructed the evolutionary history of a multigene family that has been
recruited as a toxin and argue that these results indicate that a pluralistic approach to
understanding the origin of novel functions is advantageous. This leads us to recommend
that an expansive approach be taken to the definition of “neofunctionalization” — simply the
origins of a novel molecular function by any process—and “recruitment”—the
“weaponization” of a molecule via the acquisition of a toxic function in venom, by any
process. Recruitment does not occur at the molecular level or even at the level of gene
expression, but only when a confluence of factors results in the ecological deployment of a
physiologically active molecule as a toxin. Subsequent to recruitment, the evolutionary
regime of a gene family may shift into a more dynamic form of “birth-and-death.” Thus,
recruitment leads to a form of “downwards causation,” in which a change at the ecological
level at which whole organisms interact leads to a change in patterns of evolution at the
genomic level.

Keywords: toxin, venom, evolution, molecule, function, genomics, duplication, gene expression

INTRODUCTION

Venom Systems are Functional Ecological Traits
Venom systems are functional and ecological traits, used by one organism to subdue, deter, or

surreptitiously feed upon, another (Jackson et al, 2019). A venom system is composed of a
secretion—the venom itself—the tissue that produces that secretion (e.g., a “venom gland”), and
a delivery mechanism (e.g., fangs or a stinger) that inoculates the secretion to the target organism.
The functional constituents of the venom itself are physiologically active molecules, largely proteins
and peptides, known as “toxins.” As these toxins have been designed (by natural selection) to
function outside the body of the producing organism, they have been referred to as “exochemicals,”
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and their function has been described as “exophysiological.” That
exochemicals are related to endophysiological counterparts has
long been understood, but the evolutionary pathways through
which a typical enzyme or peptide with a regulatory function
within the body of the producing organism becomes a
weaponised, exophysiological “toxin,” remain only partially
understood.

Recruitment vs. Restriction
The dominant view in evolutionary toxinology has reflected the

dominant view in molecular evolution more broadly. What is
referred to as “recruitment” in toxinology is a coarse-grained
description of the acquisition of a novel function at the molecular
level that mirrors Ohno’s influential “neofunctionalization (NF)”
model, in which “random” (unselected) gene duplication results
in a functionally redundant copy or copies (Ohno, 1970). This
redundancy relaxes constraints on the gene network by rendering
the accumulation of mutations by any one copy functionally
neutral, thereby facilitating exploration of sequence space. When
this random walk results in the discovery of a “good trick,”
positive selection fixes the mutation and NF has occurred. In the
toxinological literature, this has been described as the duplication
of a gene with a “physiological” function conferring the possibility
of “recruitment to the venom gland” and “weaponization”—the
acquisition of a toxic function within venom (e.g., Fry and
Wiister, 2004; Lynch, 2007). Though this model has been
widely accepted in toxinology for much of the twenty first
century, it has also been criticised on the basis of a lack of
experimental evidence. In 2014, Hargreaves et al. suggested that
subfunctionalisation, in which duplication of a multifunctional
parent gene enables the segregation of functions among daughter
genes, is a more likely process for the origins of toxin genes
(Hargreaves et al., 2014). They termed this process “restriction”
(rather than recruitment), suggesting that following the
acquisition of a novel, toxic function, a gene which was
previously widely expressed would have its expression
restricted to the venom gland (to avoid auto-toxicity), rather
than recruited to it.

In order to compare and contrast “restriction” and
“recruitment,” as well as other models of the acquisition of
toxic function, it is necessary to both review the diversity of
models that have been proposed within the molecular evolution
literature, and to consider what sort of evidence would be
required to differentiate them empirically. In this article, we
briefly review these models and then consider their
applicability to toxin evolution based on evidence from a
number of studies. We also consider the appropriate definition
of “function” in a biological context and distinguish the origins of
a novel function from the origins of mere activities. We then
discuss in detail data arising from our reconstruction of the
evolutionary history of the multigene family phospholipase
a2g2, which is a major component of the venoms of viperid
snakes. We consider the applicability of a range of gene evolution
models to this data. Finally, we suggest that the terms “NF” and
“recruitment” be considered general terms—the former for the
origins of novel molecular functions and the latter for the
“weaponization” of molecules as toxins in venom systems,

How the Toxin

regardless of the precise sequence of events that facilitated the
origin of this novel toxic function.

REVIEW OF MODELS

Ohno’s Dilemma; Neofunctionalization,

Subfunctionalization and Moonlighting
Despite the continued influence of Ohno’s model, a vibrant
literature on gene duplication has subsequently produced
many other models, a number of which are reviewed in
(Innan and Kondrashov, 2010), which either expand upon or
contradict the basic NF framework. A number of these attempt to
account for what has been dubbed “Ohno’s Dilemma”
(Bergthorsson et al., 2007)—how do duplicate genes survive
long enough under neutral conditions to acquire the necessary
changes of sequence or expression regulation that result in
functional divergence? Several possible fates for duplicates are
frequently discussed. One likely outcome is that duplicates are
pseudogenised, either by further random events or as a direct
result of selection stabilizing gene dosage (Bergthorsson et al.,
2007; Birchler and Veitia, 2012).

Two models are most widely invoked to describe the fate of
duplicates that survive and go on to fulfil functional
roles—“subfunctionalization” (SF) and “NF” (Force et al,
1999; Conant and Wolfe, 2008; see Figure 1 for illustrations
of common models of gene evolution). In the former the parent
gene performed multiple functions, which are subsequently
distributed between the duplicates, each of which may acquire
function-impairing “degenerate” mutations resulting in the
necessary maintenance of both copies to fulfil the functional
role of the parent gene. In the latter, a novel function is discovered
during the period of relaxed constraint immediately following
duplication.

Both NF and SF give pride-of-place to gene duplication as a
facilitator of functional change and thus it may appear as though
duplication must precede the origin of novel functions. However,
it should also be noted that novel functions may emerge as the
result of changes of tissue-specific expression patterns in the
absence of duplication, a process known as “gene sharing”
(Wistow and Piatigorsky, 1987) or “moonlighting” (Copley,
2014). Following this period of functional sharing, duplication
may facilitate the emergence of distinct proteins capable of
subdividing the shared function between them (Force et al,
1999) and specializing for one of the ancestral functions
(Hughes, 1994). Even in SF, which does not directly describe
the origins of a “novel function” (since the gene in question is
already pleiotropic during the period described by the model), the
secondary function is “novel” (i.e., originates later in the
evolutionary history of the gene) relative to the “original”
function. Thus, in these scenarios acquisition of a novel
function occurs prior to duplication (Piatigorsky and Wistow,
1991). It should be noted, however, that most models to do not
appear to take into account the role that widespread pleiotropy
and redundancy (which results in many mutations being
functionally neutral) must play in the origins of novel
molecular functions (Wang et al, 2010). These processes,
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moonlighting neofunctionalization

subfunctionalization

FIGURE 1| Models of gene evolution. Schematic representation of the most prominent models of gene evolution, with genes and their functions being represented

as human tools. Note that moonlighting occurs in the absence of any duplication, with the product of a single gene fulfiling multiple functional roles—pleiotropy of this
kind is likely extremely widespread (Paaby and Rockman, 2013), and though genes are depicted as having single functions at the base of the moonlighting and
neofunctionalization models in this figure, this should be understood as purely illustrative.

escape from adaptive conflict

which are intimately involved in the evolution of complexity,
must surely complicate analyses of the emergence of such
functions. Toxin genes may represent a special case here, in
that their toxicity may prevent them from fulfilling multiple
functional roles in a phenotype (however, see Casewell et al,
2012). Detailed discussion of these factors is beyond the scope of
the present article, but their potential importance should be kept
in mind when models are discussed.

Dosage Balance

The “classic” models have been further nuanced by the
recognition of distinct forms of SF and NF. “Escape from
adaptive conflict” (EAC), in which a novel specialized function
emerges following the partitioning of the ancestral function
(Innan and Kondrashov, 2010), may be considered an
extension of “SF,” though the difference between EAC and
“specialization,” which was described by Hughes (1994), prior
to Force et al. (1999) proposal of SF, appears minimal. The NF
paradigm, on the other hand, has been extended by models in
which duplication is intrinsically advantageous and thus may
be positively selected. In these latter models, the initial benefit
of duplication may be the consequence of increased gene
dosage, increased robustness (protection against deleterious
point mutations), or the “spontaneous origin” of a novel
“function” (though “activity” or “propensity” would be
more appropriate terms for such spontaneous novelties, cf.
Innan and Kondrashov, 2010; see below for further
discussion). In all such cases, the consequent accumulation
of redundant copies in gene family networks may generate a
hotspot for functional novelty. As recognized by Ohno (1970)
and supported by much subsequent research, gene duplication
often results in an increase in the dosage of the product

encoded by the multiplied genes (e.g., Conant et al., 2014;
Margres et al,, 2017). In light of this, much of the recent
literature on gene duplication centers on the importance of
gene dosage in determining the fate of duplicates. A key
observation in this regard is the divergent fates of
duplicates that originate in whole genome duplication
(WGD) events and those that are locally (segmentally)
duplicated (LD) (Birchler and Veitia, 2012; Conant et al.,
2014). In the case of WGD, preserved duplicates are
typically those with numerous interaction partners with
which they must maintain precise stoichiometric balance—if
one half of a pair is lost, a dosage imbalance may occur.
Conversely, duplicates preserved after LD tend to be genes
with few interaction partners—they can persist in the genome
because their origin does not cause a dosage imbalance. Such
genes are “dosage-insensitive.” Expression levels of many
genes may vary considerably within a population—while
heritable, much of this variation is stochastic and may be
neutral or nearly neutral. On the other hand, it may be a
cryptic contributor to diseases (Cheung et al., 2003) and also
represents some of the “standing variation” which may
facilitate the evolution of complex traits, including venoms
(see below).

Selection for Increased Dosage

In certain circumstances, an increase in gene dosage may be
directly selected for, a possibility highlighted by models such as
“concerted evolution” (CE) and “innovation-amplification-
diversification” (IAD) (Figure 2). Since the 1970s, CE has
been a popular model for explaining the evolution of
multigene families with members that share highly similar
sequences in regions that encode the mature product (Nei and
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Rooney, 2005). In this model, mutations acquired by one member
are either shared with other members or reversed, due to gene
conversion or unequal crossing over among all members of the
family. Thus, an array of highly similar genes is maintained
within the genome of a single species, facilitating the
expression of a large quantity of the product of these genes.
The canonical example of CE is ribosomal RNA. The model was
originally proposed to explain the curious fact that the ribosomal
RNA genes of Xenopus laevis and X. muelleri exist in tandem
arrays of as many as 450 copies which differ very little within each
species but diverge by up to 10% between the two (Brown et al.,
1972).

IAD is a model that combines elements of CE with the SF and
NF model. In this model, the parent gene possesses a “weak
secondary activity” (as in SF) that results in selection for increased
gene dosage (Ndsvall et al., 2012). This selection pressure either
drives gene duplication or results in the preservation of “random”
duplicates, resulting in a redundant array that enables
specialisation for either the parent or secondary function, or
the origin of entirely novel functions (as in NF). Pluralistic
models like TAD have become increasingly popular as the
combination of genomic sequences and gene expression data
has revealed the complexity involved in the evolution of novel
functions.

Layers of Evidence; Activity vs. Function
Indeed, differentiating between the various models described

above requires multiple layers of evidence. It is not enough to
show that duplication has occurred in a gene family and
associate it with the diverse functions within that family, it

is necessary to pinpoint the timing of the duplication events in
relation to the origins of the novel functions. Without knowing
whether a function emerged prior or subsequent to
duplication, for example, it is impossible to differentiate
between SF and NF. Furthermore, reconstructing the
evolutionary history of gene expression patterns is
necessary. This is because novel functions may emerge as
the result of changes in expression and thus the
“environment” of the gene product, which is composed of
the other gene products available to interact with (Jackson
et al, 2019). Such a shift in environment may be more
significant in some cases than a change at the level of gene
sequence. This point is particularly relevant for the acquisition
of a novel toxic function (e.g., a role in venom) because toxins
are “exochemical,” meaning that they find their interaction
partners (targets) in the bodies of other organisms.

It is also important to stress the distinction between activity
and function. A change in gene sequence or even expression
site may confer a novel activity to a gene product, but in
biology a novel function should only be recognised when that
shift makes a contribution to the ecology of the organism
(Jackson and Fry, 2016). A change in activity detectable in the
laboratory may therefore be little more than an epiphenomenal
property of a gene product, and not a true function. This is
once again of particular relevance when considering the
origins of toxic functions. As discussed above, venom is a
functional and intrinsically ecological trait. Toxins, as the
active components of venoms, possess an equally ecological
function—they are, along with other components of an
organism’s “exophysiology” (e.g., pheromones), molecules
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birth and death

FIGURE 3 | Schematic representation of “birth-and-death” molecular
evolution. Genes are continuously duplicated; some go on to develop novel
functions whereas others are pseudogenized (“death”).

that mediate interactions between organisms. We recognise
that it may be exceptionally difficult to experimentally
demonstrate a functional role for a putative “toxin” in the
ecology of a venomous animal; however, we make the
aforementioned distinction between activity and function
due to its theoretical significance in evolutionary biology.
When “layers of evidence” are combined—from in vitro
activities to the presence of specialised anatomical
structures for venom delivery to observations consistent
with the ecological deployment of venom—it may be
entirely reasonable to infer the functional role of a given
gene product.

How the Toxin

EVIDENCE FOR GENE EVOLUTION
MODELS WITHIN TOXINOLOGY

Redundancy and “Birth-and-Death”

The idea that redundancy facilitates the evolution of novelty did
not originate with Ohno but, in the context of biological
evolution, goes back at least to Darwin, who noted that:

“...two distinct organs, or the same organ under two very
different forms, may simultaneously perform in the same
individual the same function, and this is an extremely
important means of transition. ...” (Darwin, 1859)

The fact that duplication and redundancy are central to the
evolution of novel functions within toxin multigene families has
long been recognised (Nakashima et al., 1993; Duda and Palumbi,
1999) and is supported by a considerable body of evidence.
However, it is one thing to note that toxins are typically
members of multigene families, and that redundancy within
these tandem arrays facilitates the evolution of new or more
specialised toxic activities (i.e., to describe the evolution of these
gene families as conforming to a process of “birth-and-
death”—Nei and Rooney, 2005; Figure 3), and another thing
to assert that “NF” (in the sense of Ohno, 1970) is involved in the
initial acquisition of a functional role in venom. Garnering
evidence in support of this latter assertion is considerably
more challenging.

The inference that toxin genes are “recruited” from non-toxin
endophysiological precursors (often referred to simply as “body”
genes) has been drawn from the fact that toxin genes are typically
members of widely expressed gene families. In a seminal study
that is frequently referenced to support the assertion that toxin
genes are “recruited” following duplication of genes encoding
“body proteins,” information concerning the expression patterns
and functions of homologues of toxin genes was compiled from
the literature (Fry, 2005). Another study widely cited in support
of the “recruitment hypothesis” (Lynch, 2007) references an
earlier study demonstrating that the type-1 phospholipase a2
genes that encode toxins in the venoms of snakes in the family
Elapidae are closely related to genes primarily expressed in the
pancreas (Fujimi et al.,, 2002). In both Fry (2005) and Lynch
(2007), the placement of toxin genes within families that include
non-toxin homologues, along with the fact that “birth-and-death”
is occurring within these families, is used to support the
conjecture that gene duplication is required for toxin
recruitment, however, no specific evidence in support of this
hypothesis is provided.

Among the best evidence for the classic recruitment
hypothesis is provided in a series of studies investigating the
acquisition of a novel function in the venom of Australian elapid
snakes by the activated form of the coagulation factor X (fXa)
(Reza et al,, 2005; Reza et al., 2006; Kwong et al., 2009). These
studies identified multiple copies of the gene in two species of
elapid, with different tissue-specific sites of expression. In
Tropidechis carinatus, the ancestral coagulation factor-
encoding gene was expressed in the liver, whereas a derived
form, with modifications enhancing its toxic function, was
expressed in the venom gland (Reza et al, 2005; Reza et al,
2007). Three distinct forms were sequenced for Pseudonaja
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textilis, two expressed in the liver and one in the venom gland.
One of the liver-expressed forms was expressed at extremely low
levels and was structurally intermediate between the ancestral
gene (encoding the coagulation factor) and the derived toxin form
(Reza et al., 2006). This was interpreted as evidence of duplication
of the gene expressed in the liver, with subsequent recruitment to
the venom gland via mutations in the regulatory regions of the
genes, which were described in subsequent papers (Reza et al.,
2006; Kwong et al., 2009). Another example of “NF” (sensu
Ohno) in a venom system is the recruitment of a specialised
form of insulin as a toxin in the venom of the piscivorous cone
snails Conus geographus and C. tulipa (Safavi-Hemami et al.,
2015). These weaponised insulins are exhibit a structure that is
convergent with vertebrate insulins (and thus divergent from the
endophysiological mollusc insulin they are descended from) and
remarkably similar to the endogenous insulins of fish. This
example furnishes evidence not only of NF in the evolution of
a novel, toxic form of a protein species, but also of the taxon-
specific targeting of the toxin, making it a striking example of the
opportunity presented by venom systems as models linking
molecular evolutionary pathways to ecology.

As mentioned previously, Hargreaves et al. (2014) took
exception to the general acceptance of the “recruitment
hypothesis” in the toxinological literature despite lack of
widespread evidence in support of it. Hargreaves et al. used
the fact that toxin gene homologues are often widely expressed
in various bodily tissues, including in the oral glands, to argue for
an alternate model—termed “restriction”—in which widely
expressed genes are restricted to the venom gland after
acquiring a toxic function. They further suggested that
restriction should be considered a form of SF, rather than NF.

No “One Size Fits All” Model of Toxin

Evolution

In fact, many different models have been applied to explain
observed patterns of toxin evolution, suggesting that there is
no “one size fits all” model. “Birth-and-death” does seem to be a
very common process in toxin multigene families, but CE in
which all members of a tandem array of toxins possess identical
or near-identical sequences (e.g., Moran et al., 2008) has also been
observed. Indeed, both processes may occur in the same system
simultaneously, as recently demonstrated within the toxin gene
family Nv1 of the anemone Nematostella vectensis (Sachkova
etal., 2019). Contrary to the reasonable intuition that a toxic gene
product must be specialised for delivery to other organisms due to
the risk of auto-toxicity, moonlighting may also be relatively
common, and examples have been described in platypus (Wong
and Belov, 2012), parasitoid wasp (Martinson et al., 2017) and
snake (Vonk et al, 2013) venom systems. Unlike “birth-and-
death” and CE, evidence of moonlighting is directly relevant to
the origins of a toxic function within a gene family.

More recently, multiple studies have provided evidence that
selection for increased dosage may play an important role in the
evolution of toxin gene families and the accumulation of
duplicate genes which subsequently form redundant arrays
which enable the accumulation of mutations and thus

How the Toxin

functional diversification (Margres et al., 2017; Sachkova et al.,
2019; Giorgianni et al., 2020) At least one of these studies has
explicitly interpreted their evidence as an example of “IAD,”
although they highlight the similarity of this model with “EAC”
and suggest that either of these models may account for the
pattern they observe (Giorgianni et al., 2020). This same study
also interpreted their evidence as support of the “recruitment
hypothesis,” because the non-toxin gene most closely related to
those that encode toxins is not expressed in the venom gland.
However, it should be noted that both IAD and EAC posit an
ancestral gene with (at least) dual functions (Innan and
Kondrashov, 2010; Nasvall et al., 2012). If these models
explain the origins of a toxic function, it is necessary that that
function be one of the ancestral functions, i.e., that it is present
prior to duplication. This seems to contradict the spirit of the
“recruitment hypothesis” which states that toxin genes are
recruited into the venom arsenal (i.e., acquire their toxic
function) subsequent to the duplication of a gene encoding a
“bodily protein.”

Genomic Data Provide Additional Insight
The use of genomic sequences has enabled reconstruction of the

evolutionary history of gene families at an unprecedented level of
detail. Unsurprisingly, these data have shed light on the molecular
evolutionary processes involved in the origins of toxin genes.
Analysis of the genome of the non-venomous Burmese python
(Python bivittatus) indicated that venom gene homologues are
expressed in a wide variety of tissues, including in many cases the
rictal gland (Reyes-Velasco et al., 2014). The rictal gland is part of
the same dental/labial gland complex as the venom gland
(Jackson et al., 2017) and in species of snake that possess both
a venom gland and a rictal gland (often only one or the other is
present), the two glands exhibit markedly similar gene expression
profiles (Fry et al, 2013). Given the complexity involved in
deconvoluting the plethora of transitional forms of oral gland
and “venom system” development in snakes, it is impossible to
say whether or not the common ancestor of all snakes was likely
“venomous”—i.e, used its toxic oral secretions in prey
subjugation (Jackson et al., 2017).

Regardless, expression of toxin homologues (and indeed toxic
proteins) in oral glands is widespread in non-venomous
vertebrates, for example leopard geckos (Hargreaves et al,
2014) and mice (Hiramatsu et al., 1980). Reyes-Velasco et al.
(2014) used this evidence from the python genome to formulate
their “stepwise intermediate nearly neutral evolutionary
recruitment” (SINNER) model of venom evolution, in which
toxin precursor genes which are constitutively expressed at low
levels in the oral glands have their expression elevated specifically
in the oral gland (presumably via selection for a toxic function,
though this is not specified), and then reduced in other tissues to
avoid auto-toxicity (a process presumably selected for following
specialisation for the toxic function). The model does not
explicitly invoke a role for gene duplication in the origin of
the novel function, but it is suggested that duplication would
remove constraints and thus facilitate specialisation for a toxic
function. The model is therefore very similar to IAD and EAC, in
which duplication following a period of “gene sharing”
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(i.e., moonlighting) enables increased gene expression (in IAD)
and specialisation. SINNER is therefore another name for a
sequence of events which already has several very similar
formulations - “specialisation,” EAC, and IAD (Hughes, 1994;
Innan and Kondrashov, 2010; Nasvall et al., 2012).

There are many examples, from across the animal kingdom, of
toxin genes which have been recruited from multigene families
(Fry et al,, 2009). This suggests that an ancestral propensity to
duplicate may be a property that “exapts” (Gould and Vrba, 1982)
a locus for recruitment to a venom system. The recent sequencing
of the genome of the venomous mammal Solenodon paradoxus
has provided vivid evidence of the consequences of
weaponization for a gene family which ancestrally undergoes
evolution by birth-and-death (Casewell et al., 2019). Comparison
of the S. paradoxus genome with that of other mammals revealed
that birth-and-death was a widely occurring process, with the
same locus within the kallikrein cluster showing evidence of it in
the majority of the fifteen mammalian taxa investigated. Despite
all lineages sharing 10 of the 15 KLK genes, there were numerous
lineage-specific gain and loss events at this locus, as well as a
smattering of “exonic debris”—the remnants of genes in the
process of being expunged from the genome. In S. paradoxus
however, which utilises kallikreins in its venom, there was an
accumulation of copies that far outstripped that observed in any
other taxon (Figure 4). This suggests that recruitment into
venom creates a selection pressure for the accumulation of
duplicate copies at a locus with an ancestral propensity for
duplication.

RECONSTRUCTING THE EVOLUTIONARY
HISTORY OF A MULTIGENE FAMILY

Phospholipase a2g2

The most comprehensive reconstruction of the evolutionary
history of a toxin multigene family to-date was performed on
the phospholipase a2 group 2 family, which is an important
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FIGURE 5 | Schematic representation of Pla2g2 gene cluster in

vertebrate lineages after (Koludarov et al., 2019). Note that all expansion within
the cluster takes place at the same location, and all novel clades (g2B in birds;
92G in squamates; and g2A and g2V in mammals) are descended from

the same subclade (92D).

component of the venom of viperid snakes. To analyze a dataset
comprising 110 genomic sequences from 93 species from across
the animal kingdom, the study utilized a comparative approach
combining manual genomic annotation, phylogenetics, selection
rate estimates, and analysis of synteny. The following is a detailed
discussion of the results of this study that pertain to the origins of
a toxic function in venom for members of the gene family. Please
refer to the original study (Koludarov et al., 2019) for additional
details.

The Pla2g2 family is located in a remarkably syntenic genomic
region, which facilitated the comparative approach of the study.
All lineage-specific innovations within the cluster stem from the
same locus, ancestrally associated with Pla2g2 subclade D
(Figure 5). Mammals (Pla2g2A and g2V), birds (Pla2g2B),
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and squamate reptiles all exhibit lineage-specific derivations
arising from within the D subclade. Subclade G of Pla2g2 is
the lineage unique to squamate reptiles (lizards and snakes). The
plesiomorphic form of this gene (given the name “Pla2g2G0”)
was present in a single copy in the genomes of all squamates
surveyed other than members of the Caenophidia (“advanced
snakes”). In the caenophidian snakes (Elapidae, Viperidae and
non-front-fanged families formerly grouped in
Colubridae), the gene is structurally derived (and given the
name “Pla2g2Gc”). This gene (hereafter “g2Gc”) was present
as a single copy in the genomes of all non-viperid caenophidians.
In viperids, the G subclade has expanded considerably in
association with its “recruitment” for a toxic function in
venom and viperid genomes contain unique toxin-encoding
forms such as “Gck” (a transitional form between Gc and GKk)
“Gk”, “Ga”, and “Gb” (Dowell et al., 2016).

various

Pla2g2 in Snake Venom

The MRCA of the advanced snakes may have been venomous
(Jackson et al., 2017) and thus the potential exists at that early
stage for positive selection acting upon genes encoding orally
secreted toxins. It is unclear, however, whether g2Gc was in fact
utilized as a venom toxin by early caenophidian snakes and
whether this function may have provided the selection
pressure leading to the fixation of this form in the (inferred)
MRCA. However, the ancestral membrane-degrading activity of
Pla2g2 gene products (Six and Dennis, 2000) exapts them for
utilization as toxins or as antimicrobial components of innate
immunity—note that these are not mutually exclusive as immune
components are frequently co-opted for use as toxins (e.g.,
Whittington et al., 2008; Georgieva et al, 2011; Wong and
Belov, 2012). Not all genes within the Gc group have been
functionally characterized at this stage and data concerning
their expression in various tissues is limited; these data are
important in resolving the evolutionary pathways leading to
the deployment of this gene family in the venom of viperid
snakes. Regardless, Gck is selectively expressed in the venom
gland of extant crotaline viperid snakes (Aird et al., 2017; Dowell
et al., 2018). The homologous gene (Gc) is not expressed in the
venom gland or accessory gland of the elapid snake O. hannah
(despite being 94% similar in sequence to the viperid form),
indicating that it is not utilized as a toxin by this species; it is also
expressed at extremely low levels in pooled tissues, which may be
indicative of its incipient toxicity (Vonk et al., 2013). While elapid
snakes do utilize phospholipases as toxins, all known elapid Pla2
venom toxins are members of group 1, which is unrelated to
group 2 (Fujimi et al.,, 2002).

Toxic Function may Arise Prior to
Duplication

In viperid snakes the plesiotypic form Gc, along with transitional
and highly derived toxin forms, is expressed in the venom gland
(Aird et al., 2017; Dowell et al., 2018). Thus, we infer that that the
novel toxic function arose prior to duplication, possibly via co-
option facilitated by a shift in tissue-specific expression patterns
which resulted in its expression in the venom gland. Stochastic
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gene expression of this kind has been linked to the phenotypic
diversity from which the origins of novel adaptations may arise
(True and Carroll, 2002; Kaern et al., 2005; Woods, 2014). At
present, our ability to pinpoint the origin of the toxin function in
Viperidae is limited as we lack necessary transitional forms within
that family. Duplication of the gene occurred sometime between
the split of viperid snakes from the main stem of Colubroidea and
the origin of the MRCA of extant Viperidae, which possessed
additional copies. Thus, we infer that expansion at the locus
occurred subsequent to the acquisition of the toxic function,
similar to the pattern observed for Solenodon paradoxus
(Figure 6).

The alternative possibility is that duplication occurred prior to
“recruitment” to the venom system, giving rise to the new gene
g2Ga. The protein encoded by this new gene, possessing by
chance a greater toxicity than that of its parent gene (g2Gc),
would have been selected for venom gland-specific expression
and the parent gene was co-expressed due to the co-regulation of
neighboring genes. This interpretation is complicated by the fact
that g2Gc, which is initially a passively co-expressed (unselected)
gene in the venom system according to this scenario, later evolves
(in a Crotalinae-specific derivation) into the myotoxic g2Gk
(a.ka. “Lys49 Pla2s”) (Figure 6). Thus, instead of one, this
alternate hypothesis requires as many as three “recruitment”
events—one (of g2Ga) for the initial addition to the venom
arsenal, a second one associated with the mutation of g2Gc
into g2Gk and a third one in which g2Gb (which originates
from a duplication of g2Ga which may pre- or post-date
recruitment in this scenario) becoming a basic subunit of
neurotoxic dimeric Pla2g2. In either case, changes in gene
expression, which are untraceable at this level of analysis (and
possibly lost to the sands of time) are crucially important in the
initial acquisition of the novel, toxic function. Given the presence
of additional “random” (unselected) steps in the latter scenario
(duplication precedes novel function), we prefer the former
(novel function precedes duplication—see below for a more
detailed discussion). However, additional research is required
to definitively differentiate between these hypotheses.

The Role of Venom Delivery Systems in

Recruitment

Viperid snakes diverged early from the main stem of the
caenophidian lineage (which includes elapid snakes; the front-
fanged lamprophiids Atractaspis and Homoroselaps; and many
non-front-fanged venomous species) and the most striking
synapomorphy of the family (Viperidae) is the possession of
large, hollow fangs which are the sole tooth located on a mobile
maxillary bone (Fry et al., 2012). These fangs, like those of other
front-fanged snakes, are connected to the venom gland by an
enclosed duct, and the gland itself is surrounded by compressor
musculature which contracts during venom delivery. Together
these anatomical components form a “high-pressure” venom
delivery system, and viperids were the first lineage of snakes in
which such a system evolved. That members of the Gc group of
Pla2g2 apparently only became specialized for use as venom
toxins after the divergence of Viperidae from other advanced
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FIGURE 6 | Lineage-specific expansion and diversification of the Pla2g2 subfamily in viperid snakes after (Koludarov et al., 2019). Note the presence of multiple
fragments of “exonic debris” (mainly from g2E and g2D) that make possible the reconstruction of the evolutionary history, including all duplication events, of this genomic
region in viperid snakes. Arrows indicate birth and death events. A number of the duplication events (bold arrows) do not involve single genes (unlike g2A of mammals) but
rather small groups which are duplicated as units (“cassettes”), typically composed of a g2G gene flanked by parts of g2E and g2D.

snakes suggests that the acquisition of this function may have
been associated with the evolution of a delivery system capable of
inoculating the toxin directly into the muscle tissue of potential
prey organisms.

This hypothesis is consistent with the subsequent
diversification of the subfamily in viperid snakes, including the
evolution of specialized myotoxic and presynaptically neurotoxic
forms. Myotoxic Pla2 are likely to be more effective as toxins if
delivered intramuscularly—a feat that non-front-fanged snakes,
and even many front-fanged elapid snakes, are unlikely to be
capable of. It should be noted, however, that myotoxic
phospholipases have been independently recruited (from
group 1 Pla2) as toxins in elapid snakes. These toxins are
particularly enriched in the venoms of large species capable of
exerting  considerable  bite force (e.g,  Pseudechis
australis—Georgieva et al., 2011) and in species which feed on
prey items that lack a layer of subcutaneous fat (e.g., some
hydrophiine sea snakes—Gopalakrishnakone et al., 1997;
Phillips, 2002). It is plausible, therefore, that the ability to
inoculate venom intramuscularly has played a role in the
recruitment or enrichment of myotoxic Pla2gl in elapid
snakes—co-evolution of toxins and associated delivery
anatomy is a reasonable expectation, and has been reported
previously in toxicoferan reptiles (e.g.,—Fry et al, 2012) and
cnidarians (Surm et al., 2019). As far as the present case of Pla2g2
in viperid snake evolution is concerned, additional investigation

of snake bite force mechanics and feeding ecology is required to
test these conjectures.

Expansion of the Locus Following

Recruitment

Subsequent to the acquisition of the toxic function, a series of
duplication events expanded this lineage in viperid snakes, the
first of which gave rise to two new isoforms—the g2Ga (acidic)
and g2Gb (basic) venom Pla2s (Figure 6). These forms are more
highly expressed in viper venom glands than the plesiotypic g2Gc
form (Aird et al., 2017). Pla2g2G venom genes were duplicated in
multiple lineages to produce genes that became subunits of
heterodimeric neurotoxins in several Crotalus and Sistrurus
species (French et al., 2004; Doley et al., 2010). As revealed by
the arrangement and orientation of genes and exonic debris, these
neurotoxins arose via independent duplications in each of these
two genera (Figure 6; cf. Dowell et al.,, 2016), an example of
convergent evolution made possible by the fact that a single point
mutation is all that is required to “unlock cascading exaptations,”
leading to the derivation of this potent toxin (Whittington et al.,
2018). In parallel, g2Gc (the plesiotypic form) mutated (again in
the absence of duplication) into g2Gck in Crotalinae (pit vipers),
and an additional duplication of this form became the non-
catalytic myotoxin (g2Gk) (Figure 6). In tandem with the
evolution of these derived forms, the plesiotypical Gc and Gck
appear to have had their expression suppressed, despite still being
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present in the genomes of many viperid snakes (Aird et al., 2017;
Dowell et al., 2016; Dowell et al., 2018).

An Ancestral Propensity for Duplication
The data described above concerning Pla2g2Gce suggest that

duplication need not have been a prerequisite for the
acquisition of a novel exophysiological function by this gene’s
product in viperid snake venom. Although duplication may not
have been proximally involved in the acquisition of the toxic
function, the gene was part of a gene cluster, which is an
important factor influencing its evolutionary trajectory and is
consistent with the recruitment of many other toxins from
multigene families (Fry et al., 2009). This is both because the
locus clearly possesses an ancestral propensity for duplication,
and because the gene’s function may have been shared with the
sister genes (in case of the g2G ancestor, presumably g2D or even
g2E/F/C). This redundancy probably decreased the evolutionary
constraints on each gene. Importantly, all of the novel clades of
Pla2g2 in distinct animal lineages originate from the same locus
(ancestrally occupied by Pla2g2D—Koludarov et al., 2019),
highlighting the influence of genomic context on duplication
propensity and hence functional diversification (Jackson et al.,
2019). It should be noted, however, that the original expansion
events leading to the formation of the Pla2g2 cluster are ancient
(>300 mya—Koludarov et al, 2019) and the general trend
subsequent to this expansion appears to be toward reduction
through gene loss, rather than further multiplication.

The pattern observed, in which both the emergence of novel
functions and subsequent gene family expansion take place at the
same locus in distantly related taxa, suggests that such loci have a
deep ancestral propensity for mutation and duplication. The
propensity for duplication is likely conferred by genomic
structure, as particular arrangements of genetic material
facilitate duplication (Reams and Roth, 2015). This propensity,
however, may typically be constrained. The alternative, still
advocated by some biologists (c.f. Dunn and Munro, 2016), is
that duplications occur randomly throughout the genome and
that regions only differ in copy number variation (CNV) due to
the differential preservation of duplicates. This seems implausible
for two reasons: 1) because exonic/intronic debris is typically
evident following deletion (unless the deletions are extremely
ancient events)—this debris was not detected throughout the
genomes in the present study but only, ex hypothesi, in isolated
regions in particular genomes (ie., those in which birth-and-
death is taking place); and 2) because down-regulation (“dosage
sharing”) or silencing with methylation may facilitate the long-
term preservation of segmental duplications in genomes despite
the predictions of the dosage balance hypothesis (Assis and
Bachtrog, 2015; Lan and Pritchard, 2016; Guschanski et al.,
2017). Another alternative is that individuals in which
deleterious duplications occur are strongly selected against and
thus no evidence of these duplications persists in sequenced
genomes, but this also seems an unnecessarily extreme
speculation as it requires that such duplications be invariably
lethal or render organisms sterile—i.e., individuals in which
duplication takes place must produce no offspring. We note
that it is far from novel to interpret patterns of duplication as
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non-random (e.g., Bailey et al., 2002), indeed we feel that this
should be considered the null hypothesis in the absence of the
evidence described above.

GENE DUPLICATION AND THE EVOLUTION
OF TOXIC FUNCTIONS

Recruitment in the Absence of Duplication

Several studies have downplayed the role of gene duplication in
the acquisition of a toxic function by certain gene families in
certain venomous lineages. In the platypus, for example, a
majority of toxin-encoding genes do not exhibit lineage-
specific expansions (Wong and Belov, 2012), rather toxins
appear to have been recruited from gene families with pre-
existing CNV, and no expansion has taken place subsequent
to recruitment. In parasitoid wasps, duplication appears to have
played even less of a role, with the predominant mode of venom
diversification within and among lineages being shifts in cis-
regulated gene expression in the absence of either gene
duplication associated with acquisition of a toxin function, or
gene deletion associated with its loss (Martinson et al., 2017).

The Evolution of Novel Functions is
Facilitated by Changes in a Gene Product’s
Ecology

A protein’s function is fundamentally relational, i.e., defined
interdependently as the consequence of interaction between
one protein and another (Guttinger, 2018). We suggest that
the emergence of novel functions becomes possible when a
gene product’s context changes and it is exposed to a novel
suite of interaction partners. This change of context is analogous
to the changing ecology of an organism invading a new
environment and the dynamic evolution that this may
facilitate is therefore analogous to speciation via adaptive
radiation (Jackson et al., 2019). A change of context may
occur in multiple ways for a gene product, with or without
gene duplication: following a stochastic change in expression
pattern that sees a gene being expressed in a novel tissue, i.e., a
tissue in which the gene product in question is not typically
expressed (Kaern et al, 2005, Woods, 2014); following a
structural change that modifies a protein’s interactive
propensity (i.e., exposes it to a novel context in terms of
potential partners for interaction); or following the evolution
of a “delivery system” (e.g., long hollow fangs) capable of
delivering the gene product into a novel context (e.g., muscle
tissue of prey animals). Such changes of context may lead to the
discovery of a “good trick” (Dennett, 1995) by fortuitously
facilitating an interaction with a positive impact on fitness. It
is at this point that a genuinely novel function emerges. If both
functions (ancestral and derived) persist for the same gene, this
may create pressure for duplication, as the multiple functions of
the protein require segregation into discrete genes, a situation
similar to that described in the “specialization,” “SF,” and “EAC”
models (Hughes, 1994; Force et al., 1999; Innan and Kondrashov,
2010).
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NEOFUNCTIONALIZATION AND
RECRUITMENT, SENSU LATO

Models and Pluralism

The precise sequence of events leading to the recruitment of
Pla2g2Gc as a toxin cannot be definitively determined based on
available data, however, it may superficially appear as though the
single model the events described above most closely resemble is
“SF” (Force et al, 1999). However, additional processes (e.g.,
“moonlighting” and “NF”) not described by that model also
appear to have contributed to the origins of functional novelty
within this gene family, and periods of “degeneration” (a feature
of the SF hypothesis) may or may not have occurred (see below
for further discussion). The “specialisation” model (Hughes,
1994) may describe the data even more closely, since
recruitment as a toxin likely involved specialization for a novel
function following an initially pleiotropic period. However, as
with SF, this model does not describe a subsequent period of
classic NF, which is observable within the viperid-specific toxin
forms of Pla2g2. Perhaps then “IAD” (Nisvall et al., 2012) is the
explanatory model that fits data most accurately. IAD, as
described above, is a model that subsumes several other
popular models into its narrative, and we suggest that any
sufficiently fine-grained reconstruction of the evolutionary
history of a gene family will require such a pluralistic
approach. This raises the question of whether or not any
single, relatively simplistic, model can ever adequately describe
the emerge of novel functions.

Conant et al. (2014) suggested that a “pluralistic framework”
incorporating multiple models may be the most appropriate way
to understand the fate of duplicate genes and our analysis
corroborates this assertion. The following paragraphs
conjecturally describe events that may occur in episodes of
“NF” (or “recruitment”). The term NF is used here to describe
the emergence of novel functions at the molecular level, and not
merely that emergence via Ohno’s model, and “recruitment” is
used to mean the acquisition of a toxic function in venom,
without or without duplication. This discussion should not be
thought of as an attempt to define a new formal model, but rather
to show how each of the previously proposed models may capture
only part of the truth. Additional processes not described here
likely occur in other cases.

Innovation
The initial acquisition of a novel activity may occur: 1) when

noisy expression patterns (Kaern et al., 2005; Woods, 2014)
instigate a moonlighting scenario—a single copy gene fulfilling
multiple functions by virtue of expression in multiple locations
(Copley, 2014); or 2) when structural change facilitates
interaction with novel partners, while maintaining the
ancestral function. Note that in a moonlighting scenario there
may be the acquisition of a “weak secondary function” (the
“innovation” phase of IAD) in the absence of any structural
change to the gene. The novel activity may then expose the gene
to a distinct selection regime, which is the point at which activity
becomes function. Selection may then facilitate the accumulation
and fixation of further mutations. When a novel function is
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acquired by a single copy gene, this may create pressure for the
creation of duplicate copies such that the multiple functions can
be segregated between those copies, which may then specialize.
Such a scenario, along with those in which duplication is
positively selected due to the benefits of increased gene dosage
or robustness (Innan and Kondrashov, 2010), may result in
selection driving an increased duplication rate. An additional
hypothesis describing positive selection on accumulation of
duplicate genes suggests that this may occur when duplication
results in the spontaneous origin of a novel “function,” however,
this might be better referred to as a novel “propensity.” Again, it is
debatable whether a trait qualifies as functional prior to making a
contribution to organismal fitness (i.e., prior to selection)
(Jackson and Fry, 2016; cf. ; Innan and Kondrashov, 2010).

Ampilification and Exochemical Escape
Certain novel functions lead to selection for increased expression
of a gene product, which also contributes to the fixation of
duplicate copies (Margres et al,, 2017). This corresponds to
the “amplification” phase of IAD, in which selection for the
“weak secondary function” drives the accumulation of duplicates
(Nisvall et al., 2012). Notably, in exochemical systems, since the
interaction partners of gene products originate outside the body
of the producing organism and the products are secreted
extracellularly, the likelihood of a deleterious impact of
mutations on fitness is decreased (allowing for their
accumulation) and there are no (internal) stoichiometric
constraints on dosage. Thus, products of duplicate genes in
exochemical systems may escape both negative selection and
down-regulation or silencing, thereby having the opportunity
of diversifying and rapidly contributing to organismal fitness.

In contrast to the model proposed by Lan and Pritchard (2016)
in which coregulation of tandem duplications delays sub- and
neo-functionalization, this removal of constraint may facilitate
rapid evolutionary divergence prior to genomic separation of
duplicate genes. This phenomenon may be termed “exochemical
escape,” where “escape” refers to the evasion of dosage balance
constraints and thereby the solution to “Ohno’s dilemma”
(Bergthorsson et al, 2007). A lack of dosage constraint on
exochemical/extracellular proteins may also explain the lack of
concordance between the evolution of these systems and the
broader trend in conservation or deletion of duplicates following
whole-genome duplications versus segmental duplications
(Conant et al, 2014)—in exochemical systems, segmentally
duplicated genes may persist even when they have many
interaction partners and are involved in the formation of
protein complexes.

Diversification
Subsequent to initial duplication, specialization (a.k.a.

“EAC”—Hughes, 1994; Innan and Kondrashov, 2010; also
“diversification” in the IAD model) may occur, in which one
copy of the gene maintains the original function and the other
specializes for its exochemical role, e.g., a role in venom in viperid
snakes. This specialization may result in selection for tissue-
specific patterns of expression—although it has been suggested
that the expression of tandem duplicates is likely to be co-
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regulated until one copy undergoes chromosomal displacement
(Lan and Pritchard, 2016), available expression data clearly
indicate that Pla2g2G are highly tissue-specific in their
expression and that neighboring genes (Pla2g2E and Pla2g2D)
are not expressed in the venom gland (Vonk et al., 2013; Dowell
et al., 2016; Aird et al., 2017).

More is Better

This specialization may lead to increased selection on dosage,
driving the accumulation of duplicate genes now specifically
expressed  within the exochemical system  (further
“amplification,”  following  “diversification”).  This s
particularly likely for systems in which more gene product is
“better,” either leading to a more toxic venom (Margres et al.,
2017) or more effective response to infection (e.g., mammalian
g2A). At this point, classic Ohno-style redundancy occurs, as
multiple gene copies represent both a larger target for
mutational change (and thus a network for exploring
phenotype space) and each becomes less constrained by
purifying selection (Aird et al., 2017). This in turn leads to
NF, in Ohno’s sense of the term, in which specific gene copies
evolve interactions with novel partners.

Co-Option Leads to Neofunctionalization
The aforementioned sequence describes a sequence (and a
hypothesis in need of further testing) that loosely subsumes
moonlighting, specialization/SF and NF into a single temporal
series. It is similar to IAD but includes additional rounds of
amplification following specialization for an exochemical role. As
with the first round of amplification, the accumulation of
duplicates facilitates classic NF via redundancy. Models in
which duplication is central to the evolution of functional
novelty have dominated discussion in recent years, but the co-
option of single copy genes is likely also widespread (True and
Carroll, 2002; Martinson et al., 2017) and may be the first step on
the pathway toward “NF.” Assertions that functional novelty may
often precede duplication are nothing new. Indeed, they date back
at least to the work of Serebrovsky (1938, referenced in Taylor
and Raes, 2004), who discussed the pleiotropic effects of a single
gene being distributed between daughter genes following
duplication (see also Piatigorsky and Wistow, 1991). More
recently, Hughes explicitly states that a period of gene sharing
precedes duplication-facilitated specialization (Hughes, 1994).
Whether these models, or that which we have outlined in the
previous paragraph, should be considered “SF” (Force et al., 1999)
is perhaps a moot point. The formal SF model includes
“degeneration” (of regulatory elements or functional
structures) following duplication. While this may occur, the
significant consequence of duplication, particularly in terms of
venom toxins, appears to be “EAC” (Hughes, 1994; Des Marais
and Rausher, 2008), which in turn leads to NF proper (Ohno,
1970). This pattern conforms with the analyses of Assis and
Bachtrog (Assis and Bachtrog, 2015), who demonstrated that SF
was rare in comparison to conservation, specialization, or NF,
and indicated that SF may be merely a stage in the evolutionary
series leading toward NF.

How the Toxin

Models are Maps, not Territory
In any case, formal models are rarely more than schematics, and

there is little reason to expect real world sequences of events to
conform to them precisely. Thus, while we do not believe we have
reconstructed a history that conforms to rigorously defined “SF,”
clearly that history resembles this model, just as it resembles
elements of several others. Hargreaves et al. (Hargreaves et al.,
2014) previously argued that venom toxins likely acquire their
toxic functions via SF rather than NF. In this they were making a
point of difference with much of the molecular evolutionary work
done in the field of toxinology (e.g., Reza et al., 2005; Lynch, 2007;
Fry etal., 2012), in which it had been previously well accepted that
Ohno-style NF was the dominant process of protein
“weaponization.” Indeed, as more research is conducted on the
genomes of venomous organisms, it is becoming increasingly
evident that even for toxin evolution there can be no one size fits
all explanation. For example, in the king cobra genome, evidence
of moonlighting was reported for some toxin genes alongside
considerable evidence of toxin-specific gene family expansion,
which appeared to confirm the classic NF model’s applicability to
toxin evolution (Vonk et al, 2013). A similar pattern of gene
family expansion was observed in the genome of the anemone
Actinia tenebrosa (Surm et al., 2019) and has been observed in a
huge number of studies of various venom taxa, a comprehensive
review of which is beyond the scope of the present article. The
platypus genome, on the other hand, revealed a pattern in which
toxin genes are recruited from families with ancestral CNV, and
no evidence of lineage-specific (i.e., associated with the toxin
function) expansion was uncovered for most of these families
(Wong and Belov, 2012). In parasitoid wasps, yet another pattern
was observed in which duplication appears to play almost no role;
rather, acquisition and loss of toxic function was facilitated by
changes in cis-regulated gene expression (Martinson et al., 2017).

Neofunctionalization = “Origin of a Novel

Function”

In our study, as described above, we have detected a pattern that
suggests that both co-option facilitated by changes in gene
expression and lineage-specific gene family expansion are
important in toxin evolution. We therefore agree (with
Hargreaves et al, 2014 and others) that Ohno’s model does
not account for all the details, but feel that it describes an
important part of the process characteristic of certain venom
toxin families, namely the expansion of these families via
duplication and the attendant positively selected evolution of
multiple novel functions. We further recommend that the term
“NF” not be too narrowly defined, as it, etymologically, merely
refers to the origin of novel functions. Ohno’s initial coinage was a
catchy one and we would like the usage of this term to be
legitimate, despite the fact that in its narrow definition is does
not capture all the details. Those that have read Ohno’s
monumental publication of 1970 (Ohno, 1970), know that his
thought was expansive and that he described processes akin to SF
working alongside the NF for which he is remembered. In this
sense he was like Darwin, whose thoughts on evolution extended
beyond Natural Selection and the conceptual tools of what
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became, in the 20th Century, Neo-Darwinism. Thus
“Darwinism” is more expansive than “Neo-Darwinism” and
“NF” may be legitimately considered more expansive than its
formal definition suggests.

This “highway to NF” that we conjecture has shaped the
evolution of certain branches of the Pla2g2 family may be
unique to rapidly evolving exochemical systems or may be
more widespread. In other cases of multiplication within the
Pla2g2 family, however, diversification takes place much more
sedately. This is evidenced by the fact that plesiotypical D-clade
proteins in turtles and alligators are more similar to each other
and even to EFC-clade proteins than they are to the divergent
forms of mammals, birds or squamates (Koludarov et al., 2019).
Thus, sequence divergence and the antiquity of the duplication
event are not tightly correlated in this gene family—the functional
role of the gene in question dictates the dynamism of its
evolution.

Functions Exist at the Organismal Level

At this point it is necessary to reiterate a fact often overlooked
by studies investigating the origins of novel functions at the
molecular level—functions exist at the organismal level. There
is an implicit assumption (perhaps transmitted from physics)
that causal pathways must flow from small things like genes
“upwards” to large things like organisms. Such an assumption
has no place in evolutionary biology, in which selection
pressures which originate at the level of organisms
interacting with their environment shape the evolution of
lineages. In biology, a “function” is the purpose of trait that
justifies its existence via its contribution to the fitness of the
organism that possesses it (Jackson and Fry, 2016). In order for
a gene product to acquire a novel function as a venom toxin,
there must be a confluence of factors - an appropriate activity,
an appropriate site and level of expression, and a delivery
mechanism capable of inoculating the toxin. Note that the
requirements of the delivery system are dictated by the activity
and available concentration of the toxin—venom systems are
integrated, and the evolutionary dynamics of their
components reflects this complexity. In the case of Pla2g2G,
the “recruited” gene occurs at a locus with an ancestral
propensity for duplication. This is likely the case for many
toxins, as being part of a multifunctional multigene family
presents obvious advantages for both the derivation of new
activities in general, and new toxic activities specifically. Thus,
such multigene families are exapted for recruitment into
venom systems. However, the evidence garnered from the
reconstruction of this gene family’s evolutionary history
indicates that the duplication rate at that locus was
dramatically elevated subsequent to the acquisition of the
toxic function. The same pattern was observed for kallikrein
genes in the genome of Solenodon paradoxus (Casewell et al.,
2019). Thus, these studies provide a nice example of the kind of
“downwards causation” that is likely ubiquitous in
evolutionary biology (Noble, 2013; Ellis, 2015; Noble et al,,
2019), in which the state and behavior of the organism as a
whole influence the state of its constituent molecules just as
much as the opposite.

How the Toxin

CONCLUSION

There are many models of the evolution of novel functions at
the molecular level and each of them may describe a possible
process that occurs in nature. It is unlikely, however, that any
of them captures the full range of possible pathways through
which novelty emerges, or even tells the full story of any
particular pathway. This is to be expected—at their best,
models are akin to accurate maps, and maps are always
coarse-grained representations of the realities they describe.
In this article we have reviewed a number of these models and
data that has been interpreted as evidence of their
involvement in the acquisition, by proteins, of toxic
functions in venom. We prefer to call the acquisition of
such a function “recruitment,” regardless of the specific
pathway(s) involved, because this term captures the fact
that a toxin is a “weaponized molecule.”

This broad usage of the term “recruitment” should be
understood as distinct from its narrower usage to describe a
hypothesis in which the origin of a toxic function occurs
subsequent to “duplication of a bodily protein.” This process
may occur, but it is certainly not the only way in which a toxic
function emerges. Neither is expression of a potentially toxic
molecule in an oral gland (or any secretory tissue associated
with a venom system) sufficient for recruitment to occur. It is
likely that the oral glands of all vertebrates secrete a plethora of
molecules (e.g., enzymes involved in pre-digestion, as well as
antimicrobial peptides) that could potentially be deployed as
venom toxins. Despite this, the majority of vertebrates are
clearly non-venomous. This is because a venom toxin is a
component of an integrated system which includes a delivery
mechanism and which serves an ecological function. In the
absence of this ecological function—active delivery of the
secretion to a target organism to facilitate feeding, defense or
(in this case of “venomous” parasites) surreptitious feeding—the
potential toxicity of many secretory molecules remains
untapped.

While there has been debate about whether “recruitment” or
“restriction” (NF or SF) is the primary route through which the
evolution of a toxic function occurs (Hargreaves et al., 2014), this
debate misses the aforementioned point—neither of these
processes is sufficient unto itself for the acquisition of such a
function. Indeed, both of them are likely involved in recruitment
(sensu lato), either in separate cases or as distinct stages within a
single process. Certainly, there can be no doubt that NF as
described by Ohno (1970) is an active process in toxin
multigene families, in which redundancy conferred by the
accumulation of duplicates in tandem arrays facilitates the
origin of novel activities. These novel activities may become
novel functions as attacking new targets within the physiology
of an envenomed organism is an important process that
contributes to the evolutionary success of venoms (Casewell
et al., 2019). However, NF (or birth-and-death) within a toxin
multigene family is not evidence that the same process was
involved in the initial acquisition of a toxic function in venom
by members of the family. In any case, the redundancy among
models of gene evolution—several of which are either the same or
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subsume one-another—suggests that arguing over which is the
“primary” model involved in toxin evolution may be
unproductive.

As well as recommending an expansive definition for
“recruitment,” we suggest that “NF” is a suitable term for
the origin of novel molecular functions in general. In this, we
argue simply that the etymology is appropriate, and that
simpler terminology is often preferable to a proliferation of
models with increasingly elaborate acronyms that only confuse
the issue. Genomic data, particularly when combined with
expression data, now present an extremely rich source of
information about molecular evolution. When a
comparative approach is employed, these data facilitate the
reconstruction of evolutionary histories at an unprecedented
level of detail. As evolutionary toxinology marches further into
the genomic era, we expect further evidence that myriad
variations on a theme exist in nature, and that each case,
when reconstructed to a sufficiently fine-grained degree, is
unique unto itself. In evolution whatever can happen, will
happen.
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Antioquia, Medellin, Colombia, *Department of Biophysics and Cell Biology, Faculty of Medicine, University of Debrecen,
Debrecen, Hungary

Spider venoms include various peptide toxins that modify the ion currents, mainly of
excitable insect cells. Consequently, scientific research on spider venoms has revealed a
broad range of peptide toxins with different pharmacological properties, even for mammal
species. In this work, thirty animal venoms were screened against hK, 1.5, a potential target
for atrial fibrillation therapy. The whole venom of the spider Oculicosa supermirabilis, which
is also insecticidal to house crickets, caused voltage-gated potassium ion channel
modulation in hK,1.5. Therefore, a peptide from the spider O. supermirabilis venom,
named Osu1l, was identified through HPLC reverse-phase fractionation. Osu1 displayed
similar biological properties as the whole venom; so, the primary sequence of Osu1 was
elucidated by both of N-terminal degradation and endoproteolytic cleavage. Based on its
primary structure, a gene that codifies for Osu1 was constructed de novo from protein to
DNA by reverse translation. A recombinant Osu1 was expressed using a pQE30 vector
inside the E. coli SHuffle expression system. recombinant Osul had voltage-gated
potassium ion channel modulation of human hK,1.5, and it was also as insecticidal as
the native toxin. Due to its novel primary structure, and hypothesized disulfide pairing moatif,
Osu1 may represent a new family of spider toxins.

Keywords: atrial fibrillation, Kv1.5, Oculicosa supermirabilis, recombinant expression, spider venom

INTRODUCTION

Spider venoms are a heterogeneous mixture of molecules that range from enzymes to toxic peptides
and small organic components (Pineda et al., 2014). Among the toxic peptides, there are disulfide-
rich neurotoxins harmful to insects, and perhaps due to molecular serendipity, some of them are also
toxic to mammals, which affect cell receptors, especially ion channels. So, most of the spider
neurotoxins could be considered, from the molecular perspective, as precious and unique molecules
to help us to understand some of the ion channels’ mechanisms that are important for physiological
purposes (Nicholson and Graudins, 2002). Also, it is well known that spider peptide toxins tend to be
promiscuous concerning their selectivity for ion channels. Still, some could be specific and exclusive
to unveil relevant domains of the ion channel structures (Corzo and Escoubas, 2003). For example,
the spider s-atracotoxins (5-ACTXs), that belong to the NaSpTx spider family 4, are disulfide-rich
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neurotoxins that modify the voltage-gated sodium channels
(Na,), both in insects and in mammals. Those neurotoxins
bind to domain IV in the S3/S4 loop, also identified as
neurotoxin receptor site-3 (Clairfeuille et al., 2019), decreasing
the fast inactivation of Na,s (Gunning et al., 2003). Since
8-ACTXs have this dual effect on both mammals and insects,
they have facilitated our understanding of some of the molecular
interactions with Na, (Borrego et al., 2020). Thus, the search for
new spider peptide structures that could contribute to ion
channel physiology knowledge should be granted and
embraced. In this tenor, the advent of transcriptomics and
proteomics for studying spider venom glands and venoms,
respectively, have exponentially uncovered a significant
number of primary structures from spider venoms (Zhang
et al., 2010; Quintero-Hernandez et al.,, 2011; Jiang et al., 2013;
Oldrati et al., 2017; Langenegger et al., 2019). Nevertheless,
understanding the mechanism of action of most spider
structures already found has been hampered mainly because of
insufficient infrastructure in both material and academic to
obtain enough quantities of such spider peptides by natural,
synthetic, or recombinant means (Quintero-Hernandez et al.,
2011). Also, it has been limited because of the low capacity of
most research labs to test a wide range of a growing number of ion
channels and their subtypes compared to the known motifs in
spiders to discern their correct cellular or molecular targets.

In this work, we look for spider peptides that target the
voltage-gated potassium channels (K), specifically the hK,1.5
potassium channel, in which ion currents are also referred to
IKur, and they are the main ion currents in the repolarization of
the atrial action potential (AP). IKur has been observed in human
atrial myocytes, but it is absent in the human ventricle (Fedida
etal,, 1993). Several researchers have concluded that the blockage
of IKur could prolong the duration of AP of atrial fibrillation (AF)
in patients (Brunner et al., 2003; Guo et al., 2016), and stop
fibrillation, indicating that hK,1.5 is potentially a selective target
and safe strategy for AF therapy (Lip and Tse, 2007; Ehrlich et al.,
2008; Ford and Milnes, 2008; Ehrlich and Nattel, 2009; Ravens,
2010). Therefore, one of our research goals is to discover selective
hK,1.5 peptide inhibitors and test them in an AF model. At
present, all of the known hK,1.5 blockers are small molecules
(Gutman et al., 2005; Wettwer and Terlau, 2014; Bajaj and Han,
2019). However, they are usually not as selective as large
molecules, e.g., peptides, which have a much larger interacting
surface with ion channels than the small molecules, and the larger
the interaction, the higher the selectivity and the lower the risk of
side effects (Corzo et al., 2008; Ali et al., 2019). Perhaps one of the
main reasons for the absence of hK,1.5 peptide inhibitors is
because this subtype of ion channel does have a positively charged
Arg residue in its selectivity pore, unlike other K, ion channels
(Zhu et al., 2005), which prevents the potential blocking peptides
from binding to hK, channels. So, here we report the primary
structure of a spider toxin, named Osul, that affects hK, 1.5, and it
seems to be one of the first electric-current modifier peptides of
this ion channel. One of the peculiarities of Osul, according to
our results, is that it does not bind to the selectivity pore, but the
voltage-sensing domain; so, it does not block the pore of hK,1.5
but prevents its opening at physiological membrane potentials.

Spider Peptide that Modifies Kv1.5

Nevertheless, the result would be the same; if there is no K' ion
flow through hK,1.5, i.e, no IKur current, and if there is no
repolarizing outward IKur current during the atrial AP of an AF
patient, the duration of AP would be prolonged, and fibrillation
will be abolished (Guo et al., 2016). Besides the effects of Osul on
hK,1.5, it is also insecticidal, and according to its amino acid
sequence, it could be placed in a new spider toxin family; that is,
none of the already proposed spider toxin families (Klint et al.,
2012) has a primary structure similar to Osul. Furthermore, most
of the spider peptides with significant identity (90-95%) to Osul
have been found just as transcripts, and only a spider peptide
toxin with 48% identity to Osul, w-agatoxin-IA, has biochemical
properties already reported (Santos et al., 1992). Finally, based on
software that predicts three-dimensional protein structures, Osul
may have a different disulfide-pairing motif than the known
spider peptides.

MATERIAL AND METHODS

Strains, Vectors, and Enzymes
Bacterial strains: E. coli XL1-Blue (cloning) (gyrA96 recAl hsdR17

endAl thi-1relAl supE44 lac [F' proAB Tn10 (Tetr) lacIZaM15])
(Agilent, United States); and E. coli SHuffle®T7 (Expression) (pro,
F’ lac, lacl? araD139 a(ara-lew)7697 lacZ:T7 fhuA2 genel
A(phoA)Pyull ahpC* phoR galE (or U) atrxB rpsL150(Str" galK
Aatt:pNEB3-r1-cDsbC (SpecR, lacI®)) A(malF)3 agor) (New
England BioLabs, Ipswich, MA, United States), respectively.
Plasmid pQE30 (Qiagen, CA, United States) was used for
cloning the Osul gene, and production of the 6His-tagged
recombinant Osul (rOsul). The enzymes were from New
England Biolabs (NEB, Ipswich, MA, United States) (Taq-
Polymerases, Vent-Polymerase, restriction enzymes), T4 Ligase
from Fermentas (Carlsbad, CA, United States).

Isolation and Chemical Characterization of
Osu1

The venom from the spider Oculicosa supermirabilis was
extracted by electrical stimulation. The spiders were field-
collected in the Kazakhstan Republic (Fauna Ltd.). At the
Institute of Zoology in Almaty, Kazakhstan, the spiders were
identified. This species is found in Kazakhstan, Uzbekistan, and
Turkmenistan (Logunov and Gromov, 2011). The raw venom
(the venom of more than 200 individuals, females, and males
were milked and pooled, to yield 2 mg) was dissolved in water
with 0.1% of trifluoracetic acid (TFA) and then centrifuged to
remove all the insoluble material (14,000 g for 5 min). The liquid
phase was injected directly for fractioning using High-
Performance Liquid Chromatography (HPLC). The venom
mixture was separated using a reverse-phase analytical C;g
column (5C;gMS, 4.6 x 250mm, Vydac, United States)
equilibrated in 0.1% TFA, and eluted with 0-60% acetonitrile
in 0.1% TFA in a linear gradient, run for 60 min (1 ml/min)
(Corzo et al., 2001). The elution fractions were monitored at
280 nm, collected in 1.5 ml vials, and dehydrated under a high
vacuum. The dried samples were used first to conduct
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electrophysiological assays. Those fractions capable of affecting
hK,1.5 channels were subjected to another purification process
using a C;g reverse-phase column (4.6 x 250 mm, Vydac, United
States) equilibrated in 0.1% TFA, and eluted with 20-60%
acetonitrile in 0.1%TFA in a linear gradient, and run for
40 min (1 ml/min). The new fractionated components were
again subjected to electrophysiological assays. It was analyzed
by mass spectrometry using a Thermo Scientific LCQ Fleet ion
trap mass spectrometer (San Jose, CA, United States) with a
Surveyor MS syringe pump delivery system. The pure peptide was
also subjected to Edman degradation using an LF3000 Protein
Sequencer (Beckman, CA, United States), and endoproteolytic
digestions to determine its primary structure, as reported
previously by our group (Corzo et al., 2008).

Osui Gene Construction
e The primary structure of the peptide Osul was used to do a

reverse translation and thus generate a DNA sequence
(https://www.bioinformatics.org/sms2/rev_trans.html).
Afterward, the obtained sequence was analyzed and adjusted,
complying with the preferential codon usage of E. coli (http://
www.kazusa.or.jp/codon). Then, we designed four overlapping
synthetic oligonucleotides (Supplementary Table S1) to
construct the Osul gene. Additionally, the recognition
strings for BamHI (GGATCC) and Factor Xa protease
(ATCGAGGGAAGG) were added at the beginning of
oligonucleotide Osul-Upl. Two stop codons (TAATAG)
and the restriction sequence for Psfl (CTGCAG) were
added to the end of oligonucleotide Osul-Lw4.

e The Osul gene was constructed in vitro using the
“overlapping oligonucleotide extension” following the
Polymerase Chain Reaction (PCR). In a few words,
Osul-Lw2 plus Osul-Up3 oligonucleotides (17 bp
overlap) were mixed in 0.1 pmol/pl final concentration
each, with the other components in the reaction mixture
including Vent polymerase for PCR, and then amplified in
eight cycles under the following conditions: 94°C/30 s, 58°C/
30, and 72°C/30 s. After the eighth cycle, oligonucleotides
Osul-Upl plus Osul-Lw4 were added to the reaction
mixture (0.4 pmol/ul final concentration each) and
followed by 25 amplification cycles with the following
conditions: 94°C/30s, 60°C/40s, and 72°C/30s. A final
elongation step was carried out at 72°C/10 min. The PCR
product was run on 1% agarose gels containing GelRed®
(Biotium, Fremont, CA, United States) and envisioned
under ultraviolet (UV) light (DNA marker from NEB,
Ipswich, MA, United States). Afterward, the amplification
product was purified from the agarose gel with the High
Pure Plasmid Isolation kit (Roche, Basel, Switzerland).

The assembled and purified gene was digested with BamHI
and PstI enzymes (NEB). The gen was run and extracted from
agarose gel, then ligated (T4 ligase, Fermentas) to the pQE30
expression plasmid, previously restricted by the same enzymes.
The new recombinant plasmid (pQE30/Osul) was used to
transform E. coli XL1-Blue cells by heat shock. The plasmid’s
antibiotic selection system enabled us to pick some colonies to be

Spider Peptide that Modifies Kv1.5

tested using PCR (pQE-Fwd (5-GAGCGGATAACAATTATA
A-3") and pQE-Rev (5-GGTCATTACTGGATCTAT-3'). Four
colonies with the predicted amplification band were subjected to
plasmid purification and then sequenced at the Institute of
Biotechnology, UNAM, Mexico.

Expression Screening
The recombinant plasmid pQE30/Osul, sequence confirmed, was

used to transform E. coli SHuffle cells for testing expression.
Briefly, the transformation procedure was as follows: 50 ng of
PQE30/Osul plasmid was blended with 100 ul of competent E.
coli/SHuffle cells and maintained in ice for 30 min, then heated
the mix for 1 min at 42°C, followed by cooling in ice for 5 min.
Afterward, we added 220pl of Super Optimal broth with
Catabolite repression (SOC) medium, and the mix was kept
for 60 min at 37°C. After incubation, 50 pl of the mixture were
spread over Petri dishes containing (Luria-Bertani) LB agar-
media with ampicillin (100 pg/ml) (Sigma, St. Louis, MO,
United States). Grown colonies that harbored the pQE30/Osul
vector were used to screen their expression. Colonies individually
were selected, and seeding each in 3 ml of LB broth, including
ampicillin plus 1 mM isopropyl 8-D-thiogalactoside (IPTG,
Sigma, St. Louis, MO, United States). Then they were
incubated overnight in a shaker at 250rpm and 37°C.
Expression was tested qualitatively by SDS-PAGE. Lastly, a
positive clone was selected to evaluate the expression of Osul.

Expression of Recombinant Osui
rOsul was produced in the E. coli SHuffle strain. LB broth was

used to cultivate cells until an optical density (ODgg) of 0.6. At
that point, 0.5 mM of IPTG was added to induce the peptide
expression. Induced cells were maintained for 8 h at 25°C and
then collected by centrifugation (5,500 g, 20 min, 4°C). Using a
mechanical system (One-Shot Cell Disruptor from Constant
Systems, Northants, United Kingdom), the cells were burst
down. The disrupted cells were subjected to centrifugation
(10,000 g, 20 min, 4°C) to separate inclusion bodies, which
were solubilized using guanidine hydrochloride (GdHCI) 6M,
Tris HCl 50 mM, pH 8. Employing Ni-NTA agarose (Qiagen, CA,
United States), we purify the recombinant peptides from the
dissolved inclusion bodies. Afterward, the peptide was reduced
using dithiothreitol (DTT) (Sigma-Aldrich, Ontario, Canada) for
1 h at 37°C. The product was subjected to analytical RP-HPLC
(Cyg column 4.6 x 250 mm, Vydac, United States) using 20-60%
acetonitrile in 0.1% TFA in a linear gradient, and run for 40 min
(1 ml/min). The obtained reduced fractions were folded in vitro.
Briefly, the reduced peptide (50 pg/ml) was added to a refolding
buffer (0.1 M Tris, pH 8, 2 M GdHCI, 1 mM GSSG, and 10 mM
GSH). The mixture was allowed to oxidize for 4 days at 4°C. After
that, it was driven to pH 2 by TFA addition. The folded peptide
was cleaned by analytical RP-HPLC (C;5 column 4.6 x 250 mm,
Vydac, United States) using the gradient previously mentioned.

In vivo Biological Activity
Fractions obtained from RP-HPLC were tested in mice (strain

CD-1, 17-21g) by intracranial (ic) injection and in house-
crickets (Acheta domesticus, 0.1-0.16g) by lateroventral
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thoracic injection (Iv). Osul was not toxic to mice up to 5 pg/
mouse. The median paralyzing dose (PDs,) in crickets was
defined as the amount of peptide that produces the paralysis
of 50% of the population of crickets experimentally evaluated.
The median lethal dose (LDs) in crickets was defined as the
amount of peptide that produces the death of 50% of the treated
population. The PDs, and LDs, were determined using the Dixon
method (Dixon, 1965). In brief, one cricket each time was dosed
with established doses within regular periods. If the first cricket
was paralyzed at least 1 min within the first 10 min after the
inoculation, the next cricket was injected with a lower dose.
Similarly, if the first cricket was death after 30 min following the
injection, the next cricket was inoculated with a lower dose. This
progression proceeded until required insects were dosed for
calculating either the PDsy or the LDs,. The mean and the
confidence intervals of either the PDsy, or the LDs, were
determined, according to Dixon (1965). Experiments with
animals were earlier accepted by the Bioethics Committee of
the Biotechnology Institute (project No. A1-S-8005) and
conducted complying with proper regulations.

Electrophysiology
Murine erythroleukemia (MEL) cells stably expressing hK,1.5

channels were maintained following usual conditions, as
described before (Grissmer et al., 1994) and were a gift from
Dr. Heike Wulff. According to standard protocols, voltage-
clamped cells were used to measure the whole-cell currents
(Corzo et al.,, 2008). A Multiclamp 700B amplifier attached to
a personal computer (1322A data acquisition hardware,
Molecular Devices, Sunnyvale, CA) was employed. A series
resistance compensation up to 70% was used to achieve good
voltage-clamp conditions and minimize voltage errors. Leitz
Fluovert (Leica, Wetzlar, Germany) or Nikon TE2000-U
fluorescence microscopes were used to observing cells. Pipettes
were pulled from GC 150 F-15 borosilicate glass capillaries
Harvard Apparatus (Kent, United Kingdom) in five stages,
which resulted in electrodes with 3-5 MOhm resistance in the
bath. The composition of the bath solution was 5mM KCI,
145 mM NaCl, 2.5 mM CaCl,, 1 mM MgCl,, 10 mM HEPES,
5.5mM glucose, 0.1 mg/ml bovine serum albumin (Sigma-
Aldrich), and, pH 7.35. From a holding potential of —100 mV,
voltage steps to +50mV were applied for ionic current
measurements every 15s. The pClamplO software package
(Molecular Devices) was used for data acquisition and
analysis. Whole-cell current traces were adjusted for ohmic
leakage, before analysis and were digitally filtered (three-point
boxcar smoothing). The current activation kinetics were
characterized by implementing a single-exponential function
(f(t) = A*Exp(-t/tau)+C).

Secondary Structure of Recombinant Osu1
The secondary structure of rOsul was evaluated by circular

dichroism (CD). The measurement was carried out on a Jasco
model J-720 spectropolarimeter (Jasco, Tokyo, Japan), from 250
to 190 nm in an aqueous solution of 60% trifluoroethanol (TFE),
at room temperature, with a 1-mm pathlength cell. Data were
collected at 1 nm with a scan rate of 20 nm/min, and a time
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constant of 0.5 s. The concentration of rOsulwas 60 uM. Data was
the average of three separate recordings and analyzed by the
software Bestsel (http://bestsel.elte.hu/index.php) (Micsonai et al.,
2018). A recombinant scorpion neurotoxin (rCsslII), previously
characterized by NMR and CD, and also a three-finger toxin, was
used as comparative controls under the same extent conditions.

Structural Model of Osu1i

The amino acid sequence of Osul was used to generate a three-
dimensional structure through different modeling programs.
These programs are based on different 3D structure prediction
techniques, such as I-Tasser (Yang and Zhang, 2015), Swiss-
Model (Waterhouse et al., 2018), Robetta (Kim et al., 2004) and
Modeller (Webb and Sali, 2016). For Modeller, a sequence
alignment between Osul and the template, OtTxla (PDB ID:
2n86), was calculated to guide the modeling, using the T-Coffee
homology extension (PSI-coffee) algorithm (Di Tommaso et al.,
2011). The NMR structure of the spider toxin OtTxla (PDB ID:
2n86) was used as a template according to the best parameters
found by LOMETS (Local Meta-Threading Server) (Wu and
Zhang, 2007). A total of 10,000 models were generated by
Modeller, selecting the most representative model using the
root mean square deviation (RMSD), DOPE score, and main
chain quality through PROCHECK (Dunbrack, 2004). From the
set of structures generated by I-Tasser, Swiss-Model, and
Robetta, only the models with full Cys oxidation were
selected for the final analysis. The final figures were prepared
with VMD (Humphrey et al., 1996; Dunbrack, 2004) and
ESPrit3.0 (Gouet et al., 1999).

Statistical Analysis
The SPSS statistical software was used for statistical analysis

(SPSS Inc., Chicago, IL, United States). The mean + standard
error of the mean (SEM) and 95% confidence intervals were used
to express the data. Student paired t-test, analysis of variance
(ANOVA), or Tukey’s test (for multiple comparisons) were used
to determine the statistical significance. p < 0.05 was considered
significant.

RESULTS

Toxin Purification and Sequencing
After an initial screening of some arachnid venoms (data not

shown), the venom of Oculicosa supermirabilis showed activity
over hK,1.5. Fractionation of crude venom by reversed-phase
HPLC resulted in more than 60 fractions that were manually
collected and assayed for biological activity toward hK,1.5, mice,
and crickets (Figure 1). Although fractions #59, #61 and #67 were
toxic to insects, only fraction #59 presented activity affecting the
hK,1.5 (Figure 2). The before-mentioned fraction was analyzed
by mass spectrometry, and it was further purified again by
reversed-phase chromatography. As confirmed by analytical
chromatography and mass spectrometry, the fraction #59 was
obtained at a high purity level and was named Osul. It
represented a concentration of ca 60 ug per mg of the dry
crude venom of O. supermirabilis. The data obtained from
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0

rate of 1 ml/min.

FIGURE 1 | Reverse-phase HPLC chromatogram of the venom of O. supermirabilis. The soluble venom of O. supermirabilis (obtained from 2 mg crude soluble
venom) was fractionated using a reverse-phase analytical C1g column (5C1gMS, 4.6 x 250 mm) equilibrated in 0.1% TFA, and eluted with a linear gradient of acetonitrile
(solution B) starting after 5 min from 0 to 60% in 0.1% TFA, run for 60 min at a flow rate of 1 ml/min. The fraction peak #59 in the figure was the fraction that gave positive
results in modifying currents in hK, 1.5, and was further purified to homogeneity (Inside figure) starting after 5 min from 20 to 60% CH3zCN during 40 min at a flow

40 50 Time (min)

automated direct Edman sequencing of the reduced-alkylated
fraction #59, and later from endoproteolytic cleavages followed of
digested peptide purification, and again N-terminal Edman
degradation of such peptide fractions allowed the complete
determination of the primary structure of Osul.

Briefly, direct Edman degradation of the alkylated fraction #59
provided an unambiguous sequence up to amino acid at position
44 (Table 1). Some of the remaining alkylated fraction #59 was
enzymatically cleaved by Lys-C, and peptide fractions were
collected by RP-HPLC (Supplementary Figure S1). The
N-terminal direct sequencing of the alkylated fraction #59 and
three of such Lys-C digested peptide fragments allowed the
identification of 63 residues of the Osul primary structure.
Additionally, because of a difference of practically 128 atomic
mass units, a Lys residue was placed at position 53 (Table 1, bold),
which was also supported by similar amino acid sequence
identities found in spider peptide precursors from the venom
gland transcriptome of Lycosa singoriensis spider (Table 2).

The amino acid sequence agreed on the data gathered from
mass spectrometry (Table 1). The estimated theoretical
molecular weight of Osul, assuming pairing the eight cysteine
residues into four disulfide bridges, and a free C-terminal
carboxylic acid, was 7,477.7 Da. The —0.3 Da mass variation
among the calculated and measured molecular mass of Osul
(7,477.4 Da) may be within the mass spectrometric equipment
error. Also, we indirectly speculate that the C-terminal of Osul is
not amidated based on the transcripts (B6DD30.1 and
B6DD33.1) found by Zhang et al. (2010) given that it has not
an endoproteolytic amidation signal (Table 2). The amino acid
sequence of Osul has some identities with toxins from spiders of
the same family (Lycosidae), and with others in the same
evolutionary clade (Agelenidae and Pisauridae). An automated
database search and multiple alignment computations showed
that Osul had marked identities with peptides from the venom
from Lycosa singoriensis, Cupiennius salei, Dolomedes mizhoanus,
and Agelenopsis aperta (Table 2). Most of those toxins have only
been registered at the transcriptomic level, and there is no
expression evidence within their venom, except for «-agatoxin-
1A, which seems to form heterodimeric structure. However, its
three-dimensional structure has not been solved yet (Santos et al.,
1992).

Construction of Osu1
The synthetic oligonucleotides, Osul-Upl, Osul-Lw2, Osul-

Up3, and Osul-Lw4 (Supplementary Table S1),
conveniently assembled using the overlapping oligonucleotide
extension, as specified previously in the Material and Methods
section. The obtained synthetic gene Osul was indeed cloned to
produce the recombinant plasmid pQE30/Osul, which was
verified by DNA sequencing to confirm the reading frame and
the conservation of restriction sites. E. coli SHuffle colonies were
transfected with the sequenced construct. Some of those colonies
could express the peptide Osul fused to a His-Tag, as proved by
the expression screening of various colonies withholding the
plasmid pQE30/Osul. The expressed protein was confirmed
by SDS-PAGE and a band with an apparent molecular weight
in the 5-15 kDa region. Then, we picked one of those colonies to
overexpress Osul.

were

Recombinant Expression and Purification
Osu1 (rOsui)

The rOsul includes an extra N-terminal sequence of 16 amino
acids (MRSGHHHHHHGSIEGR) plus the following Osul
mature peptide (Table 1). The rOsul was expressed using the
E. coli Shuffle strain (Figures 3A). The expressed proteins were
found in inclusion bodies, and they were dissolved utilizing
chaotropic agents and purified employing nickel affinity
chromatography (NiNTA). SDS-PAGE confirmed the existence
of rOsul; that is, the rOsul band was observed between the
molecular weight markers of 10 and 15 kDa, which were also
observed after the purification of inclusion bodies using the
NiNTA column (Figures 3B). The rOsul position above
10kDa under SDS-PAGE obeys mainly to its charge:mass
ratio, this unpredictive position under SDS-PAGE has been
observed in other recombinant peptides with a high content of
basic amino acids (Estrada et al., 2007; de la Rosa et al., 2018). For
folding, the cystines of rOsul were reduced with DTT and folded
in vitro in the presence of the GSH/GSSG par redox. After the
in vitro folding and HPLC purification (Figure 4), the
experimental molecular masses of rOsul was obtained
(9,331.6 Da), and it was in good agreement according to their
expected theoretical molecular mass (9,331.7 Da). The expression
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FIGURE 2 | Oculicosa supermirabilis venom and fraction #59 modifies
hK,1.5 currents expressed in MEL cells. (A) shows the current traces
recorded under normal conditions (black), in the presence of complete venom
(10 pg/ml; red), with fraction #59 or Osu1 (6.5 pg/ml, ~0.9 pM; blue) and
recombinant rOsu1 (3 uM; green). The voltage protocol is shown above the
figure. The current traces were fitted with a single-exponential function (yellow
dashed lines), and the tau values for each trace are indicated with the
appropriate color coding. (B) displays I-V curves where the ionic currents were
recorded under normal conditions and were evoked from —100 mV holding
potential to different depolarizing potentials: from =10 mV up to +50 mV. The
appropriate membrane potential values are indicated next to the traces along
with the tau values coming from a single-exponential fitting.

yield of rOsul was calculated ca of 0.4 mg of folded peptide/L.
The extra N-terminal poly His-tag sequence in the rOsul could
not be removed because peptide degradation was observed due to
non-specific cleavage by FXa (Supplementary Figure S2). Even
though the difference between the chromatographic retention
time of rOsul and the native Osul, was 0.7 min under similar
reverse-phase chromatographic conditions. That is, the

Spider Peptide that Modifies Kv1.5

chromatographic retention time of rOsu is shorter than the
native Osulbecause the poly His-tag in rOsul makes it a little
bit more hydrophilic than its native counterpart (Supplementary
Figure S3). Similar retention time differences have been observed
between recombinant peptides and native ones (Estrada et al.,
2007).

In vivo Biological Activity

The PDs, and LDsq in house-crickets were calculated using the
folded rOsul peptide (Table 3). For house crickets, the PD5, and
LDsg of rOsul decreased 5.4 and less than 5.3-fold, respectively,
compared to the native peptide. Presumably, the extra N-terminal
residues of rOsul could explain the difference between PDs, and
LDsg, compared to the native toxin. These N-terminal residues
may interfere in the in vivo activity (Estrada et al., 2007). Also,
some incorrectly folded rOsul may hamper the insecticidal
activity compared to the correctly folded rOsul. However, the
rOsul has a similar biological effect as the native peptide,
indicating a substantial proportion of the recombinant
peptide’s correct folding. The biological activity toward insects
was similar to other spider peptide toxins (Pineda et al., 2018).

Electrophysiology

We tested 30 different animal venoms on the hK, 1.5 ion channel
(see Supplementary Table S2). Five of these showed an effect on
the ion current flowing through hK,1.5. Of these five, one, the
venom of O. supermirabilis was further investigated, and the
peptide responsible for the effect was determined. First, the whole
venom of O. supermirabilis was tested on MEL cells, stably
expressing hK,1.5 channels. Panel A of Figure 2 shows the
current traces recorded on MEL cells under control
conditions, in the absence of the venom (black), and in the
presence of complete venom (10 pug/ml; red). Besides
decreasing the current amplitude, we noticed that the kinetics
of the ionic current changed and slowed down, indicating that
this was not a simple pore inhibition. It is more likely that one of
the venom’s peptides is bound to the voltage sensor of the hK,1.5
ion channel, thereby altering the gating kinetics of the channel.
Therefore, the activation kinetics of ion currents in the presence
and absence of venom were determined. Using a single
exponential function, we fitted the rising part of the current,
and the tau parameter of the fitting proved that the venom’s
presence slows down the current activation kinetics. After
fractionation of the venom, the effect of each fraction on the
hK,1.5 currents, was tested. Only one fraction showed an effect,
the #59, which we named Osul. We performed the same
experiment with Osul (6.5 ug/ml, ~0.9 uM) as we did with the
whole venom described above. Panel A of Figure 2 shows the
results with blue: slower activation kinetics, similarly to the
venom-experiment. We also tested the recombinant rOsul on
hK,1.5 currents at a concentration of 3 uM, which gave a very
similar result to the native Osul (see the current trace in Figure 2
in green). The average tau parameters in the presence, and the
absence, of rOsul were 2.02 + 0.08 ms and 0.98 + 0.04 (n = 3),
respectively. Comparing them with a paired t-test, the difference
is significant (p = 0.014), indicating that rOsul slows down the
hK,1.5 current activation kinetics significantly. Based on our
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TABLE 1 | Amino acid sequencing and molecular masses of endoproteolytic fractions from Osu1.

MW (Da) MW (Da)
Peptide Amino acid sequence The Exp
Fraction  RLALPPGAVCNGHKSDCQCFGAKYKCSCPFFWRFRKSAECHCKK - 7,477.4 (7,941 .4)
#59
___________________________________________ >
Direct Edman
Commmm——= >K 1,476.7 1,476.2" (1,590.2)
G==——=- >K 932.1 931.2° (931.2)
R-=====—- >D  1,451.5 1,450.7* (1,507.7)
Lys-C
Osul RLALPPGAVCNGHKSDCQCFGAKYKCSCPFFWRFRKSAECHCKKGWAWTAIKKRSCHNRYQWSD  7,477.7 7,477_4“’b (7,941.4)

AMolecular mass after subtraction of 57 Da (Cysteine carbamidomethylation by iodoacetamine) to the molecular masses of the alkylated fractions containing Cys (HPLC separation and

molecular masses of alkylated fractions are shown in Supplementary Figure S1).

bA subtraction of an extra -8 Da to the alkylated Osu1 was performed assuming four disulfide bridges.
°Non-alkylated peptide fragment. The experimental molecular masses in parenthesis are shown in Supplementary Figure S1.

TABLE 2 | Alignment of amino acid sequences of Osut.

Identity
Peptide Sequence Access
(%)
1 10 20 30 40 50 60
Osul RLALPPGAVCNGHKSDCQCFGAKYKCSCPFFWRFRKSAECHCKKGWAWTATKKRSCHNRYQWSD 100 ‘COHLRS
Lslb RMALPPGAVCNGHKSDCQCFGAKYKCSCPFLWRFRRSAECHCKKGWAWTAIKKRSCHNRYQWSG 95 B6DD30.1
Lsle RMALPPGAVCIGHKSDCQCFGAKYKCSCPFLWRFRRSAKCHCRKGWAWTATKKRSCHNRYQWSG 90 B6DD33.1
A0A4Y5UGQ5 CUPSA RFMLRVGAVCDGNKSDCQCLGKWIKCGCPFLWPMR-SGPCHCTKGRRYTYNKKLSCSNRYLWAS 57 QD(C23149.1
S5MYD7_9ARAC RKSLPEGAECDGDGSDCQCYGKWHKCGCPFFWKMR-GLKCHCTWGMKHTCI TKLSCPNRGEWGL 53 AGR53464.1
o-agatoxin-1A AKALPPGSVCDGNESDCKCYGKWHKCRCPWKWHF TGEGPCTCEKGMKHTCI TKLHCPNKAEWGL 48 P15969.2

* EIETEEE S Kk k ok Kk * Kk kK.

*

*x % * * * * k. *

aThe protein sequence data reported in this paper will appear in the UniProt Knowledgebase under the accession number COHLRS. Asterisks represent conserved amino acids. U2-
lycotoxin-Ls1b and U2-lycotoxin-Ls 1e are from Lycosa singoriensis; AOA4Y5UGQ5_CUPSA is from Cupiennius salei; SSMYD7_9ARAC is from Dolomedes mizhoanus; w-agatoxin-1A is

from Agelenopsis aperta.

measurements, rOsul binds to hK,1.5 in a non-reversible manner
(Supplementary Figure S4). Panel B of Figure 2 displays part of
the I-V curve. The ionic currents were measured under controlled
conditions and were elicited from —100 mV holding potential to
different depolarizing potentials: from —10 mV up to +50 mV.
The appropriate membrane potential values were indicated next
to the traces and the tau values coming from a single-exponential
fitting. Panel B also compares the tau values seen in panel A
measured in the venom’s presence of Osul (natural or
recombinant) with the tau values measured under different
membrane potentials. So, the tau values obtained in panel A
were compared to those of panel B; in this way, we observe some
of the effects caused by venom and Osul (natural or
recombinant). We can conclude that the whole venom caused
a shift of about 20-30 mV, while Osul (both natural and
synthetic/recombinant) affected a variation roughly 30-40 mV.

Secondary Structure and Proposed
Structural Model

The CD values for the rOsul had a minimum and maximum
spectrum around 206 and 192nm, respectively, which
represents antiparallel p-sheets (Little et al, 1998).
Additionally, o-helix structures were also apparent by
another observed minimum at 220 nm (Figure 5). The CD
spectrum was evaluated using the deconvolution software
from Bestsel (Micsonai et al., 2018), in order to predict the
percentages of the secondary structure of rOsul. The predicted
values were 13.6, 23.9, 16.1, 46.4% of a-helix, p-antiparallel,
p-turns and random coil, respectively. Taking in account such
data, and because the comparison with native Osul was not
possible because of the low amounts remaining from the crude
venom, we decide to compare the rOsul secondary structure
with that of an o/p motif, which is represented by rCsslI, a
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FIGURE 3 | Expression screening of the fusion protein His-Tag-Osu1. Whole-cell lysates were analyzed by reducing (A) 15% SDS-PAGE, for the screening of His-
Tag-Osu1 expression, identifying the recombinant protein. 1) Molecular weight markers. 2. Non-induced cells. 3. Induced cells. 4. Soluble fraction. 5. Inclusion bodies
lysates; and by (B) 15% Gel SDS-PAGE, for purification of inclusion bodies using a NiNTA column. 1. Molecular weight marker. 2. Inclusion bodies lysate. 3.
Recirculating. 4. First wash with GdHCI 6M, Tris HCI pH 8, 50 mM. 5. Second wash with GAHCI 6 M, Imidazole 40 mM, Tris HCI pH 8, 50 mM. 6-8. Elutions with

recombinant neurotoxin from the venom of the scorpion
Centruroides suffusus suffusus (Estrada et al., 2007; Saucedo
et al., 2012). The rCsslI also contains an N-terminal poly His-
tag, four disulfide bridges, representing a structure with a-helix
and p-antiparallel secondary structures. The rCssII had similar
CD spectrum as rOsul; so rOsul most likely contain both
secondary structures (a-helix and p-antiparallel). Moreover,
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FIGURE 4 | Purification of the recombinant Osu1 by RP-HPLC.
Chromatographic separation of the Ni-NTA eluate by RP-HPLC using an
analytical C4g column and a gradient of aqueous acetonitrile containing 0.1%
TFA, starting after 5 min from 20 to 60% CH3CN during 40 min at a flow

rate of 1 ml/min. Inside figure; (A) A 15% SDS-PAGE showing in lane 1 the
molecular weight markers in kDa, and in lane 2, the pure recombinant Osu1
from the HPLC chromatogram obtained at the retention time of 23.5 min; and
(B) A Western-blot showing in lane 1 the molecular weight markers in kDa, and
inlane 2, the pure recombinant Osu1 from the HPLC chromatogram obtained
at the retention time of 23.5 min developed using an anti-His antibody.

the CD spectrum of rOsul was compared to the CD spectrum
of a short “three-finger” recombinant (also with poly His-tag)
neurotoxin named ScNtx. Short three-finger toxins are from
elapid venoms, and they also contain four disulfides bridged
peptides, but its secondary structure is mainly antiparallel (de
la Rosa et al., 2018). The CD spectrum of the short “three-
finger” neurotoxin differs from that of the rOsul and rCsslII,
suggesting that indeed the secondary structure of rOsul and
rCsslI are not completely p-antiparallel.

Four in silico models were created to propose a three-
dimensional structure of Osul (Supplementary Figure S5).
Interestingly, three out of the four protein model programs
used (I-Tasser, Modeller, and Swiss-Model) gave similar
disulfide bond patterns (residues Cys28-Cys40, Cys10-Cys26,
Cys19-Cys42, and Cys17-Cys56). The modeling of proteins
located in the “twilight zone” (20-35% protein identity,
according to Doolittle, 1986), such as Osul concerning
OtTxla (27%), is considered a difficult problem to solve
(Doolittle, 1986; Peng and Xu, 2010). Even though, the
correct oxidation of all Cys, the same disulfide bond
arrangement, and the similar 3D structure (double

TABLE 3 | Paralytic and lethal activity of Osu1 and rOsu1.

Peptide PDs, crickets LDs, crickets

(Ho/9) (pmol/g) (ng/9) (pmol/g)
Control (H20) — _
Native Osu1  0.05 (0.01-0.08) 6.6 (1.3-10.6) <0.1 <13.3
rOsu 0.27 (0.23-0.27) 36.1 (30.7-36.1) 0.53 (0.49-0.54) 70.8 (65.5-72.2)

95% confidence intervals (Cl) are shown in parentheses.
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FIGURE 5 | Circular dichroism of recombinant neurotoxins. rOsut, a
recombinant neurotoxin from the venom of the spider Oculicosa
supermirabilis (This work). rCssll, a recombinant neurotoxin from the venom of
the scorpion Centruroides suffusus suffusus (Estrada et al., 2007).
ScNtx a consensus short “three-finger” recombinant neurotoxin from elapid
venom (de la Rosa et al., 2018).

antiparallel strand) presented by those three modeling programs
allow us to propose a 3D structure for Osul. Interestingly, even
though the structure of OtTx1a, used as a template, has an ICK-
type disulfide bridge arrangement, the in silico Osul structure
generated with such protein structure programs did not inherit
the three-dimensional arrangements of the template. Also, three
models (Modeller, Swiss-Model and Robetta) predicted an
p-antiparallel and an «-helix secondary structures. According
to the CD spectrum of rOsul, a small «-helix of 10-11 residues
may be formed; that is 13.6% of a-helix in the 80 residues of
rOsul. The three models predict an a-helix between positions

Spider Peptide that Modifies Kv1.5

Cys42 to Cys56. From such three rOsul models, the one created
by Modeller (Figure 6) was selected to represent the possible
structure of Osul. That model harmonizes with the CD
spectrum, has the lowest RMSD value (3.8 A) of the main
chain (N, C, CA, and O). It holds the best percentages of
structural quality for the phi and psi angles of 90.9% in the
most favorable regions of the Ramachandran plot, giving
confidence to such in silico model when compared to the
other Osul models created by I-Tasser or Swiss-Model
regarding the template OtTxla (see Supplementary Table S3
and Supplementary Figure $6). Since the structure created with
Modeller, as well as the structures generated with I-Tasser and
Swiss-Model, presented the disulfide arrangement Cys28-
Cys40, Cysl0-Cys26, Cys19-Cys42, and Cysl17-Cys56
(Figure 6, top), which is not common in spider peptides
motifs (Klint et al, 2012; Langenegger et al, 2019). The
mentioned results allow us to speculate that Osul represents
a new family of spider toxins (Figure 7). According to Klint et al.
(2012), the disulfide pairing of OtTx1a seems to belong to the
NaSpTx family #6 (Figure 7), but Osul certainly did not fix in
the same spider toxin family. Here our intention is not to
propose Osul as new Na, spider toxin, but to use the Klint
et al. spiders’ toxin classification to show the novel amino acid
sequence between Cys residues, and the possible disulfide-
pairing motif of Osul (Figure 7). That is, Klint et al. (2012)
classified most of the spider amino acid sequences and possible
disulfide bridges for Na, spider peptide toxins. In addition, in
their classification, they also included specific spider peptide
sequences for K, Ca,, and TRP ion channels as well as spider
peptide sequences without specific targets. Osul does not fix in
any of the spider toxin families proposed. So, the speculation
that Osul may represent a new family of spider peptide toxins
based on its possible disulfide bond motif (based on
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OtTxla GTPVGNNKCWAI

FIGURE 6 | Structural model of Osu1. The structure was generated using Modeller, based on the solved structure of OtTx1a (PDB: 2n86), and it presents a disulfide
pairing of Cys28-Cys40, Cys10-Cys26, Cys19-Cys42, and Cys17-Cys56. The protein alignment between Osu1 and OtTx1a showing residues involve in secondary
structure is shown below (T means p-turns and the arrows correspond to the antiparallel f-structure).

al

->

F AKY’ S FFWRFRKSAE KKGWAWTAI KRS HNRYQWS
[MclE . HE JJAGKWLPGLFRETEMOVTESD. VNK@EPPA.
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Family Name Sequence Accession
DDCLGMFSSCDPNNDKCCPNRV CRVR DQW CKY KLW
#2  Cjla ’_|:L—|—| POC247
ECRKMFGGCSVDSDCCAHL GCKPTLK YCAWDG TF*
#3 Gi2b ,_|:F| POC2P4
YCQKWMWTCDEERKCCEGL VCR LWCKKKI EEG
I T } 1 2
#4  3Mgla I 0 ir—1 i 1 P83560
CGSKRAWCKEKKDCCCGYN CVY AWYN QQS SCE RKWK YLF TGEC
#5 B-Mgla [—':F| P83561
GCKLTFWKCKNKKECCGWN ACALGICMPR
:
Pn2a Fom———— At . . | i P29425
#6 ATCAGQDQPCKETCDCCGE RGE CVCGGPC ICRQGYFWIAWYKLANCKK
OtTxla 1 P86719
GTPVGNNKCWAIGTTCSDD CDC CPEH HCH CPA GKWL PGL FRCT CQV TESD KVN KCPPAE
#7  Pgla [—'$|_| P84835
BGECGGFWWKCGSGKPACC PKY VCSP KWG LCN F'PMP
s e 1 i :
#8  Pula t ] i, i ! P17727
! ! | preritiporrrnls) 1 i ! [
AELTSCFPVGHECDGDASN CNC CGDD VYC GCGWGRWNCK CKVA DQS YAYG ICKDKVN CPN RHLW PAK VCKK PCR RNCG G
#9 Hmela |—|:ﬁ P85505
GCIPYGKTCEFWSGPWCCAGKC KLNVWSMTLS CTRNF
#10  Plla I T i I ] P83256
GCLGEGEKCADWSGPSCCDGFY CSCRSMP YCR CRNN S*
#11  Dcla P49126
#12 pMgla P83558
! 1 i 1 i
CMGYD1ECNENLPCCKHRK LEC VETS GYWWYKRKYCKRPLK
it Osul i [ i B 5
RLALPPGAVCNGHKSDCQC FGA KYKC SCP FFWRFRK SAE CHCK KGWAWTA TKKRSCHNRY QWSD
FIGURE 7 | Amino acid sequences and disulfide pairing of a representative member of the proposed families of spider sodium channel toxins, according to Klint
et al. (2012) including the proposed primary structure and possible disulfide pairing in Osu1 as a new member of spider toxins. A primary structure of a representative
member of each family is shown. Disulfide bridges are colored blue, and blue dotted lines represent predicted disulfide bond connectivities that have not been
experimentally validated. Asterisks at the C-terminal mean C-amidation. Here our intention is not to propose Osu1 as new Na, spider toxin, but to use the Klint et al.
spiders’ toxin classification to show the novelty of the amino acid sequence between Cys residues, and the possible disulfide-pairing motif of Osu1. Toxin names are
based on the rational nomenclature devised for spider-venom peptides (King et al., 2008).

bioinformatics model), and three-dimensional structure must
be confirmed by experimental techniques such as NMR or
X-Ray crystallography.

DISCUSSION

To our knowledge, this is the first study examining the venom of
the spider Oculicosa supermirabilis. A database search was
performed to find out toxins of peptide nature similar to
Osul. So, transcriptomic and proteomic reports of spiders
belonging to the phylogenetically distant families, such as

Sparassidae, Theraphosidae, Viridasiidae, and Theridiidae,
have described spider peptides precursors with some
degree of identity to Osul. However, still, none have been
detected in such spider venoms by mass spectrometry or
N-terminal peptide sequencing (Oldrati et al., 2017).
Nonetheless, only peptide toxins with high identities
(90-95%) to Osul were found in the spider gland
transcriptomes, mainly from the Lycosidae and Pisauridae
families (Zhang et al., 2010; Jiang et al., 2013). According to
this, O. supermirabilis belongs to the Lycosidae family but has
been phylogenetically related to the Pisauridae family (Zhang
et al,, 2010; Jiang et al., 2013).
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Besides the novelty of its primary structure, Osul can modify
the ion currents of the hK,1.5 in contrast to other K, peptide
inhibitors. To our best knowledge, Osul is the first peptide that
modifies and inhibits the ion current flowing through hK,1.5 at a
given membrane potential. Based on our results, Osul does not
bind to the hK1.5 pore, but most likely, it adheres to the VSD of
the hK,1.5. Consequently, Osul could not be considered a pore
blocker, since it prevents hK,1.5 from opening at given
membrane potential. Because of the limited amounts of
natural and rOsul peptide to conduct the electrophysiological
assays, we performed the measurements in a limited way. So, we
could not determine a dose-response curve or selectivity
measurements over other ion channels.

On the other hand, from the insecticidal perspective, the
Osul showed paralysis/death effects on crickets, and
phenotypically, it induced an excitatory slow-onset impact
on them, leading to irreversible spastic paralysis. According
to Johnson et al. (1998), this type of effect suggests that the
molecular target is likely to be an ion channel found in the
CNS. The insecticidal activity of Osul is in the range of some
spider neurotoxins that affect insects’ Na, channels, such as
p-agatoxin-Aala from the spider Agelenopsis aperta (LDsq of
75.0 pmol/g over Musca domestica) (Skinner et al., 1989) and
p-diguetoxin-Dcla from the spider Diguetia canities (PDs5
231.0 pmol/g and LDs, 13.0 pmol/g, over Lucilia cuprina)
(Bende et al., 2014). Additionally, the insecticidal activity of
Osul is in the range of some spider neurotoxins that affect
insects’ Ca, channels, such as w-hexatoxin-Hvle from the
spider Hadronyche versuta (LDs, of 103 pmol/g over Acheta
domesticus) (Wang et al., 2001). In contrast to its insecticidal
activity, Osul was not active in mice when injected
intracranially at 0.5 ug/g or 66 pmol/g mouse, compared to
spider peptides toxic to mammals such x-theraphotoxin-Hsla,
a non-selective K, toxin, from the spider Haplopelma schmidti,
which has an LDs, of 0.25 ug/g or 41.5 pmol/g Mus musculus
after intracranial injection (Liang, 2004). Moreover, the Osul
activity is not significant compared to the toxic p-ctenitoxin-
Pnla from the spider Phoneutria nigriventer, which has an
LDsy, of 0.047 ug/g or 5.5pmol/g Mus musculus after
intracerebroventricular injection (Diniz et al,, 1990). Since
Osul also showed a modulating effect on the hK,l.5
channel’s opening, this peptide toxin could be considered as
promiscuous, like many other spider toxins with dual or
multiple activities toward different receptors. That is,
although potassium channels are common targets for
various animal peptide toxins, few of such peptide toxins
are also paralytic/lethal to insects affecting Na, and/or Ca,
ion channels.

Concerning the structure of Osul, although it is deserving
of remembering that any molecular model is uncertain,
structural model algorithms have undergone significant
development in the last few years to the point that they can
predict full structures based just on primary structures. So, the
proposed cysteine pattern here (Cys28-Cys40, Cys10-Cys26,
Cys19-Cys42, and Cys17-Cys56) in Osul does not belong to
any of the known disulfide arrangements in spider toxins, such
as the inhibitor cystine knot (ICK), disulfide-directed g-hairpin

Spider Peptide that Modifies Kv1.5

motif (DDH), Kunitz-type, Colipase or MIT1-like, or helical
arthropod-neuropeptide-derived motifs (Langenegger et al.,
2019). Remarkably, the cysteine arrangement without two
cysteine residues in a row is also quite uncommon for large
spiders’ peptide toxins. Only in few spider venoms have been
reported, such as the w-agatoxin-IA, a heterodimeric protein
with five disulfide bridges which inhibits insect voltage-
sensitive Ca®* channels (Pocock and Nicholls, 1992). The
sequence identity of w-agatoxin-IA compared to Osul is just
48%. Indeed, the position of cysteine residues in Osul
resembles in some way to the insecticidal spider toxins from
theraphosids such as Brachypelma, Lasiodora, Grammostola,
Chilobrachys, Aphonopelma, and Haplopelma among others,
which disulfide connections are considered as disulfide-
directed g-hairpin (DDH) motifs. However, such spider
toxins are far shorter (ca 40 mer) and contain only three
disulfide bridges.

Accordingly, Osul may be considered a member of a new
spider peptide family since its primary structure
(XnCX6CX1CX6CX1CX11CX1CX13CXn) and  disulfide
bridge patterns seem to differ significantly from those
primary structures of the families previously proposed (Klint
et al., 2012) (Figure 7).

CONCLUDING REMARKS

Osul seems to represent a new type of spider toxins based on
its primary structures, possible cysteine-bond motif, and
modulating effect on hK,1.5. Osul is insecticidal and might
be considered non-toxic to vertebrates. Given that Osul can
be synthesized by recombinant means and folded correctly,
this peptide could be crucial for studying AF and its
implications in heart failure, strokes, and other heart-
related complications.
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Despite potently inhibiting the nociceptive voltage-gated sodium (Na,) channel, Na,1.7,
u-theraphotoxin Pn3a is antinociceptive only upon co-administration with sub-therapeutic
opioid agonists, or by itself at doses >3,000-fold greater than its Na,1.7 ICso by a yet
undefined mechanism. Na, channels are structurally related to voltage-gated calcium (Ca,)
channels, Ca,1 and Ca,2. These channels mediate the high voltage-activated (HVA)
calcium currents (Ic,) that orchestrate synaptic transmission in nociceptive dorsal root
ganglion (DRG) neurons and are fine-tuned by opioid receptor (OR) activity. Using whole-
cell patch clamp recording, we found that Pn3a (10 uM) inhibits ~55% of rat DRG neuron
HVA-/c, and 60-80% of Ca,1.2, Ca,1.3, Ca,2.1, and Ca,2.2 mediated currents in HEK293
cells, with no i