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Abstract: Blue biotechnologies implement marine bio-resources for addressing practical concerns.
The isolation of biologically active molecules from marine animals is one of the main ways
this field develops. Strikingly, cnidaria are considered as sustainable resources for this purpose,
as they possess unique cells for attack and protection, producing an articulated cocktail of
bioactive substances. The Mediterranean sea anemone Anemonia viridis has been studied extensively
for years. In this short review, we summarize advances in bioprospecting of the A. viridis
toxin arsenal. A. viridis RNA datasets and toxin data mining approaches are briefly described.
Analysis reveals the major pool of neurotoxins of A. viridis, which are particularly active on sodium
and potassium channels. This review therefore integrates progress in both RNA-Seq based and
biochemical-based bioprospecting of A. viridis toxins for biotechnological exploitation.

Keywords: transcriptomics; bio-prospecting; computational biology; neurotoxins

1. Introduction

The exploitation of marine bio-resources aims to respond to critical needs of society supporting
development in different fields of the blue biotechnologies which include drug discovery,
bioremediation, biomaterials and aquafarming. Over the years, the screening of marine extracts
for bioactive products has resulted in successful marine compounds screening and drug discovery,
which has passed clinical trials [1,2]. Marine organisms are considered one of the largest reservoirs of
natural molecules to be evaluated for drug activity, and among them, Cnidaria represent an ancient
group of venomous animals specialized in toxins production and delivery [3].

Cnidaria are soft-bodied organisms which lack a traditional protection system such as as cuticle
or exoskeleton, hemolymph and phagocytes, thus resulting in it being continuously exposed to
diverse pathogens. Their defense systems are of growing interest, as they likely contain molecules able
to counteract pathogen infection. Sea anemones (Actinaria, Cnidaria) are ancient sessile predators [4]
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whose survival mainly relies on their venom production [5] and nematocysts, specialized cells for
stinging and delivery of venoms, are usually used to immobilize prey or dissuade predators.

Analyses of the venoms of many sea anemone species has uncovered a variegate arsenal of low
molecular weight molecules [6]. Because the capture and killing of prey as well as mechanisms of
defense and protection in sea anemones are closely related to toxin production, the presence of multiple
toxin variants could provide some benefit [7].

The sea anemone A. viridis, previously known as Anemonia sulcata, is an extensively studied
Mediterranean species [8-15]. More than 20 polypeptide toxins of different structures and functions
have been isolated from crude extracts of this species. They include potassium channel blockers,
such as kalicludines, kaliseptine, blood depressing substance (BDS), neurotoxins blocking sodium
channels, and Kunitz-type inhibitors of proteolytic enzymes [16]. Rapid advances in DNA sequencing
technologies resulted in growing bio-prospecting efforts for the screening and identification of novel
sea anemone toxin sequences [17-19], thus enabling A. viridis to be considered as a reliable source of
bioactive molecules.

2. A. viridis RNA Datasets and Data Mining

Large-scale datasets and transcriptome collections freely available on public databases represent
priceless resources for the mining of gene products aiming at biotechnological exploitation.

In silico bioprospecting based on “big data” derived from RNA deep sequencing provided a boost
in the screening of candidates for biomedicine and biotechnology applications, thus complementing
canonical bio-guided fractionation procedures.

In short, projects of massively parallel sequencing have produced several millions of reads per run,
and thus require extended computing resources for storage and data processing. Based on annotation
procedures, homologs detection, motifs scan, and gene ontology analysis, different strategies are
usually exploited for the identification of candidate gene products.

To date, 17 transcriptome datasets have been identified at NCBI using as query «Anemonia viridis»
or «Anemonia sulcata» (Table 1). The majority of retrieved datasets were generated using Illumina
HiSeq or SOLiD platforms; while the transcriptome of the symbiotic sea anemone A. viridis, at first
was analyzed in depth using expressed sequence tags (EST) libraries combined with traditional Sanger
sequencing [20], which retrieved 39,939 high quality ESTs, assembled into 14,504 unique sequences.

Table 1. Transcriptome datasets of A. viridis available at NCBI.

Accession Experiment Title Platform Submitter Amount
ERX1926108 Study of mit d
ERX1926107 Corre‘s‘ er’ diﬁ“ t"riirs‘z’?etg;e of Ton Torrent PGM and The Arctic University unspecified
ERX1926106 P 8 P Sanger technology of Norway (UiT) P
ERX1926105 sea anemones
SRX3049371
SRX3049370
SRX3049369
SRX3049368 .
SRX3049367 Smalﬁgﬁ i of Gen‘:gfi??:fl Jer Urbarova et al., 2018 2.9 x 103 Mb
SRX3049366 y
SRX3049365
SRX3049364
SRX3049363
SRX699624 Anemonia viridis Transcriptome or Tllumina HiSeq 2000 University of Haifa 5.4 x 103 Mb
Gene expression
Under Symbiotic sea anemone ABI-3730 Genetic Analyze
different accession A. viridis cDNA library (Sanger Technology) Sabourault et al., 2010 39,939 ESTs

Tissue specific transcriptomes of
SRX971460 the emerging model organism Ilumina HiSeq 1500 The Ohio State University 8.8 x 10° Mb
Anemonia sulcata

SRX971488 Tissue specific transcriptomes Ilumina HiSeq 2000 The Ohio State University ~ 33.9 x 10° Mb
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More recently, tissue-specific paired-end libraries were generated and sequenced on Illumina
HiSeq platforms in order to characterize the venom composition among different anatomical districts
of the sea anemone [19]. Additionally, in-depth small RNA libraries were produced and sequenced
based on SOLID technology enabling both the identification of novel miRNA and the analyses of
differential miRNA expression under pH gradients [21].

For successful in silico bio-prospecting of toxin-like candidates, different approaches have
been implemented. They exploit advances on homologues identification on the basis of hidden
Markov models (HMMs) libraries built on a curated seed alignment of Pfam domains and motif
recognition of specific key amino acid residues distribution which are characteristic of the different
toxin types [17,18]. In particular, for candidate toxins of A. viridis, single residue distribution analysis
(SRDA) was successfully used for the determination of a motif array based on alignment of curated
cnidarian toxins, which takes into account the distribution pattern of Cys residues [17].

The RNA-Seq libraries were usually interrogated using these Cys-motifs (Cys-patterns),
and translated sequences that satisfy each query were selected.

Thus, as a pipeline for in silico bio-prospecting, the workflow leading to candidate toxins
identification is reported in Figure 1.

Library preparation

Sequencing

Homology Screening *

¥

RNAseq data

Motifs searcl

Candidates identification

¥

Functional assays

Drug discovery

Figure 1. Pipeline for in silico bio-prospecting and candidate toxins identification. This includes library
preparation, RNA deep sequencing, data analyses by motif and/or homology screening, and recovery
of matching sequences, expression and subsequent functional testing.

Similar to NGS platforms, in recent years, the developments in mass spectrometry,
public repository for proteomics data (such as PRoteomics IDEntifications —-PRIDE- [22]
PeptideAtlas-PASSEL—- [23] ProteomicsDB [24], Mass Spectrometry Interactive Virtual
Environment-MassIVE-) and algorithms for integrated searches have provided useful tools
for proteogenomics applications [25,26] as venomics [27]. However, to date, no proteomics and mass
spectrometry data have been found for A. viridis; while similar approaches have been successfully
used in deep venomics of other organisms ([27] and references therein). The integration of RNA-seq
data into the proteomics for validation of A. viridis candidate toxins against mass spectrometric data
will establish a standardized OMICS approach for deep bio-discovery.
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3. The Multifaceted Molecular Arsenal of Sea Anemone A. viridis

Sea anemones are known as a source of peptide toxins, acting mainly on ion channels as blockers
or modulators, particularly in excitable cells. It has been reported that venomous animals are able to
produce toxins that act on different molecular targets on the same physiological system. Toxins mainly
act by altering the activity of neurons by either blocking/changing the kinetics of Na* channels [28,29]
or by blocking of neuronal K* channels [30]. However, the chemical arsenal is not limited to modulators
of excitability in prey; it also includes molecules altering membrane permeability or inducing the
formation of pores in the membrane. Therefore, analyses of sea anemone venoms revealed that they
contain a diversity of biologically active proteins and peptides which have not been fully explored
until the exploiting of transcriptomic and/or proteomic procedures. Herein, data reporting canonical
bioactive compounds in isolation were combined with in silico bio-prospecting on A. viridis RNA
datasets to provide a comprehensive synopsis of a multifaceted molecular arsenal of the well-studied
sea anemone A. viridis. To avoid confusion, toxins and other proteins herein collected were named
accordingly to nomenclature provided in the databases or in previous reports.

3.1. Sodium Channel Peptide Toxins

Voltage-gated sodium channels (Nays) display an important role in neuron signal transduction
events, as they are responsible for the instauration of action potential and conduction of
electric impulses. Reasonably, Nays represent eligible targets for sea anemone toxins. Initially, sea
anemone toxins were discovered in venoms composition utilizing classical biochemical and bio-guided
fractionation procedures. This generally applies for all the sources of bioactive compound species, as
well as for A. viridis, specifically. During the years, the screening of different cDNA and genome
libraries [9], as well as a bio-prospecting approach on the EST and RNA-Seq collection of the
Mediterranean sea anemone allowed for the identification of a novel class of candidate toxins and
confirmed the existence of already known sodium channel toxins.

Historically, the sea anemone Nay-toxins have been grouped into three types on the basis of
amino acid sequences, length and S-S bonds arrangement (type I, I and III).

The A. viridis Type I-1I toxins bind specifically to the Nays of excitable tissue, prolonging the open
state of the channels during the depolarization process. Thus, a delay in the inactivation process is
usually achieved when applying these toxins on the soma membrane of crustacean neurons [31,32].
Because of this specialized activity on the Nays channels, these toxins [33] may be used as reliable
tools for physiological investigations focused on Nays function.

Type I and II are represented by toxin molecules with 4649 amino-acid residues. They were
preferentially isolated from the organisms belonging to the families Actinidae and Stichodactylidae.
The mature peptides inside each of these groups show similar structural features. Type I and II
molecules share the same Cys-framework (I-V, II-IV, III-VI). More precisely, Type I disulphide
connection pattern may be defined as (444, 6-34, 27-45), and for Type Il as (3-17, 4-11, 6-22)—but
the general framework is the same (I-V, II-1V, III-VI). Both molecules with confirmed experimental
evidence at the protein level and those that were deduced only from transcriptomics data are included
in Type I and Type II groups.

According to classification of Cys-distribution patterns in sea anemone venom toxins proposed
by Mikov and Kozlov [34], type I A. viridis Nay toxins belong to structural group 1a because they fall
into the following pattern: C1CH##C6C-X;—CC#, where X; = 6-9 aa, ## = more than 9 aa, # = 1-9 aa.
Moreover, type Il A. viridis Nay toxins belong to structural group 1a because they fall into the pattern:
CC1C-X1—C5C4C#, where X; =2 or4 or 5 aa, # = 1-9 aa.

In the light of biotechnological exploitations, it is paramount to describe toxins with confirmed
experimental evidence at the protein level (especially ones with established activity), because similar
peptides are usually being found by inference from homology with them.

Type I Nav toxins. The following three toxins were found to be present in venom at the protein level:
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(1) neurotoxin 1 (6-actitoxin-Avdla; ATX Ia);
(2) neurotoxin 2 (b-actitoxin-Avdlc; ATX II);
(3) neurotoxin 5 (6-actitoxin-Avd1d; ATX-V).

Neurotoxin 1 (ATX Ia; UniProt ID: P01533) amino-acid sequence was published back in 1978 [35].
It was shown then that neurotoxin 1 has an effect on Na* currents inactivation, but it does not affect
K* and Ca?* currents in crustacean neurons with concentrations up to 5 uM [35]. In the presence of
ATX Ia, inactivation of crustacean neuron Na* currents was incomplete. Moreover, some parameters
of activation were also affected by ATX Ia, for example, the negative resistance branch of the peak Na*
current-voltage relation had been shifted [35]. The secondary structure of neurotoxin 1 was determined
using complete sequence-specific NMR-assignments [36]; it was shown that it comprises 3-sheets
consisting of four strands, and no evidence of helical structures was found. The three-dimensional
structure of neurotoxin 1 in aqueous solution was determined by nuclear magnetic resonance [37].
Neurotoxin 1 has a well-defined molecular core formed by four-stranded [3-sheet that is connected
by two well-defined loops (defensin-like fold). The core is stabilized by three disulphide bridges
(PDB ID: 1ATX). There is also an additional flexible loop made of 11 residues (8-18 aa).

Neurotoxin 2 (ATX IL; UniProt ID: PODL49) amino-acid sequence was established and published in
1976 [33], while disulphide bridges coordination pattern of this peptide was published later in 1978 [38].
However, the three-dimensional structure of ATX II has not been determined experimentally yet.
First, physiological investigation of ATX II was described in the same paper as for ATX Ia [35].
In general, action of ATX II was reminiscent of that of ATX Ia—it inflicted selective Na* current
inactivation slowdown with no effect on K* and Ca?* currents and changed current-voltage relation
for activation at the same time in crustacean neurons. Additionally, ATX II led to shortening of the
action potential in crayfish neurons in experiments with repetitive stimulations [39].

Neurotoxin 1 was tested only on crayfish neurons. Neurotoxin 2, however, was subjected to more
extensive investigations. ATX II was applied on o-subunits of hH1 (human heart subtype 1), rSkM1
(rat skeletal muscle subtype 1) and hSkM1 (human skeletal muscle) sodium channels expressed in
the tsA101 line of human embryonic kidney cells to reveal broad pharmacological properties of this
peptide [40]. Neurotoxin 2 revealed potent slowing of the inactivation phase of hH1 (IC59 11 nM) as
well as moderate slowing of the inactivation phase of rSkM1 (IC5¢ 51 nM) and hSkM1 (IC5p ~50 nM).
There was no effect of ATX II on the activation of any of these sodium channels [40]. The example of
studying pharmacological and physiological properties of neurotoxin 2 represents a good example of
the urgency of testing novel toxins on a wide enlistment of channel types and subtypes as a possibility
to reveal a real selectivity /range of actions of the particular toxin.

Neurotoxin 5 (ATX-V; UniProt ID: P01529) amino acid sequence was published in 1982 [40];
it was already known that this peptide is highly toxic for mammals. It was revealed that ATX-V
delays inactivation of sodium currents and, therefore, strongly stimulates mammalian cardiac
muscle contraction.

Type I Nav toxins. Concerning Type Il molecules, only 1 peptide—neurotoxin 3 (8-actitoxin-Avd?2a;
ATX II; Av3; UniProt ID: P01535) was present in venom at protein level. Neurotoxin 7 and
neurotoxin 10 sequences were deduced from transcriptomes. Interestingly, ATX III, isolated earlier
from the sea anemone venom [41], was not retrieved neither from the dbESTs, nor from any RNA-Seq
datasets available to date. However, such peptides as Neurotoxin 7 and Neurotoxin 10 showed
analogous features and exhibited a pattern of disulfide bonds connectivity (3-17, 4-11, 6-22; pattern:
I-V, II-1V, III-VI) which is characteristic for ATX III (Figure 2).

Initially, is was shown that neurotoxin 3 had a similar activity mode towards crayfish neuron
currents as toxins of Type I (slowing down inactivation of Na* channels, etc.) [30]. ATX III had no
effect on K* and Ca®* currents when tested on concentrations up to 5 uM. ATX III had selective
effects on the Na* currents at the lowest tested concentration of 50 nM; the effect had the same
nature as the action of ATX I and ATX II (influence on both inactivation and activation parameters).
Moreover, it was shown that ATX III is toxic to crustaceans and is not toxic to mammals [35].
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The structure-functional traits of neurotoxin 3 were studied in detail in the following comprehensive
work by Moran et al. [42]. As previous data revealed, ATX III is highly toxic to crustaceans while
being harmless to mice. Moran et al. suggested that ATX III might be selectively active on arthropods
in general (not just crustaceans) [42]. The experiments demonstrated that Av3 is highly toxic to
blowfly larvae (EDsg 2.65 &+ 0.46 pmol/100 mg) and that it effectively competes with classical site-3
scorpion toxin LghalT on binding to cockroach neuronal membranes [42]. Moreover, Av3 inhibited the
inactivation of the fly Drosophila melanogaster channel DmNav1, but did not influence the functioning
of mammalian Nay channels. Furthermore, action of ATX III was significantly intensified by receptor
site-4 ligands, such as scorpion [3-toxins [42]. Av3 presented itself as a quite unusual site-3 inhibitor of
sodium channels: D1701R mutation in DmNav1 channel did not influence the action of Av3, while the
actions of other site-3 ligands were abolished [42]; therefore, this toxin may possess a unique mode of
interaction with DmNav1 and this needs to be studied in detail.

S-S bonds at Cys 444, 6-34, 27-45

:.l 19 29 3? A\ 40 50 60 70 8?

Neurotoxinl-1 MMNRLLVFLMLGAAFMLVVSAIDQDANEDVNMVKR. IGAPLKSDGPNIIRGNSH‘)[I L\GSNJL A o)
Neurotoxinl . ) . . N . . B . . GAAMLMKSDGPNT A o]
Neurotoxin . |HESEEEEENTTRERRRETR . . . . .. . GVP[SLEDSDGPS Y I A KHGP TITGWHSRO . .
Neurotoxin2 .MNRLLVFLMLGAAFMLVVSAIDQDANE . .GVPELEDSDGPSV I KHGP T|TGWHSRO . .
Neurotoxin2-1 VMMNRLLVFLMLGAAFMLVVSAIDQDANE . .GVP[MLEDSDGPSV I TIGWHERO . .
Neurotoxin2-4 VMMNRLLVFLMLGAAFMLVVSAIDQDANE . .GIPMLEDSDGPSV A KHGP T|TGWHSRO . .
NeurotoxinS . [ . . [N . . .. . GVPMLEDSDGPSV H

Neurotoxiné MMNRLLVFLMLGAAFMLVVSAIDQDANE . .GLPEKXMDGD. .. .|. . i AF[H&YO .
Neurotoxin8 MMNRLLVFVMLGAAFMLVVSAVDQDAYEDVNMLKR|G.GTREP[ED . . ... .| 1 .W.[PAP[S&3A T (

Neurotoxin9 MMNRLLVFLMLGAAFMLVVSAIDQDAIN .DVNMVKR® V[SAS[HL{EASDGP T|TRGN S LELe| T|1{]] I-GSGT)KI; 1\IAG C C KEN

Neurotoxind ... ...ttt ieeeroeteii ettt otet oot s seaaton R
Neurotoxin?7 MMSRLLVFLMLGAAFMLVVSANDAYGDEPAFKDLNQGDESLGKR|
Neurotoxinl0 MMNRLLVFLMLG.AFMLVVSANDAYG.......... GDESLGKR|
S-S bonds at Cys 33-45, 36-52 ()]
67-79, 70-86 (I
101-113, 104-120 (Il)
135-147, 138-154 (IV)
| Il
1 10 20 \ § 30 40 50 60 70 80
PN MK S IFLVFFAVCLVKAEAGKGRKREPNIINPPCRECYVQDSSGNCVYDKWGCGGARKREPNIINPPCRECYVQDSSGNCVYDKWGCG]
PN P VAIMKS IFLVFFAVCLVKAEAGKGRKREPNIINPPCRECYVODSSGNCVYDKWGCGGARKREPNIINPPCRECYVQDSSGNCVYDKWGCG]
I I
I \%
—
99 109 119 129 139 14(? 15(?

J A S I GARKREPNI INPPCRECYVQDSSGNCVYDKWGCGGARKREPNIINPPCRECYVQDSSGNCVYKWGCGGARK|
J P A GARKREPNI INPPCRECYVODSSGNCVYDKWGCGGARKREPNIINPPCRECYVODSSGNCVYHKWGCGGARK]
I I

Figure 2. Multiple sequence alignment of the Nays toxins in A. viridis. Based on 5-S bonds arrangement,
Nav toxins are reported as Type I on the top, Type II on the middle and Type III on the bottom.
Alignment was performed with T-coffee tool [43]. Similar residues are written in bold characters
and boxed in yellow, whereas conserved residues are in white bold characters and boxed in red.
The sequence numbering on the top refers to the alignment. For each alignment, the pattern of Cys
residues forming disulfide bridges is shown. Pro-peptide processing sites are pointed out by an

inverted black triangle. The four motifs of the active toxins for Avi 9a-1 and Avi 9a-2 are indicated by
the blue arrows.

Type III Nay toxins. Type III includes shorter polypeptides with 27-31 aa residues. These toxins
were also found in the arsenal of A. viridis. Type III toxins of A. viridis are encoded into complex
159 amino acid-long precursor proteins named AnmTX Avi 9a-1 and AnmTX Avi 9a-2 (short names
are Avi9a-1 and Avi 9a-2). Arbitrarily, mature toxins coded by these long precursors are also named
Avi 9a-1 and Avi 9a-2. As mature toxins, Avi 9a-1 and Avi 9a-2 are short peptides almost identical
in their primary structure (the only difference is His-22 in Avi 9a-2, instead of Asp-22 in Avi 9a-1).
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Interestingly, precursor protein AnmTX Avi 9a-1 includes four copies of Avi 9a-1 toxin, while precursor
protein AnmTX Avi 9a-2 includes three copies of Avi 9a-1 toxin and one copy of Avi 9a-2 toxin
(see Figure 2). To the best of our knowledge, there are no works confirming evidence of short toxins
Avi9a-1 and Avi 9a-2 on protein level and there are no works on the activity of these toxins; there is
only evidence on transcript level [17]. Mature Avi 9a-1 and Avi 9a-2 toxins are homologous to
toxin m-AnmTX Ugr 9a-1 which is known as an inhibitor of human type 3 asid-sensing ion channels
(hASIC3) [44]. Moreover, they are similar to Am I toxin from the sea anemone Antheopsis maculata in
their primary structure [45]. The homology does not allow making any conclusions on Avi 9a-1 and Avi
9a-2 actual neuropharmacology, so solid experimental evidence is needed. Concerning Cys-distribution
pattern, Type IIl A. viridis Nay toxins belong to structural group 9a because they comply with the
following pattern: C2CH#C#C#, where # = 1-9 aa (according to Reference [33]).

3.2. Potassium Channel Peptide Toxins

Sea anemone K* channel-blocking toxins have been grouped into different classes (type 1-4)
based on the number of amino acid residues, disulfide bridge patterns and molecular structure [46,47].
The mature form of Type 1 and 2 toxins consists of about 40 and 58 amino acid residues, respectively;
whereas three disulphide bridges stabilize the structures of these molecules. Type 1 peptides
include ShK toxins from the sea anemone Stichodactyla helianthus. The ShK represents one of first K*
channel-blocking toxins from marine organisms which was structurally and functionally characterised
because of specific activity on Ky 1.3, Ky1.1 and Ky3.2 [48,49] channels; while type 2 peptides, which
include the kalicludines, are similar to Kunitz-type protease inhibitors.

Type 1 Ky blockers. A. viridis members of Type 1 family include kaliseptine (AsKS;
k-actitoxin-Avdé6a; UniProt ID: Q9TWG1)—36 aa peptide, which has no sequence homology with
kalicludines from A. viridis or with dendrotoxins from mamba snake venoms. Kaliseptine was isolated
from A. viridis venom during the separation combined with tests of fractions on their ability to compete
with 12°I-dendrotoxin I (2I-DTX;) for binding its receptors, K* channels, in rat brain membranes [50].
ICsp for inhibition of 2°I-DTX; binding by AsKS is 27 nM, while DTX itself competes with 1251 DTX
much more actively than with ICsq 0.14 nM. Interestingly, AsKS does not compete with 12°I-
for its binding to Ca?* channels of the rat brain up to a concentration of 5 uM [50]. Electrophysiological
experiments using different Ky channels expressed in Xenopus oocytes revealed that kaliseptine
inhibits Ky1.2 currents with IC5y 140 nM, while DTX; had ICsy 2.1 nM [50]. Unlike kalicludines,
kaliseptine has no homology with bovine pancreatic trypsin inhibitor and, therefore, does not inhibit
trypsin even at very high concentrations.

calcicludine

Based on polypeptide length and exhibition of a specific pattern of S-S bonds (2-36, 11-29,
20-33; I-VI, II-1V, III-V), biochemical isolation and motif scan on RNA datasets retrieved the
existence of a Type 1 K toxin subset including 12 peptide toxins with substantial homology to
kaliseptine (AvIx1-11 [17] and KTX-1 [19] (Figure 3). It may be easily predicted by the SignalP
algorithm [51] that after the proteolytic releases mature toxins, AvTx1-11 and KTX-1 consist of
about 40 amino-acid residues. None of these molecules were tested for pharmacology properties,
so whether these toxins possess Ky-blocking or proteinase-inhibiting activity is an open issue for
future investigations. Type 1 A. viridis Ky blockers belong to structural group 2a, because they conform
with the following Cys-pattern: C8C-X;-C*C3C2C, where X; = 8 or 4, and *—is for highly variable
intervals (according to Reference [33]).
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S-S bonds at Cys 2-36, 11-29, 20-33

kaliseptin .H-B8-B B: s o v S GS'aem s HQRYT
AvTX-1 LV[T|. VF A ISANE..EEL...LAI RY[KSNT IAP.RTRMGKFARK
AVTX-2 LV[I|. VFVV|LLC . |. VAMI[SANE . .EEL...LAI K[¥[KRN I IAP.RTRMGKFARR
AvTX-3 . .LV[T|. VFVV|LLG .|. VPLI|SANE . . EEL. . .LAI RIY[K SN I ITP.RTRMGKFARK
AvTX-4 {ASTRLFVLLV]IGTVLLCQVISGFL. .DEL. . . LAE A¥|SSAT MRKSSSRMGSFARK
AVTX-5 LVLELLIGAVLMCQVISADS. .ELL...NEI R¥YRSNI TRR.KSRMGRFART
AVTX-6 {NLKV[LAVFVLCAI LVVVTAERRGTETGVYK.KDT RF[P TGT]| DKYRM
AvTX-7 {NLKV[LAVFVLCAI LVVVTAERRGTETGGYK.KDT| RY[REAA LAKYQI
AvVTX-8 SPKV[LAVFVLCAI LVVVMAGRTGTETGGNK . KDT| RF[EKGT .DKYEM
AVTX-9 . .| ||| TLVVVTERRGTETGGYK.KDT]| SE|KEAT]| .AKY|QT
AvTX-10 LE| I|SAKS..TAHFK.KNV[LAD|. . 1D .POMAT
AvTX-11 T|SRRVRFWDDFERDEN[FEE . Y[K

KTX-1 WMIDANS . .PLGD.....|.| |..

S-S bonds at Cys 5-55, 14-38, 30-51

Kalicludin-1
Kalicludin-2
Kalicludin-3

& SRD!PK!'

AsKCla .
AsKC3 . .SRDAA..S
AsKC4 . .SRDSPKEN
AsKC5 . .SRDSPKEN
AsSKC6 . .SRDSPKEN
AsKC7 . .SRDSPKEN
AsKC8 . .SRDSPKEN
AsKC9 . SRDSPKEN
ASKC10 .SRDSPKEN
AsKC11 Al'FPEDSPK!N
AsKC12 IFPEDSPKEN
AsKC13 . .SRDSPKEN
AsKC14 . .SRDSPKEN
AsKC15 . .SRDSPKEN
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Figure 3. Multiple sequence alignment of the Kys toxins in A. viridis. Alignment was performed with
the T-coffee tool [43]. Similar residues are written in bold characters and boxed in yellow, whereas
conserved residues are in white bold characters and boxed in red. The sequence numbering on the
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top refers to the alignment. For each alignment, the pattern of Cys residues forming disulfide bridges
is shown. Type 1, 2, 3 and 5 Ky blockers are reported; while no member of Type 4 has been identified
to date. No S-S bonds and Cys pattern are defined for type V KTx because of the absence of any 3D
structure experimentally determined to date.

Type 2 Ky blockers. Several members of type 2 K* channel-blocking toxins were also found in
A. viridis. The complex array included 22 kalicludine variants (AsKCn), 2 proteinase inhibitors (5 II
and 5 III) and 24 additional type 2 peptides (KTx2n) showing a molecular architecture similar to
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Kunitz-type protease inhibitors. Similar to kaliseptines, kalicludines are able to block Ky channels
containing Ky 1.2 subunits [50]. Interestingly, in silico bio-prospecting also revealed the production of
two non-canonical type V KTx toxins. The founder members of Ky type V toxins were recently isolated
from the venom of the sea anemone Bunodosoma caissarum and showed a high affinity for different
channels including Ky1.1, Ky1.2, Ky1.3, Ky1.6 and Shaker IR [52].

The initial pipeline for identification of three kalicludines (AsKC1-3) was the same as for
kaliseptine [50]. Similar to kaliseptine, kalicludines are able to block rat brain Ky channels containing
Ky1.2 subunits [42]. The ICyj for inhibition of the Ky 1.2 current was 1.1 mM for AsKC2, 1.3 mM for
AsKC3, and 2.8 mM for AsKC1 (compared to ICsy 2.1 nM for DTX]); so kalicludines are quite weak
blockers of Ky 1.2 channels [50]. Similar to AsKS, kalicludines do not compete with 1251_calcicludine
for its binding to Ca®* channels of the rat brain up to a concentration of 5 uM. However, in contrast
to AsKS, AsKCs exhibited proteinase-inhibiting properties, and inhibited trypsin with K4 below
30 nM; therefore, kalicludines are molecules with dual type of activity. Combination of trypsin
inhibition and Ky-blocking properties is very peculiar to toxins with Kunitz-type fold. So, despite
the fact that 3D structures of kalicludines have not been determined yet, a combination of activity
and Cys-distribution patterns may be proposed so that AsKCs possess a 3D structure similar to
classical Kunitz-type molecules. Disulphide connection framework is CysI-CysVI, CysII-CyslV,
CyslII-CysV and the structure consists of a combination of N-terminal 31¢-helix, C-terminal x-helix
and 3-stranded anti-parallel 3-structure in the core [53-56]. Sequences of kalicludines AsKC1-3 have
been extracted from EST databases, so their real presence in the venom needs to be validated by
rigorous proteomics investigations and their biological activity is to be established in the future. Type 2
A. viridis Ky blockers belong to structural group 3a because they comply with the following pattern:
C8C15C7C12C3C (classification [1]).

Type 3 Ky blockers. The Mediterranean sea anemone A. viridis also produces Type 3 toxins which
are represented by BDS peptides (1-14) and 12 Type 3 KTx. Members of this class include peptides of
various origins. For example, APETx1 (inhibits Ky11.1, Ky11.3 and blocks Nay1.2, Nay1.3, Nay1.4,
Nay1.5, Nay1.6, Nay1.8 of mammals) and APETx2 (inhibits mammalian Ky3.4, Ky11.1, some Nay
and blocks ASIC3-containing trimers) were isolated from Anthopleura elegantissima venom [57-59].
Another example is Am-II from Antheopsis maculata which is of unknown pharmacology but is toxic to
crabs [45]. As might be seen, Type 3 toxins may exhibit a lot of diversified properties besides being
Ky-blockers.

The initial members of this class from A. viridis venom—BDS-1 (UniProtID: P11494) and
BDS-2 (UniProtID: P59084)—were originally described as blood pressure-reducing substances with
antiviral activities [60]. These are 43 amino acid long, cysteine-rich polypeptides stabilized by three
disulphide bonds. The peptides voltage-dependently inhibit K* channels containing Ky3 subunits
such as Ky3.1, Ky3.2, and fast inactivating channel Ky 3.4 [61-63]. Additionally, it has been recently
reported that BDS-1 also slows down inactivation of the human Nay1.7/SCN9A channels (and Nay1.7
in rat SCG neurons as well), and weakly inhibits Nay1.3 channels [64].

Type 3 Ky blockers belong to a Cys-distribution pattern named “1b” (classification [1]) which
implies the following distribution scheme: C1C##C9C-X;—CC#, where X; = 6-8, # = 1-9 aa, ## = more
than 9 aa. Concerning A. viridis molecules, the spatial structure was resolved for BDS-1 by NMR [65]
(concerning other species, 3D-structures were also determined for APETx1 [66] and APETx2 [67]).
These 3D-structures are quite similar for BDS-1, APETx1 and APETx2—each of them may be described
as a combination of the compact disulphide-stabilized nucleus consisting of a four-stranded (3-sheet
with N- and C-termini protruding from it (the so-called defensin-like fold, the same as for structural
pattern 1a).

Type 4 Ky blockers. Toxins of this Type were not identified in the venom of A. viridis as well as in
its transcriptomes. This may be both due to technical limitations and difficulties or simply because
A. viridis does not produce Type 4 Ky blockers. This issue is to be resolved in future investigations.
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Non-canonical Type 5 KTx-like peptides. Interestingly, in silico bioprospecting also revealed the
production of two non-canonical Type V KTx-like peptides. The founder members of Ky Type 5 toxins
were recently isolated from the venom of the sea anemone B. caissarum and showed a high affinity for
different channels including Ky 1.1, Ky1.2, Ky1.3, Ky1.6 and Shaker IR [52].

3.3. Other Candidate Toxins of A. viridis

In addition to the peptide toxins whose functions have been well characterized, several putative
polypeptides were retrieved only by means of bio-prospecting on transcriptome datasets.

Gigantoxin homologs. This group includes gigantoxin 4 (U-AITX-Avd12a; UniProtID: PODMY9) and
gigantoxin 5 (U-AITX-Avd12b; UniProtID: PODMZ0). They show significant similarity with gigantoxin
I from the giant carpet sea anemone Stichodactyla gigantea [68]. Gigantoxin I (w-stichotoxin-Sgtla;
UniProtID: Q76CA1) is known to exert a potent paralytic and weak lethal effect on crabs (PDsj is
215 pg/kg; LDsg is > 1000 pg/kg) [68]. Moreover, gigantoxin I is capable of binding to epidermal
growth factor receptor (EGFR) and, therefore, induces morphological changes (rounding of the cells)
and tyrosine phosphorylation of the EGFR in cells (was shown using epidermoid carcinoma A431
cell line) [68]. Despite the fact that gigantoxin 4 and gigantoxin 5 are homological to gigantoxin I,
no conclusion on their potential biological activity might be deduced from this fact.

Acrorhagin homologs. Although the presence of specialized aggressive organs named acrorhagi
remains controversial in A. viridis, analyses of RNA-Seq data provides evidence for the production of
four candidate toxins belonging to acrorhagin 1 and acrorhagin 2 subtypes [19]. Founder members
of this class have been isolated from the acrorhagi of the sea anemone Actinia equina and have been
reported to induce mortality when injected on crabs with LDsy values corresponding to 520 and
80 ug/kg for acrorhagin 1 and acrorhagin 2, respectively [69]. Computational tools for sequence and
relation analysis fail to identify homologues superfamily and consistently they do not show significant
sequence similarity (lower than 30% identity) with any toxins from other sources. Despite the fact that
biological activity and functions have not yet been determined for this group of proteins, they may
contribute to the articulated sea anemone venom assemblage.

All candidate toxins were found only on transcript level and their presence in venom needs
to be validated in the future. Because the toxin expression profiles may vary greatly even inside
single species, massive proteomics studies of venoms from different A. viridis specimens need to be
carried out.

4. From Bioprospecting to Translational Research

Cnidarians possess exciting strategies for survival, which includes an articulated and
finely defined toxin arsenal. Because of neurotoxicity and cytotoxicity of the sea anemone
peptides, they represent promising putative pharmacological agents for translational research and
biomedical applications. Moreover, different lines of evidences have defined cnidarian venom as an
experimental tool for cell physiology [70]. The two A. viridis non-canonical Type 5 KTx represent
interesting candidates for immune system targeting. Because the Ky/1.3 channel is responsible for the
activity human effector memory T cells, the pharmacological application of recombinant or sinthetic
Type 5 KTx may take place in the treatment of autoimmune diseases mediated by T cells as already
described for the ShK toxin from the sea anemone S. helianthus [71,72]. Thus, blockers of Ky 1.3 channels
show interesting application for the treatment of type 1 diabetes mellitus, rheumatoid arthritis and
multiple sclerosis. BDS-1 has been pointed out as a promising potential tool for targeting Kv3.4
subunit, which has been implicated in CNS disorders as Parkinson’s and Alzheimer’s disease [73,74].
Several studies have reported the use of such an antagonist as a pharmacological tool to assign
functional roles to channels in CNS neurons [74-76]. Effects were reported on several channels (Ky3.4,
Ky3.1, Ky3.2, and Nay1.7), thus instilling doubts on its future practical applications. It is noteworthy
to specify that these reports take the advances of the use of purified sea anemone extracts, consisting
of the BDS variants (1-14) which may display different specificity. Therefore, the development of new
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peptides with restricted activity by means of recombinant BDSs may allow the selective targeting of
these channels.

Although several A. viridis toxins represent interesting candidates for biomedical applications,
pharmacological investigations are still mandatory to reveal potency and selectivity of other A. viridis
toxins, including those that have been only detected on the transcriptional level. High-throughput
activity-testing systems are required to be developed to accelerate this process, thus allowing them to
reach a different phase of clinical trials.
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