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Abstract

It is known that venomous marine coelenterates, sea anemones, widespread in the World Ocean, are producers of various bio-
logically active compounds of protein nature: neurotoxins, Kunitz-type inhibitors, pore-forming toxins, which are the part of ven-
om secret used by these predatory organisms for attacking and protecting against potential enemies. The study of their structure,
functional activity, specificity of interaction with biological targets showed the presence of pharmacological potential in some sea
anemone protein compounds. In particular, it was found that pore-forming toxins (actinoporins) possessed antitumor activity due
to high cytotoxicity of these polypeptides. The results of the study of the mechanisms of actinoporins interaction with biological
targets are discussed in the review. It was carried out in vitro (the cytoplasmic membranes of a number of tumor cells, mamma-
lian erythrocytes, sea urchin eggs and sperm) as well as by biophysical and calculation methods (differential scanning calorimetry,
computer modeling). The combination of these approaches has made it possible to significantly deepen and expand the currently
existing understanding of the mechanism of an actinoporins cytolytic action. Thus, in addition to the generally accepted mechanism
of an interaction between actinoporin POC-binding site and sphingomyelin, a membrane “lipid receptor” discussed in this review, an
hypothesis about possible alternative binding of actinoporin RGD-motif to membrane integrin, the minimal integrin-binding motif
for RGD-recognizing integrins, is put forward. Both processes determine the experimentally proven antitumor effect of actinoporins

and indicate their pharmacological potential.
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Introduction

To date the treatment of many diseases, including cancer, has achieved significant success due to the use of chemotherapy, which, in

combination with targeted therapy, often has positive results even in the treatment of advanced stages of oncology. However, the progno-
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sis is still poor for many types of cancer. Therefore, a large-scale search for the new selective antitumor compounds of natural origin as
well as the production of synthetic or recombinant analogues based on them continue along with the development of new technologies

for the treatment of this disease.

One of the promising producers of compounds with antitumor activity is sea anemones, venomous coelenterates living in almost all
regions of the World Ocean [1,2]. These predatory animals spending their life cycle mainly in a sedentary state attached to the sea soil
constitute significant danger to hydrobiologists, divers, tourists, and many predatory marine organisms as they have a unique cellular
mechanism used as their own defense for injecting their venomous secret into the body of a potential victim [2]. Sea anemone venom is a
real cocktail consisting of a variety of both toxic and non-toxic protein components acting on the different organs of target organisms and

causes systemic poisoning, paralysis, and even death [1,3,4].

The multicomponent composition of sea anemone venom includes three main groups of protein compounds: (1) the peptide neurotox-
ins (3 - 5 kDa) [1,5-8], which are toxic to mammals and/or arthropods due to the ability to modify voltage-gated sodium channels (Navs)
of neuro-, cardio-, skeletal muscle cells as biological targets [1,5,7-10] such as voltage-gated sodium and potassium channels (Navs and
Kvs); (2) the pore-forming toxins (PFTs) or actinoporins (~20 kDa, toxic to mammals [11,12]) acting on eukaryotic cytoplasmic mem-
branes and artificial ones and forming water-permeable pores in them [13-17] what leads to lysis and death of target cells [18]; (3) the
Kunitz-type protease inhibitors, non-toxic peptides (6 kDa) involved in the degradation of proteolytic enzymes [19-23], which can also
inhibit/block nociceptive TRPV1 receptor [24-26] and/or Kv channels [27].

Molecular mechanism of actinoporins action

The molecular mechanism of the actinoporin’ cytolytic action (pore formation) is based on the electrostatic attraction of a positively
charged molecule (Figure 1, a) to the oppositely charged eukaryotic cytoplasmic membrane with the specific interaction of a phosphor-
ylcholine (POC) binding site on the surface of protein globule with the phosphorylcholine head groups of membrane sphingomyelin (SM)
(Figure 1, b, I); this leads to “anchoring” of the molecule in the membrane interface [28]. Next, the conformational transformation of the
amphiphilic N-terminal fragment (1-29 aa) occurs, affecting the SRK/KRK loop, which, like a hinge, unfolds and moves this fragment
into the membrane water-lipid interface (Figure 1, b, II), where the helix is elongated by several residues and then incorporated into the
membrane hydrophobic lipid core (Figure 1, b, III) [28,29]. The N-terminal fragments of 4 (or 8-9) actinoporin monomers together with
membrane phospholipids form a toroidal pore (Figure 1, ¢) [28-31]. This mechanism of pore formation, which is characteristic of all

known alpha-PFTs, underlies their cytolytic activity [18].

Figure 1: (a) The ribbon diagram of the actinoporin spatial structure. (b) The mechanism of pore formation by an actinoporin. (c) The

schematic representation of a pore formed by an actinoporin and a membrane [28].
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The antitumor activity

The study of the mechanism of the action of the actinoporin RTX-Ala from the sea anemone Heteractis crispa on cell cultures of tumors,
HeLa, THP-1, MDA-MB-231, and SNU-C, as well as the epithelial cells JB6P+Cl41 showed that the actinoporin has cancer-preventive and
antitumor activities, which are due to the disruption of signal transduction pathways, the induction of p53-independent apoptosis, and
the inhibition of the activity of oncogenic AP-1 and NF-kB nuclear factors manifesting at the concentration of 0.0338 nM, which is 16.86
times lower than the toxic activity (0.57 nM) in relation to tumor cells [32,33]. Although the use of actinoporins as antitumor agents is
currently limited by their cytotoxic effect on normal cells of a body, the actinoporin-induced lysis of tumor cells at lower concentrations

than cytotoxic doses (previously found in vivo and in vitro) indicates the prospects for their research as antitumor agents.

Itis noted that the content, ratio and distribution of charged and hydrophobic aliphatic and aromatic residues in the N-terminal amphi-
philic fragment of the molecule (1-29 aa) is of decisive importance for actinoporin cyto- and hemolytic activity. An in silico study of the cy-
tolytic activity of virtual peptides with sequences similar to those of N-terminal fragments (1-29 a.a.) of actinoporins from the sea anemo-
nes Heteractis crispa, Stichodactyla helianthus, Actinia equina, and Actinia fragacea showed that these peptides (Figure 2) have activity,
the value of which depends on their length, hydrophobicity and hydrophobic moment, as well as the distribution of charged amino acid
residues [30]). According to the calculated data, the hemolytic activity of these peptides (nmol/1) correlates as follows: EqtlI>StnlI>Hct-
A2>RTX-S2>RTX-A>Hct-S3>StnI>Hct-A3>FraC>Hct-S6>Hct-S5>Hct-A5>Hct-A4.

EqtII SADVAGAVIDGASLSFDILKTVLEALGNV-KRK
StnIlT ALAGTITAGASLTFQVLDKVLEELGKV-SRK
Hct-A2 ALAGTITAGASLGFQILDRKVLGELGKV-SRK
RTX-S2 SAALAGTITLGASLGFQILDRVLGELGKV-SRK
RTX-A ALAGATITAGASLTFQILDRVLAELGQV-SRK
Hct-S3 SAALAGTIIEGASLGFQILDKVLGELGKV-SRK
StnIl —SELAGTIIDGASLTFEVLDKVLGELGKVSRK
Hct-A3 ALAGTIITAGASLGFQILDKVLGELGKV-SRK
FraC SADVAGAVIDGAGLGFDVLKTVLEALGNV-KRK
Hct-S6 SAALAGTITAGASLTFKILDEVLGELGKV-SRK
Hct-S5 SAALAGTITIAGASLTFKILDEVLGELGKV-SRK
Hct-AS5 ALAGTITAGASLTFKILDEVLGELGKV-SRK
Hct-A4 ALAGTITAGASLTFKILDEVLGELGKV-SRK

Figure 2: The sequence alignment of peptides with sequences equal to those of the N-terminal fragments of the actinoporins from
different sea anemone species: H. crispa (RTX-A,-A2,-A3,-A4,-A5; RTX-SII, Hct-S3, -S5, S6 [12]); S. helianthus (Stnll and Stnl [16,28]); A.
equina (Eqtll [13]), A. fragacea (FraC [34]). Charged amino acid residues are shown in bold, identical hydrophobic amino acid residues
are shown on a light gray background.

Computer modeling methods (alanine mutagenesis, molecular dynamics) will make it possible to determine the N-terminal sequences
of actinoporins, which will have low cytolytic but high antitumor activity in the possible mutant analogues of native molecules for further

obtaining pharmacologically active compounds on their basis.
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The role of an actinoporin RGD motif as alternative binding site with membrane integrins

Recently we have hypothesized that, in addition to a functionally significant POC binding site and an amphiphilic N-terminal fragment
involved in pore formation, the actinoporin RTX-A has an additional (or alternative) binding site to a cytoplasmic membrane, the tripep-
tide 141ArgGlyAsp143 (a so-called RGD motif known to be responsible for cell adhesion to the extracellular matrix). RGD tripeptide is
characteristic of many membrane-active peptides and proteins, including actinoporins, and is the minimal integrin-binding motif for the
RGD-recognizing integrins [35,36]. This was indicated by the previously obtained results of differential scanning calorimetry and shadow
electrophoresis of human erythrocytes modified with RTX-A (Figure 3) [37]. Changes in the nature of the calorimetric melting curve of
the membrane proteins of erythrocyte shadows modified with an actinoporin (the shifts of A-, B-, C-, and D-transitions of erythrocyte cy-
toskeleton proteins (Figure 3a and 3b) [35]) as well as actin leaching (from an erythrocyte membrane) observed in the electropherogram

(Figure 3c) testified of a connection break between the cytoskeleton actin and the membrane receptor, the integrin aV@5 [37].

Figure 3: (a) The schematic representation of an erythrocyte membrane fragment, membrane and cytoskeleton proteins. The calori-
metric curves (b) and the densitograms of SDS electrophoresis (c) of human erythrocytes shadows intact and modified with actinoporin
RTX-A [37].

Obviously, this interaction of an RGD motif with an aV3 integrin may explain the ability of actinoporins to inhibit/block the processes
of fertilization of the eggs of the sea urchin Strongylocentrotus intermedius with its sperm (on the surface of the heads of which there is an
RGD tripeptide (Figure 4a and 4b)) [38]. According to the literature data, the mechanism of eggs fertilization is due to binding of the RGD
tripeptide of spermatozoa to f3-chain of the aVf33 and/or aV5 integrins, eggs cell membrane receptors (Figure 4) [39]. Integrins are the

family of transmembrane proteins, the main receptors involved in intercellular interactions [40].

The previously discovered cleavage of the bond between integrins and actin (Figure 4, b, I), the main protein of the oocyte cytoskel-
eton, which occurs under the action of the RGD tripeptide actinoporin and the possible leaching of actin from the oocyte membrane (simi-
lar to what occurs in erythrocytes (Figure 3c), prevents the leakage the process of eggs fertilization by sperm (Figure 4, b, II).
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Figure 4: (a). The scheme of the sea urchin eggs fertilization with sperm; (b) Inhibition of egg fertilization by actinoporin RTX-A.

It should be noted that an alternative mechanism of interaction between the actinoporin RGD motif and integrin receptors in the

membranes of biological targets, in particular tumor cells, can obviously be enhanced by the cytolytic action of actinoporin [18,32,33,41].

Conclusion

Thus, sea anemone o-PFT, whose structure is programmed by nature to perform a number of functions in the biocenosis (due to the

presence of several functionally significant binding sites with biological targets), can be used as promising models for the creation of po-

tential pharmacologically active substances. So literature data indicate great prospects for their use as immunotoxins, the action of which

is directed to tumor cells [41].
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