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Abstract

:

Sea anemones are valuable for therapeutic research as a diversified source of bioactive molecules, due to their diverse bioactive molecules linked to predation and defence mechanisms involving toxins and antimicrobial peptides. Acid extracts from Actinia equina tentacles and body were examined for antibacterial activity against Gram-positive, Gram-negative bacteria, and fungi. The peptide fractions showed interesting minimum inhibitory concentration (MIC) values (up to 0.125 µg/mL) against the tested pathogens. Further investigation and characterization of tentacle acid extracts with significant antimicrobial activity led to the purification of peptides through reverse phase chromatography on solid phase and HPLC. Broad-spectrum antimicrobial peptide activity was found in 40% acetonitrile fractions. The resulting peptides had a molecular mass of 2612.91 and 3934.827 Da and MIC ranging from 0.06 to 0.20 mg/mL. Sequencing revealed similarities to AMPs found in amphibians, fish, and Cnidaria, with anti-Gram+, Gram-, antifungal, candidacidal, anti-methicillin-resistant Staphylococcus aureus, carbapenemase-producing, vancomycin-resistant bacteria, and multi-drug resistant activity. Peptides 6.2 and 7.3, named Equinin A and B, respectively, were synthesized and evaluated in vitro towards the above-mentioned bacterial pathogens. Equinin B exerted interesting antibacterial activity (MIC and bactericidal concentrations of 1 mg/mL and 0.25 mg/mL, respectively) and gene organization supporting its potential in applied research.
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1. Introduction


Sea anemones are basically sessile and venomous Cnidarians. Defence mechanisms are also based on molecules involved in predation such as biotoxins including antimicrobial peptides (AMPs). Actinia equina (Linnaeus, 1758) is a little-studied anthozoan coelenterate of the Actiniidae family, widespread from the Indo-Pacific to the Mediterranean and the Atlantic, which lives mainly in intertidal zones but is also present up to a few metres deep, as well as capable of remaining out of the sea for hours at a time. It is a small (6–8 cm in height and less than 10 cm in diameter [1]) red to brownish-red sea anemone equipped with stinging tentacles. Its body is cylindrical and has a pedal disc at its base which is wider than the trunk above. The mouth opening is surrounded by about 200 rather short tentacles. During low tide, it often remains out of the water, taking on the appearance of a small ball, or a tomato, with a gelatinous appearance and a hollow in the centre. When fully immersed, it extends its tentacles and assumes a shape similar to that of a flower.



Since the first AMPs were discovered in Drosophila melanogaster, they have attracted the attention of scientists for their potential role in human health [2] and as potential defence molecules also in invertebrates, embracing a large range of bacteria and fungi [3,4,5,6]. Generally smaller than 10 kDa, they are characterized by a fast reaction to infection by microorganisms and are also present in tissues exposed to pathogens in invertebrates [6,7,8].



Several AMPs have been identified and characterized in Cnidarians. The first AMP was isolated from the mesoglea of the jellyfish Aurelia aurita [9]. This peptide shows, in its amino acid sequence, six cysteines linked together by disulfide bonds and is effective against Gram-positive and Gram-negative bacteria. In Hydra, already known AMPs called Hydramacin-1, but also AMPs such as Arminin 1a and Periculin-1, which are exclusive to this taxon, have been identified [10]. One of the objectives of this type of study is to obtain synthetic peptides with antibacterial activity such as the cytolysins sticolisin I and II, identified in Stychodactyla helianthus, which do not show significance towards human erythrocytes [11]. In Anemonia viridis, our research has revealed that the major pool of neurotoxins are active on sodium and potassium channels and appear to display a dual role as both toxin and antibacterial [12,13].



Many of the AMPs studied to date are amphiphilic with both hydrophobic and hydrophilic surfaces [14]. Their broad antibacterial spectrum and highly selective toxicity make them interesting candidates for safeguarding human health [15,16,17,18]. AMPs obtained from marine organisms are a still underutilized pool of potential broad-spectrum antibiotics [6,9]. Some of the functional motifs, such as amphipathic α-helices and β-sheets, underlying the first antimicrobial molecules have, over time, produced an arsenal of bioactive molecules yet to be studied and discovered but which have characterized the responses, adaptation, and probably the selection of many organisms [19,20].



The goal of our work was to assess the possible bioactive effects of A. equina crude tissue extracts, testing their inhibitory capacity versus four distinct bacterial strains, Escherichia coli, Pseudomonas aeruginosa, Micrococcus lysodeikticus, and Vibrio alginolyticus, and against the fungus Candida albicans. Two peptides extracted, purified, and newly synthesized from the tentacles of A. equina were tested against Gram-negative and -positive bacterial strain pathogens to evaluate their antimicrobial activity and were studied through in silico analysis. The cytotoxic efficacy of these crude tissues and neosynthesized peptides towards animal and human erythrocytes was also evaluated.




2. Results


2.1. Antimicrobial Activity of A. equina Extracts


The antibacterial activity of tentacle and body acid extracts of A. equina was preliminarily evaluated in terms of the diameter of the zone of inhibition of free-living bacterial growth against the reference strain pathogens E. coli, M. lysodeikticus, V. alginolyticus, and P. aeruginosa. Inhibition zones were observed for tentacle and body extracts tested at 0.5 and 0.25 mg/mL, compared to the negative control. The antimicrobial investigation was continued by focusing on MICs. A. equina samples were tested against the relevant pathogens described above, and their antimicrobial activity against free-living microbiological strains was expressed in terms of MIC in mg/mL, as shown in Table 1.



Both extracts had activity towards the bacterial strains tested, with the body acid extracts showing an MIC value of 0.5 mg/mL, and the tentacle acid extracts, an MIC value of 0.25 and 0.5 mg/mL against Gram-negative E. coli, P. aeruginosa, V. alginolyticus, respectively. Tentacle acid extracts showed a remarkable activity against Gram-positive M. lysodeikticus, with MIC values of 0.125 mg/mL. No antimicrobial activities were detected in non-acid tentacle and body extracts at the maximum tested concentration of 1 mg/mL against the bacterial strains tested. The MBC was determined for all extracts. Body acid extracts showed bactericidal activity against E. coli and M. lysodeikticus at the highest concentration of 0.5 mg/mL; the tentacle acid extracts showed bactericidal activity against all three tested bacterial strains at a concentration of 0.5 mg/mL, against E. coli, V. alginolyticus, and P. aeruginosa at 0.25 mg/mL, and at 0.125 mg/mL against M. lysodeikticus.




2.2. Fractionation of A. equina Tentacle Acid Extracts


As the acid extracts of the tentacles of A. equina were the most effective against the bacterial strains tested, they were purified using a silica-based chromatographic column SEP PAK C8 Vac 12cc. The 10, 40, and 80% ACN fractions of the A. equina tentacles acquired through SEP PAK were assayed to assess their antibacterial activity against E. coli, V. alginolyticus, and M. lysodeikticus using the modified Kirby–Bauer test. The protein concentration of the same fractions was determined preliminarily, showing a higher quantity of protein in the 40% ACN fraction (7.83 ± 2 mg/mL), compared to the 10% ACN fraction (0.98 ± 0.12 mg/mL), and a minimal amount of protein in the 80% fraction (0.20 ± 0.06 mg/mL). The 40% ACN fraction showed significant activity against all strains tested, up to a dilution of 1/10.



The highest antibacterial activity was towards M. lysodeikticus. No antibacterial activities were identified at the maximum tested concentrations for the 10 and 80% ACN fractions of the A. equina tentacles.




2.3. Reversed-Phase Chromatography


The active molecules of the 40% eluate were subjected to reversed-phase HPLC and eluted with a gradient of 0–60% ACN, generating the chromatogram shown in Figure 1. The graphs exhibit a series of peaks after 30 min of sample input. All peaks were collected, lyophilized, and resuspended in water at a concentration of 2 mg/mL. The antimicrobial activity of all fractions against free-living M. lysodeikticus was evaluated and expressed in terms of MIC to detect potential antimicrobial factors. Tests showed high antibacterial activity in peaks between 35 and 37 min, named fractions 6 and 7, assayed and active also for E. coli, S. aureus, and C. albicans at concentrations from 0.06 to 0.20 mg/mL for five distinct experiments.



The two fractions showing high antibacterial activity were further purified by reversed-phase chromatography with an ACN gradient from 20 to 60%. Fraction 6 shows two peaks, 6.1 and 6.2 (Figure 2A), and fraction 7 also shows two main peaks, 7.2 and 7.3 (Figure 2B), and there is a single peak that displays antimicrobial activity towards M. lysodeikticus, along with E. coli, S. aureus, and C. albicans.




2.4. Sequencing


Two novel peptides were identified in acid extracts from A. equina tentacles by reversed-phase chromatography. The fractions corresponding to peaks 6.2 and 7.3 of A. equina were purified and sequentially sequenced. In order to predict the potential capacity to act as AMPs and to estimate analogies with already described AMPs, bioinformatic analyses were performed. In particular, the “Antimicrobial Peptide Calculator and Predictor” (APD3) tool of the APD was used [21].



Peptides 6.2 and 7.3, named Equinin A and B, showed a sequence similarity percentage between 42 and 37, respectively, with known AMPs identified in marine organisms belonging to amphibians and fish, exhibiting high anti-Gram+, Gram-, antifungal, candidacidal, and anti-methicillin-resistant Staphylococcus aureus (MRSA) activity (Table 2). In particular, Equinin A was similar to Palustrin, active against multi-drug resistant (MDR) carbapenemase-producing, MRSA, and vancomycin-resistant bacterial strains, with MIC values ranging from 10–20 to 2560 µg/mL [22]. Equinin B was similar to a novel 40-residue antimicrobial peptide described in the scyphoid jellyfish, Aurelia aurita, with activity against Gram-positive Listeria monocytogenes (MIC 22.64 µg/mL) and Gram-negative E. coli (MIC 7.66 µg/mL) [9]. Aurelin of A. aurita has no structural homology with any previously recognised antimicrobial peptides but shows partial similarity with both defensins and K+ channel-blocking toxins of sea anemones and belongs to the ShKT domain family.



The main physico-chemical parameters and characteristics were evaluated using the APD and are described in Table 2.



Equinin A has a molecular weight of 2612.91 Da and is composed of 27 amino acids, while Equinin B has a molecular weight of 3934.827 Da and is composed of 34 amino acids.



The peptides identified in the tentacle acid extract of A. equina exhibited a net positive charge, suggesting a more effective role as AMPs compared to anionic peptides. The peptides presented with a hydrophobic ratio ranging from 15 to 19% and high values of Wimley–White whole residues, enhancing their ability to interact with and perturb the bacterial membrane, the primary target of AMPs. Further remarkable parameters are reported in Table 3.



The sequences of Equinin B were analysed using SequenceServer 2.0.0.rc7 (Figure 3). The results showed that it was homologous to sequences from A. equina. As regards Equinin A, unfortunately, it was not possible to clearly identify the aa sequence and proceed with the same investigations of its structure features.



The SignalP 6.0 server (https://services.healthtech.dtu.dk/services/SignalP-6.0/, accessed on 10 September 2023) was used to predict the presence and location of cleavage sites in the protein. Indeed, Equinin B shows the typical structure of an antimicrobial peptide: the signal peptide region (short N-terminal amino acid sequences that target proteins to the secretory (Sec) pathway in eukaryotes), the active antimicrobial peptide, and a prodomain that usually mediates interaction with other proteins in a complex (Figure 4).



The highest identity was observed with uncharacterized protein LOC116306956 of Actinia tenebrosa (XP_031572955), consisting of 147 aa, with a high sequence similarity to human beta defensin 4 and kinocidins (Figure 5). The A. tenebrosa nucleotide sequence consists of 644 bp; the transcript has 2 exons and is annotated with 9 domains belonging to the calcium-binding protein family, particularly EF-Hand 1 calcium-binding site and Calbindin, and six-EF hand domains.




2.5. Antibacterial Activity of Newly Synthesized Peptides: Equinin A and Equinin B


The newly synthesized peptides (Equinin A and Equinin B) were tested to evaluate their antibacterial activity against reference strains of the pathogens E. coli, M. lysodeikticus, and V. alginolyticus. Antimicrobial activity against free-living strains (i.e., planktonic cell cultivation) was expressed in terms of MIC. The results are illustrated in Table 4. Among the peptides evaluated (Equinin A and B), only Equinin B had antimicrobial activity at the tested concentration. In particular, Equinin B was active against all bacterial strains tested at the maximum concentration used of 1 mg/mL up to 0.25 mg/mL. Equinin A did not show antimicrobial activity at the maximum tested concentration of 1 mg/mL.




2.6. Haemolytic Activity


Lytic activity towards human erythrocytes of the AB+ and 0+ blood groups was tested both for the neosynthesized peptides (Equinin A and B) and the crude extracts that had demonstrated increased antimicrobial activity.



Lytic capacity was investigated by dilution of the crude and synthesized samples of A. equina. Despite the former clearly showing lysis even at major dilutions, this was not observed for the peptides (Figure 6).




2.7. AMP Predictions through In Silico Analysis


Significant biological parameters of Equinin A and B were analysed to clarify their potential antimicrobial and antibiofilm activity, cell penetrating peptide potential, and the presence of cleavage sites. According to online webserver predictions, two synthetic derivative peptides exhibited high probability (in percentage) of acting as good antimicrobial and antifungal peptides, showing activity with a value >0.5 (Table 5). Specifically, Equinin B revealed significant antimicrobial and antiviral activity compared to Equinin A. Moreover, Equinin B showed high antiviral activity, unlike Equinin A, which showed little antiviral activity (value < 0.5). Equinin A was also characterized by resistance to proteolysis by pepsin.



Only the 3D structure of Equinin B was determined on SWISS-MODEL, since the length of the amino acid sequence of Equinin A was too short for analysis. The obtained three-dimensional structure was modelled on the sequence of the Aurelin antimicrobial peptide (accession: Q0MWV8; sequence identity = 43.33%). The model comes with one α-helices, structures typically ascribable to certain types of small AMPs, and it suggests a possible, although low, similarity reliability of the proposed model (Figure 7).





3. Discussion


Many marine organisms, including invertebrates, produce specific compounds useful for protection or for making the organism venomous, unpleasant, or irritating. The boundary between toxins and molecules useful for medical and pharmacological purposes is labile. In fact, in Cnidaria, over 3000 bioactive molecules have been described and are recognized as having several biological interactions [23]. Most of these organisms do not cause irreparable damage to human health, although some Australian species are known to be highly dangerous. Studies impute the poisonousness to proteins present in the venom with phospholipase activity capable of compromising the normal cellular activities by forming pores, provoking alterations in ion exchanges and in membrane permeability in the excitability of cells and neuromuscular transmission of signals and reactive oxygen species (ROS) production [24,25,26]. Traditional therapies have employed several of these substances to treat hypertension, pulmonary, urogenital, dermatological, neurological, and haematological illnesses [27,28,29]. The channel inhibitors might be employed to investigate processes beyond sodium transport and produce biocides. On the other hand, voltage-gated potassium channel toxins have been tested to treat multiple sclerosis and other autoimmune disorders [30,31].



Here, the presence of sources of bioactive molecules and their biocompatibility were investigated in the anemone A. equina to highlight their possible uses for biotechnological or therapeutic applications.



Indeed, two possible antimicrobial peptides were identified by biological assays from the crude anthozoan extracts. Following purification by the HPLC technique and subsequent sequencing, analyses were carried out on the structure and possible action mechanisms of the sequences thus obtained. In silico analysis showed Equinin B to have a higher theoretical mass and sequence length than Equinin A, but, above all, the amount of the positively charged amino acids lysine (Lys: 18%), arginine (Arg: 15%), and histidine (His: 6%) make it a cationic peptide, which is one of the characteristics of a good antimicrobial peptide. As the Boman index was higher than 2.48, it also suggested a strong capability of the molecule to bind with other membranes or proteins, thus interacting with them. Due to the fact that the sequence contains an even number of cysteines (Cys), this explains the possibility of forming a beta structure similar to defensin bound with disulphide bonds (~16–60 AA residues), helical structures with S-S bonds, or multiple thioether bonds, as in lantibiotics, due to the high serine (Ser) content.



For all these reasons, the differences found between the two peptides suggest that the action of Equinin A may be more limited, and the concentrations required for it to be effective may need to be higher. Further investigations into the different behaviour of the purified extract compared to the synthesised one are necessary, and the possibility of carrying out further purification and sequencing is the key to better understanding the possible characteristics, functions, and action mechanisms of this potential AMP, also given its similarity with peptides already in the database whose 3D structure is unknown.



Studies support the idea that the production of AMPs by hydrozoans such as Hydra magnipapillata can act as an ancient host defence component, given the lack of protective layers and mobile phagocytes that help avoid pathogenic infections [10]. Bosch et al. have, in fact, proved that innate immune responses are mediated by epithelial layers and are based on the unconventional signalling pathway of the Toll-Like Receptor. Moreover, Pseudomonas aeruginosa affects the morphology of ectodermal cells, which become round and produce granules typical of immune cells of organisms belonging to other phyla. Hydramacin-1 (purified from Hydra), has been proven to have microbiocidal activity inducible by microbial substances, e.g., dose-dependent lipopolysaccharide, and is capable of inhibiting the growth of some Gram-positive (Bacillus megaterium) and Gram-negative (E. coli, Klebsiella oxytoca, and Klebsiella pneumoniae) bacteria [10]. Similarly to what has been observed in A. equina, Arminin identified in H. magnipapillata did not show toxicity to human erythrocytes (a crucial indicator of biocompatibility) and is characterized by a negative charge with a highly conserved N-terminal region and a poorly preserved positively charged C-terminal region [32]; Arminin 1a-C, an antimicrobial peptide with an α-helical structure from ancient metazoan Hydra, efficaciously suppressed the viability of leukaemia cell lines, whether or not they were MDR or sensitive, and independently of the cell lines considered, also exhibiting a distinct discernment between noncancerous and cancerous cell lines [33]. The relevance of the structural characteristics of the bioactive molecules in defining their properties suggests that the different MICs needed to prompt an antibacterial response between the purified A. equina AMPs and the synthesized peptide may be attributable to the conformational needs of the molecule itself. This would also explain the incomplete overlap of the Equinin B amino acid sequence with homologous sequences in the A. equina genome. Its antibacterial activity has been proven to impair the growth of E. coli, B. megaterium, and S. aureus, and ultra-structural analysis highlighted that Arminin 1 causes a rupture of the bacterial cell membrane. An examination of the antimicrobial characteristics of extracts from Red Sea soft and stony (scleractinian) corals revealed that the majority of soft corals (83%) inhibited the growth of the marine bacteria Arthrobacter sp. (two strains) and barely affected the growth of Vibrio sp., whereas stony corals had little or no antimicrobial activity. This means that soft and hard corals could have developed different means to deal with pathogens, and this could be due to the different selective pressure and to the environment, as well as to their position occupied in the phylogenetic tree [34]. The potential applications of these compounds are endless. Indeed, antimicrobial peptides are more advantageous to use compared to conventional antibiotics, both for their efficiency against antibiotic-resistant bacteria and for the intrinsic characteristics of AMPs. They can be synthesized at a relatively low cost and with a weak risk of sensitization, ensuring their potential for extensive use in the medical field. Additionally, due to their short lifespan, they do not persist in the environment, making them less available for aquatic organisms [35]. To date, some proteases and AMPs have been purified by our group from tissue extracts of the Mediterranean sea anemones A. equina and A. viridis and used in the restoration of cultural heritage as antifungals and for the cleaning of artworks [36,37]. Moreover, research on the mucus of A. equina evidenced the presence of compounds with antimicrobial and lysozyme-like activities. As a result, it acts as an antifouling substance, counteracting the bacterial colonization of structures. This could be a good starting point for Equinin B as the in silico analysis showed a possible antibiofilm activity. It has been discovered that pH, ionic strength, and temperature affect the mucus’s ability to function. Lastly, A. equina extracts present an intriguing prospect for future improvements in the fight against pathogenic bacteria due to their action versus M. lysodeikticus, also supported by the excellent results achieved at 37 °C [38].




4. Materials and Methods


4.1. A. equina Collection and Extract Preparation


A. equina specimens were collected in the area of Capo Gallo (northwest Sicily, Italy).



In total, about 80 samples were collected. Pools of 6 animals were used for each purification procedure for peptide synthesis and 6 animals for estimate antimicrobial activity; three biological replicates and three technical replicates for each were therefore carried out.



The specimens were carried to the laboratory where they were kept in tanks at a temperature of 18 °C (Figure 8). The tentacles were separated from the animal’s body with forceps and were suspended in Tris-buffered solution (TBS; 150 mM NaCl, 10 mM Tris-HCl, pH 7.4), then homogenized in Ultra-Turrax for 5 min on ice; for acidic samples, 10% acetic acid was added. The samples thus obtained were sonicated (Branson Model B15, Danbury, CT, USA) 3 times for 30 s and subsequently centrifuged at 21,000× g for 20 min at 4 °C. The protein concentration of the obtained samples was measured by evaluating the absorbance at 595 nm [39]. When necessary, the samples were lyophilized and suspended in TBS at the standard concentration of 0.5 mg/mL.




4.2. Microbial Strains


Reference strains of Escherichia coli ATCC 25922, Micrococcus lysodeikticus ATCC 4698, Vibrio alginolyticus ATTC 17749, Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 15442, and Candida albicans ATCC 10231 were used in the evaluation of antimicrobial properties. The modified Kirby–Bauer test was performed, and minimum inhibitory concentrations (MICs) and minimum bactericidal concentration (MBC) were defined. The bacterial strains were cultured aerobically in Poor–Broth nutrient medium (1% Bactotrypton, 0.5% NaCl, w/v) and tryptic soy agar (TSA) or Luria–Bertani medium (LB). The bacterial cultures were incubated at 37 °C overnight. Fungal strain C. albicans was cultured in Sabouraud broth (BS) or agar plates at 37 °C overnight.




4.3. Evaluation of Antibacterial Activity


The antimicrobial activity of acid extracts from the tentacles and body of A. equina was investigated by the modified Kirby–Bauer test [40,41] versus E. coli, M. lysodeikticus, and V. alginolyticus. A bacterial suspension from each overnight culture was prepared in NaCl 0.9% (v/v), to a cell density of approximately 105 CFU/mL, then dispensed onto LB plates. Wells of 6.3 mm diameter were shaped in agarose gel and each filled with 10 μL of acid extracts from the tentacles and body of A. equina at concentrations of 5 and 2.5 mg/mL. LB agar plates were incubated at 37 °C overnight. After incubation, the presence of inhibition zone was evaluated.




4.4. Determination of MICs and MBC


MICs were established using the microdilution method. Serial dilutions of each extract were made in Poor–Broth nutrient medium in a 96-well plate, starting from a stock solution of 0.5 mg/mL in TBS. A series of concentrations of each acid extract, both from body and tentacle, ranging between 0.5, 0.25, and 0.125 mg/ mL, were tested against the reference bacterial strains E. coli, M. lysodeikticus, P. aeruginosa, and V. alginolyticus. A bacterial suspension was prepared, initiating from a culture grown at 37 °C for 24 h on TSA in 0.9% NaCl to 106 colony-forming units (CFUs)/mL, and 80 μL of the suspension were added to each well. A positive control to check bacterial growth, consisting of bacterial strains in the medium without extract to evidence bacterial growth and a negative control to check medium sterility, represented by the medium without inoculum, were also included in the 96-well plate. Additionally, a substance control to estimate absorbance, consisting only of the substance solution without bacterial inoculum, was also added.



The 96-well plates were incubated at 37 °C for 16 h, and MICs were read by a Tecan microplate reader (Infinite 200 M) as the lowest concentration of extract whose optical density (OD), read at 570 nm, was comparable to the negative control wells (only broth). Antifungal activity against C. albicans ATCC 10231 were investigated in terms of MICs by using the micro-method described above, using Sabouraud broth (BS) as growth media. MBC was obtained by plating the contents of wells with no growth of bacteria onto TSA Petri dishes. The minimal fungicidal concentration was detected as described using Sabouraud agar plates for growth of fungal strain. The MBC was specified as the lowest concentration of substance that enabled microbial growth up to a maximum of three colonies after 16 h of incubation at 37 °C.




4.5. Solid Phase Extraction and Reversed-Phase HPLC Purification


The acidic extracts of the tentacles were loaded onto Sep-Pak C8 Vac cartridges (Waters Associates, Milford, MA, USA) previously equilibrated with acidified water (0.05% trifluoracetic acid in ultrapure water); the trials were carried out in triplicate. The fractions thus obtained were freeze-dried and subsequently reconstituted with UPW. Most of the antibacterial activity was found in the 40% fraction, which was then subjected to reversed-phase high-performance liquid chromatography (HPLC) on an Interchrom UP5ODB-25QS (250 × 4.6 mm) C18 silica column. Samples of 50 μL were eluted with a linear gradient of 0–60% acetonitrile (ACN) in acidified water for 60 min at a flow rate of 0.5 mL/min. The fractions were collected in tubes equivalent to the absorbance peaks identified at both 280 and 225 nm, subsequently lyophilized and reconstituted in UPW. The active fractions were then re-purified on the same column but with a linear gradient from 20 to 60% ACN under the same conditions. As previously described, each collected peak was freeze-dried, reconstituted at a constant concentration, and tested for anti-M. lysodeikticus, anti-S. aureus, anti-V. alginolyticus, and anti-C. albicans activity by the modified Kirby–Bauer test. The protein concentration of the several ACN fractions for body and tentacles are shown in Table 6.




4.6. Amino Acid Sequencing


The purified peptides were deposited and dried on a glass fibre disc pre-coated with Biobren Plus (Applied Biosystems, Waltham, MA, USA) and sequenced on Procise P494 (Applied Biosystems, Waltham, MA, USA) by multiple rounds of Edman degradation online with a PTH amino acid HPLC analyzer (model 785A). The amino acid sequence of the peptides was the sequence in the public UniProtKB/Swiss-Prot databases using the Blast tool from the NCBI Protein Blast website.




4.7. Peptide Synthesis


Two peptides were synthesized by GenScript, Biotech Corporation (Somerset, NJ, USA) obtained using FlexPeptideTM Synthesis technology. The quality and purity of each peptide (≈98%) was guaranteed by the company. The powdered peptides were kept at −20 °C for storage. They were dissolved in water to obtain a stock solution of 2 mg/mL. Working solutions of 0.5 mg/mL were prepared for each peptide in TBS, and antimicrobial activity was evaluated by MIC assay as described above.




4.8. Haemolytic Activity


Haemolytic activity was tested against human erythrocytes groups AB+ and 0+. The blood samples were provided by the Immunohaematology and Transfusion Medicine Centre of Palermo. The erythrocytes were washed three times in phosphate-buffered saline (PBS), centrifuged at 500× g for 5 min. at 4 °C, and washed twice in PBS. Suspensions of erythrocytes at 1% (v/v) in PBS Gel (6 mM KH2PO4, 0.11 M NaCl, 30 mM Na2HPO4, 0.1% w/v gel, pH 7.4) were used to test the lysis of erythrocytes by tentacle and body acid extracts of A. equina and synthetic peptides. For the microplate assay, 25 μL of samples or serial (two-fold) dilution were mixed with an equal volume of the erythrocyte suspension in PBS Gel in 96-well round-bottom microtiter plates. After 1 h incubation at 37 °C, lytic activity was evaluated and expressed as described by [42]. A positive control with 25 μL of distilled water and 25 μL of erythrocyte suspension and a negative control consisting of 25 μL of PBS Gel and 25 μL of erythrocyte suspension were prepared to compare the activity of the samples on erythrocytes.




4.9. In Silico Analysis


The prediction databases used were as follows: APD, the Antimicrobial Peptide Database; CAMP, Collection of Antimicrobial Peptides; and AMPA [43,44,45,46]. Two characteristic indices have been determined: the Wimley–White hydrophobicity scales and the Boman index [43]. Normally employed to predict the transmembrane α-helices of membrane proteins [47], a low value (≤1) of Boman index denotes that the peptide has an elevated antibacterial activity [3]. All this in silico analysis allowed us to verify which of the two purified equinins had a higher probability of being an antimicrobial factor.



The reliability of the predicted 3D structure was assessed using the default method QMEANDisCo global score parameter (=0.36 ± 0.12). The score is expressed with a number between 0 and 1; a higher number indicates a greater reliability of the forecast. This consists of a single model method combining statistical potentials and agreement terms with a distance constraints (DisCo) score. DisCo estimates consistencies of pairwise CA-CA distances from a model with constraints extracted from homologous structures. All scores are combined using a neural network trained to predict per-residue lDDT scores [48,49].



Physico-chemical parameters, biological properties, and the antibacterial and antifungal potential of synthetic peptides were obtained using the APD (APD3; https://aps.unmc.edu/, (accessed on 10 September 2023), dPABBs (https://ab-openlab.csir.res.in/abp/antibiofilm/feature.php, (accessed on 10 September 2023), CellPPD (http://crdd.osdd.net/raghava/cellppd/, (accessed on 10 September 2023), iAMPpred tool (http://cabgrid.res.in:8080/amppred, (accessed on 10 September 2023), and the SignalP—6.0 server (https://services.healthtech.dtu.dk/services/SignalP-6.0/, (accessed on 10 September 2023), respectively.





5. Conclusions


In this work, potential AMPs were purified and characterized from tentacle extracts of the anthozoan A. equina. These showed broad-spectrum antimicrobial activity towards Gram-positive and -negative bacteria and fungi and were non-toxic for human erythrocytes. The purified extracts were sequenced, and the peptides synthesized. Moreover, the gene sequence and protein and domain organisation were analysed. The outcomes suggest that Equinin B is an optimum candidate as a new AMP, and the in silico analysis opens up future perspectives such as the possibility of performing antibiofilm and antifouling assays or using this compound in aquaculture as an alternative to the use of antibiotics for preventing pathogens in commercial species. It may be desirable, given the non-toxicity of these peptides to human erythrocytes, to assess the antiviral and anticancer activity of this new compound. Another possibility, as has already been performed for other antimicrobial peptides, would be producing new antibodies and primers for the microlocalisation, distribution, and expression of Equinin B in species more or less phylogenetically close to A. equina. Finally, as regards Equinin A, driven by the interesting results of in silico analyses, further purifications and peptide syntheses are ongoing.
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Figure 1. Typical profiles of separation of fraction 6 and fraction 7 of A. equina tentacles acquired by reversed-phase chromatography with an ACN gradient from 20 to 60% in acidified water (0.05% trifluoroacetic acid) over 60 min, at a flow rate of 0.5 mL/min. Absorbance peaks were checked at 225 and 280 nm. Arrows show peaks active against M. lysodeikticus. 
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Figure 2. High-performance liquid chromatography (HPLC) profile of the fractions corresponding to peak 6 (A) and peak 7 (B) of A. equina tentacles. Active peaks are in red. 
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Figure 3. Equinin B nucleotide and amino acid sequence alignment. 
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Figure 4. Graphical overview of Equinin B structure predicted by the SignalP 6.0 server. In yellow, the signal peptide region; in light blue, the active AMP; in green, the prodomain. 
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Figure 5. Multiple amino acid alignment between Equinin B and sequences that showed higher similarity obtained from NCBI (default parameters). Conserved amino acids are in blue, isoforms of amino acids are in black and residues revealing fewer properties are in red. Asterisks (*) correspond to ambiguous residues. Hyphens (-) indicate missing residues. Bar plots highlight the amino acid percentage conservation. 
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Figure 6. Haemolytic activity of crude extracts and synthesized peptides of A. equina. 






Figure 6. Haemolytic activity of crude extracts and synthesized peptides of A. equina.



[image: Marinedrugs 22 00172 g006]







[image: Marinedrugs 22 00172 g007] 





Figure 7. Equinin B predicted 3D structure based on Aurelin sequence. Sequence homogeneity 43.33%. The model has one α-helix. 
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Figure 8. The map shows the sampling site. The samples were collected from the B zone of the Capo Gallo Marine Protected Area, Sicily, Italy. A schematic drawing of the experimental plan and the cutting area (black segment) to separate tentacles from the body is also represented. 
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Table 1. Antimicrobial activity of tentacle and body acid extracts of A. equina, tested against free-living reference bacterial strains. (-) No antimicrobial activity.
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Minimum Inhibitory Concentration (MIC) in mg/mL




	

	
Tentacle Acid Extracts

	
Body Acid Extracts






	
E. coli ATCC 25922

	
0.25

	
0.5




	
M. lysodeikticus ATCC 4698

	
0.125

	
0.5




	
V. alginolyticus ATCC 17749

	
0.5

	
0.5




	
P. aeruginosa ATCC 15442

	
0.25

	
-











 





Table 2. Identified peptides of A. equina tentacles and similarity with already described AMPs.
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Tentacle Extracts

	
Peptide

	
Identified Sequences

	
Percentage

Similarity with Already Described AMPs

	
Activity

of AMPs with Better Similarity

	
References




	
Equinin A

	
AVDKGGGKAEKKDGNRKKKLAGGEGGG

	
42.42%

RaCa-1, Palustrin

(frogs, amphibians)

	
Anti-Gram+ & Gram-

	
[22]




	
Equinin B

	
GQCQRKCLGHCSKKCPKHPQCRKRCIRRCFGYCL

	
37.78%

Aurelin

(Jellyfish, Cnidaria)

	
Anti-Gram+ & Gram-

	
[9]











 





Table 3. Principal physico-chemical parameters of potential AMPs from tentacle acid extracts of A. equina.
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	Equinin A
	Equinin B





	Peptide residues
	27
	34



	Monoisotopic Theoretical mass (Da)
	2612.91
	3934.827



	Net charge
	+4
	+11.5



	Wimley-White whole residues (kcal/mol)
	14.77
	8.97



	Hydrophobic ratio (%)
	19
	32



	Protein-binding potential Boman index (kcal/mol)
	2.54
	3.24



	GRAVY (i.e., the grand average hydropathy value of the peptide)
	−1.46
	−1.11










 





Table 4. Antimicrobial activity of synthesized peptides against reference bacterial free-living strains.
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Minimum Inhibitory Concentration (MIC) in mg/mL




	

	
Equinin A

	
Equinin B






	
E. coli ATCC 25922

	
>1

	
0.25




	
M. lysodeikticus ATCC 4698

	
>1

	
0.25




	
V. alginolyticus ATTC 17749

	
>1

	
0.25











 





Table 5. In silico properties predicted using the following tools and servers: dPABBs (http://ab-openlab.csir.res.in/abp/antibiofilm/protein.php, (accessed on 10 September 2023); CellPPD (http://crdd.osdd.net/raghava/cellppd/submission.php, (accessed on 10 September 2023); iAMPpred (http://cabgrid.res.in:8080/amppred, (accessed on 10 September 2023).
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	Properties
	Equinin A
	Equinin B





	CPP (cell penetrating peptides)
	Not CPP
	Not CPP



	Antibacterial activity
	0.91
	1



	Antifungal activity
	0.8
	0.99



	Antiviral activity
	0.37
	0.96



	Antibiofilm activity
	inactive
	active



	Degradation by trypsin
	Yes
	Yes



	Degradation by pepsin (pH = 1.3)
	No
	Yes



	Degradation by pepsin (pH > 2)
	No
	Yes










 





Table 6. Protein concentration of ACN fractions of A. equina extracts.
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Extracts (mg/mL)

	
Fractions




	
10%

	
40%

	
60%






	
Tentacles

	
0.98

	
7.83

	
0.2




	
Body

	
1.29

	
3.49

	
0.13
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