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Millepora alcicornis (Cnidaria: Hydrozoa), known as fire coral, is a tropical
species settled in marine ecosystems of the Canary Islands in the last years. This
hydrocoral biosynthesizes toxins involved in chemical defense and prey
capture mechanisms. Toxicological studies have shown that the venom
contained in the nematocysts of Millepora species is mainly composed of
thermolabile proteins that display hemolytic activity, causing skin irritation and
burn-like lesions upon contact. As a continuation of a previous study, the
chromatographic fractionation of the aqueous extracts of M. alcicornis has
confirmed the coexistence of proteins of different nature responsible for the
hemolytic effects of red blood cells (RBCs) through two different mechanisms.
Aside from the already described phospholipase A2 (PLA2) activity, in this work
the presence of alciporin, a pore-forming protein (PFP), has been established
for the first time for M. alcicornis. The sequence analysis revealed that alciporin
fit an actinoporin with high homology to stichotoxins. The hemolytic effects of
alciporin were analyzed and sphingomyelin was identified as its biological
target. Also, the evolution of the hemolytic damage produced at the
nanoscale has been studied using atomic force microscopy (AFM).
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1 Introduction

The intense maritime traffic and global change effects is
causing range expansions of many species that can now tolerate
living beyond their normal limit of distribution (Fleds et al.,
1993; Harley et al., 2006). Tropical species arrive to temperate
areas, such as Canary Islands, increasing their distribution and
causing serious environmental concern for the conservation of
the ocean, altering functions and services delivered by local
ecosystems (Bax et al., 2003; Thomsen et al., 2015). This is the
case of Millepora alcinornis (Linnaeus, 1758), which arrived at
the Canary Islands 13 years ago (Clemente et al., 2011) from the
Caribbean region (Lopez et al., 2015; Rodriguez et al., 2019). M.
alcicornis (Cnidaria: Hydrozoa: Milleporidae) is a hydrocoral
known as fire coral, their colonies are colonial, polypoid
hydrocorals secreting a calcareous skeleton that are an
important structural component of tropical coral reefs (Lewis,
2006). Their distribution is amphi-Atlantic, from Brazil,
Bermuda to Ascension Island, Cape Verde Islands, Canary
Islands and Madeira Island (Laborel, 1974; Clemente et al,
2011; Hoeksema et al., 2017; Wirtz and Zilberberg, 2019). In
general, it is frequent in tropical regions where it plays an
important role in the organization of coastal benthic
communities (Lewis, 2006). In 2008, three colonies were
recorded in Tenerife Island, Canary Islands (Clemente et al,
2011). A monitoring has been done on this specie from 2008 to
the present, observing an increase in the number de colonies,
cover and localities where has been registered (Rodriguez, 2019a;
Rodriguez et al., 2019).

In Canary Islands, M. alcicornis is present in two localities of
Tenerife Island, El Poris (28° 10'24.12"'N, 16° 25'47.12""W)
from 2008 year (Clemente et al., 2011) and Caletillas (28° 22"
52"'N; 16°21°18"'W) from 2021 year (Figure 1 and Figures S1-
S5). Experimental studies on M. alcicornis from Tenerife Island
have showed its high tolerance to ocean acidification conditions
and higher growth rates under high temperature (Rodriguez,
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2019b). In future scenarios of climate change, where a rise of
temperature is expected, M. alcicornis can become a winner
species under climate change conditions.

The nematocysts of these marine hydrozoans can penetrate
the human skin and produce lesions similar to burns. These
injuries provoke irritation, burning or stinging pain,
erythematous and edematous dermatitis, pruritus, hives, and
skin necrosis. In addition, Millepora species can induce systemic
symptoms consist of malaise, nausea, vomiting, abdominal pain,
muscle spasm, diarrhea, respiratory difficulty, tachycardia,
hypotension, and fever (Jouiaei et al., 2015). These effects are
attributed to the secretion of enzymes, potent pore forming
toxins and neurotoxins contained in cnidarians nematocysts.
Toxicological studies have shown that the venom contained in
the nematocysts of Millepora species is mainly composed of
thermolabile proteins that display hemolytic activity (Olguin-
Lopez et al., 2019). Also, small peptide sequences below 10 kDa
obtained from the hemolytic proteome of M. complanata have
shown antimicrobial properties against Gram-positive and
Gram-negative bacteria (Hernandez-Elizarraga et al., 2022).
Despite the hemolytic activities of several cnidarian venoms
are well documented (Jouiaei et al., 2015), the importance or
implications of the mechanisms of in vivo erythrocyte lysis
triggered by venom hemolysins is still not completely
understood. In fact, local tissue damage induced by cnidarians
such as inflammation is attributed to hemolysins injected by the
nematocysts. For this reason, it is important to study the
hemolytic properties of the complex cnidarian venoms, which
could lead to better care for the victims (Iguchi et al., 2008;
Mariottini and Pane, 2013; Lourenco, 2020). However, up to
now, the mechanism of the envenomation caused by these
species has not been completely defined.

Recently, we described the hemolytic effects induced by the
aqueous extract of M. alcicornis in rat erythrocytes (Diaz-
Marrero et al, 2019). In this work, the hemolytic effects
unit 50 (HU50) 59 ng/mL) observed when rat

(hemolytic

FIGURE 1

Detail and colonies of the fire coral Millepora alcicornis from Tenerife Island.
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erythrocytes were incubated in the presence of the aqueous
extract (68.0 ug protein/mg lyophilizated extract) of this coral,
were mainly attributed to phospholipase A2 (PLA2) activity.
PLA2 was the main component in the aqueous extract of M.
alcicornis with an estimated molecular mass around 20 kDa.
PLA2 is a known enzyme also found in snakes and other venoms
and body fluids that chemically cleaves glycerophospholipids at
the sn-2 position to yield a lysophospholipid and a fatty acid as
reaction products. With the use of atomic force microscopy
(AFM), we were able to visualize in detail the complete
hemolytic process at the nanoscale level describing the mode
of action of PLA2 proteins on the structure of rat red blood cells
(RBCs). Additionally, it should be noted that superficial damages
of different nature were also observed on cell membranes. Those
damages seemed to point out to the fact that an additional
hemolytic mechanism could be contributing to the hemolytic
effects of the aqueous extracts of the fire coral M. alcicornis on
RBCs. Those effects seemed to be related to the presence of Pore-
Forming Proteins (PFPs). As a continuation of our previous
study, in this work we aimed to confirm the existence of a PFP
that may contribute to the hemolytic activity of the aqueous
extracts of M. alcicornis. Thus, we isolate, characterize, and
analyze the hemolytic behavior of the PFP, named as
alciporin. The mechanism of the resultant arc-pore was
studied at nano scale level using AFM techniques. The use of
AFM is revealed as a powerful tool to understand the potential of
cnidarians venoms in biological processes.

2 Materials and methods
2.1 Biological material

A combination of different fragments of branches, tips, and
stems from M. alcicornis colonies (2-5 cm, 1 Kg) were collected
by SCUBA diving at a 6-8 m deep at El Poris, Tenerife Island
(28°10'24.12"N, 16°25’47.12"W) in September 2018. After
collection, the colonies were kept wet with sea water and
immediately transported to laboratory where was stored at =20 °C
for later use in protein extraction.

2.2 Extraction and purification of the
pore-forming proteins toxins

To obtain crude protein extract from M. alcicornis colonies,
nematocyst discharge was induced in the laboratory as described
by Diaz-Marrero et al. (2019). Initially, 1 Kg of frozen coral
fragments were removed from the -20°C freezer and kept
together in deionized water under stirring at 4°C for 24 hours.
Afterward, the fragments were removed, and the resultant
suspension was filtered and centrifuged twice at 3000 rpm for
15 min at 4 °C using a Thermo Scientific Sorvall RC6 + centrifuge
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(F14S-6 x 250X rotor). This procedure of keeping the fragments in
deionized water, filtration and centrifugation was repeated three
times. At the end supernatants were combined and lyophilized,
yielding a single aqueous crude protein extract (13.8 g) from
pooled fragments. The supernatant (crude protein extract) was
freeze-dried and stored at —20 °C. Then, for of the pore-forming
proteins toxins, 135 mg of lyophilized crude protein extract (62.5
g protein/mg extract determined as described by Diaz-Marrero
et al. (2019) was solubilized in 400 uL of 10 mM commercial
phosphate (PBS) buffer (pH 7.2) (SIGMA DIAGNOSTICS®). The
solution was centrifuged at 5000 rpm for 20 min at 4 °C. Next, this
supernatant was filtered through a 0.2 um PVDF syringe sterile
filter (Whatman' ", 13 mm) and chromatographed. The
purification was performed on a gel filtration chromatography
with a Toyopearl® HW-50F (TOSOH®; 30-60 tm; 500-20,000 Da
MW range) resin column (190 x 10 mm, death volume ~ 15mL)
equilibrated with 10 mM PBS buffer (pH 7.2) (SIGMA
DIAGNOSTICS®). The column was eluted at a flow rate of 0.9
mL/min and 0.45 mL fractions were collected in tubes. The
absorbance of each tube was monitored at 210, 254, 280, 365
and 545 nm (BioTeK, Power Wave XS). The sample in the tubes
were pooled together according to their absorbance profile, and
freezed-dried to yield three final fractions (F1, F2 (alciporin) and
F3). All steps were carried out at 4°C and fractions F1, F2 y F3
were stored at -20°C until required.

2.3 Isolation of red blood cells

The RBCs samples used in all in vitro hemolytic assays and
in atomic force microscopy were collected from the coccygeal
artery of Sprange Dawley rats anesthetized with isoflurane in
tubes that containing EDTA as anticoagulant (BD Vacutainer
K3E 15%, Aprotinin 250 KIU, Ref. 361017). The samples were
kept at 4°C until their use.

2.4 Hemolytic activity assays

In vitro study of the hemolytic properties against Sprange
Dawley rats’ erythrocytes of the fractions obtained from the
chromatographic process of the aqueous extract of M. alcicornis
was performed on 96-well plates. Briefly, the fractions were
tested in serial dilutions in PBS with RBCs washed three times
with saline solution, with final concentrations ranging from 100
to 0.195 ug/mL. Saline solution and TritonX (0.1%) was used as
negative and positive control of hemolysis in the experiment,
respectively. The samples were incubated at 37°C for 45 minutes.
Unlysed erythrocytes were pelleted by centrifugation, and the
absorbance of the supernatant was measured at 405 nm to
determine the hemoglobin released from lysed erythrocytes.
One hemolytic unit (HU50) was defined as the amount of
protein sample required to cause 50% hemolysis. Results were
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normalized to 100% hemolysis with positive control. All
experiments were performed in triplicate.

2.5 Atomic Force Microscopy analysis

Atomic Force Microscopy (AFM) was used for the detailed
study at the nanoscale of the action of Pore-Forming Proteins on
the membrane of RBCs. Briefly, 200 UL of fresh rat erythrocytes
were incubated different times (t=1, 5, 10, and 30 min) with 20 uL
of the most active protein fractions, F1 y F2 (alciporin), at a final
concentration of 100 ug/mL and 7-10° erythrocytes/mL. After each
incubation time, 10 UL of the treated blood sample was smeared on
glass slides. Samples were dried for 10 min before AFM analysis.

AFM topographic images were obtained in Peak Force mode
using a Dimension Icon microscope with a Nanoscope V control
unit from Bruker. Scan rates of 0.5-1.2 Hz and ScanAsyst-Air-
HR (140-160 kHz, and 0.4-0.6 N-m™") tips (from Bruker) were
used (Espinoza et al., 2018). To get representative information
about the hemolysis process of the RBCs, images from (100 x
100 um?) to (0.6 x 0.6 um?) were recorded using 512 points/line.
AFM image analysis software from Bruker and from Gwyddion
were used for image processing. For the analysis of the RMS
roughness, diameter, and depth of the pores induced in the cell
membrane after F2 exposure, a minimum of 50 pinholes from at
least three different RBCs for every exposure time were
considered. Blue marks in the images and related dashed lines
in the cross-section profiles are displayed in the AFM figures to
illustrate the height ranges to be taken into account.

2.6 Sphingomyelin inhibition assays

A sample of fraction F2 (alciporin) (3.42 mg) was
reconstituted in saline solution at a concentration of 1000 ug/
mL and divided into two equal parts, one of them containing an
excess of sphingomyelin (2.80 mg; 1:1.6). Both samples were
kept at 0°C for 60 min. An aliquot of 20 UL of each sample was
added into 200 UL of rat blood to reach a final concentration of
100 pg/mL of protein and 7-10° erythrocytes/mL. Then, the
smear was prepared for AFM analysis of the hemolytic effects
after incubation times of 1, 5, 10, 15 and 30 min. For the
inhibition hemolytic assays, a sample of 1.70 mg of alciporin
was treated similarly, and divided into two equal fractions, one
of them containing sphingomyelin (1:1.6) with final
concentrations ranging from 100 to 0.195 pg/mL. The assay
was performed in triplicates as described in section 2.4.

2.7 Protein identification
2.7.1 Samples preparation

Samples of alciporin (F2) were dissolved in 100 pL of
distilled water and quantified by Qubit (Life technologies,
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Madrid, Spain). 7 pL of samples (~0.8 pg/uL) were mixed whit
PBS buffer 0.5M to 20 pL of final volume. Cysteine residues were
reduced by 2 mM DTT in 50 mM PBS buffer at 60°C for 20 min.
Sulthydryl groups were alkylated with 5 mM IAA in 50 mM PBS
in the dark at r.t. for 30 min. IAA excess was neutralized with 10
mM DTT in 50 mM PBS, 30 min at room temperature (r.t.).
Samples were subjected to trypsin digestion with 150 ng of
sequencing grade modified trypsin (Promega) in 50 mM PBS in
thermomixer at 37°C, 4 hours. The reaction was stopped with
TFA at a final concentration of 0.1%. The digestion mixtures
were dried in a vacuum centrifuge, resuspended in 15 uL of 2%
ACN, 0.1% TFA.

2.7.2 Liquid chromatography and tandem
mass spectrometry

LC-MS/MS system composed of an Ekspert nanoLC 425
(Eksigent) and a mass spectrometer nanoESI qQTOF (6600plus
TripleTOF, ABSCIEX) were used. 5 pL of peptide mixture sample
was loaded onto a trap column (3p C18-CL 120 A, 350 pum x
0.5mm; Eksigent) and desalted with 0.1% TFA at 5 uL/min during
3 min. The peptides were then loaded onto an analytical column
(3u C18-CL 120 A, 0.075 x 150 mmy Eksigent) equilibrated in 5%
ACN (acetonitrile) 0.1% FA (formic acid). Elution was carried out
with a linear gradient of 10 a 40% B in A for 20 min. (A: 0.1% FA;
B: ACN, 0.1% FA) at a flow rate of 300 nL/min. Sample was
ionized in a Source Type: Optiflow < 1 uL Nano applying 3.0 kV
to the spray emitter at 175°C. Analysis was carried out in a data-
dependent mode. Survey MS1 scans were acquired from 350-1400
m/z for 250 ms. The quadrupole resolution was set to LOW’ for
MS2 experiments, which were acquired 100-1500 m/z for 25 ms
in ‘high sensitivity’ mode. Following switch criteria were used:
charge: 2+ to 4+; minimum intensity; 100 counts per second (cps).
Up to 100 ions were selected for fragmentation after each survey
scan. Dynamic exclusion was set to 15 s. Report included as
Supplementary Material.

2.7.3 ProteinPilotv5.0. search engine (ABSciex)
ProteinPilot default parameters were used to generate peak
list directly from 6600 plus TripleTOF wiff files. The Paragon
algorithm (Shilov et al., 2007) of ProteinPilot v 5.0 was used to
search the SwisProt (210106) and Uniprot-millepora (with
26,032 entries) databases with the following parameters:
trypsin specificity, cys-alkylation, taxonomy non restricted, the
search effort set to rapid, and FDR analysis. The protein
grouping was done by Pro group algorithm (a protein group
in a Pro Group Report is a set of proteins that share some
physical evidence. Unlike sequence alignment analyses where
full length theoretical sequences are compared, the formation of
protein groups in Pro Group is guided entirely by observed
peptides only. Since the observed peptides are determined from
experimentally acquired spectra, the grouping can be considered
to be guided by usage of spectra. Then, unobserved regions of
protein sequence play no role in explaining the data. Proteins
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showing unused score >1.3 were identified with confidence >
95%. Report included as Supplementary Material. Homology
higher than 97% were only considered when performing Blastp
analysis. Sequences were edited and aligned using MEGA 5.0
software program (Tamura et al., 2011). Phylogenetic analyses
were carried out using the methodology described by Reyes-
Batlle et al. (2014), with the MEGA 5.0 software program.

3 Results and discussion

M. alcicornis is a tropical hydrocoral that has found the
optimal environmental conditions to develop colonies in the
marine ecosystems of the Canary Islands as consequence of
climate change and the increase in maritime traffic due to
globalization (Clemente et al., 2011). Fire corals are known to
cause severe painful stings, burning sensation, and itching upon
contact that may evolve with systemic effects such as
gastrointestinal symptoms as well as respiratory difficulty,
tachycardia, hypotension, and fever (Jouiaei et al.,, 2015).
These symptoms cause discomfort to those involved in
underwater, professional, and recreational activities related to
tourism, thus causing a potential health risk. The study of toxins
contained in the nematocysts produced by cnidarian cnidocytes
is crucial to understand the mechanisms involved in this
biological process.

In addition to the already described phospholipase A2
(PLA2) activity, precedents seem to point out to the fact that
an additional hemolytic mechanism could contribute to the
hemolytic effects observed on the aqueous extracts of
Millepora species on RBCs (Garcia-Arredondo et al.,, 2014). In
the case of M. complanata, aside from the PLA2, the hemolytic
activity has been suggested to be caused by trypsin,
chymotrypsin, serine-proteases and matrix metalloproteases
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FIGURE 2
Hemolytic activity of protein fractions in M. alcicornis.
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(Hernandez-Elizarraga et al,, 2022). As part of an ongoing
research on the hemolitic effects of hydrocoral M. alcicornis
using AFM, we observed that this mechanism could be
attributed to the presence of pore-forming protein toxins
(PFPs) (Diaz-Marrero et al., 2019). Therefore, to corroborate
this hypothesis, the following specific objectives were proposed
in this study: 7) to conduct the purification of the PFPs in the
aqueous extract of M. alcicornis; ii) to establish the hemolytic
effects of the resulting protein fractions using in vitro assays on
rat erythrocytes; iii) to analyze the specific hemolytic effects of
the active protein fractions on the membrane of RBCs using
AFM; and iv) characterize the protein responsible for pore
formation and determine its membrane target in rat RBCs.

Initially, to verify the aqueous crude protein extract
hemolytic properties, hemolytic activity tests were carried out
revealing a potent effect on rat erythrocytes with a hemolytic unit
50 (HU50) value of 5.01 + 0.66 pg of protein/mL. After
fractionation of this extract, it was possible to get three main
fractions according to the chromatogram obtained after
absorbance measurements at 545 nm; F1: peak with retention
time (RT) at 2.42 min, F2 (alciporin): peak at RT = 5.50 min and
F3 (Figure S5). The hemolytic effects of these three fractions
were also tested at different concentrations as described in the
methodology section. The results obtained are shown in
Figure 2, revealing that both F1 and F2 showed a
concentration-dependent hemolytic activity while fraction F3
did not hemolyzed RBCs at any of the concentrations tested. F1
showed different hemolytic profile than F2 with an HU50 value
of 1.75 + 0.42 pg/mL. On the other hand, fraction F2 showed a
different behavior reaching its maximum hemolytic effect (60%)
at concentrations higher than 50 pug/mL.

In order to confirm the differentiated hemolytic effect of the
protein fractions F1 and F2 atomic force microscopy (AFM)
technique was employed. To confirm the mechanisms of

—o—F1
——F2

—o—F3

60 80 100
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hemolysis, rat erythrocytes were treated by adding an aliquot of
both lyophilized fractions F1 and F2 in physiological saline
solution and analyzed at different incubation times (1, 5, 10,
30 mins). Control measurements carried out on healthy RBCs
are shown in the Figure S6 in the Supporting Information (SI).

AFM analysis of the effect of F1 on the surface of RBC of rat
showed that damages caused by this fraction correspond to those
previously described for a phospholipase A2 mechanism (Diaz-
Marrero et al, 2019). Figure 3 shows a detail of the PLA2
hemolytic effects produced after 5 min, where superficial
degradation of the outer and inner leaflets of the cell
membrane are clearly observed. AFM images in Figure 4,
collected for t =1 and 30 min, revealed the extension,
development, and reproduction of the depth of the damages
already reported in Diaz-Marrero et al. (2019). The presence of
these damaged regions can be rationalized in terms of the
hydrolysis reaction produced between the membrane
phospholipids catalyzed by PLA2-type proteins from the coral
extract. PLA2-type proteins specifically trigger the rupture of the
ester bond at the sn-2 position of the glycerol backbone of
phosphatidylcholine residues in the outer leaflet of the
cell membrane.

The RMS roughness of the membrane surface inside the
damaged membrane regions displayed in Figure 4 showed an
averaged value of 1.51 + 0.43 nm, which is considerably higher
than that registered for healthy cell membrane areas, i.e. 0.87 +
0.20 nm, whose smoother morphology is shown in more detail
in Figure §7.

In the same way, AFM images of the effects observed after
incubation of rat erythrocytes with the enriched fraction F2 of
M. alcicornis, named as alciporin, were recorded, revealing a
different mechanism than that for F1, as previously described
(Diaz-Marrero et al., 2019). Figure 5 shows detailed AFM images
of the response of rat blood cells after 1 min treatment with F2.
In this case, the damages observed on the membrane of an

1.0 um

FIGURE 3

d
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10.3389/fmars.2022.914084

isolated erythrocyte reveal punctual and deep damages
distributed along the surface. A detailed analysis indicated the
formation of adjacent concentric pores that seems to be the
initial stages of a pore-formation mechanism. After 10 minutes
of incubation, damages caused by alciporin are abundant and
spread out on the surface of the cell membrane. In addition,
bigger holes of higher dimensions than those observed after 1-
minute incubation are present. Figure 6 shows a detail of these
small-sized pores, and the results (regarding width and depth) of
the analysis of several cross-section profiles carried out on the
latter are summarized in Table 1. Interestingly, both the
roughness and the overall dimensions of the circular pores
noticeably increase with time, so does the pinhole surface
coverage as can be seen in Figure S8.

Together with the arising and the progressive development
already mentioned for the small-sized pinholes, significantly
bigger circular pores are also detected on the membrane of
RBCs exposed to alciporin, as can be observed in Figure 7A and
Figure S9. Also, the analysis of these large-sized damages
revealed the formation of neat circular pores reaching 205 nm
wide and 65 nm deep. These data confirmed that alciporin
causes damages of different nature on cell membranes through
an additional hemolytic mechanism that could be attributed to
PFPs. Interestingly, these wide pores in the membrane cells allow
to distinguish in detail the spectrin network underneath. The
latter is better depicted in Figures 7B, C. It is noteworthy to
mention that these large, dilated pores are not the consequence
of the overlap/collapse of adjacent minor pinholes, which is
illustrated in Figures S10-S11, but the result of the development
in a larger scale of the PFP model already discussed. The
occurrence of the latter is detected even from t =1 to 30 min.

Several studies have reported that porins proteins interact
exclusively with sphingomyelin containing membranes (Bakrac
et al., 2008; éRnigoj Kristan et al., 2009; Garcila-Ortega et al.,
2011). PFPs are present in Anthozoa and Hydrozoa. They

10.0 nm

-10.0 nm

400.0 nm

5.0 x 5.0 um? (A) and 2.0 x 2.0 pm? (B) AFM images of the surface of RBC after being exposed to the hemolytic fraction F1 of M. alcicornis for

t=5min

Frontiers in Marine Science

06

frontiersin.org


https://doi.org/10.3389/fmars.2022.914084
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Nocchi et al. 10.3389/fmars.2022.914084

N
o

10.0 nm

-
o

Height (nm)
)

-10.0 nm 0 T /
0.0 0.5 1.0

Distance (um)
20 .

10.0 nm

Height (nm)

0.0 05 1.0 15
Distance (um)

FIGURE 4
2.0 x 2.0 ym? AFM images of the surface of RBC after being exposed to F1 for t = 1 min (A) and t = 30 min (B).

mediate various types of toxicity and bioactivity, such as imbalance and cell lysis. It requires several steps: i) initial
cardiovascular and respiratory arrest in rats (Hu et al, 2011), binding to the target membrane; ii) orientation and
lysis of rat, human and sheep erythrocytes (Kohno et al., 2009; consequent oligomerization at the binding site; and iii)
Ravindran et al., 2010; Glasser et al., 2014) all caused by a pore- insertion in the segment to the lipid’s membrane and
forming mechanism. The mechanism of action of these proteins generation of the pore (Parker and Feil, 2005; Saikia et al,
is penetration through the target cell membrane resulting in 2012). In order to determine the membrane target for PFPs in M.
diffusion of small molecules and solutes leading to osmotic alcicornis a specific affinity study was carried out. In this

-300.0 nm

2.0 ym

FIGURE 5
10 x 10 pm? (A) and 2.0 x 2.0 um? (B) AFM images of the surface of RBC after being exposed to alciporin for t = 1 min
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FIGURE 6

Representative cross-section profile of 1.0 x 1.0 pm? AFM images of the surface of RBC after being exposed to alciporin for t = 1 min (A), 5 min

(B), and 30 min (C).

TABLE 1 Average RMS roughness, pore diameter and depth obtained from AFM cross section profile of pinholes occurred in RBC membranes

after exposure to alciporin for different times.

Sample Roughness (RMS)/nm
t =1 min 1.74 + 0.55
t =5 min 2.52 +0.53
t =10 min 3.32 £ 061
t = 30 min 3.78 + 0.70
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Diameter/nm

37.1+£83

51.2 £24.6
68.9 +31.9
78.6 + 33.6

Depth/nm

112 £39
17.0 £ 8.7
252 +132
24.6 £13.8
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FIGURE 7
Effects observed at the lipid bilayer after 10 min of incubation of rat erythrocyte in the presence of alciporin. AFM image (2.0 x 2.0 um?) and cross
section of a big pore. Cross sectional profile showing the diameter, depth, and the pore inner ring (A), 400 x 400 nm? AFM detailed images of the
pore resembling the morphological features of the cell spectrin cytoskeleton underneath: topographic (B) and adhesion (C) images.

experiment, the percentage of hemolysis of rat erythrocytes at (Figure 8). This fact was also corroborated by AFM analysis.
different concentrations of alciporin was analyzed starting from Thus, a sample of alciporin was reconstituted in saline solution
a maximum concentration of 100 g/mL incubated with that containing sphingomyelin. The AFM analysis of hemolytic
commercial sphingomyelin (Sigma) at a 1:1.6 ratio for 60 effects after incubation times of 1, 5, 10 and 30 min showed
minutes at 4 °C. Incubation of M. alcicornis PFP, alciporin, residual pore formation in the time lapse considered as can be
with sphingomyelin reduces hemolytic effects below 10% seen in Figures 9; S12, S13.
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e
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FIGURE 8
Hemolytic activities of alciporin and alciporin + sphingomyelin.
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5.0x5.0 me 3D AFM image showing the characteristic topographic features expected for RBCs exposed to alciporin in the presence of
sphingomyelin for t = 5 min (A). Cross sectional profile showing the surface roughness of the RBC membrane (B).

Subtle damages observed in the membrane of RBC exposed
to alciporin samples in the presence of sphingomyelin, see Figure
S13, exhibited morphologies compatible with the activity of
residual traces PLA2-type proteins still present in some
samples of alciporin. Indeed, the RMS values registered for
both unaltered and damaged regions were 0.92 + 0.28 nm (see
Figures S14, S15) and 1.45 + 0.36 nm, respectively, with the latter
being comparable with those already shown for F1. Occasionally,
some isolated pores could be detected only for longer immersion
times, Figure S14, whose dimensions (diameter and depth) and
surface coverage are significantly lower than those reported for
RBC exposed to alciporin in the absence of sphingomyelin. All
these results put together confirm that the target of alciporin
proteins in the RBC membrane is sphingomyelin.

The sequence of alciporin (F2) was analysed and the
identified protein is deposited in the NCBI database under
accession number ON158507. The obtained sequences showed
98-99% homology to uncharacterized proteins of M. alcicornis
available at SwissProt database as well as high levels of homology
to actinoporins isolated from other marine species as shown in
Figure 10. Hence the obtained sequence of the protein was
characterized as an actinoporin of M. alcicornis.
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Actinoporins are effective, extremely potent PFPs produced
by cnidarians. These basic 20 kDa proteins form pores in
membranes that contain sphingomyelin (Hinds et al., 2002;
Ramirez-Carreto et al., 2020). The multi-step process of pore
formation involves recognition of membrane sphingomyelin,
binding to the membrane and the transfer of the N-terminal
region to the lipid-water interface to induce pore formation after
oligomerization of monomers (Kristan et al., 2009). Despite most
actinoporins produced by sea anemones are a well-studied group
of 0-PFPs of around 20 kDa comprising an average of 200
aminoacid residues (Alvarez et al., 2009; Rivera-de-Torre et al.,
2018; Ramirez-Carreto et al., 2020), alciporin fit an actinoporin
with high homology with the sticholysins family isolated from sea
anemones (Lanio et al, 2001) (Figure S16). Similar to other
described actinoporins, it shows a conserved region of bulky and
aromatic aminoacids such as tryptophan or tyrosine usually
found at positions 112 and 113, associated with the lipid
membrane interaction. Nonetheless, it lacks the highly
conserved P-[WYF]-D pattern as well as bulky or aromatic
aminoacids (Kristan et al., 2009; Alvarez et al., 2009).

Based on the AFM analysis, alciporin interacts after 1 min
with RBCs lipid membranes that contain sphingomyelin to bind

frontiersin.org
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Phylogenetic tree actinoporin-like proteins. Predicted amino acid sequences of analysed proteins were aligned by clustalW and imported into the MEGA
5.0 software package to generate a phylogenetic tree using the neighbour-joining method. The sequence of a stone coral was employed as an
outgroup. ID P0O7845 and uncharacterized sequences from M. alcicornis were 98-99% identical to the one obtained in this study.

the bilayer and initiate pore formation. In a second stage, a
protein-protein interaction triggers the oligomerization process
that leads the formation of toroidal arc pores that range from 25
to 200 nm (Figure S9), as represented in Figure 11.

4 Conclusions

The nematocysts of M. alcicornis penetratre the human skin
and produce lesions similar to burns. The study of nematocysts
produced by cnidarian cnidocytes as the main defense
mechanism against prey and predators is crucial to understand
the stinging effect they have upon contact with the skin. Results
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derived from this research work confirmed that the M. alcicornis
aqueous extract contains thermolabile proteins that cause
hemolytic effects upon contact, Figure 12. The use of
molecular exclusion chromatography and in vitro hemolytic
assays have allowed us to isolate, detect and monitor two
different hemolytic behaviors attributed to the biosynthesis of
proteins of the phospholipase A2 (PLA2) and pore forming
proteins (PFEPs) type, alciporin, as a main defense mechanism.
PLA2 catalyzes hydrolysis at the sn-2 position of phospholipids
of the phosphatidylcholine type. These enzymes can display
different affinities for membranes depending on the
phospholipid composition, but mainly for phosphatidylcholine
residues in the outer leaflet of the cell membrane. The hydrolysis
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Atomic Force Microscopy (AFM) that the biological target of the
PFTs is sphingomyelin, Figure 9. The use of AFM is revealed as a
powerful tool to understand biological processes and has allowed
us to visualize in detail the mechanisms involved in the damages
caused by phospholipase A2 (PLA2) and pore forming proteins
(PFTs) of M. alcicornis at the nanoscale level. The enormous
potential of cnidarian venoms as biological tools for
understanding the activity of different receptors and channels
in health and disease conditions, as well as their use as sources of
novel pharmaceutical lead compounds, such as for the
adjunctive therapy for invasive bacterial infection (Escajadillo
and Nizet, 2018), appears to offer endless possibilities for future
scientific research (Benton and Bayly-Jones, 2021). It is
important to study the hemolytic properties of cnidarian
venoms, which could lead to better care for the victims. In this
context we also believe that alciporin could be a potential
candidate to develop biological assays, as the application as
antiparasitic agents in which our group is currently working.
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