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A B S T R A C T

Actinoporins are a protein family of α-pore-forming proteins (PFPs), initially isolated from sea anemones. These 
proteins are key components of the venom system used by sea anemones and some other cnidarians, the most 
ancient extant lineage of venomous animals, where they play a role in predation and predator deterrence through 
rapid membrane disruption. The scientific journey to understand these potent molecules began more than five 
decades ago with their initial isolation from crude anemone extracts. In recent years structural studies enabled 
the determination of multiple structures of monomeric actinoporins in solution and in complexes with ligands, 
elucidating their mechanism of membrane binding and pore formation, highlighting in the fragaceatoxin C 
(FraC) pore structure. Recently, two groups independently produced multiple pore structures of actinoporins and 
a close homologue, further elucidating the mechanism of pore formation and investigating the role of lipids in the 
pore structure, which is even more prominent than initially thought. Hereby, we highlight the achievements of 
the two studies and discuss some remaining open questions.

1. Introduction

Pore formation in cellular membranes is a common strategy in the 
attack or defense of organisms across all domains of life. Pore-forming 
proteins (PFPs) are typically secreted as soluble monomers that bind 
to target membranes, oligomerize at the plane of the membrane, and 
undergo conformational changes that enable insertion into the lipid 
bilayer and formation of transmembrane pores. PFPs appear in all do
mains of life and viruses and are involved in programmed cell death, 
immunity, or act as toxins that attack other cells or organisms (Pore- 
forming toxins; PFTs) (Bischofberger et al., 2009; Peraro and van der 
Goot, 2015). Based on the secondary structure element that builds the 
transmembrane channel part of the pore, PFPs are classified into α-he
lical and β-barrel PFPs (Gouaux, 1997).

Actinoporins are α-helical PFPs from sea anemones, with a molecular 
mass of approximately 20 kDa (Podobnik and Anderluh, 2017). They are 
venom components used in predation and digestion, as well as in defense 
(Anderluh and Maček, 2002). Actinoporins are one of the most studied 
families of PFPs with a rich tradition dating back to the early 70s. In 
2025, two papers (Arranz et al., 2025; Šolinc et al., 2025) revealed 

fascinating details about the actinoporin pore-formation and structure. 
This paper aims to highlight the achievements of these works, briefly 
illustrating the five-decade-long body of work that paved their way and 
discuss some of the remaining open questions.

Actinoporins were isolated from crude anemone extracts in 1974, a 
protein that would later be named equinatoxin II (EqtII) from Actinia 
equina (Ferlan and Lebez, 1974) and sticholysin I and II (StnI, StnII) from 
Stichodactyla helianthus (Devlin, 1974) (Fig. 1). From these initial studies 
until now (early 2026), actinoporins research can be broken down into 
three periods with some overlap (Fig. 1). During initial biochemical 
characterization, soon after first isolations of actinoporins, it was 
discovered that these hemolytic toxins could be inhibited by incubation 
with sphingomyelin (Bernheimer and Avigad, 1976) and that the 
mechanism of action is likely membrane pore formation (Varanda and 
Finkelstein, 1980). In 1988, Kem proposed a name actinoporins, high
lighting a group of pore forming toxins (PFTs) from sea anemones with 
some common functional properties (Kem, 1988).

Activities of the first two decades of actinoporins research on one of 
the model proteins, EqtII, are comprehensively summarized in a 
contemporary review by (Maček et al., 1994). Determination of 
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complete amino acid sequences (Belmonte et al., 1994; Morera et al., 
1995; Simpson et al., 1990) and the use of recombinant technology 
(Anderluh et al., 1996) resulted in relatively easily obtainable large 
amounts of pure actinoporins, enabling the next period of functional and 
structural studies. These were initiated with the determination of the 
structure of monomeric EqtII (Athanasiadis et al., 2001) and electron 
microscopy images of membrane-bound oligomers of StnII (Mancheñ 
et al., 2003). Actinoporins structure is conserved and consists of a cen
tral compact β-sandwich of ten β-strands flanked by two α-helices, one 
on each side (Fig. 2A). Known actinoporin structures in combination 
with advances in bioinformatics also led to the discovery of numerous 
proteins structurally similar to actinoporins. These actionoporin-like 
proteins (ALPs) are common in other cnidarians but can be found all 
over the tree of life (Birck et al., 2004; Gutiérrez-Aguirre et al., 2006; 
Kawashima et al., 2003; Ruparčič et al., 2025). It was soon established 
that the flexibility of the N-terminal amphipathic α-helix is crucial for 
pore formation (Hong et al., 2002; Kristan et al., 2004). In addition, it 
was discovered that lipid composition affects the formation of pores 
(Alvarez Valcarcel et al., 2001) and that membrane lipids likely form 
part of the pore wall (Anderluh et al., 2003). In 2008, a sphingomyelin 
molecule was confirmed to be a specific membrane lipid receptor by 
surface plasmon resonance and other biophysical approaches (Bakrač 
et al., 2008).

The next crucial paper was published in 2015 when the crystal 
structure of Fragaceatoxin C (FraC) pore, an EqtII homologue from 
Actinia fragacea, was solved by Tanaka et al. (2015). This work revealed 
that actinoporin pores are (at least mostly) octameric. The pore can be 
divided into two parts (Fig. 2B): i) the extracellular pore cap formed by 
circularly arranged β-sandwiches of protomers, which remain structur
ally almost unchanged compared to their conformation in monomeric 
form (Fig. 2A), and ii) a transmembrane bundle of amphipathic α-helices 
formed by the now extended N-terminal of protomers and arranged in an 
iris-like pattern. This work also revealed that lipids, likely sphingo
myelin, remain tightly bound to the pore after its formation. Moreover, 
lipids (at the so-called lipid position L1) form an integral part of the pore 
by indirectly increasing the protomer-protomer interaction surface. 
Lipid at the same position is also exposed to the lumen of the pore, thus 
confirming prior hypotheses that actinoporins form protein-lipid pores 
(as discussed in Rojko et al., 2016).

This work was important also for utilization of FraC pore as it was 
extensively used in nanopore sensing experiments (Lucas et al., 2021; 
Restrepo-Pérez et al., 2019; Wloka et al., 2016). This modern analytical 
approach utilizes protein pores to detect and characterize individual 

molecules. The field of nanopore sensing underwent rapid development 
in the past decades, from proof-of-concept experiments with α-hemo
lysin in the 90s and early 2000s (Bayley and Cremer, 2001; Bezrukov 
et al., 1994; Kasianowicz et al., 1996) to mature and powerful analytical 
and commercial DNA and RNA sequencing technology, while also 
diversifying toward the detection of organic and inorganic molecules 
and protein analysis (Crnković et al., 2021). Particularly attractive for 
sensing applications were the funnel shape of the interior of the FraC 
pore and breathability of the α-helical region, which showed great po
tential. FraC pore was recently also used as a scaffold for nanoreactors 
(Robles-Martín et al., 2023). Beyond the scope of nanopore sensing, 
actinoporins have recently been used as scaffold proteins for pore-based 
nanoreactors, breaking down nano-sized polyethylene terephthalate 
(Robles-Martín et al., 2023) and as senotoxins, selectively targeting se
nescent cells (Moral-sanz et al., 2025).

In a recent decade, a cryogenic electron microscopy (cryoEM) 
quickly established itself as the preeminent approach to study mem
brane proteins, which are notoriously difficult to crystallize 
(Kühlbrandt, 2022). The first protein pore structure deposited to Protein 
Data Base solved by cryoEM was the low-resolution reconstruction of 
pleurotolysin in 2015 (Lukoyanova et al., 2015), followed by the 
reconstruction of anthrax toxin protective antigen pore at 2.9 Å reso
lution (Jiang et al., 2015) the same year, with lower resolution studies of 
protein pores dating even further back (Law et al., 2010; Tilley et al., 
2005). Additional strength of cryoEM is the possibility of reconstructing 
multiple different structures from the same sample and thus ability to 
capture intermediate states. One such case of PFTs is aerolysin, where 
multiple prepore states as well as the final pore were resolved by cryoEM 
(Anton et al., 2025; Iacovache et al., 2016).

2. CryoEM structures of actinoporins pores reveal intricate 
interactions with lipids

In ̌Solinc et al. (2025), Fav, an actinoporin homologue form the coral 
Orbicella faveolate was utilized. Pores were prepared on membranes of 
various lipid compositions and structurally characterized with cryoEM. 
Based on the FraC pore structure (PDB-ID 4TSY), it was expected for Fav 
pore to be a protein-lipid complex, and indeed it proved to contain the 
high number of lipids associated with the pore. When pores were pre
pared on 1,2-dioleoyl-sn-glycero-3-phosphocholine:sphingomyelin 
membranes, like the FraC pore previously (Tanaka et al., 2015), six 
phospholipid molecules per protomer were observed, twice as much as 
in the case of the crystal structure. But when the membrane used for pore 

Fig. 1. The timeline of actinoporins research separated into three overlapping periods. Starting with the discovery and isolation from sea anemone extracts, closely 
followed by initial biochemical characterization (yellow rectangle). Primary structure data kicked off a period of biophysical, functional, mechanistic, and detailed 
3D structural studies (orange rectangle), the information from which led to the period of actinoporin utilization in biotechnology (red rectangle). Selected publi
cations with a short description of the contribution are highlighted. The list is not exhausted and we apologise for any inadvertent omission. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)
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preparation also contained cholesterol, a known enhancer of actino
porins activity (Barlič et al., 2004; Palacios-Ortega et al., 2019), the 
number of phospholipids associated with the pore increased to eleven. 
Furthermore, additional four cholesterol molecules were observed 
forming a compact cholesterol nanodomain under the pore cap. What is 
especially fascinating is that all these lipids were resolved on the pore 
extracted from the membranes of large unilamellar lipid vesicles with 
detergent and all of the resolved lipids belong to the extracellular 
(upper) leaflet of the membrane. Analysis of the cryoEM-based struc
tural models revealed that lipids have distinct structural and functional 
roles. Some lipids have a structural role (structural lipids), others are 
receptors anchoring the monomer and final pore to the membrane (re
ceptor lipids), and some have limited contact with the protein but are 

mostly stabilized by interactions with other lipids (bridging lipids) 
(Fig. 2C). These findings were further supported with atomistic simu
lations that highlight a complex network of protein–lipid and lipid–lipid 
interactions around the cap of the pore. This work showed that lipids are 
much more than passive membrane components as they critically shape 
pore structure and stability (Šolinc et al., 2025).

Another interesting observation made possible by the higher reso
lution structures of FraC and StnII pores is that sphingomyelin at posi
tion L1 and cholesterol at position CH1 assigned to the neighboring 
protomer (as named in Šolinc et al., 2025) form a hydrogen bond 
(Arranz et al., 2025). A closer look at the entire cholesterol nanodomain 
and the lipids at positions L1-L4 (Fig. 2D), all of which were present in 
all the structures of Fav, FraC and StnII, show an arrangement where 

Fig. 2. Structures of actinoporins. (A) The structure of monomeric FraC (PDB-ID 3LIM) with labelled N and C-termini and secondary structural elements (left). 
Superposition of a single protomer of the FraC pore (PDB-ID 4TSY) and monomeric FraC (grey; right). The arrow indicates the extension of the N-terminal region to 
long α-helix during pore-formation. (B) The FraC pore (PDB-ID 4TSY) compared to FraC (PDB-ID 9GKL) and Fav pores (PDB-ID 9EYO). Phospholipids are colored in 
yellow and cholesterol in blue. (C) A closeup look at the bridging lipids (L7-L9, L11) present in the Fav pore structure. (D) A closeup view of sphingomyelins at 
positions L1-L4 paired with corresponding cholesterol molecules (PDB-ID 9GKL). The asterisk at L1 indicates that the lipid at this position is assigned to the 
neighbouring protomer. Green dashed lines represent potential hydrogen bonds prior to protein insertion. (E) CryoEM maps of StnII pore intermediates. Part of the 
map, corresponding to the N-terminal region still attached to the β-sandwich core, is shown in red. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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each of the cholesterol molecules has a sphingomyelin partner, which 
indicate lipid-lipid interaction prior to the protein binding and 
pore-formation. This also indicates that actinoporins, similar to their 
distant homologue ostreolysin A from mushroom Pleurotus ostreatus, 
may discriminate between different conformations of sphingomyelin in 
presence of cholesterol (Endapally et al., 2019), and that it is not the 
general membrane properties effected by cholesterol that increase the 
pore-forming activity.

3. CryoEM structures of actinoporin pores reveal the details of 
the mechanism of pore assembly

Arranz et el. (2025) used a slightly different direction and builds on 
the FraC pore foundation by using cryoEM to visualize FraC and StnII 
pores formed on lipid membranes directly, using large unilamellar 
vesicles and lipid nanodiscs as model lipid systems. Both pores have 
architectures highly similar to Fav (and of course to the crystal structure 
of FraC) with fewer lipids compared to Fav, but capturing the pore in a 
more physiological context and at greater resolutions (Fig. 2B). 
Crucially, they resolved multiple membrane-bound oligomeric in
termediates (Fig. 2E), providing direct structural evidence for a 
sequential, multistep assembly pathway from membrane-bound mono
mers to complete pores. This study proposes that protein oligomeriza
tion displaces Phe14, which triggers conformational changes of the N- 
terminal helix. This has been previously proposed by Tanaka et al., 
based on crystal structures of a dimer with bound phosphorylcholine 
groups (2015), but those dimers were formed in solution and not on the 
membrane.

The Arranz et al. (2025) study provides structural evidence for 
arc-shaped oligomeric intermediates formed by protomers with the 
disordered N-terminal helices and supports a sequential assembly 
pathway. However, it remains unclear what governs the fate of these 
intermediates (Fig. 3A). Specifically, it is still unknown whether arcs are: 
i) obligatory on-pathway precursors that inevitably close into full pores. 
And if this is the case, how the trapped lipids (Fig. 3A) are displaced 
during pore formation. ii) metastable, functionally relevant end states 
that can already, albeit transiently, permeabilize membranes as pro
posed before by Palacios-Ortega et al. (2020). Non-circular forms of 
membrane-perforating oligomers that can function as pores, sometimes 
referred to as arcs, are known to be formed by some other PFPs (Gilbert, 
2016; Gilbert et al., 2014), such as members of the membrane attack 
complex/perforin (MAC/PF)-cholesterol depandant cytolisins (CDC) 
superfamily (Bhakdi et al., 1985; Czajkowsky et al., 2004; Gilbert et al., 
2013; Morgan et al., 1994; Olofsson et al., 1993; Young et al., 1986) and 
gasdarmin D (Mulvihill et al., 2018) belong to the group of β-PFPs and 

form pores an order of magnitude larger than actinoporins formed by 
more subunits (Peraro and van der Goot, 2015). The arrangement of 
lipids forming part of such pores is thus likely very different compared to 
actinoporins. A rare example of α-PFPs that form arcs is BAX (Epand 
et al., 2002) from the BCL-2 family of proteins (García-Sáez, 2012). 
These arcs are, however, irregular in shape without consistent curvature 
(Peña-Blanco and García-Sáez, 2018; Zhang et al., 2025).

Both studies also show evidence of non-octameric stoichiometries of 
pores. When imaging pores on vesicles Šolinc et al. (2025) observed 
nonameric pores in addition to octameric while Arranz et al. (2025)
show stable but unfavourable heptameric FraC pores and show a 2D 
class average of nonameric StnII ring with disordered N-terminal heli
ces. Additionally, ALPs from molluscs, such as Mytiporin 1, form hex
americ pores (Koritnik et al., 2022). FraC pores with different diameters 
were previously proposed and also utilized in nanopore sensing (Huang 
et al., 2019). The differences in conductance measured by using these 
pores were attributed to differences in diameter caused by multiple 
possible pore stoichiometries. While the differences in the structure of 
monomers between molluscan ALPs and actinoporins are likely the 
reason for differences in pore stoichiometry, the mechanism that dic
tates actinoporin pore stoichiometry remains to be discovered (Fig. 3B). 
A detailed understanding of this mechanism would allow for the pro
duction of homogeneous pore samples of desired diameters expanding 
the repertoire of analytes that could be addressed by nanopore sensing 
based on actinoporin pores.

4. Conclusions

Together, these studies mark a conceptual shift from viewing acti
noporin pores as pre-defined protein assemblies to understanding them 
as protein-lipid supramolecular complexes whose structure depends on 
membrane lipids. Lipids have multiple roles in the formed pore, and the 
pore itself affects the dynamics of lipids in its surroundings. The struc
tures of actinoporin pores show that on membranes, oligomerization is 
sequential and triggers the conformational changes crucial for pore- 
formation, and that the final oligomeric state can vary. All of this was 
made possible by using cryoEM, which allows for direct visualization of 
pores and oligomeric intermediates embedded in lipid bilayers.
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topics described in the manuscript.

Fig. 3. Some outstanding questions in actinoporin research. (A) Two possible pre-final steps in pore formation. i) Completed membrane-bound oligomeric ring where 
the N-terminal helices of all protomers are detached from the β-sandwich core but don't yet form a transmembrane channel. Lipids ‘trapped’ inside the oligomer are 
shown in orange. ii) Near-complete pore with single protomer missing, where the N-terminal helices of all but the marked protomer (yellow star) are extended across 
the membrane. (B) The three observed pore stoichiometries of actinoporins and cnidarian ALPs. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)
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