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Abstract 
Pore-forming proteins/toxins (PFPs/PFTs) are the distinct class of membrane-damaging proteins. They act by forming oli-
gomeric pores in the plasma membranes. PFTs and PFPs from diverse organisms share a common mechanism of action, in 
which the designated pore-forming motifs of the membrane-bound protein molecules insert into the membrane lipid bilayer to 
create the water-filled pores. One common characteristic of these pore-forming motifs is that they are amphipathic in nature. 
In general, the hydrophobic sidechains of the pore-forming motifs face toward the hydrophobic core of the membranes, while 
the hydrophilic residues create the lining of the water-filled pore lumen. Interestingly, pore-forming motifs of the distinct 
subclass of PFPs/PFTs share very little sequence similarity with each other. Therefore, the common guiding principle that 
governs the sequence-to-structure paradigm in the mechanism of action of these PFPs/PFTs still remains an enigma. In this 
article, we discuss this notion using the examples of diverse groups of membrane-damaging PFPs/PFTs.
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Introduction

Membrane pore-formation is one of the most efficient mech-
anisms of cell-killing employed by the diverse life forms. 
Such pathophysiological function is achieved by a unique 
group of protein toxins known as the pore-forming toxins 
(PFTs). PFTs form pores of specific size and stoichiometry 
in the lipid bilayer of the target cell membranes. This allows 
unrestricted movement of ions, water, and other molecules 
through the cell membranes, which in turn disrupts the cel-
lular homeostasis leading to the cell-death (Bischofberger 
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et al. 2012; Dal Peraro and van der Goot 2016; Mondal et al. 
2018). PFTs are generally produced as soluble monomers. 
Upon encountering the target plasma membranes, they 
assemble into oligomeric complexes, which are finally con-
verted into the transmembrane pores (Gonzalez et al. 2008). 
Presence of the PFTs is ubiquitously found in diverse organ-
isms that include bacteria, fungi, sea anemones, plants, and 
even higher vertebrates such as humans. These proteins 
are produced for different purposes in different organisms. 
Pathogenic bacteria utilize PFTs as their virulence fac-
tors, whereas eukaryotic organisms usually use them for 
the defense mechanisms. Higher vertebrates produce pore-
forming proteins (PFPs) to kill the pathogenic bacteria, and 
to destroy the pathogen-infected cells (Bayly-Jones et al. 
2017; Dal Peraro and van der Goot 2016; Los et al. 2013; 
Spicer et al. 2017).

Although the PFTs from diverse organisms have differ-
ent functions, they share remarkable similarities in their 
structure and mechanism of pore-formation. PFTs bind to 
the plasma membranes of the target cells, either via specific 
association with the components of the cell membranes or 
receptor(s), or through non-specific association with the 
membrane lipid bilayer. Upon membrane-binding, PFT 
monomers assemble into the oligomeric pores. This involves 
membrane-insertion of the specific pore-forming motif(s) 
that creates the transmembrane water-filled pore (Gonzalez 
et al. 2008). Depending on the number of protomers involved 
in the pore-formation process, pore size can vary in different 
PFTs. The stoichiometric assembly can range from tetramer 
for the thermostable direct hemolysin (TDH) from Vibrio 
parahaemolyticus, to the heptameric assembly for Staphy-
lococcus aureus α-hemolysin and Vibrio cholerae cytolysin 
(VCC), where pore diameters are in the range of 1–2 nm 
(De and Olson 2011; Kundu et al. 2017; Song et al. 1996). 
In contrast, more than 30–50 protomers are known to be 
involved in the pore-formation by the cholesterol-dependent 
cytolysins (CDCs), such as Perfringolysin O (PFO) from 
Clostridium perfringens (Rossjohn et al. 1997).

PFTs are classified into two distinct categories, based on 
the secondary structural motifs that PFTs utilize to generate 
the oligomeric pore. PFTs, in which the membrane-spanning 
elements are composed of the α-helices, are called α-PFTs 
(Dal Peraro and van der Goot 2016; Mondal et al. 2018). 
Some of the well-characterized α-PFTs include colicins 
(Colicin Ia from Escherichia coli), Cytolysin A (ClyA; pro-
duced by E. coli, Salmonella species, and Shigella flexneri) 
and Actinoporins (for example, Fragaceatoxin from Actinia 
fragacea) (Mechaly et al. 2009; Mueller et al. 2009; Parker 
et al. 1992). PFTs that utilize β-barrels for the membrane-
spanning regions are called the β-PFTs (Mondal and Chat-
topadhyay 2020). β-PFTs have two subfamilies: (i) small 
β-PFTs that form pores of ~ 1–2 nm diameter, with ~ 7–9 
protomers in the pore assembly (for example, α-hemolysin 

from S. aureus) and (ii) large β-PFTs such as CDCs that 
generate pores of ~ 30–50 nm diameter consisting of ~ 30–50 
protomers in the pore assembly (for example, Listeriolysin 
O from L. monocytogenes) (Koster et al. 2014; Song et al. 
1996). Both the families of α-PFTs and β-PFTs include mul-
tiple well-explored eukaryotic PFPs. Actinoporins are the 
group of one such eukaryotic α-PFTs that are secreted by 
the different species of sea anemones (Kristan et al. 2009). 
Membrane attack complex and perforin family (MACPF) 
proteins are produced by the cells of the immune system 
of the higher vertebrates (Reboul et al 2016). These pro-
teins form β-barrel pores on the plasma membranes of the 
pathogen-infected cells (Tavares et al. 2014). Apart from the 
MACPFs, gasdermins represent another group of eukaryotic 
PFPs. Gasdermins form β-barrel pores ‘from-inside’ of the 
cells, that in turn mediate the release of the inflammatory 
cytokines and trigger pyroptosis (Shi et al. 2017). β-PFTs 
are more extensively characterized at the molecular levels, 
as compared to the α-PFTs. Numerous studies on the well-
orchestrated structure–function mechanisms of the PFTs 
have revealed in-depth molecular insights regarding their 
modes of action. However, the intricate details of the pore-
formation mechanism of the PFTs still remain elusive in 
most of the cases.

One of the crucial steps in the pore-formation mechanism 
of the PFTs is the insertion of the pore-forming motif into 
the lipid bilayer of the target cell membranes (Mondal and 
Chattopadhyay 2020). The insertion step is usually linked 
with the oligomerization of the membrane-associated toxin 
protomers. In one of the models of pore-formation mecha-
nism, PFTs first oligomerize on the membrane surface, and 
then subsequently insert their pore-forming motifs into the 
membranes to form the transmembrane pores. Small β-PFTs 
such as S. aureus α-hemolysin and Vibrio cholerae cytoly-
sin (VCC) follow this model (Rai and Chattopadhyay 2014; 
Valeva et al. 1995). Some of the large β-PFTs such as CDCs 
follow another model, where the sequential oligomerization 
of the toxin protomers is associated with the concomitant 
membrane-insertion process (Bakrac et al. 2008).

In most of the cases, the pore-forming motifs of the PFTs 
remain folded against the central domain of the protein, when 
they are in the water-soluble monomeric form. In α-PFTs and 
small β-PFTs, the pore-forming region(s) already contain the 
pre-formed α-helical segments and β-strands, respectively, 
which constitute the transmembrane motif (Mueller et al. 
2009; Olson and Gouaux 2005). When these PFTs interact 
with the lipid bilayer, these pre-formed motifs insert into the 
membranes (Dal Peraro and van der Goot 2016; Degiacomi 
et al. 2013; Mondal and Chattopadhyay 2020). Interestingly, 
the pore-forming element(s) in the large β-PFTs like CDCs 
remain as α-helical form in the water-soluble monomeric 
state (Heuck et al. 2010). During the pore-formation process, 
these elements undergo structural rearrangements to convert 
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into the β-hairpins to form the components of the β-barrel 
pore (Mondal and Chattopadhyay 2020; Reboul et al. 2016). 
Studies have also revealed that the pore-formation process 
of many β-PFTs involve formation of the intermediates that 
are termed as the pre-pore, in which the pore-forming motifs 
remain partially collapsed and are not fully inserted into 
the membranes (Yamashita et al. 2014). Once the pre-pore 
oligomeric assembly is created, each of the protomers fully 
extends their pore-forming region into the membrane lipid 
bilayer to form the β-barrel stem of the transmembrane pore 
(Iacovache et al. 2016; Paul and Chattopadhyay 2014).

One remarkable feature of the pore-forming motif(s) of the 
PFTs is their structural compatibility within the physicochemi-
cal environment of the membrane lipid bilayer so that they can 
form the water-filled transmembrane pores. Overall amphip-
athic nature of the pore-forming motifs allows them to anchor 
into the membrane environment. In the transmembrane form, 
hydrophobic residues of the pore-forming segment face toward 
the hydrophobic core of the membrane lipid bilayer, while the 
hydrophilic residues line the water-filled lumen of the pore, 
in general (De and Olson 2011; Mondal and Chattopadhyay 
2020; Song et al. 1996). It is documented that the physico-
chemical environment of the membrane lipid bilayer itself 
plays critical roles to shape the structural architecture of both 
the α-helical and β-barrel transmembrane motifs (White et al. 
2001; Wimley et al. 1998). Also, it is obvious that the struc-
tural disposition of the pore-forming motif of any PFT must 
be guided by the inherent pattern of the amino acid sequences 
of such regions. Various computational approaches have 
explored to predict the β-barrel structures in the membrane 
proteins (Waldispuhl et al. 2006). For example, one such study 
has attempted to identify the potential membrane-interacting 
surfaces in such motifs, and their possible positioning with 
respect to the membrane bilayer mid-plane (Wimley 2002). 
Similarly, computational prediction of the transmembrane 
α-helical segments has also made considerable progress in the 
recent years (Fleishman and Ben-Tal 2006). Interestingly, the 
pore-forming motifs of the diverse PFT family members show 
large variations in their sequence patterns. Previous literatures 
have shown that within a specific subclass of the PFTs, pore-
forming motifs display noticeable sequence similarities. For 
example, membrane-interacting regions of the CDC family of 
β-PFTs and transmembrane domains of the ClyA-like α-PFTs 
reveal presence of conserved signature sequences at some 
places (Brauning and Groll 2018; Savinov and Heuck 2017). 
However, very little sequence similarities are observed across 
the different subclass of the α-PFTs and β-PFTs, even though 
they adopt overall similar structural disposition, particularly 
for their transmembrane scaffolds. Therefore, it remains an 
enigma that how a similar structural disposition of the pore-
forming element(s) of the structurally-related PFTs is gener-
ated from the sequence motifs that are not so similar. In this 
article, we discuss this notion, using some of the prototype 

examples of the PFT family members. This review article 
attempts to provide a consolidated overview of the sequence 
diversities in the pore-forming motifs of the distinct class of 
PFTs and PFPs.

Small Pore‑Forming β‑PFTs

β-PFTs that form small oligomeric pores of 1–2 nm diam-
eter, composed of ~ 7 protomers, are one of the most well-
characterized PFTs. Some of the archetypical examples of 
such β-PFTs include S. aureus α-hemolysin, Leukocidin F, 
and V. cholerae cytolysin (VCC) (De and Olson 2011; Olson 
et al. 1999; Song et al. 1996) (Fig. 1). Transmembrane oli-
gomeric pores formed by these β-PFTs have a characteristic 
mushroom-shaped architecture, in which the β-barrel stem 
traverses through the depth of the membrane lipid bilayer 
(Fig. 1a). For the formation of the β-barrel stem, each of 
the toxin protomers contributes a pore-forming β-strand pair 
constituted from ~ 40–45 amino acid residues (De and Olson 
2011; Savva et al. 2013). Sequence alignment of the pore-
forming motifs of some of the prominent small pore-forming 
β-PFTs shows presence of prominent sequence similarities 
at many places (Fig. 1c).

There is another group of β-PFTs that form small β-barrel 
pores, having distinctly different structural architecture. 
Aeromonas hydrophila Aerolysin, anthrax toxin protective 
antigen pore, lysenin are some of the prominent examples 
of this category (Iacovache et al. 2016; Jiang et al. 2015; 
Podobnik et al. 2016, 2017). The oligomeric transmem-
brane pores formed by these β-PFTs show highly elongated 
β-barrel stems (Fig. 1b). Here, the β-barrel stem is consti-
tuted from ~ 70–75 residue-long β-strand pairs contributed 
by ~ 7–9 toxin protomers (Savva et al. 2019; Yamada et al. 
2020). Pore-forming motifs of these elongated β-barrel-
containing PFTs show some degree of sequence similarity 
at places (Fig. 1d), extent of which appears to be less as 
compared to that observed in the other category of small 
pore-forming β-PFTs mentioned above.

It is important to note that these two distinct categories 
of small pore-forming β-PFTs do not share any detectable 
sequence similarity in their pore-forming motifs. Therefore, 
the sequence comparison of the pore-forming motifs of these 
small pore-forming β-PFTs possibly suggest distinct guiding 
principle for the structural disposition of their transmem-
brane β-barrel elements.

Cholesterol‑Dependent Cytolysins (CDCs)

Cholesterol-dependent cytolysins (CDCs) are another 
distinct class of β-PFTs, produced mostly by the Gram-
positive pathogenic bacteria. CDCs are secreted by the 
pathogens as the water-soluble monomers, which form 
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oligomeric pores on the cholesterol-containing cellular 
membrane. CDCs make large pores of diameter in the 
range of ~ 30–50 nm. ~ 30–50 toxin protomers are involved 
in such pore assembly (Reboul et al. 2016; Sonnen et al. 
2014; van Pee et al. 2017). Studies on several CDCs have 
revealed a remarkably conserved structural architecture. In 
the CDC monomers, pore-forming motifs are retained in the 
form of two spatially distant, ~ 35 residue-long, α-helices 
(Fig. 2a). In the process of membrane pore-formation, these 
two α-helical motifs convert into two amphipathic trans-
membrane β-hairpins (TMH-1 and TMH-2) that insert into 
the membranes to form the β-barrel pores (Heuck et al. 
2010, 2001; Tweten 2005) (Fig. 2b–d).

Sequence alignment of the pore-forming motifs of 
some of the prototype CDCs shows presence of highly 
conserved/similar residues at a number of positions. Pres-
ence of conserved/similar residues appears to be more 
prominent in TMH-2 of these CDCs (Fig. 2d). Therefore, 
these observations suggest that the CDC family of large 
pore-forming β-PFTs have possibly evolved with a com-
mon guiding principle that is encoded in the sequence of 
their pore-forming motifs.

Fig. 1   Small pore-forming β-PFTs. a Structural model of the oli-
gomeric pore of S. aureus α-hemolysin (generated using the PDB 
ID 7AHL). One protomer is highlighted in green color. b Structural 
model of the oligomeric pore of Aeromonas hydrophila Aerolysin 
(generated using the PDB ID 5JZT). One of the protomers is high-
lighted in green. c Sequence alignment of the pore-forming motifs of 
some of the prototype small pore-forming β-PFTs. LeukF, leukocidin 
F from S. aureus; NetB, necrotic enteritis toxin B-like of Clostridium 

perfringens; α-Hly, S. aureus α-hemolysin; VCC; Vibrio cholerae 
cytolysin. d Sequence alignment of the pore-forming motifs of some 
of the prototype small pore-forming β-PFTs having an elongated 
β-barrel structure. Iota toxin, from Clostridium perfringens; Epsilon 
toxin, from Clostridium perfringens; Aerolysin, from Aeromonas 
hydrophila; Lysenin, from Eisenia fetida. Protective antigen, from 
Bacillus anthracis (Color figure online)
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Perforin and Membrane Attack Complex

Membrane attack complex of the complement system and 
perforin produced by the T lymphocytes constitute a dis-
tinct class of eukaryotic pore-forming proteins, commonly 
defined as the MACPF. They play pivotal roles in the 
vertebrate immune response generation and host defense 

mechanism (Rosado et al. 2008). In their mode of action, 
they display remarkable similarity with the CDC family of 
β-PFTs (Bayly-Jones et al. 2017; Reboul et al. 2016). In the 
monomeric state, MACPF pore-forming domain harbors two 
α-helical motifs, each being ~ 50-residue-long (Law et al. 
2010; Lovelace et al. 2011). During oligomeric pore-for-
mation, these motifs convert into transmembrane β-hairpins 

Fig. 2   CDC family of large pore-forming β-PFTs. a Structural model 
of the Listeriolysin O monomer (generated using the PDB ID 4CDB). 
Two of the α-helical motifs that form the transmembrane β-hairpins 
(TMH-1 and TMH-2) are shown in red. b Structural model of a 
Pneumolysin protomer (generated using the PDB ID 5LY6) in its 
pore-forming state. c Structural map of the Pneumolysin pore (gener-

ated using the map obtained from the electron microscopy data bank 
(EMDB) corresponding to the EMD ID 4118). The model was visu-
alized using the UCSF Chimera (Pettersen et  al. 2004). d Sequence 
alignment of the pore-forming motifs [transmembrane β-hairpin 
(TMH)-1 and 2] of some of the prototype CDC family members 
(Color figure online)
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that insert into the membranes to create the β-barrel (Reboul 
et al. 2016) (Fig. 3a). In spite of sharing an overall simi-
lar structural mechanism of membrane pore-formation, the 
pore-forming motifs of the MACPFs do not display any 
sequence similarity with those of the CDCs (Rosado et al. 
2008). However, within the MACPF category, perforin 
and the membrane attack complex share some detectable 
sequence similarity in their pore-forming motifs (Fig. 3b).

Gasdermins

Gasdermin family of PFPs are implicated in the host immune 
functions that include inflammation and pyroptosis. Func-
tionality of the gasdermins is attributed to their ability to 
form β-barrel pores in the target membranes. In the oligo-
meric β-barrel pore, each of the 26–28 protomers contributes 
two anti-parallel β-strand pairs to create the transmembrane 
β-barrel stem (Ruan et al. 2018) (Fig. 3c). Such a struc-
tural design of the gasdermin β-barrel pores is similar to 
those observed with the pores formed by the CDC family 
of β-PFTs, as well as MACPFs of the vertebrate immune 
system (Liu et al. 2019). However, the pore-forming motifs 
of the structurally-characterized gasdermins do not share 
any similarity with those of the MACPF/CDCs. However, 
the individual members within the gasdermin family show 
similarities with each other in their pore-forming motifs’ 
sequence patterns (Fig. 3d).

α‑PFTs

As compared to the β-PFTs, α-PFTs are much less charac-
terized. One of the most prominent α-PFTs is the cytoly-
sin A (ClyA). ClyA is mostly an α-helical protein, and it 
forms homo-dodecameric pores in the target membranes. 
The transmembrane pore is constituted from the α-helical 
motifs of the ClyA protomers (Mueller et al. 2009) (Fig. 4a). 
Pore-forming motifs of ClyA from different bacterial spe-
cies show remarkable sequence identity (Hunt et al. 2010) 
(Fig. 4a). Yersinia YaxAB is another example of the α-PFT. 
Recent structural study has revealed that the heterodimer of 
YaxA and YaxB forms decameric pore assembly, in which 
the transmembrane regions are constituted from the α-helical 
motifs (Brauning et al. 2018) (Fig. 4b). Interestingly, the 
α-helical pore-forming motifs of YaxA and YaxB adopt dis-
tinct structural disposition in the pore state (Fig. 4b), and 
they do not share any sequence similarity with the pore-
forming region of ClyA. Therefore, YaxAB appears to rep-
resent a distinct subgroup in the α-PFT family.

Actinoporins

Actinoporins are the distinct group of eukaryotic PFTs 
secreted by the sea anemones. Actinoporins possess unique 
structural organization composed of a central β-sandwich 

Fig. 3   MACPF and gasdermin family of eukaryotic β-PFPs. a Struc-
tural model of the pore assembly of a perforin family member, per-
forin-2 (generated using the PDB ID 6SB5). b Sequence alignment 
of the pore-forming motifs of mouse perforin and human complement 

component C8α. c Structural model of the gasdermin A3 protomer 
in its pore-forming configuration (based on the PDB ID 6CB8). d 
Sequence alignment of the pore-forming motifs of the gasdermin 
family members of human (h) and mouse (m) origin
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domain flanked by an N-terminal α-helical motif (Kristan 
et al. 2009; Ramirez-Carreto et al. 2020; Rojko et al. 2016) 
(Fig. 5a). The most well-characterized actinoporins are 
equinatoxin II (EqtII) from Actinia equina, fragaceatoxin 
C (FraC) from Actinia fragacea, and sticholysin I and II 
(Stn I and Stn II) from Stichodactyla helianthus (Kristan 
et al. 2007; Mancheno et al. 2003; Mechaly et al. 2009; 
Morante et al. 2015). Upon binding to the target cell mem-
branes, actinoporins transform into the oligomeric pores, 
in which ~ 30 residue-long N-terminal α-helical region of 
each protomer inserts into the membrane to create the pore 
(Gutierrez-Aguirre et al. 2004; Kristan et al. 2007; Ros et al. 
2015) (Fig. 5b). Therefore, based on their pore-formation 
mechanism, actinoporins are commonly considered to act 
as α-PFTs. Nevertheless, actinoporins have distinct over-
all structural organization, as compared to the conventional 
α-PFTs such as ClyA. Sequence alignment of the pore-form-
ing motifs of some of the well-characterized actinoporins 
shows high sequence similarities, thus suggesting related-
ness in these PFTs (Fig. 5c).

Conclusion

Large numbers of studies on wide varieties of PFTs have 
provided detail insights regarding the structural mechanisms 
associated with their mode of actions. It is clear that the 

diverse class of PFTs employ distinct structural mechanisms 
to achieve one single purpose of damaging the target mem-
branes via formation of well-defined transmembrane pores. 
There is little or no sequence similarities observed in the 
pore-forming motifs of the PFTs that belong to the distinct 
sub-categories. Nevertheless, such pore-forming motifs 
from the distinct sub-categories of α-PFTs and β-PFTs still 
retain the propensities to adopt either α-helical or β-barrel 
structures in their membrane-inserted configuration. Such 
a propensity is possibly guided by the inherent amino acid 
composition of these motifs, and further shaped up by the 
physicochemical environment of the membrane lipid bilayer. 
It is not surprising that similar secondary structural motifs 
can be generated from diverse sequences. What is surpris-
ing for the case of PFTs/PFPs that their pore-forming motifs 
adopt similar structural architecture that can create water-
filled pores in the context of the hydrophobic environment 
of the membrane lipid bilayer. It remains a long-standing 
puzzle associated with the structure–function mechanisms 
of these class of protein toxins. Notably, distinct PFTs within 
the same sub-category show some degree of sequence identi-
ties/similarities in their pore-forming motifs, in many cases. 
Exact implications of such conserved residues within the 
pore-forming motifs still remain unexplored in the most 
cases. Future research endeavors exploring the precise struc-
tural and functional roles of any conserved residue(s) within 
the pore-forming motifs would provide crucial information 

Fig. 4   ClyA and YaxAB families of α-PFTs. a Structural model 
of ClyA pore assembly (PDB ID 2WCD). One of the protomers is 
shown in cyan color, and two of its pore-forming α-helical segments 
are colored in dark red. Sequence alignment of the two pore-forming 
α-helical regions of the two ClyA-family members is shown in the 
right side. b Structural model of YaxAB pore (PDB ID 6EL1). Two 

neighboring protomers of YaxA and YaxB are shown in cyan and 
pale red, respectively. Pore-forming regions of YaxA and YaxB are 
shown in dark red and blue, respectively. Sequence alignment of the 
pore-forming regions of YaxA and YaxB is shown in the right side 
(Color figure online)
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regarding the structure–function mechanisms in this class 
of protein toxins. Future structural and bioinformatics stud-
ies in this direction will possibly shed more detail insights 
regarding the origin and evolution of the distinct PFT fami-
lies, and the structural mechanisms associated with their 
membrane pore-forming properties.

Methods

Amino acid sequence alignments of the pore-forming motifs 
of distinct PFTs were generated using the ClustalW (avail-
able online at https​://www.genom​e.jp/tools​-bin/clust​alw), 
and were visualized with ESPript 3.0 (available online at 
https​://espri​pt.ibcp.fr/) (Robert and Gouet 2014). Strictly 
conserved residues are shown as white characters in red 
background, and similar residues are shown as red characters 
in white background. Strictly conserved and similar residues 
are shown with blue frames. Amino acid sequences corre-
sponding to the pore-forming motifs were retrieved either 
from the protein data bank (PDB) (https​://www.rcsb.org/), or 
from the NCBI server (https​://www.ncbi.nlm.nih.gov/prote​
in/). Start and end residues of the pore-forming motifs are 
numbered accordingly. Mean %identity and mean %similar-
ity scores for the aligned sequences were obtained from the 
ESPript 3.0.

Protein structure coordinates were obtained from the pro-
tein data bank (PDB). The protein structural models were 
visualized using PyMOL (The PyMOL Molecular Graphics 
System, Version 2.3.2 Schrödinger, LLC.).
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