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Abstract

Pore forming proteins (PFPs) share the ability of creating pores that allow the passage of ions,
proteins or other constituents through a wide variety of target membranes, ranging from bacteria to
humans. They often cause cell death, as pore formation disrupts the membrane permeability
barrier required for maintaining cell homeostasis. The organization into supramolecular complexes
or oligomers that pierce the membrane is a common feature of PFPs. However, the molecular
pathway of self-assembly and pore opening remains unclear. Here, we review the most recent
discoveries in the mechanism of membrane oligomerization and pore formation of a subset of
PFPs, the a-PFPs, whose pore-forming domains are formed by helical segments. Only now we are
starting to grasp the molecular details of their function, mainly thanks to the introduction of single
molecule microscopy and nanoscopy techniques.
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1 Introduction

Membrane pore formation is an ancient but yet efficient mechanism used by a wide range of
organisms, spanning from bacteria to humans, to allow the passage of ions or other
constituents through the membrane cell barrier [1]. This function is carried out by the so-
called pore forming proteins (PFPs) and can be triggered as part of attack/defense
mechanisms such as in the case of pore forming toxins [2], during the defensive immune
response of vertebrates to pathogens such as in the case of perforin [3], or as a regulatory
step in a signaling pathway such as in the case of apoptosis activation by Bcl2 proteins [4,5].
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Consequently, pore opening by PFPs is usually lethal for the cell by either directly altering
the cell homeostasis or cooperating with a killing counterpart to allow its delivery into the
cell, as in the case of anthrax or diphtheria toxins [1,6].

PFPs have the unique feature, compared to other membrane proteins, to “adapt” to the
surrounding environment through conformational changes. This characteristic allows them
to be produced in a water-soluble conformation and to acquire a more suitable structure for
membrane insertion. The general mode of action of these proteins requires: 1) binding to the
lipid membrane, which may be triggered by specific proteins or lipids acting as membrane
receptors [7] and often occurs through a conformational change of the PFP soluble-form; 2)
oligomerization and membrane insertion [1]; and finally 3) formation of a pore in the
membrane [6].

PFPs are generally classified into two groups, a- and p-PFPs, according to the secondary
structures of their pore-forming domains. p-PFPs usually have a small hydrophobic insertion
segment and oligomerization is then required to insert and span the lipid membrane. The
pore is formed by a transmembrane B-barrel where each subunit generally contributes with
1-2 B-strands spanning back and forth the lipid membrane to create a wall with a cylindrical
structure. This specific configuration of the B-strands where all hydrogen bonds are satisfied
by interchain interactions explains why 3 pores have a higher stability and their
stoichiometry and structure have been better characterized compared to the a-PFPs ones [6].
B-PFPs include staphylococcal a-toxin [8], the protective antigen of anthrax toxin [9], the
aerolysin family [10], and the family of cholesterol-dependent cytolysins [11,12].

a-PFPs include a broad, inhomogeneous group of proteins with very different structures.
Examples of a-PFPs are colicins and cytolysin A (ClyA), both from Escherichia coli [13],
actinoporins from sea anemones [14], and the apoptotic Bcl-2 protein Bax [15] (Fig. 1).
Other well-studied members of this family are: the exotoxin A produced by Pseudomonas
aeruginosa [16], the diphtheria toxin from Corynebacterium diphtheria[17] and the &-
endotoxin Cry from Bacillus thuringiensis [18]. Their common feature is the presence of a-
helices inserted in the membrane during pore formation. Commonly, the soluble form of the
pore forming domain consists of a sandwich-like configuration where a hydrophobic helical
hairpin is buried between two amphipathic layers of a-helices, as in the case of Bax and
colicins (Fig. 1A, B and C). In other cases, the water-soluble structure of the protein is
mainly composed by B-strands, as in the case of actinoporins (Fig. 1D), or contains a small
B-tongue, like in CIyA (Fig. 1F). As a consequence of a structural change that exposes the
hydrophobic or amphipathic segment to the aqueous environment, PFPs change from their
soluble to the active, pore-forming conformation (Fig. 1E and G). This process can be
triggered in several ways, such as cleavage of the protein at its C or N terminus, a change in
the protein environment (e.g. pH change), or interaction with other proteins or lipids.

In contrast to -PFPs, the pore-forming domains of a-PFPs comprise a greater number of
residues with a larger hydrophobic content compared to the B-strands. In the membrane, the
polypeptides adopt a helical structure that is kept together by stable intra-chain hydrogen
bounds. These prerequisites allow some PFPs to penetrate the membrane even in their
monomeric form, which results in a molecular organization that may involve lipids and that
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is in general more dynamic and less defined than -pores. Likely, because of this, the
oligomerization mechanism of these PFPs has remained elusive for a long time. However,
recent studies have disclosed significant steps of the assembly pathway of these proteins.
This is mainly thanks to the introduction of advanced micro- and nano-single molecule
techniques, which in contrast to the ensemble information provided by classical biophysical
methods, have allowed resolving the heterogeneity of a-PFPs structures.

Here, we review the most recent findings about the characterization of pores formed by a-
PFPs, including the Bcl-2 family and the structurally related colicins, as well as actinoporins
and CIyA. In light of these new discoveries, we propose a general classification of the
membrane insertion and assembly mechanisms of a-PFPs. In addition, we discuss the
current models for a-pore structures and propose a more general description of protein-lipid
pores. Finally, we provide an overview of the single molecule techniques currently used to
elucidate the molecular mechanisms of PFPs from the assembly to the pore formation.

2 The lipid bilayer as an ideal environment to trigger PFP conformational

changes and oligomerization

PFPs bind to their target membrane via interaction with a receptor exposed on the cell
surface. These interactions ensure high selectivity of the PFPs towards their target, which is
essential for their function. Specific proteins can act as receptors in some cases, as reported
for colicins [19], but more often selectivity is achieved by interaction with individual lipids
or even clusters of lipids. On one hand, binding to a protein receptor restricts targeting to a
narrow set of host membranes [7]. On the other hand, interaction with lipids allows targeting
a broad range of host cells with similar membrane composition. As examples of lipid
receptors, sphyngomyelin (SM) is believed to promote membrane association of
actinoporins [14] and cardiolipin (CL) has been suggested to be essential for the recruitment
of the Bcl-2 family member Bid to the membrane during apoptosis [5]. Interestingly, in
order to interact with Bax, the truncated form of Bid, tBid, requires the presence of a lipid
environment [20]. Some PFPs possess more than a single target in the membrane, as in the
case of colicins and diphtheria toxin that bind to a specific protein receptor, but accelerate
their binding process by interaction with negatively charged lipids [19,21].

Independently of its biochemical nature, binding to a receptor provides advantages for PFPs
not only by guaranteeing specificity but also by promoting conformational changes that are
necessary for membrane insertion [2]. In this sense, the lipid bilayer is a biologically
relevant component as it is the region of the cell that PFPs contact first. In fact, the lipid
environment is a strong catalyzer of such conformational changes since the non-polar and
interfacial features of the membrane trigger the exposition of amphipathic and hydrophobic
portions of the proteins required for pore-formation. These regions are commonly buried in
solution to avoid contact with the water environment. That is why the membrane form of a-
PFPs corresponds to a rearrangement of the pore-forming domains into a fold energetically
compatible with the membrane (Fig. 1E and G) [7]. Conformational states showing the
characteristics of a molten globule have also been proposed to be important for the
mechanism of different PFPs, such as colicins [22], diphtheria toxin [23], equinatoxin |1
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(Eqtll) [24] and ClyA [25]. This feature might seem intuitively as a denatured intermediate
state that facilitates the transition between the two different structures found in solution and
in membranes.

When PFPs associate with the membrane, they effectively increase their concentration by
lowering their diffusion space from 3D in the extracellular medium to 2D on the cell surface
[7]. Many PFP receptors are also intrinsically concentrated, pre-clustered, or associated with
membrane domains [26], which have the additional benefit of promoting an even higher
increase in the local protein concentration. In this sense, lipid-packing defects at the edges of
lipid domains might also be adequate places for membrane oligomerization and insertion, as
they confine the protein molecules to a more limited space [27]. Consequently, membrane
features like fluidity, lipid domains and domain edges have been shown to strongly promote
monomer—monomer interaction and the association into an oligomer [7,28,29].

3 The assembly pathway: how PFPs oligomerize to form a pore

After binding to the membrane, a-PFPs follow a series of steps that lead to pore formation.
Because the a-helices of the pore forming domain have preexisting intra-chain hydrogen
bonds, they are able to interact with the hydrophobic core of the lipid bilayer without the
need to associate with other proteins. This explains why a-PFPs do not necessarily need to
oligomerize, but can also form monomeric pores [30,31]. Although this characteristic may
justify the formation of pores that involve lipids, the high variability in size of the pores
formed by these proteins, imply, however, the presence of higher order structures. How these
structures assemble together and form pores is still poorly understood. Indeed, for many a-
PFPs it is not easy to separate oligomerization from pore formation. Recent efforts have shed
light on the series of events that characterize the assembly mechanism of some a-PFPs on
their way to execute pore formation [25,32]. In this section we discuss the assembly
mechanisms currently proposed for some a-PFPs and point out the most recent findings in
the field. In Section 4 we will provide a detailed description of all the current pore models
proposed up to now for a-PFPs.

3.1 Mechanisms of membrane insertion: concerted vs non-concerted

Upon reaching the target membrane, a-PFPs have two possible pathways leading to pore
formation (Table 1 and Fig. 2A and B). In one case scenario, they first oligomerize at the
membrane interface and consequently insert into the lipid bilayer (Fig. 2A). In this case,
initially the protein units assemble together to form a ring on the membrane surface. This
intermediate structure has been called “pre-pore” [33]. Then, membrane insertion occurs
through a concerted conformational change that involves the membrane-interacting domain
of each unit penetrating the bilayer. This “concerted” model (Fig. 2A), which in a-PFPs has
only been seen for ClyA so far [34], shows strong similarities with the pre-pore structure
that precedes pore formation in -PFPs [8,35,36] and currently seems to apply only to pure
protein pores [34]. In the second case scenario, they insert into the membrane, often through
a deep conformational change, before undergoing oligomerization and pore formation, like
in the case of Bax [37], and actinoporins [38]. This model of membrane insertion has been
called “non-concerted” (Fig. 2B). According to the current state of the art, this model seems
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to be associated with the formation of lipid—protein pores and is characteristic of
heterogeneous and flexible architectures (see Section 4).

3.2 Mechanisms of assembly: sequential vs non-sequential

Regardless of the membrane insertion mechanism, PFPs can follow two alternative pathways
of assembly (Table 1). One possibility involves the addition of units with the same
stoichiometry, which is known as “sequential” model (Fig. 2C). This is the mechanism that
has been proposed for most a-PFPs so far. Whether the building blocks are monomers,
dimers or even higher order protomers depend on the specific PFP (see Section 3.3).
However, this has not been clarified for most a-PFPs yet. Alternatively, PFP assembly can
proceed via the addition of units with random stoichiometry, which is referred as the “non-
sequential” model (Fig. 2D). This model has been recently proposed for the pore assembly
mechanism of CIyA [25]. In this case, the assembly pathway follows a kinetic mechanism
initiated with the formation of n-mers that continue to associate in a combinatorial fashion.
Because this approach brings the clear advantage of greatly enhancing assembly efficiency,
it is tempting to speculate that it could apply to other PFPs.

3.3 The membrane insertion and assembly mechanism of different a-PFPs

3.3.1 Colicins—Caolicins are pore forming toxins produced by different species of
bacteria (including £. coli) in order to Kill other bacteria [30]. These toxins are secreted to
the extracellular medium, where they bind to the host cell via specific receptors present on
the outer membrane. Then, they are translocated to the periplasm. Colicins cause cell death
either by forming pores in the cytoplasmic membrane, by inhibiting protein synthesis in the
cytoplasm, or by behaving as a DNAse [19,30]. A common feature of all the colicins for
which the atomic structure has been solved, such as Colicin la, N A and E1, is the presence
of three domains corresponding to three different steps of the killing mechanism: the
receptor-binding, the translocation and the pore forming domains [19] (Fig. 1B and C).
Activation seems to be triggered by low pH [30] and induces a conformational change that
destabilizes the globular domain composed of 10 helices in which the hydrophobic hairpin
(helices 8 and 9) is hidden (Fig. 1C). The final pore, however, involves the additional
insertion of adjacent helices in the membrane [39] and may require oligomerization.

Although a high resolution structure of the membrane-inserted form of the colicin pore
forming domain is still missing, much evidence [40, 41] points out to a mechanism in which
the central hairpin (Fig. 1C) inserts perpendicularly into the membrane, while the other
helices spread on the membrane surface in an “umbrella”-like configuration. In this model,
pore opening occurs only after further insertion of other helices [42]. Additional evidence
showing a hairpin conformation lying parallel to the membrane has led to the proposal of the
“penknife” model [43]. It is also unclear how many colicin units are required in the pore
configuration. More precisely, despite evidence pointing to the existence of monomeric
channels [44], the requirement for pores big enough to allow the passage of large ions is the
basis for an oligomerization hypothesis for colicin pore formation [19]. Recent cryo-electron
microscopy data in liposomes and £. coli cells have confirmed this assumption, suggesting
the assembly of colicin A in dimeric units [45,46].

Biochim Biophys Acta. Author manuscript; available in PMC 2016 May 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Cosentino et al.

Page 6

3.3.2 Bcl-2 family—The proteins of the Bcl-2 family play a key role in the
mitochondrial pathway of apoptosis [4,5]. Their mechanism of action requires the formation
of pores in the mitochondrial outer membrane (MOM), which allow the release of apoptotic
factors into the cytosol, like cytochrome c, to induce caspase activation and cell death [47].
The proteins of the Bcl-2 family are classified according to their function and the number of
Bcl-2 homology (BH) domains they contain. The pro-apoptotic members of the family
promote MOM permeabilization. They include the executioner proteins Bax and Bak, which
contain domains BH1-3 and are believed to participate directly in MOM permeabilization,
and the BH3-only proteins, such as Bid, PUMA or Noxa, which contain only the BH domain
3 and induce Bax and Bak activation [4]. The antiapoptotic or pro-survival Bcl-2 proteins,
like Bcl-2 and Bcl-xL, contain all four BH domains and inhibit the action of the pro-
apoptotic proteins [48,49]. All the members of the family for which the soluble structure has
been solved, as for example Bcl-xL [50], Bcl-2 [51], Bax [52] and Bid [53], show a strong
structural homology to colicins (Fig. 1A and C). Bax and Bak are formed by 9 a-helices that
include a central hydrophobic hairpin surrounded by amphipathic helices exposed to the
aqueous environment [52]. In both proteins, activation involves a conformational transition
from a globular fold into an extended conformation that is embedded in the membrane
[20,54-56]. Activated Bax or Bak then recruit other Bax/Bak molecules, oligomerize and
induce pore formation [55,57]. However, the assembly mechanism and the final pore
structure of Bax and Bak are still poorly understood.

Upon binding to the membrane, Bax exposes helix a9, which acts as a C-terminal anchor to
the membrane, while the rest of the protein retains the globular fold. Bak, which is
constitutively inserted into the membrane, is believed to be in the same conformation.
Activation proceeds through the unfolding of the N-terminal helix and the rearrangement of
the a2/BH3 domain [58,59] in a nucleation phase that is considered the rate-limiting step for
Bax/Bak oligomerization [55]. Recent crystallographic data of truncated Bax in detergent
solution show that the a2/BH3 domain of a Bax molecule binds to the canonical groove
(a2—a5) of another Bax and viceversa to form a stable dimerization domain, while the C-
terminal part of the protein detaches from the core [58]. This conformational change
proceeds via the partial unfolding of the hairpin of helices 5 and 6, which disproves the
previously accepted “umbrella” model for Bax in favor of the “clamp” model [60]. This
hypothesis is supported by low-resolution structural studies [57] and by studies with Bak in
native conditions [61]. However, these structural approaches were so far unable to provide
further insight into the nature of Bax oligomers. Similarly, cross-linking and gel filtration
studies have detected oligomeric forms of Bax, from dimers to higher oligomers [59], but
none of these experimental approaches have allowed a precise estimation of Bax/Bak
stoichiometry.

A recent single particle imaging study from our group has provided unprecedented
information on the assembly mechanism and stoichiometry of individual Bax oligomers in
the membrane [37]. Initially, Bax binds to the membrane as a monomer, but it quickly
converts into dimers and higher order oligomers. This process, which appears to happen in
seconds, induces the formation of a mixture of oligomeric species based on dimer units.
Interestingly, the anti-apoptotic protein Bcl-xL is able to dissociate previously activated Bax
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oligomers and therefore inhibit its function. Even though the formation of pores by
monomeric Bax has been shown in lipid nanodiscs [31], the idea of an active dimerization
unit is quite attractive. It implies that the inter-dimer interactions are less strong than the
intra-dimer ones. This is in agreement with a reversible, dynamic vision of the assembly
mechanism of Bax that would explain the difficulties in the structural characterization and
that is consistent with our findings that Bax forms pores tunable in size [62,63]. Our data
also highlight the importance of Bax autoactivation, in which active Bax molecules recruit
additional proteins, according to a sequential mechanism, for effective oligomerization [37]
(Fig. 2C). This mechanism would explain the linear dependency of MOM permeabilization
with increasing concentrations of Bax in MOM vesicles [64].

3.3.3 Actinoporins—Actinoporins are cytolytic proteins produced by sea anemones.
They form cation-selective pores of around 2 nm in diameter on their target membranes,
which cause colloid-osmotic shock and cell death [65]. To date, the most studied
actinoporins have been Eqtll from Actinia equina, sticholysins | and Il from Stichodactyla
helianthus, and fragaceatoxin C (FraC) from Actinia fragacea. They are produced as single
cysteine-less polypeptide chains of around 175 amino acids with molecular weight around
20 kDa. The 3D structures of the soluble forms of the four actinoporins mentioned above
show a high level of conservation and a common folding [66—69]. These toxins contain a
hydrophobic -sandwich core flanked on opposite sides by two a-helices (Fig. 1D).
Actinoporins' pore-forming domain consists of an amphipathic a-helix located at the N-
terminus. SM has been proposed as the actinoporin lipid receptor in the membrane [14],
although some studies have found that this phospholipid is not essential for permeabilizing
activity in liposomes [29,70]. Even though the exact sequence of events for actinoporins
pore-formation is still under debate, the most recent model explaining their assembly in
membranes assumes a pore structure without well-defined stoichiometry [71,72].

The mechanism of action of actinoporins was in part revealed thanks to the determination of
the crystal structure of different conformations of FraC upon the lytic process: the water-
soluble state, the monomeric lipid-bound form, an assembly intermediate, and the fully
assembled transmembrane pore [32]. This study was exceptionally enlightening since it
provided for the first time a high-resolution structure of a protein-lipid pore at different
stages (further details in Section 4.3). Once bound to the membrane, actinoporins transfer
their N-terminal helical region towards the membrane hydrophobic core. Theoretically, this
passage must take place in a non-concerted way (Fig. 2B) before oligomerization, as there is
not enough space to coordinately transfer the helices through the lumen of a pore of 2 nm in
diameter. Moreover, this process seems to occur [38] through the addition of dimeric units
(Fig. 2C) [32,72,73]. Finally, the N-terminal a-helix spans the entire thickness of the
membrane and lines the wall of a pore formed by molecules of proteins and lipids [32,68].

Yet, the exact sequence of events taking place during the assembly of actinoporins in the
membrane remains under debate. It is very likely that during pore structuration each pore
passes through different states via the incorporation of growing number of a-helices and
lipids [71]. Recent data highlight the relevance of dimers as an assembly intermediate [72].
In the monomeric form of FraC, the N-terminus is attached to the main body of the protein
with the side chain of Phel6 inserted in a hydrophobic cavity of the $-core. During
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dimerization, the Val60 of a protein unit displaces the Phel6 of the other unit from its
original position. This interaction leads to the partial unfolding and further detachment of
the N-terminus towards the membrane. This is in agreement with our recent model for
actinoporins assembly in membranes based on the sequential addition of dimeric units [72]
(Fig. 2C). We determined the spatiotemporal organization of Eqtll in living cells by single-
molecule imaging and found that the protein exists as a mixture of oligomeric species
mostly including monomers, dimers, tetramers and hexamers. Importantly, an Eqtll version
containing a mutation in the N-terminal helix of the protein that likely hinders membrane
insertion [38] oligomerized more slowly via consecutive addition of monomers [72]. This
suggests that actinoporin dimer formation is relevant for the proper conformational change
required for N-terminal insertion in membranes and more efficient than simple sequential
monomer addition. A mechanism of sequential dimer addition has been also proposed for -
PFPs like anthrax toxin [74] and y-hemolysin [75]. However, the presence of lower order
stable intermediates with functional relevance in the assembly model of actinoporins
contrasts with the presence of pre-pores in the concerted mechanism proposed for §-PFPs
(Fig. 2A). In fact, although a non-lytic 9-mer oligomer assembly initially assumed as a pre-
pore has been obtained for FraC in detergent [69], it seems that it does not evolve into
functional pores due to unfavorable packing [32]. The strong evidence that actinoporins™ N-
terminal helix can exist at the lipid—water interface in a protein-lipid pore (for details see
Section 4) may explain the non-concerted mode of insertion—oligomerization in their
assembly pathway (Fig. 2B).

3.3.4 CIlyA—ClIyA is a cytolytic toxin responsible for the hemolytic phenotype of several
E. coli and Salmonella enterica strains [76]. ClyA lyses erythrocytes from different species,
shows cytotoxicity towards cultured mammalian cells and induces apoptosis of macrophages
[77] via the formation of cation-selective pores of 2—-7 nm of diameter [34]. The X-ray
structure of the water-soluble ClyA shows that the 34 kDa protein consists of a bundle of
four long a-helices (Fig. 1F). In the tail domain, which contains the N- and C-terminus of
the protein, a fifth, shorter helix is found packed against the four long helices. A short
hydrophobic 3-hairpin, termed the 3-tongue, is buried at the head of the protein [78]. Pore
formation of CIyA does not require any receptor proteins and monomers become assembly-
competent only after binding to the membrane [34]. Sequence comparison suggests that
ClyA forms a small isolated family of virulence factors restricted to closely related
organisms. In fact, structural work has revealed a 3D fold resemblance between CIyA and a
family of pore-forming toxins from the Gram positive bacteria Bacillus cereus. These
bacteria possess three enterotoxins: hemolysin BL (Hbl), the non-hemolytic enterotoxin
(Nhe) and cytotoxin K. Hbl and Nhe are tripartite toxins showing sequence homology
among their components. The functional and 3D structural similarity of these components
with ClyA have allowed to group them into a superfamily of PFPs [79].

The pathway proposed for the transition from a monomer to a pore complex of CIyA is
based on the comparison of the soluble monomeric [78] and the dodecameric membrane-
inserted crystal structures [34]. Upon membrane binding, ClyA undergoes dramatic
conformational changes that involve about 50% of its full sequence and converts from a
four- to a three-helix bundle. Such conformational changes mainly encompass the a-helical
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N-terminus (aA) and the p-tongue. This last segment is suggested to be the first region to get
in contact with the membrane bilayer and to convert to a-helical on binding. The B-tongue
then acts as a spring segment that triggers subsequent conformational changes required to
extend the adjacent two helices, allowing them to enter the bilayer. Thereafter, the top of the
elongated helix located in the N-terminus remains extended lying parallel to the membrane.
At this stage, the subunits of ClyA come together to form a dodecameric pre-pore ring and
finally the N-terminal helices of the 12 units span the bilayer to form a functional pore (Fig.
2A). The suggested route of assembly for ClyA resembles the mechanism elucidated for -
PFPs [35], in which the non-penetrating ring has been termed the prepore because it is
followed by concerted, irreversible penetration into the bilayer (Fig. 2A). It is tempting to
speculate that the delay introduced on the pre-pore formation promotes an effective
concentration of amphipathic subunits on the membrane surface to favor its penetration [35].
The mechanism of pore formation and the architecture of the membrane pore described for
ClyA may also apply to the related PFPs produced by B. cereus (Hbl and Nhe) [80,81],
although the formation of heteroligomers composed by different components of the tripartite
toxins is still unclear [82].

Recent kinetic data by single-molecule spectroscopy have revealed interesting aspects of the
mechanism of assembly of this protein into a pore [25]. It is very likely that once the
protomer is formed, pre-pore assembly can be explained via a mechanism in which all
formed oligomers contribute to the complex. In this non-sequential mechanism (Fig. 2D),
units with different molecularity can be added to preexisting oligomers. An important step
for the formation of the pre-pore by CIyA is the dimer formation, which takes place without
detectable conformational adjustments. This strategy is more efficient compared with the
previous model based on simple monomer addition, commonly referred as sequential model
(Fig. 2C). Despite the similarity in the mechanism of pore formation through the existence
of a pre-pore, the assembly mechanism proposed for ClyA differs from the one proposed for
the B-PFP anthrax toxin [74] and y-hemolysin [75] that are based on the addition of units
with fixed molecularity (i.e. dimers or monomers) (Fig. 2C). However, owing its higher
effectiveness, it seems intuitive that other PFPs would follow a similar complex mechanism.
Future work will assess if other a-PFPs are able to associate through such competent
pathway.

4 Pore architecture: protein vs protein/lipid pores

4.1 Protein-lined pores: CIyA a-barrel pores

Attempts to obtain the 3D structure of a-helical pores either by X-ray diffraction or by
electron microscopy have often failed, probably because a-PFPs form weakly associated
oligomers without a fixed stoichiometry [35]. In this sense, the description of the structure of
the oligomeric pore of CIyA in detergent was considered exceptionally enlightening [34].
ClyA is, together with FraC, the only a-PFP for which the structure of both the soluble
monomer and the membrane-bound protomer are currently available (Fig. 1F and G)

[34,78]. The structure of the monomer units in the pore (Fig. 1G) is substantially different
from the water soluble monomer (Fig. 1F). The CIyA pore is formed by 12 subunits, each
containing three long helices. The tips of the helices span the bilayer partially or completely
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(Fig. 3A). In the assembled pore almost all helices contribute to protomer—protomer
contacts, which generates a relatively large (2400 A) protein—protein interface [34], similar
to those observed in B-barrel pores (i.e. pores formed by a and y hemolysins) and larger than
in protein—lipid pores (i.e. FraC pores) [32]. A key feature of the ClyA pore structure is its
assembly in a compact a-helical bundle without lipids, which makes this toxin an atypical a-
PFP representative. Therefore, the visualization of the pore formed by ClyA demonstrated a
novel concept: a pore can be constructed exclusively with protein molecules arranged in an
a-helical bundle [34], changing the paradigm according to which such types of pores were
exclusive of B-PFPs. However, since this pore structure has been obtained in presence of
detergents, questions arise about their “native” nature. In fact, different stoichiometries
ranging from 8- to 13-mers have been obtained by different groups depending on the lipid
membrane system employed [83-85].

4.2 Protein-lipid pores: toroidal pores

A key feature of toroidal pores is that the membrane curves to form a torus-like channel
thanks to the assistance of PFPs. In this model, the walls of the channel are formed by both
polypeptide chains and lipid head groups (Fig. 3B). To avoid the high energetic cost of
exposing their hydrophobic acyl chains to the aqueous environment, lipids bend and form a
highly curved non-bilayer structure at the pore edge that connects the two monolayers of the
membrane with a continuous surface (Fig. 3B, central panel). Thus, the toroidal name
mainly refers to the torus shape adopted by the lipids in the pore structure. The main role of
the protein components is to help reduce the stress caused by membrane distortion and
curvature formation. Because of this, pore-forming domains are not required to span
completely the bilayer [33,86]. Probably, the most direct observation of a toroidal pore was
obtained by using X-ray diffraction to monitor the electron density distribution of Br atoms
in a pore induced by a Bax-derived peptide [87]. This study visualized the lining of the pore
as an extension of the water—lipid interface and validated for the first time the toroidal pore
concept, although the distribution of the peptides with respect to the pore was not detected
[87]. A toroidal pore complex has been suggested to explain the relatively big pore formed
by monomeric colicins [21] and it has been assumed over the years as the putative structure
for Bax-induced pores based on /n vitro results with little structural information [60,88,89].
Recently, we have proposed a 3D structural model for active, membrane-inserted Bax (the
“clamp” model), based on double electron—electron resonance spectroscopy data, which
provides a physical-chemical basis for the stabilization of the pore edge by Bax oligomers at
the membrane (Fig. 3B) [60].

However, up to date, the toroidal pore still remains a model and definitive structural
evidence is still missing. Indeed, very recent studies [32,90] have provided details of the
structure of protein—lipid pores. As depicted in the toirodal model, these structures suggest
the involvement of membrane bending, reinforcing the notion that this is probably a
common characteristic of protein—lipid pores. Due to their specific features we will discuss
these examples separately in Sections 4.3 and 4.4.
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4.3 Protein-lipid pores: actinoporin hybrid pores

During decades of efforts, pores formed by both lipids and proteins were difficult to
visualize due to the high dynamism and low stability of these structures. \Very recently, the
crystal structure of the transmembrane pore of FraC was determined at 3.1 A resolution in
lipid mesophases (Fig. 3C) [32]. This is the only a-PFP for which a high-resolution structure
of a pore based on both protein and lipids has been solved so far. These data revealed a
critical role of lipids in the activation and in the architecture of a-PFPs. FraC forms an
octameric pore where each protein molecule is associated with 3 molecules of lipids. It has
been proposed that SM not only acts as a lipid receptor of actinoporins on the membrane
surface, but also as a structural element of the pore, where it plays an assembly co-factor
role [32]. Notably, one of these lipid molecules is located between two adjacent molecules of
proteins (Fig. 3C, bottom pictures on the left panel). A critical difference with respect to the
tetrameric toroidal model initially proposed for the actinoporins (where non-interacting
proteins were glued together only through the lipids) [68], is the presence of protein-protein
interactions in the N-terminal helices constructing the pore that, together with the lipids,
help stabilizing the channel (Fig. 3C, central and right panel). To emphasize this aspect,
Tanaka et al. [32] called the structure formed by FraC “hybrid protein-lipid” pore, since it
resembles properties of the hypothetical toroidal pore (Fig. 3B) and the protein-lined pore
(Fig. 3A). However, protein—protein interactions in the oligomeric interface are small
compared with oligomers exclusively formed by proteins (i.e. ClyA pores). The main
limitation of this model is that it is based on a high resolution structure of the protein chains
in the pore but it does not provide any information about the bending of the membrane.
However, the visualized channel exhibits windows, partially occupied by the acyl-chains of
the lipid molecules connecting the pore (Fig. 3C, bottom pictures on the left panel).
Hypothetically, such fenestrations favor the local disruption of the membrane lamellar
structure by catalyzing the transbilayer movement of the lipids [32].

4.4 Protein-lipid pores: arc pores

Another kind of protein-lipid pore structure is the so called arc-shaped pore [91] (Fig. 3D).
In this architecture protein oligomers form an arc on one side of the pore and lipids are
located on the opposite side with a toroidal shape completing the structure [33]. Thus, this
pore configuration can be understood as another hybrid structure between the protein-lined
and toroidal models. The arc model has been extensively proposed for different B-PFPs
during the recent years [33]. Pores formed, for instance, by perforin and pneumolysin are
representative of arc pores [90,92]. Arc structures seem to be relatively stable since they
have been observed using atomic force microscopy (AFM) [93,94] and electron microscopy
[95,96]. The assumption that arcs are thermodynamically stable structures is also supported
by theoretical calculations [97]. Recently, the structure and assembly pathway for suilysin, a
bacterial B-PFP was mapped combining real-time AFM and electron microscopy with
atomic structure fitting [36]. Suilysin oligomers show a broad distribution of both arc- and
ring- shapes. Interestingly, kinetically trapped arc-shaped assemblies are able to perforate
the membrane [36]. Thus, based on this model it could be hypothesized that the toroidal
conformation of the lipids in the arc pore architecture may be an intermediate stage during
the assembly of full ring protein-lined pores. Even though most of the data supporting arc
pore formation have been obtained with 3-PFPs so far, a study based on cryo-electron
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microscopy showed that monomeric Bax is able to induce pores in lipid nanodiscs (Fig. 3D
left panel). This supports the idea that a-PFPs can also act according to the arc model.
Future work should be addressed to visualize protein-lipid arc pores formed by other PFPs
and to generalize the concept that they might be intermediate pore structures with high
stability.

5 On the way to see a pore: methods for studying pore formation in

membranes

The difficulty in defining the assembly pathway of PFPs is partially due to the fact that this
is a highly dynamic process. Therefore, intermediates are difficult to trap by static
techniques, such as X-ray crystallography or classical AFM. Fluorescence microscopy
methods have greatly helped to overcome this problem. Techniques like FRET (Forster
resonance energy transfer) or FCS (fluorescence correlation spectroscopy) are useful tools to
measure real-time interactions of proteins complexes and their assembly in higher structures
[25,98]. These techniques provide relevant kinetics information, along with a quantitative
estimate of the stoichiometry [99]. Therefore, they have been largely employed as a more
elegant alternative to classical biochemical methods, like cross-linking, gel filtration and
blue native PAGE [59,61,100] to study the stoichiometry of protein complexes. However,
these methods do not allow us to resolve the heterogeneity of the ensemble and are unable to
provide a precise estimation of the molecularity. To account for this, stoichiometry needs to
be determined at the single molecule level [101]. In the last decades, the application of
single particle techniques to life sciences has experienced a rapid evolution [102]. The
ability of these techniques to visualize individual events enlarges their applicability to all
those studies where information is lost by either spatial or/and temporal averaged
measurements.

High resolution TIRF (total internal reflection) or super-resolution Palm/STORM
microscopies have turned out to be very versatile tools to either follow the dynamics or the
structure of PFPs assemblies [72, 103-105]. In particular, photobleaching counting of single
subunits [106] and brightness analysis [107,108] are two alternative single molecule
imaging-based tools to determine the precise stoichiometry of protein complexes. These
methods have allowed, for example, revealing the stoichiometry of y-hemolysin [104] and
Eqtll [72] in cells. However, it is worth noting that these techniques might present several
experimental challenges that make data difficult to interpret. For example, the determination
of the labeling efficiency might be problematic: according to the fluorophore of choice, the
molecules of interest might only be partially labeled with the fluorophore, inducing an
underestimation of the stoichiometry, or contrarily, monovalent labeling may be difficult to
achieve [109-111]. Additionally, low photostability of the fluorophore can induce quick
photobleaching of the molecule, thus leading to a wrong estimate of the stoichiometry [110].
Finally, data analysis might be laborious and can get complicated by the need to find proper
models for data processing [111].

While fluorescent-single-molecule-based methods have provided unanticipated information
about the molecular mechanisms of pore formation, with these techniques it is not possible
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to get any conclusion regarding the existence of pore structures associated to the oligomers.
Structural methods like AFM, cryo-electron microscopy and X-ray diffraction have proved
to be suitable for revealing the presence of pores and characterizing the position of the
proteins with respect to the rim [32, 34,87,112]. To enhance spatial and temporal resolution
simultaneously, these structural and dynamic techniques are often combined on the same
device. FLIM/FRET [113], TIRF/AFM [114] and single-molecule imaging/single-channel
recording [115] are only few examples of the advances made in this direction. Big efforts
have also been done in order to improve existing techniques, like in the case of high speed
AFM [36].

6 Concluding remarks

The complex picture that we have presented to describe how a-PFPs behave on their way to
form a pore has still many obscure aspects. A correct mechanistic analysis requires to work
at four different levels. In the first place, which pathway do proteins follow to assemble
together? The proposed sequential/non-sequential modes have not been unequivocally
demonstrated for any a-PFP so far. Second, which is the stoichiometry required to open a
pore in the membrane? While for a few PFPs this question has already got an answer, for
many others it still remains a crucial point. Most likely, some PFPs can have more than one
functionally relevant oligomeric species. This aspect has greatly contributed to the delay in
solving the oligomerization pathway of these proteins. Third, in the case of protein-lipid
pores, how do proteins locate with respect to the pore rim? Answering this question is
crucial to understand how proteins contribute to the stability of the pores. For protein-lined
pores the role of the proteins is clear — they form a wall that buries the hydrophobic
membrane core from the aqueous environment. In contrast, for lipid—protein pores the
protein contribution might consist in reducing the membrane curvature stress at the pore
edge. Finally, and most fundamental, it is important to assess the functionality of the pore
structures. Many efforts have been done in this direction, but the way to solve the puzzle it is
still long.
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Fig. 1. 3D structure of somerepresentative a-PFPs.
A) water-soluble structure of Bax (PDB: 1F16), B) water-soluble structure of full-length

colicin A (PDB: 1CII) and C) its pore-forming domain, D) water-soluble structure of FraC
(PDB: 3ZWG) and E) its protomer conformation (PDB: 4TSY), F) water-soluble structure
of ClyA (PDB: 1QQOY) and E) its protomer conformation (PDB: 2WCD). The pore-forming
domains are shown in green and highlighted as thicker structures.
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Membrane insertion
A water-soluble B

monomer membrane-inserted water-soluble
monomer

membrane-insg
oligomers

Concerted Non-concerted
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same unit addition random addition of different units
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Fig. 2. Mechanisms of PFPs membraneinsertion and protein assembly.
A) Concerted mechanism of membrane insertion. Water-soluble monomers bind to the

membrane. Oligomerization and pre-pore formation take place in a fast step. Low-
stoichiometry oligomers (shown in light green) are commonly not detected. Membrane
insertion occurs after pre-pore formation. B) Non-concerted mechanism of membrane
insertion. Water-soluble monomers bind to the membrane in a first fast step. Membrane
insertion may take place before or concomitantly with oligomerization. Intermediate pore
stages with lower stoichiometry can be detected (magenta arrows pathway). C) Sequential
model of protein assembly in the membrane. Addition of units of fixed molecularity (i.e.
monomers or dimers) takes place. D) Non-sequential mechanism of protein assembly in the
membrane. Random addition of units of different molecularities takes place.

Biochim Biophys Acta. Author manuscript; available in PMC 2016 May 17.



s1dLIoSNUBIA Joyany sispund DN 8doin3 g

s1dLIOSNUBIA JOUINY Sispund DN 8doin3 g

Cosentino et al. Page 22

B Protein-lipid pore
Toroidal pore

DAY ‘

ARSI S
WNE]
O AR A
Wy
AN s
AW
~NNS

e
S
v

2PN

> >

PN

C Protein-lipid pore
Hybrid pore

‘ OB = " 20
BIRQS Ry S At ‘\':“ b A0
e 92 3 3¢
. %78
D ey )
Wil 4
bridging
lipids
D Protein-lipid pore
Arc pore
. \.h,'j.':“,_
N ' i <
A
%/
v

Fig. 3. Different models of pore-formation by a-PFPs.
A) Protein-lined pores. Left panel: 3D structure of the pore formed by CIyA, determined in

detergents (PDB: 2WCD). Central panel: side view graphical representation. Right panel:
top view graphical representation. B) Protein-lipid pores: toroidal pores. Left panel: clamp
model proposed for Bax pore (adapted from [60]). Central panel: side view graphical
representation. Right panel: top view graphical representation. C) Protein-lipid pores: hybrid
pores. Left panel: 3D structure of the pore formed by FraC and liposomes (PDB: 4TSY).
The bridging lipids connecting two adjacent molecules of FraC are shown in the bottom left
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side (green). Windows in the pore are also shown in the bottom right side. Central panel:
side view graphical representation. Right panel: top view graphical representation. B)
Protein-lipid pores: arc pores. Left panel: pore formed by Bax in nanodisc (adapted from
[117]). Central panel: side view graphical representation. Right panel: top view graphical
representation. In all the graphical representations protein molecules are shown in green and
lipids are shown in orange.
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Table 1
Characteristics of the assembly for different PFPs.
PFPs Source Nature of the pore Molecularity of the Molecularity M ode of insertion/oligomerization
oligomers of thepore
Bax Humans a-Toroidal [4] Based on dimer units Unknown Non-concerted/sequential by the
[60] addition of dimer units [60]
Colicins E. coli a-Toroidal[19] Based on monomeric or Unknown Non-concerted/sequential [45]

Actinoporins Sea anemones

ClyA E. coli

Anthrax's protective antigen  C. anthracis

a-Hemolysin E. coli

a-Protein-lipid hybrid [32]

a-Barrel [34]

B-Barrel [116]
p-Barrel [8]

dimer units [45]

Based on dimer units
[72]

Tetramers to octamers
and dodecamer (pre-
pore) [25,34]

Heptamer (pre-pore) [74]
Heptamer (pre-pore) [8]

Octamer [32]

Dodecamer [34]

Heptamer [116]
Heptamer [8]

Non-concerted/sequential by the
addition of dimer units [38,72]

Concerted/non-sequential [25,34]

Concerted/sequential [74]
Concerted/sequential [75]
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