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Abstract. Pore-forming toxins are widely distributed
proteins which form lesions in biological membranes. In
this review, bacterial pore-forming toxins are treated as a
paradigm and discussed in terms of the structural princi-
ples on which they work. Then, a large family of bacter-
ial toxins, the cholesterol-binding toxins, are analyzed in
depth to provide an overview of the processes involved in
pore formation. The ways in which the cholesterol-bind-

ing toxins (cholesterol-dependent cytolysins) interact
with membranes and form pores, the structure of the
monomeric soluble and oligomeric pore-forming states,
and the effects of the toxin on membrane structure are
discussed. By surveying the range of work which has
been done on cholesterol-binding toxins, a working
model is elaborated which reconciles two current, appar-
ently diametrically opposed, models for their mechanism.
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The evolution of compartmentalization, first as the cell
and then within it, created a structural challenge in terms
of communication through membranes. Pore-forming
protein toxins are an aggressive further development, al-
lowing pathogens to enter cells and/or damage or destroy
them, for their own ends. The pore-forming toxins found
in both prokaryotic and eukaryotic cells [1] are therefore
analogous in function to antibiotics [2], components of
the immune system [3], and the fusion proteins possessed
by viruses [4, 5].

What is a pore?

It is important to be aware that the word “pore’ is a func-
tional description and, therefore, that the actual structure
a pore takes can be very different when generated by dif-
ferent means. For the purposes of this review, the function
of a pore is to allow communication between two vol-

umes previously separated by a biological membrane;
typically, it will take the form of a water-filled lesion.
However, what defines the extent of the pore and its life-
time are separate questions which have nothing to do with
whether or not it qualifies as a pore. Thus, some proteins
structurally define protein channels which function as
pores [6—11] (fig. la, b) while fusion pores between
membranes may be made exclusively of lipid [12, 13] or
of a proteolipid complex [14] (fig. 1c). Fusion pores
made of lipid alone could form spontaneously or with
protein motive assistance [4, 5, 13]. Understanding that
the structure of a pore does not have to be a protein chan-
nel is important to make sense of what might happen
when a protein molecule changes the conductance prop-
erties of a biological membrane. Too much attention has
been paid to rather static models for pore function, in
which the pore is identified with a protein channel treated
as a heterologous integral membrane protein, when the
nature of lipid bilayers suggests much dynamic interac-
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Figure 1. (a) Schematic representation of pore formation by an in-
tegral membrane protein. In a non-pore-forming state, the protein
channel is blocked, but following a conformational change allows
communication between the cell interior and the surrounding mi-
lieu. Some porins act in this manner. (b) Schematic representation
of pore formation by a pore-forming toxin which ends in a structure
resembling an integral membrane protein. Toxin monomers bind,
oligomerize on the membrane surface, and then insert to form a
conducting channel. This is the kind of mechanism adopted by
Staphylococcus aureus a toxin. (¢) Schematic representation of
pore formation by membrane fusion. In this case, the membranes

become confluent, thus providing a physical passage between two
volumes.
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tion would occur between membranes and proteins forced
into them [15]. We call the proteins foxins because they
adversely affect membrane function; this observation
highlights another factor which may be important for an
accurate perspective on some of these proteins, that the
pores may exist for rather short periods of time before the
cell or other membrane into which they have inserted is
completely destroyed.

How widely distributed are pore-forming toxins?

Proteins which form pores have been identified in a wide
range of organisms including bacteria, plants, fungi, and
animals, and in some cases show mechanistic and struc-
tural homologies across vast evolutionary distances. For
example, a pore-forming toxin from the sea anemone
Metridium senile appears to be very like the members of
a family of cholesterol-binding toxins produced by bacte-
ria in the morphology of its pore-forming oligomers and
dependence for membrane damage on the presence of
cholesterol in the target membrane [1]; furthermore, the
pore-forming toxin enterolobin from the Brazilian plant
Enterobium contortisiliquum displays significant se-
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quence homology (45% identity, 60% similarity) to
aerolysin, the pore-forming toxin of the bacterium
Aeromonas hydrophila [16—18]. However, for practical
reasons, as well as a concern for their disease-causing
abilities, the pore-forming toxins of bacteria have re-
ceived far more attention than those from any other kind
of organism. By studying bacterial toxins we can under-
stand much about other pore-forming proteins through
the general principles they reveal and on the basis of the
homologies just noted. Pore-forming bacterial proteins
have been covered extensively in the literature, including
a number of good reviews such as those by Bhakdi and
colleagues [19], Hughson [20], Lesieur and colleagues
[21], Gouaux [22], and Alouf [23]. I will briefly summa-
rize them here, before moving on to a discussion of one
large family of bacterial pore-forming toxins which are
dependent for their action on the presence of cholesterol
in the target membrane. This family of cholesterol-bind-
ing toxins (CBTs) [23, 24] stands as a paradigm for re-
search into the action of pore-forming proteins which
combines a wide range of techniques to investigate the
structural, mechanistic, and dynamic aspects of their ac-
tivity.

Bacterial pore-forming toxins

Bacterial toxins which form pores can be broadly classi-
fied into two groups, those which are thought to interact
with the membrane through o helices and those which
utilize mostly B sheet structures such as S barrels. This di-
chotomy has in particular been noted by Lesieur and col-
leagues [21] and by Gouaux [22]. Since structural analy-
sis holds the key to understanding mechanism, it will be
used to systematize our discussion. The helical family
includes the AB; family of toxins, Bacillus thuringiensis
6 endotoxins, and the bacterial colicins such as colicin Ia
of Escherichia coli [for reviews see refs 20, 25, and 22].
Examples of AB; toxins are the heat-labile enterotoxins
of Vibrio cholerae (the causative agent of cholera),
Shigella dysenteriae (dysentery), Bordetulla pertussis
(whooping cough), and enterotoxigenic E. coli. The
B subunit is pentameric and confers receptor binding and
thereby cell specificity, and is crowned by the A subunit
which is an ADP-ribosylase [26, 27]. The B. thuringien-
sis 6 endotoxins are agriculturally important insecticidal
agents [28—30] which are thought to act through
oligomerization [22]. Colicins are agents of bacterial
warfare which kill sensitive strains of E. coli; their mech-
anism is a matter of controversy [21, 31].

The structural basis of pore formation is much better
characterized for a number of the toxins which interact
with membranes through f sheet conformations. Mem-
bers of this class include aerolysin from A. hydrophila
(fig. 2a), a toxin of Staphylococcus aureus, the protec-
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tive antigen (PA) of Bacillus anthracis (fig. 2b), and the
CBTs produced by various bacterial genera [for reviews
see refs 32—34]. Aerolysin, a toxin, and PA all produce
heptameric channels [6, 35, 36] which form the toxin
pore [7, 36]. The bi-component leukotoxins are closely
related structurally to o toxin, and through solution of
representative structures for them, both soluble mono-
meric [37, 38] and detergent-solubilized heptameric
[6] atomic models have been derived for the a-toxin-
like family (fig. 2¢). However, the leukotoxins them-
selves may form rather larger pores than o toxin [39].
Functional experiments have indicated a bimodal dis-
tribution of pore sizes for a toxin; the use of molecu-
lar modeling procedures replicated the observed conduc-
tances of the two forms in silico and suggested that o
toxin forms functional hexamers as well as heptamers
[40]. In connection with this, it is worth observing that an
even-numbered oligomer is easier to reconcile with the

Figure 2. (a) The structure of monomeric aerolysin colored in a
rainbow ramp from blue at the amino terminus to red at the carboxy
terminus [36]. (b) The structure of monomeric protective antigen
colored as in (@) [35]. (c) At the top, the structure of staphylococcal
leukocidin LukF colored as in (a), respresentative of the monomeric
form of the heptamerizing a-toxin-like pore formers [38]; below,
the structure of heptameric staphylococcal a toxin in two orienta-
tions [6]. The ‘stalk’ region of this ‘mushroom’ is transbilayer. (d)
Two views of the perfrinoglysin monomer solved by X-ray crystal-
lography [45]. On the left, the molecule is colored as in (a). On the
right, the four domains are colored differently: domain 1 blue, do-
main 2 cyan, domain 3 gray, and domain 4 green. The regions of do-
main 3 involved in pore formation are shown in red, as is the hook-
shaped loop in domain 4 which is involved in binding events. All the
molecules in this figure are displayed on the same scale.
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bi-component activity of the leukotoxins than an odd-
numbered one [41]. The best candidate currently for
biotechnological application of pore-forming toxins in
signaling the presence of particular chemicals or in con-
trolling membrane permeability is S. aureus a toxin [7,
42,43].

Although their oligomers are heptameric, the structure of
the toxin protomer is very different for aerolysin, PA, and
a toxin (fig. 2a—c). With a toxin and PA, each mono-
meric subunit contributes one S hairpin to a f barrel,
which is inserted through the membrane [6, 35]. The
hairpin is formed from a f structure in « toxin [6, 37, 38]
and from a disordered loop in PA [35]. With aerolysin, the
number of transmembrane hairpins is unknown, but has
been variously estimated at two, three, or four [22]. CBTs
contrast strongly with these other toxins in forming large
ring- and arc-shaped oligomers with up to 50 subunits;
the trans-membrane region of CBTs is believed to consist
of a gigantic § barrel to which each subunit is thought to
contribute at least two hairpins [44]. In the soluble
monomeric structure, these hairpins form six short «
helices [45]. The use of two S hairpins to span a mem-
brane is reminiscent of the structure of E. coli TolC, an
outer membrane protein facilitating direct communica-
tion between the bacterial cytoplasm and its environment
[11]. The usefulness of this comparison is limited, how-
ever, because TolC is a completely different entity — an in-
tegral membrane protein forming a rather narrow trimeric
channel [11].

The proposal that CBTs use a helical-to-sheet conversion
to transform from a soluble to a membrane-inserted
form has the implication that where the structure of a
monomeric protein is helical, the structure of its mem-
brane-interacting portion may be sheet (and vice versa?).
Thus the structural division just summarized may be er-
roneous. An interesting aside connected to this point con-
cerns the recently characterized HIyE family of toxins
with known representatives in E. coli, Salmonella typhi,
and Shigella flexneri [46, 47]. The structure of HIyE from
E. coli is distinctive, elongated, and helical save for a sin-
gle B hairpin (the ‘f tongue’) [47]. HIyE has been shown
to oligomerize during pore formation; the location of the
B tongue at one end of the molecule and its hydrophobic
character suggest it is the region which interacts with the
interior of the lipid bilayer [47].

Cholesterol-binding toxins

Structurally and functionally related CBTs (also known
as thiol-activated toxins and cholesterol-dependent cy-
tolysins) have been identified in five genera of bacteri-
um: Streptococcus, Listeria, Clostridium, Bacillus, and
Arcanobacterium [48, 49]. A number of reviews have ap-
peared on CBTs, including those by Alouf and Geoffroy



CMLS, Cell. Mol. Life Sci.  Vol. 59, 2002

[48, 50] and Tweten and colleagues [44]. A particularly
good review is that by Morgan and colleagues [51], which
is unusual in giving due emphasis to the actual role of the
CBTs in disease. Prominent CBTs include streptolysin
from Streptococcus pyogenes, perfringolysin from
Clostridium perfringens, listeriolysin from Listeria
monocytogenes, and pneumolysin from Streptococcus
pneumoniae. Streptolysin is widely used for permeabiliz-
ing cell membranes as a research tool [52], although con-
sideration of the more complex effects brought about by
CBT action on cells should occasion pause for thought
about this [51]. In general, CBTs are thought to act on the
cholesterol-containing cell membranes of nucleated cells,
but an exception is listeriolysin which has a different
pH/activity profile to the other toxins and mediates intra-
cellular growth of L. monocytogenes by releasing it from
phagosomes [53—55]. Pneumolysin also differs from the
other CBTs in only being released on bacterial cell lysis
— this is thought to relate to the pathogenic mechanisms
of pneumococci [51].

How CBT's work

The prerequisite for a CBT to attack a membrane is the
presence in it of cholesterol [48, 56, 57]. The ability of the
CBTs to actually bind cholesterol has been visually
demonstrated [58] and we will assume that cholesterol is
a receptor if not the receptor, since the evidence for this is
entirely compelling [48, 59, 60]. Nevertheless, the ques-
tion of CBT receptor identity has recently been reviewed
and the possibility of other important factors in toxin
binding raised [44]. There appear to be two classes of
CBT-binding site, with dissociation constants of 100 nM
and 1 nM, found in both authentic cell membranes and
synthetic liposomes [61]. The fact that the same two
classes of binding site are found in liposomes and cell
membranes supports the idea that cholesterol itself is the
receptor; if something specific to cell membranes were
the receptor, then patterns of binding to cells could not be
replicated in synthetic liposomes. The low-affinity bind-
ing sites greatly outnumber the high-affinity ones [61],
while the cholesterol in each kind of binding site is dif-
ferently exchanged or oxidized [61, 62]. Furthermore, the
lengths of the fatty acid chains in the phospholipids pre-
sent in the membrane affect the appearance of high-affin-
ity sites. The presence of carbon-18 fatty acids induces
the presence of high-affinity cholesterol binding sites,
which appear above defined threshold cholesterol con-
centrations [61]. As the mole percentage of cholesterol
present in the liposome increases, so does the number of
high affinity binding sites, and higher carbon-18 concen-
trations lower the threshold for their appearance (see table
1) [62]. The presence of carbon-carbon double bonds,
which lengthen acyl chains, also promotes binding of
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Table 1. Relationship of fatty acid chain length to the appearance
of high-affinity CBT-binding sites in cholesterol-containing lipo-
somes [data from ref. 62].

Threshold for appearance of
high-affinity binding sites
(mole % cholesterol)

Ratio of fatty acyl chain
lengths in lipsome
(carbon-16: carbon-18)

1.00 43
0.50 40
0.38 40
0.09 36
0 31

Data from Ohno-Iwashita et al. [62].

CBTs [63]. One possible high-affinity binding site which
would be favored by these factors is a tail-to-tail trans-bi-
layer cholesterol dimer, in which case, the low-affinity
binding site would be monomeric cholesterol dissolved in
the membrane. This suggestion is supported by the fact
that pneumolysin, and polyene antibiotics, which have
been shown to bind trans-bilayer cholesterol dimers pref-
erentially [64], interact with cholesterol crystals in the
same way [unpublished result; 65, 66].

After binding membranes, CBTs oligomerize into arc-
and ring-shaped oligomers in or on the lipid bilayer, lead-
ing to the formation of a pore. The oligomers formed by
CBTs may have up to 50 subunits; the arc-shaped
oligomers are incomplete rings and have the same curva-
ture [67—69]. The mechanism by which oligomerized
CBTs form pores is the subject of intense discussion, in-
volving apparently diametrically opposed viewpoints
[44, 69—71]. One is that oligomerization to a ring-shaped
complex is complete before pore formation occurs [44]
(the proponents of this theory refer to the membrane-
bound complex not forming a pore as a ‘prepore,” follow-
ing the conceptual framework for toxin pore formation
developed for S. aureus a toxin [6]); the other theory is
that pore formation is simultaneous with oligomerization,
and that the arcs are themselves pore forming [67, 69]. In
fact, the data support a hybrid model of the two which
will be discussed in detail below. It is first necessary to
describe the structure of a CBT and its oligomeric forms,
and experimental results which have provided insights
into characteristics of pores formed by CBTs and the re-
gions of their structure involved in each stage of their ac-
tvity.

The structure of a CBT

Solving the X-ray crystal structure of a CBT (per-
fringolysin) revealed that it has an elongated, four-do-
main structure [45]. The N-terminal 75 % of the molecule
contains three domains, with the polypeptide chain pass-
ing backwards and forwards between them; the fourth, C-
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terminal domain, is discrete and has an immunoglobulin-
type fold (fig. 2d). There are no pronounced areas of hy-
drophobicity on the structure and, thus, it is unclear how
it inserts into a membrane. The receptor-binding region of
the toxin, located largely on the basis of mutagenesis
data, is in the C-terminal fourth domain [44, 45]. This do-
main also contains the most conserved portion of the
CBTs, an undecapeptide which appears from mutational
and other studies to be a key player in toxin activity [55,
60, 72—75]. The undecapeptide region possesses an un-
usual hooked loop structure that has been proposed to act
as a ‘dagger’ to insert into the surface of the lipid bilayer
and interact with cholesterol [45, 76]. The fourth domain
apparently inserts rather shallowly in the membrane dur-
ing pore formation: the inserted region includes part of
the undecapeptide, quite possibly in a ‘dagger’ rather than
a ‘hook’ conformation [76—78]. A particularly interesting
mutant in the undecapeptide is a Trp433Phe substitution
made in pneumolysin, which paradoxically alters the size
distribution of pores such that they tend to be larger, al-
though the cytolytic activity of the toxin is lowered by
99% [60].

A second region of CBTs implicated in their cytotoxic
mechanism is in domain 3 [44, 79], meaning that CBTs
are thought to interact with membranes using two do-
mains. Toxin mutants were made which contained a sin-
gle cysteine at a series of different positions [80]. De-
rivatizing the cysteine of each mutant with the fluroscent
dye N’-dimethyl-N-(iodoacetyl)-N’-(7-nitrobenz-2-oxa-
1, 3-diazolyl)ethylenediamine (NBD) allowed the polar
or apolar environment of each mutated residue to be
monitored during pore formation as reported by polarity-
induced changes in the fluorescence of the dye. NBD
was a particularly good choice for this because the life-
time and intensity of its fluorescence emission increase
substantially on passing from an aqueous to a hydropho-
bic milieu. The local environment of NBD was moni-
tored on the basis of the emission lifetime and intensity
and collisional quenching of its fluorescence. The
quenching agents were either iodide (in the aqueous
phase) or nitroxide attached to the phospholipid acyl
chains [80]. The environment of residues within a region
of domain 3 consisting of three small « helices alter-
nated in the pore-forming state of perfringolysin be-
tween hydrophilic and hydrophobic environments,
strongly suggesting their formation of an antiparallel
amphipathic B hairpin [80]. Later, a second region of do-
main 3 also consisting of three small « helices was iden-
tified by similar methods as forming a second antiparal-
lel amphipathic S hairpin [71]. These two S hairpins in
combination with those from other monomers are
thought to form the wall of a large  barrel at the inter-
face between the membrane and an aqueous pore [71,
80]. Thus, while domain 4 mediates membrane binding,
domain 3 is key in pore formation.

Pore-forming toxins

Tweten and co-workers have also addressed the temporal
arrangement of these interactions using fluorescence
spectroscopy as above and some elegant site-directed mu-
tagensis which allows conformational locking of domain
3 to domain 2 [81]. This work showed that the fourth do-
main binds to the membrane and that domain 3 then in-
serts, and that this sequence is always followed. It further-
more confirmed that pore formation arises from domain 3
insertion, and that binding and pore formation were de-
pendent on the presence of cholesterol in the membrane
[81]. These experiments also served to confirm that do-
main 4 did not enter far into the membrane [77, 78], and
suggest that the regions of domain 4 which affect the char-
acteristics of pores formed by CBTs do so via some effect
they have on the membrane insertion of domain 3. The
ability to link reversibly domain 3 to domain 2, and
thereby block and then unlock its pore-forming activity af-
ter oligomerization, demonstrated that oligomerization is
the rate-determining step in pore formation and that the
oligomer formed on the membrane surface prior to inser-
tion is a genuine intermediate in it [70, 82].
Oligomerization by CBTs does not require membrane or
cholesterol binding, although it is greatly assisted by it.
Investigating the solution state of pneumolysin using an-
alytical ultracentrifugation has shown that the toxin ex-
ists in a dynamic equilibrium between monomeric and
dimeric forms [83, 84]. Therefore, self-interaction is an
innate capability of CBTs: chemical derivatization and
mutagensis studies have shown that the primary self-in-
teraction is mediated through domain 4 [83, 84]. Other
work with streptolysin has re-iterated this finding [85].
Pneumolysin also activates complement, in a non-im-
munospcecific manner involving domain 4 and interac-
tion with the Fc region of IgG [86]. Since Fc and the CBT
fourth domain are similar in structure, self-recognition
and homo-oligomerization of pneumolysin have been
suggested to be a related phenomenon to complement ac-
tivation [76, 83, 84]. If this is so, then the other CBTs, be-
ing structurally homologous, would also be expected to
activate complement directly.

At higher concentrations, pneumolysin forms oligomers
of both ring and arciform types in solution [83]. The
oligomers are morphologically very similar to those ob-
served in membranes [83]. At very high toxin concentra-
tions and in particular in the presence of H,O, pneu-
molysin has been shown to form helical oligomers [83],
which proved very useful for structural analysis [87]. The
formation of helices also bears out a mechanistic point:
that oligomerization is driven — or stopped — by toxin con-
centration effects. Helicization demonstrates that in situ-
ations where the toxin is at very high concentrations, the
oligomerization process does not terminate in a ring. In-
stead, the natural curvature (also evident in arcs having
the same curvature as rings) and unnatural length of these
oligomers give rise to helices.
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The sizes of the pores formed by CBTs vary widely and
form in discrete (all-or-none) steps [60, 88, 89], and this
appears to be reflected in the presence of pore-forming
arcs as well as rings [67, 68]. Discrete step-like pore for-
mation supports the single transition model of Tweten and
colleagues (fig. 3a), but the variability of pore size indi-
cates that the surface-bound intermediate is not always a
full ring oligomer, although of course it can be. A partic-
ularly neat demonstration that small oligomers form
small pores was made by Palmer and colleagues [69]
working with streptolysin. These authors showed that
mixing a mutant that apparently ‘capped’ oligomerization
with native toxin gave rise to a higher population of
smaller (arc-shaped) oligomers, and that these oligomers
formed smaller functional pores. The interpretation given

Figure 3. Schematic views of pore formation seen from above. The
membrane surface is shown in gray and the oligomer in black; the
pore is white. (a) The scheme favored by Tweten and colleagues, in
which oligomerization to a ring-shaped surface-bound complex oc-
curs before pore formation. (b) The scheme favored by Palmer and
colleagues, in which oligomerization and pore formation are simul-
taneous, with the arcs forming pores completed by a lipid edge.

(¢) A combined model proposed here in which surface-bound
oligomers form before inserting to create pores, but the transition
between the two states can occur with arc surface-bound oligomers
as well as ring-shaped ones.
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to these data was that CBTs insert fully into the mem-
brane and form pores at an early stage in oligomerization,
and that increase in size of the oligomers is co-terminous
with increase in pore size. In this interpretation, the pore
lesion is created between the arc and a free edge of lipid
which lengthens as the arc forms a half-ring and then
shrinks as the ring is completed, to be finally excluded,
leaving a protein channel through the membrane as in the
final state envisioned by Tweten and colleagues [44, 67,
69] (fig. 3b). The Tweten model (fig. 3a) involving com-
plete oligomerization prior to pore formation, and the
Palmer model (fig. 3b) in which pore formation and
oligomerization are simultaneous, can be combined to
explain the data of both if membrane-bound arcs can also
insert and form pores (fig. 3 ¢). Combining the two mod-
els is a simple elaboration of either, merely requiring the
acceptance that both lines of enquiry are providing gen-
uine insights into CBT pore formation, despite the differ-
ences in the experimental methodology employed and the
possible attenuation of toxin activity due to mutation or
the binding of fluorescent dyes. If a toxin form still
causes leakage/pore formation, then concluding that
measurements made from it relate to the activity of wild-
type toxin is entirely reasonable.

Pore formation by CBTs according to a combined model
would occur in the following critical stages: (i) binding;
(ii) oligomerization in a concentration-dependent manner
on the surface of the membrane into a surface-bound
oligomer — when concentration becomes limiting, pore
formation occurs as a result of (iii) insertion of part of do-
main 3. In this scheme, all oligomeric intermediates are
capable of membrane insertion while oligomerization af-
ter insertion is impossible [41], with the size of the pore
population formed consequently being a competition be-
tween growth rate and insertion. Given the electron mi-
croscopical evidence [67—69], the locking/unlocking of
pore formation and its separation from cell binding and
oligomerization [70, 81, 82], the definitive demonstration
that small oligomers form small pores [69], and the fact
that pore size varies widely and pores open in a quantized
fashion [60, 88, 89], this seems a highly plausible
scheme. If concentration is not limiting, then full rings
will tend to form [82]; if it is limiting or the oligomeriza-
tion is prematurely terminated, then more arcs will tend to
form, resulting in more smaller pores [69]. Since it has
been calculated that only 10—100 CBT monomers are re-
quired for cell lysis to occur [48], and given that the toxin
concentrations during infection will be much lower than
those used in vitro, smaller (arc-formed) pores may well
be more important in destroying host cells than ring-
formed pores. If pores of smaller size, perhaps forming
rather rapidly, are the key elements in cell damage in
vivo, then this could explain why, although it forms more
larger pores than wild-type toxin, the pneumolysin mu-
tant Trp433Phe has 1% normal cytolytic activity [60].
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The oligomerization and pore-forming process involves a
series of conformational changes in CBTs. The structures
of these conformations will be described below. First, I
will address the structure of the membrane that is under
attack, which is particularly interesting given that pore
formation by arcs apparently calls for the structural lesion
to be completed by a wall of lipid [67, 69].

The structure of the membrane

Monitoring the changes in lipid bilayer structure that oc-
cur when CBTs form pores has involved an analogous
technique to fluorescence spectroscopy, solid-state nu-
clear magnetic resonance (NMR) [90]. Both techniques
rely on spectroscopic reporters to indicate the chemical
environment of molecules; in the former case, it is the flu-
orescence-modifying nature of the environment, in the
latter, the way in which it modifies nuclear spin. Another
technique which could be used to study membrane struc-
ture under toxin attack is electron spin resonance (ESR)
[91].

Different arrangements of phospholipids have character-
istic 3'P NMR spectra due to having characteristic mo-
tional properties, and therefore any effects of a CBT on
the bilayer structure will be reflected in an altered spec-
trum. The use of solid-state NMR to monitor the effects
of pneumolysin on liposomal membranes has indicat-
ed dramatic cholesterol- and concentration-dependent
changes in the distribution and organization of phospho-
lipids [92, 93]. In the absence of pneumolysin, choles-
terol-containing liposomes used in this work displayed
an NMR spectrum typical of a bilayer. When toxin was
added, the lipids divided into two different populations:
one again showed a bilayer spectrum where the principle
axis of phospholipid motion is coaxial with its acyl
chain, but within smaller vesicles than the initial prepa-
ration. The other showed a spectrum typical of an in-
verted hexagonal phase in which the principle axis of
motion of the phopholipids is perpendicular to their mol-
ecular axis. Electron microscopical evidence and the
motional properties of the complexes displaying the in-
verted-hexagonal-like spectrum indicate they are most
likely to be free oligomers with an outer belt of lipid.
Pneumolysin also appeared to cause liposome aggrega-
tion/fusion. Overall, the solid-state NMR experiments
indicate that the following changes occur in membrane
structure when CBTs form pores within them: (i) lipo-
somes fuse to form large membranous compartments
with oligomers inserted into their bilayer; (ii) some
oligomers with lipid bound enter free solution; (iii)
small protein-free vesicles are pinched off in the fusion/
oligomer-shedding process. An important role for the
formation of structures with inverted-hexagonal-type
NMR spectra during CBT-induced lysis is supported by
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the finding that streptolsyin activity is enhanced by
cone-shaped lipids [94], since these are exactly those
lipid molecules which have a propensity to form inverted
hexagonal phases [95].

Membrane structure during pore formation by pneu-
molysin has also been studied using small-angle neutron
scattering (SANS) [84]. Whereas solid-state NMR pro-
vides information on the environments inhabited by
phospholipids, SANS gives structural insights into
the overall changes in membrane structure during pore
formation. SANS data were collected from liposomes,
liposomes in the presence of active pneumolysin, lipo-
somes in the presence of pneumolysin inactivated by
thiobenzylation of the cysteine within the conserved
CBT undecapeptide, and this last sample after activation
by dithiothreitol. Pneumolysin appeared to associate
with the liposome membranes even when inactivated by
benzylation, and this resulted in the membrane appear-
ing thicker than in the liposomes alone. Activation of the
toxin or the presence from the start of active toxin caused
the membrane to become thinner again. These results
suggest that binding may be a two-stage process, re-
solved by derivatization of the undecapeptide cysteine,
and that CBTs may alter the structures of the bilayers
within which they reside. The thinning of the bilayer may
be related to the formation of free oligomer-lipid com-
plexes with inverted-hexagonal-like lipid motional prop-
erties, since it is known from other systems that thinning
contributes to the formation of such structures by pinch-
ing lipid headgroups closer together [96]. A possible
structure for the lipid edge purported to close pore-form-
ing arcs of CBT oligomer is similar to inverted-hexa-
gonal-phase tubes, fused with a bilayer [67, 69]. Hence
the SANS work sheds light on the problem of what the
structure of a lipid wall completing a toxin pore partially
edged with protein might be, as well as on the appear-
ance of free-floating oligomer/lipid complexes, and sug-
gests they are related phenomena. Both the SANS and
solid-state NMR experiments were carried out using
toxin at defined toxin:cholesterol ratios and indeed
monitored the effects of rising pneumolysin concentra-
tion on the transitions in membrane structure observed,
detecting a steady rise in the lipids entering novel phases
with rising toxin concentration [84, 92, 93]. Given that
the lowest toxin concentration used in these experiments
was 0.5 Molar % of the cholesterol concentration in the
system, which is similar to the concentrations (0.1 Molar
% with respect to total lipid, about 0.2 Molar % with
respect to cholesterol) used in other experiments prob-
ing CBT-membrane interactions [70, 71, 80—82], the re-
sults from SANS and solid-state NMR require incorpo-
ration into current models for how pneumolysin and re-
lated toxins bring about pore formation and damage
cells.
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The structures of CBT oligomers

Cryo-electron microscopy (cryo-EM) is now a well-es-
tablished means for directly observing macromolecular
structures. Rapid freezing of the samples ensures that the
solution conformation of the specimen is maintained; the
images then obtained by transmission electron mi-
croscopy are two-dimensional electron density projec-
tions of the three-dimensional objects in the sample. By
computationally determining the angular relationship of
different projections, a full three-dimensional electron
density map of the complex can be obtained. Hence,
while fluorescence spectroscopy and solid-state NMR
provide indirect information on structure by reporting the
local environment of fluorescent or spin-labeled probes,
cryo-EM provides direct information by imaging individ-
ual macromolecular complexes. Thus, although specula-
tive thinking is likely to be involved in interpreting the
mechanistic implications of a cryo-EM reconstruction —
as it is in interpreting an X-ray crystal structure — the
structure itself is a determined fact and, where combined
with crystallographic data, can provide explicit descrip-
tions of conformational changes undergone by molecules
and their orientations in macromolecular assemblies. Re-
cent examples of cryo-EM work include the pore-form-
ing latrotoxin from the black widow spider [97], the Ul
snRNP component of the spliceosome [98], the her-
pesvirus capsid at 8.5-A resolution [99], and the struc-
tural dissection of membrane-containing alphaviruses in-
cluding location of fusion proteins and their glycosyla-
tion sites [4, 5, 100].

Two conformations of CBT oligomers have been studied
by cryo-EM. The first was the helical form of pneu-
molysin oligomer which forms at high toxin concentra-
tions, and the second a membrane-bound form of
oligomer [87]. The helical form was at higher resolution
and provided a number of fundamental insights into CBT
oligomerization (fig. 4a). First, this work demonstrated
that the orientation in which the CBT monomer was mod-
eled into an oligomer from the crystal structure, with do-
main 3 outwards and domain 2 forming the inner wall of
the oligomer, was wrong [45]. Instead, domain 2 lines the
outside of the oligomer and domains 3 and 4 project in-
wards. Second, this work revealed that oligomerization
was accompanied by rotation of domain 4 upwards and
appeared to involve conformational changes in domain 3
[87]. The membrane-bound form revealed a highly dis-
tinctive positioning of the oligomer above the membrane
surface, connected by thin extensions, with the same ori-
entation as in the helical oligomer but with the protein in
a more similar conformation to the crystal structure (fig.
4b). The conformation of toxin found in the helix was ini-
tially proposed to be a precursor for forming that seen in
the membrane-bound oligomer, which would be pore
forming [87]. This speculation now appears in the light of
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Figure 4. (a) The helical oligomeric form of pneumolysin. On the
left, a single turn of the three-dimensional (3D) cryo-EM recon-
struction is shown as an orange isosurface, with one edge boxed to
highlight the section shown in the central panel. In the right-hand
panel, the fit of domains from the perfringolysin crystal structure to
this map is shown, with domain 1 colored blue, domain 2 cyan, do-
main 3 gray, and domain 4 green. (b) The surface-bound oligomeric
form of pneumolysin. On the left, two views of the 3D cryo-EM re-
construction are shown: in the upper part, a tilted view of the whole
map, in the lower part, a central section through it. On the right, the
region boxed in the map section is shown with the perfringolysin
crystal structure placed inside it. (¢) Sequence of toxin conforma-
tions adopted during pore formation. The soluble monomer solved
by X-ray crystallography is shown on the left. In the centre, the sur-
face-bound oligomeric conformation is shown (as in b) with semi-
transparent second copies of domains 2 and 4 to indicate some un-
certainty about their positioning in the map and possible alternative
orientations. This is the state referred to by Tweten and colleagues
as the ‘prepore.” On the right, the helical oligomeric conformation
is shown, with semi-transparent domains again indicating some un-
certainty in their positions. This conformation is suggested to be
close to the pore-forming one. The small helices in domain 3 form-
ing transmembrane regions of the pore-forming oligomer are not
shown, and this domain has been rotated into a likely conformation
in it. The putative transmembrane regions of domain 3 are marked
schematically by a broad gray line, and the likely line of the mem-
brane with a dashed line.
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the work of Tweten and colleagues with perfringolysin to
be wrong. In the same way, the oligomeric arrangment
hypothesized for perfringolysin in the paper describing
its monomeric structure was wrong [45]. The two pneu-
molysin cryo-EM maps define two conformations of
CBT present in oligomers and there is no question about
the correctness of the fitting of the perfringolysin crystal
structure to the pneumolysin oligomer, revealing the ori-
entation of CBTs within their oligomeric assemblies [87].
The membrane-bound oligomer encircled a region of
membrane which still appeared intact [87] and should
now be viewed as representing an intermediate
oligomeric form occurring prior to pore formation (what
Tweten and colleagues refer to as the ‘prepore’). The
structure of this form is very similar to that of the
monomeric toxin, and shows that oligomerization in the
absence of pore formation does not produce dramatic
conformational changes in the structure of the protomer.
In retrospect, this is unsurprising given that reversible
self-interaction occurs in solution [83, 84]. Why pore for-
mation did not occur in the liposomes used for preparing
membrane-bound oligomers for cryo-EM analysis is un-
clear, but since the samples were generated at 20 °C, the
fluidity of the membrane was possibly sufficiently re-
duced that the pore-forming regions of domain 3 could
not partition into the bilayer. Another explanation is that
successful pore formation is comparatively rare and that
the pore-forming structures were missed in the cryo-
electron micrographs. Observing membrane-bound
oligomers which do not form pores means that CBTs can
stably arrest at this point in their mechanism, which reit-
erates functional findings with reference to the action of
streptolysin on fibroblasts and erythrocytes [101]. This
reconstruction also provides direct structural evidence for
a modest degree of membrane interaction on the part of
domain 4 as surmised from fluorescence data [77, 78].
The lipid membrane displayed hollows on the outside of
the surface-bound oligomer, and variations in electron
density in the portion of the membrane circled by the
toxin ring [87]. The chemical explanation for these struc-
tural features is unclear, although one might reason-
ably conclude that they relate to effects of the partial in-
sertion of domain 4 on the membrane lipids. One stimu-
lus for ordering of lipid components into definable
structures observed by cryo-EM would be the redistribu-
tion of cholesterol as toxin protomer-cholesterol com-
plexes self-associate into rings.

Although the conformation found in the helical form of
pneumolysin oligomer was originally suggested to repre-
sent an intermediate on the way to the surface-bound
oligomer just described, it seems now more likely to be
closely related to that found in the toxin pore, since con-
formational changes which may be constrained by the
lipid membrane at 20 °C can occur freely in solution. The
work of Tweten and colleagues indicates that the changes

Pore-forming toxins

in the conformation of domain 3 compared to the crystal
structure arise from deployment of the helical regions
which would associate with the membrane in f confor-
mations but in the case of the helical toxin of course can-
not. As a coda, CBT pores have now been observed by
cryo-EM in liposome membranes [24].

The conformations of toxin molecules in both oligo-
meric forms are sufficiently distinctive that one can have
a good degree of confidence in the general positioning
and orientation of CBT molecules in these states, even if
not in the precise positioning of individual domains. The
ability to use cryo-EM to define the conformations of
different oligomeric structures allows us to begin to es-
cape rather schematic depictions of structural transitions
in CBT-induced pore formation for explicit definitions
of intermediate and final structures, as sketched out in
figure 4c. A mechanism for CBT pore formation which
is consistent with the data of both Tweten and Palmer
(fig. 3¢), incorporating the biochemical and biophysical
data reviewed above with the structural insights provided
by cryo-EM analyses, is as follows. The soluble
monomer as defined by X-ray crystallography [45] binds
to the membrane through its carboxy-terminal fourth do-
main, most likely directly via cholesterol but certainly in
a cholesterol-dependent manner [44, 48, 57, 59, 60,
102]. The monomers bound to cholesterol skate about on
the membrane surface, interacting primarily through the
fourth domain of the protein [83—85]. Successful inter-
action through domains 4 leads to self-association of
CBT protomers to form a dimer. Oligomerization con-
tinues either unidirectionally or bidirectionally, with the
lengthening arc remaining in the conformation glimpsed
in the surface-bound cryo-EM reconstruction [87] (fig.
4Db). This stage in oligomerization terminates in pore for-
mation, which occurs when regions of domain 3 insert
into the membrane [70, 71, 79—82]. The surface-bound
(prepore) toxin is metastable, and is poised to enter a
lower energy state in forming a membrane-inserted pore-
forming oligomer. Whether insertion and pore formation
occurs with an arc or a ring will depend on how rapidly
monomers can be recruited to the nascent oligomer (fig.
3¢). The transition from surface-bound to membrane-in-
serted oligomer appears to be affected by the tryptophan
within the conserved CBT undecapeptide (position 433
in pneumolysin) which when mutated to phenylalanine
skews the pore size population toward the larger end of
its range but reduces cytotoxicity by 99% [60]. The
model being set out here suggests that substituting
phenylalanine for tryptophan at this position may stabi-
lize the surface-bound state and may reflect the same
mechanism detected by Tweten and colleagues in the
apparent influence of domain 4 on pore formation by
domain 3 [81].

Although this scheme integrates the available data on
pore formation by CBTs, it only serves to highlight ques-
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tions for which as yet there are no clear answers. What is
the structure of the portions of the membrane which com-
plete pores formed by oligmeric CBT arcs? More partic-
ularly, what is the structure of the interface between the
ends of the arc and the lipid? Assuming that domain 3 of
each monomer provides two f hairpins to a giant S-
sheeted structure which in oligomeric rings forms a huge
PBhbarrel [71, 80] poses a major question concerning pore-
forming arcs: would they be stable structures, would the
tensile strength of the arc be sufficient to maintain its cur-
vature within a membrane? Or would pore-forming arcs
indeed be short-lived structures nevertheless sufficient
for the toxic purposes of the protein? Is it then particu-
larly important to think in more dynamic terms about
these toxins — and indeed about how they redistribute
lipids in model systems [92, 93]? What is the molecular
basis of the interaction between cholesterol and CBTs
and is cholesterol actually their receptor [103]? How do
current models for CBT activity relate to their suggested
role as a system for injecting bacterial effector proteins
into host cells [104]? What is the mechanism apparently
linking domain 4 to pore formation by domain 3 [81] —
and what has a tryptophan in the conserved CBT unde-
capeptide got to do with it [60]? What would more pre-
cisely determined structures for the surface-bound and
pore-forming oligomeric toxin conformations reveal?
Beginning to answer these questions using better attested
mechanistic models and more detailed direct structural
information on cholesterol-binding toxins is a major
challenge for the immediate future.
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