
Chapter 20
The Cholesterol-Dependent Cytolysin Family
of Gram-Positive Bacterial Toxins

Alejandro P. Heuck, Paul C. Moe, and Benjamin B. Johnson

Abstract The cholesterol-dependent cytolysins (CDCs) are a family of β-barrel
pore-forming toxins secreted by Gram-positive bacteria. These toxins are produced
as water-soluble monomeric proteins that after binding to the target cell oligomerize
on the membrane surface forming a ring-like pre-pore complex, and finally insert a
large β-barrel into the membrane (about 250 Å in diameter). Formation of such
a large transmembrane structure requires multiple and coordinated conformational
changes. The presence of cholesterol in the target membrane is absolutely required
for pore-formation, and therefore it was long thought that cholesterol was the cel-
lular receptor for these toxins. However, not all the CDCs require cholesterol for
binding. Intermedilysin, secreted by Streptoccocus intermedius only binds to mem-
branes containing a protein receptor, but forms pores only if the membrane contains
sufficient cholesterol. In contrast, perfringolysin O, secreted by Clostridium per-
fringens, only binds to membranes containing substantial amounts of cholesterol.
The mechanisms by which cholesterol regulates the cytolytic activity of the CDCs
are not understood at the molecular level. The C-terminus of perfringolysin O is
involved in cholesterol recognition, and changes in the conformation of the loops
located at the distal tip of this domain affect the toxin-membrane interactions. At the
same time, the distribution of cholesterol in the membrane can modulate toxin bind-
ing. Recent studies support the concept that there is a dynamic interplay between the
cholesterol-binding domain of the CDCs and the excess of cholesterol molecules in
the target membrane.
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Abbreviations

CDCs cholesterol-dependent cytolysins
PFO perfringolysin O
ILY intermedilysin
PLY pneumolysin
SLO streptolysin O
ALO anthrolysin
TMH/s transmembrane β-hairpin/s
D4 domain 4
L1, L2, and L3 loop 1, loop 2 and loop 3

20.1 Introduction

The cholesterol-dependent cytolysins (CDCs) are a growing group of β-barrel pore-
forming toxins secreted by Gram-positive bacteria (Farrand et al., 2008; Gelber
et al., 2008; Heuck et al., 2001; Jefferies et al., 2007; Mosser and Rest, 2006),
and the first members were discovered more than a century ago (see Alouf et al.,
2006 for a historical background on the CDCs). To date, there are complete amino
acid sequences for 28 species distributed among the phyla of Firmicutes (genera of
Bacillus, Paenibacillus, Lysinibacillus, Listeria, Streptococcus, and Clostridium),
and of Actinobacteria (genera of Arcanobacterium and Gardenella) (Table 20.1).
Most of the CDCs have a cleavable signal sequence and are therefore secreted
to the extracellular medium via the general secretion system (see Harwood and
Cranenburgh, 2008). A few exceptions are species of the genus Streptoccocus
(S. pneumoniae, S. mitis, and S. pseudoneumoniae) that produce CDC without a
signal sequence. The secretion mechanism for these CDCs is unclear (Jefferies et al.,
2007; Marriott et al., 2008). After secretion to the extracellular medium, the CDCs
fold into water-soluble monomeric proteins, travel and bind to the target membrane,
and oligomerize on the membrane surface forming characteristic arcs and ring-like
structures which are responsible for cytolysis. Several reviews have been published
describing the recent advances in the structural and mechanistic studies of the CDCs
(Alouf et al., 2006; Giddings et al., 2006; Gilbert, 2005; Rossjohn et al., 2007;
Tweten, 2005). Here, we will focus on the role played by cholesterol during the
transformation of the CDC from a water-soluble monomer to a membrane-inserted
oligomeric complex. Although the cholesterol-dependent inhibition of the activity
for these toxins was one of the first biochemical properties attributed to the fam-
ily (Arrhenius, 1907), the molecular mechanism of the cholesterol-toxin interaction
remains as one of the least understood aspects in the study of the CDC family.

20.2 Mechanism of Pore Formation

The 28 CDC family members listed in Table 20.1 show a significant degree of amino
acid identity (from 28.1 to 99.6%) and similarity (greater than 45.7%), with amino
acid sequences ranging from 471 to 665 amino acids in length. A comparison of
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Table 20.1 Homologs in Gram-positive species compose the CDC family. Twenty-eight CDC
family members from divergent phyla have been identified by amino acid sequence. The pro-
tein three letter code for each homolog (as defined in Fig. 20.1) is followed by its phylogenetic
relationship to the PFO standard. Because many of the CDC family are expressed with variable
N-terminus, PFO relationship is expressed in bold for the conserved core only (corresponding to
amino acids 38–500 of PFO) and in parentheses for the full length form. The lengths of the respec-
tive polypeptides are presented. Percentages of identity and similarity were calculated as indicated
in Fig. 20.1 legend, * subsp. equisimilis

PHYLUM 
Firmicutes

CLASS
Bacilli

ORDER
Bacillales

FAMILY
Bacillaceae

GENUS
Bacillus %Identity %Similarity Length ID

SPECIES
B. anthracis ALO 72 (68) 88 (83) 462 (512) ZP_03017964.1
B. thurigiensis TLO 74 (69) 88 (83) 462 (512) YP_037419
B. cereus CLO 74 (69) 88 (84) 462 (512) YP_002369889.1
B. weihenstephanensis WLO 74 (69) 87 (83) 462 (512) ABY46062

Listeriaceae
Listeria
L. monocytogenes LLO 43 (40) 66 (62) 469 (529) DQ838568.1 
L. seeligeri LSO 45 (41) 67 (63) 469 (530) P31830.1 
L. ivanovii ILO 46 (43) 66 (62) 469 (528) AAR97343.1 

Planococcaceae
Lysinibacillus
L. sphaericus SPH 76 (72) 90 (87) 463 (506) YP_001699692.1 

Paenibacillaceae
Paenibacillus

P. alvei ALV 75 (71) 87 (84) 462 (501) P23564
Brevibacillus

B. brevis BVL 73 (69) 88 (84) 464 (511) YP_002770211.1 
Lactobacillales

Streptococcaceae 
Streptococcus

S. dysgalactiae* SLOe 67 (56) 83 (70) 463 (571) BAD77791 
S. pyogenes SLO 67 (56) 83 (70) 463 (571) NP_268546.1
S. canis SLOc 66 (55) 82 (69) 463 (574) Q53957 
S. pseudonemoniae PSY 46 (43) 67 (63) 466 (471) ACJ76900 
S. pneumoniae PLY 46 (43) 67 (64) 466 (471) ABO21366.1  
S. mitis MLY 46 (43) 67 (63) 466 (471) ABK58695 
S. suis SLY 41 (40) 65 (63) 465 (497) ABE66337.1 
S. intermedius ILY 41 (37) 65 (59) 469 (532) B212797.1 
S. mitis (Lectinolysin) LLY 39 (29) 62 (47) 463 (665) BAE72438.1 
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Table 20.1 (continued)

Clostridia
Clostridiales

Clostridiaceae 
Clostridium

C. perfringens PFO 463 (500) NP_561079
C. butyricum BRY 69 (65) 85 (82) 462 (513) ZP_02950902.1 
C. tetani TLY 60 (55) 78 (72) 464 (527) NP_782466.1 
C. botulinumB BLYb 60 (49) 78 (63) 464 (602) YP_001886995.1
C. botulinum E3 BLYe 60 (48) 77 (60) 464 (602) YP_001921918.1 
C. botulinumC BLYc 60 (56) 79 (74) 463 (518) ZP_02620972.1 
C. novyi NVL 58 (54) 78 (73) 463 (514) YP_878174.1

Actinobacteria
Actinobacteria 

Bifidobacteriales 
Bifidobacteriaceae 

Gardenella 
G. vaginallis VLY 40 (39) 65 (60) 466 (516) EU522488.1 

Actinomycetales
Actinomycetaceae 

Arcanobacterium
A. pyogenes PLO 41 (38) 60 (56) 469 (534) U84782.2 

the primary structure of these proteins shows that they share a very low degree
of similarity at their N-terminus, in part because different species employ dis-
tinct signal sequences for secretion, but also because some of the CDC members
possess additional domains located in this region (e.g., Farrand et al., 2008). If
we consider just the conserved core shared by all CDCs and required for pore-
formation activity [amino acids 38–500 in perfringolysin O (PFO)], the amino acid
identity and similarity among different members becomes higher than 36.7 and
58%, respectively (sequence length of analyzed sequences range from 462 to 469,
Fig. 20.1). Therefore, from the analysis of the primary structure of these toxins we
can anticipate that all the CDCs will exhibit similar activities and three-dimensional
structures.

The first crystal structure for a CDC was solved for PFO by Rossjohn and col-
leagues (1997). The crystal structure for two other CDCs, intermedylisin (ILY) and
anthrolysin (ALO), have been solved so far, and all of them share similar secondary
and tertiary structure (Bourdeau et al., 2009; Polekhina et al., 2005). They have a
high β-strand content and their structures have been divided into four domains, with
the C-terminal domain (domain 4 or D4) being the only independent and continuous
domain (Fig. 20.2A) (Polekhina et al., 2006).

PFO secreted by the pathogen Clostridium perfringens is a prototypical CDC
(Tweten et al., 2001). To describe the general mechanism of pore-formation for the
CDC we will depict the current knowledge of the PFO cytolytic mechanism which
starts with the binding of the toxin to the target membrane and concludes with the
insertion of a large transmembrane β-barrel (Fig. 20.2A).
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Fig. 20.2 Pore formation mechanism for the CDCs. Secreted as water-soluble monomeric pro-
teins, the toxins bind to the target membrane and oligomerize into a ring-like structure called
the pre-pore complex. A poorly understood conformational change then leads to the insertion of
the TMHs into the bilayer to form the aqueous pore. (A) Stages of PFO pore formation. The
defined PFO structural domains are numbered. The membrane bilayer is depicted with choles-
terol molecules (ovals) intercalated between the phospholipid constituents. Membrane binding is
accomplished as D4 interacts with membrane regions having free cholesterol molecules available.
Subsequent allosteric rearrangements within the monomer promote oligomerization and pore-
formation. (B) Conformational changes in domain 3 of PFO are required for monomer–monomer
association and β-barrel pore formation. Each stage corresponds to the stage shown above in
(A). The TMH1 is shown as bicolor and the TMH2 in black. The small β5 strand is shown as
a black loop. The aromatic residues involved in the alignment of the β-strands are shown as open
rectangles. Adapted from Ramachandran et al. (2004), with permission

Upon encountering a cholesterol-containing membrane, PFO oligomerizes and
spontaneously inserts into the bilayer to form a large transmembrane pore (∼35–50
monomers per oligomer; approximately 250 Å in diameter, Fig. 20.2), (Czajkowsky
et al., 2004; Dang et al., 2005; Mitsui et al., 1979; Olofsson et al., 1993). The
C-terminus of PFO (D4) encounters the membrane first (Fig. 20.2A, I, Heuck et al.,
2000; Nakamura et al., 1995; Ramachandran et al., 2002). The binding of D4 trig-
gers the structural rearrangements required to initiate the oligomerization of PFO
monomers (Ramachandran et al., 2004; Soltani et al., 2007a) and formation of a pre-
pore complex on the membrane surface (Fig. 20.2A, II, Heuck et al., 2003; Shepard
et al., 2000; Tilley et al., 2005). Pore formation commences when two amphipathic
β-hairpins from each PFO molecule insert and span the membrane (Fig. 20.2A,
III, Hotze et al., 2002; Shatursky et al., 1999; Shepard et al., 1998). The concerted
insertion of two transmembrane β-hairpins (TMHs) from ∼35 PFO monomers then
creates the large transmembrane β-barrel that penetrates the membrane (Dang et al.,
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2005; Tilley et al., 2005). This general mechanism of pore-formation is followed by
most CDCs, however, some variations have been observed for specific members and
they will be described in the following sections.

20.2.1 Localizing the Target Membrane

The first step in the CDC cytolytic cascade is the recognition of the target cell
(Fig. 20.2A, I). The CDC binds to the target membrane by recognizing a specific
membrane lipid, cholesterol, or by recognizing a membrane-anchored protein in
the case of ILY (Giddings et al., 2004). Cholesterol-recognition provides specificity
towards eukaryotic cells in general, and the glycosylphosphatidylinositol-anchored
protein CD59 provides specificity for human cells. While it has been shown that
ILY interacts with the CD59 receptor forming a 1:1 complex (Lachapelle et al.,
2009), the interaction of other CDCs with cholesterol is less well understood.
Independently of the recognition mechanism, it appears that all CDCs bind to the
target membranes via D4 (Nagamune et al., 2004; Soltani et al., 2007a).

20.2.2 Grouping Forces on the Membrane Surface:
Pre-pore Formation

After successful recognition of the target membrane, the CDC oligomerize in the
membrane surface to form a membrane-bound pre-pore complex (Fig. 20.2, II).
Formation of a pre-pore complex seems to be a common feature of the β-barrel
pore-forming toxins (Heuck et al., 2001; Miller et al., 1999; Shepard et al., 2000;
Walker et al., 1992). In general, the secreted monomeric proteins do not oligomerize
spontaneously in solution, and it has been shown that the binding of the toxins to the
target membrane is required to trigger the monomer-monomer association (Abdel
Ghani et al., 1999; Lachapelle et al., 2009; Ramachandran et al., 2004). Although
oligomerization has been observed in the absence of membranes for certain CDCs
(e.g., pneumolysin, (PLY) Gilbert et al., 1998; Solovyova et al., 2004), it only occurs
when the toxin concentration is relatively high (in the micromolar range or higher),
compared to the low concentration needed for efficient oligomerization when incu-
bated with natural membranes. The difference in efficiency between oligomerization
in solution and at the surface of a cell membrane suggests that the cells in some way
promote the association of toxin monomers. In general, oligomerization of β-barrel
pore-forming toxins requires the exposure of hidden polypeptide regions involved in
the monomer-monomer interaction (Heuck and Johnson, 2005; Heuck et al., 2001).
In the CDC, this process is triggered by conformational changes induced by protein-
lipid interactions (e.g., PFO, Ramachandran et al., 2004) or by conformational
changes induced by protein-protein interactions (e.g., ILY, Lachapelle et al., 2009).

Ramachandran et al. (2004) have shown that in the water-soluble form of the
toxin, oligomerization is prevented by blocking access to one edge of a core
β-sheet in the monomer (Fig. 20.2B). This blockage prevents its association with
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the edge of the core β-sheet in the neighboring monomer, thus impeding forma-
tion of an extended β-sheet. Specifically and importantly, premature association of
PFO molecules (before they bind to the appropriate membrane surface) is prevented
by the presence of β5, a short polypeptide loop that hydrogen bonds to β4 in the
monomer, and thereby prevents its interaction with the β1 strand in the adjacent
monomer. This feature is conserved in all crystal structures so far reported for the
CDCs (i.e., PFO, ILY, and ALO).

The structural changes associated with converting a CDC from a water-soluble
monomer to a membrane-inserted oligomer extend through much of the molecule.
The binding of D4 to the membrane surface immediately elicits a conformational
change in domain 3, more than 70 Å above the membrane (Abdel Ghani et al., 1999;
Heuck et al., 2000; Ramachandran et al., 2002, 2004, 2005). This conformational
change rotates β5 away from β4 and thereby exposes β4 to the aqueous medium
where it can associate with the always-exposed β1 strand of another PFO molecule,
to initiate and promote oligomerization (Fig. 20.2B).

Such an extensive network of structural linkages within a CDC can be advanta-
geous because it reduces the chance of prematurely entering a structural transition
that exposes a TMH. By allosterically linking different domains or regions of the
protein, the system can couple separate interactions (e.g., binding to the membrane
and binding to another subunit) and thereby ensure that pore formation proceeds
only when the necessary criteria are met. Given the important allosteric communi-
cation between the membrane binding domain and the pore-forming domain, it is
not surprising that the most conserved regions on these proteins are located among
inter-domain segments, forming an almost continuous path with its origin at the tip
of D4 and terminus at the segments that form the amphipathic TMHs (Fig. 20.3).
Interestingly, while most of the surface exposed residues of the CDCs are not very
conserved, the residues at the surface of the D4 tip, involve in membrane interaction,
are highly conserved.

Establishment of an oligomeric complex in the membrane surface facilitates the
formation of a transmembrane pore because the insertion of a single amphipathic
β-hairpin into a membrane is not energetically favored. In a hydrophobic envi-
ronment that lacks hydrogen bond donors or acceptors, isolated β-hairpins cannot
achieve the hydrogen-bond formation necessary to lower the thermodynamic cost
of transferring the polar atoms of the polypeptide backbone into the hydrocarbon
interior (White and Wimley, 1999). However, this energy barrier is circumvented
if the β-strands are inserted as β-sheets and form closed structures such as a
β-barrel. For monomeric β-barrel membrane proteins such as OmpA, a concerted
folding mechanism has been observed in vitro, in which the hydrogen bonds formed
between adjacent β-chains presumably favor the insertion of the β-barrel into the
membrane (Kleinschmidt, 2006; Tamm et al., 2004). Similarly, the formation of
a pre-pore complex may be required to allow the concerted, and perhaps simulta-
neous, insertion of the β-hairpins from individual monomers, thereby overcoming
the energetic barrier of inserting non-hydrogen-bonded β-strands into the mem-
brane bilayer. Whereas it is clear that the formation of a complete ring (or pre-pore
complex) on the membrane surface will minimize the energetic requirements for
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Fig. 20.3 Comparison of PFO homologs reveals a conserved core backbone. Alignment and com-
parison of the composite members of the CDC family reveals conserved regions that extend from
the tip of the membrane recognition domain, D4, through the regions involved in oligomerization
and membrane insertion. (A) Cartoon representation of PFO with the conserved residues shown
in black. (B) Surface representation of PFO the conserved core highlighted in black. It is postu-
lated that this conserved backbone is especially adapted to allosterically communicate successful,
cholesterol-dependent membrane binding, and thus permit subsequent conformational adaptations
that favor oligomerization and pore formation. Alignment of the 28 CDC sequences was effected
using the PRALINE multiple sequence alignment tool using a BLOSUM62 matrix with open and
extension gap penalties set at 12 and 1, respectively, a PSI-BLAST pre-profile processing with
iterations set at 3, e-value cut off set at 0.01, non-redundant data bases, and a DSSP-defined sec-
ondary structure search using PSIPRED (Simossis et al., 2005). PFO structure representation was
rendered using PyMol (DeLano Scientific LLC)

inserting a β-barrel into the membrane, it is likely that the insertion of incomplete
rings can also occur if monomer recruitment into the oligomer slows down. In the
absence of additional monomers, the incomplete pre-pore complexes observed in
vitro (or metastable arc structures) will be trapped, and they may have enough time
to insert into the membrane and form a pore (Gilbert, 2005). Insertion of an arc may
well form a transmembrane pore by itself, or in association with other arcs (double
arc structures, see Palmer et al., 1998). A minimal number of monomers must be
required to overcome the energetic barrier of inserting an arc-like β-sheet into the
membrane. It has been shown that independently of the toxin/lipid ratio, the pores
formed by PFO and streptolysin O (SLO) are at least large enough to allow the
passage of proteins with an approximate diameter of 100 Å (Heuck et al., 2003).

In summary, a coordinated train of events regulates the proper assembly of the
CDC oligomeric complex at the surface of the target membrane. Formation of
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these oligomeric structures facilitates the insertion of numerous TMHs, which are
required to form the large transmembrane β-barrel.

20.2.3 Perforating the Membrane: Insertion of a Large β-Barrel

A characteristic of the CDC that distinguishes them from most other β-barrel pore-
forming toxins is the use of two amphipathic β-hairpins per monomer to form
the large transmembrane barrel (Heuck and Johnson, 2005; Heuck et al., 2001;
Shatursky et al., 1999). In the water-soluble monomeric configuration of the CDC
these TMHs are folded as short α-helices, presumably to minimize the exposure
of the hydrophobic surfaces (Heuck and Johnson, 2005). These helices, located
at either side of the central β-sheet in domain 3, extend and insert into the mem-
brane bilayer (Shatursky et al., 1999; Shepard et al., 1998). The conversion of
short α-helices to amphipathic β-hairpins constituted a new paradigm for how pore-
forming toxins transform from a water-soluble to membrane-inserted conformation.
This structural transformation has been recently found in eukaryotic pore-forming
proteins, as revealed by the structure of the membrane attack complex/perforin
superfamily members (Hadders et al., 2007; Rosado et al., 2007). After insertion,
the hydrophobic surfaces of the TMHs are exposed to the non-polar lipid core of
the membrane and the hydrophilic surfaces face the aqueous pore. A concerted
mechanism of insertion ensures that the hydrophilic surfaces of the hairpins remain
exposed to the aqueous medium, and not to the hydrophobic core of the membrane.
Such a coordinated insertion requires the displacement of membrane bilayer lipids
as the aqueous pore is formed in the membrane.

The creation of a circular hole, having a radius of nearly 150 Å, in a liposomal
membrane requires the displacement of about 1000 phospholipid molecules in each
monolayer (or about 800 phospholipids plus 800 cholesterol molecules, because the
average surface area occupied by one phospholipid molecule plus one cholesterol
molecule is ∼90 Å2 in a 1:1 phospholipid/cholesterol mixture) (Heuck et al., 2001;
Lecuyer and Dervichian, 1969). Analysis of the release of markers encapsulated in
liposomes when using limiting concentrations of PFO or SLO have shown that both
the small markers and the large markers are released at the same rate. Therefore, it
appears that all of these lipid molecules leave or are displaced from the pore formed
by these CDCs at the same time (Heuck et al., 2003), though not all agree (Palmer
et al., 1998).

A direct comparison of the cytolytic mechanism of PFO and ILY showed that
whereas ILY does not require cholesterol for binding, pore-formation is subse-
quently entirely dependent on the presence of cholesterol in the target membrane
(Giddings et al., 2003). Employing a series of ILY mutants that block pore forma-
tion at different stages, Hotze and colleagues have shown that ILY remains engaged
with its receptor (human CD59) throughout the assembly of the pre-pore complex,
but it is released from CD59 upon the transition to the membrane-inserted oligomer
(Lachapelle et al., 2009). Upon release from the receptor, ILY is anchored to the
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membrane via D4 suggesting that this domain still conserves the cholesterol-binding
properties of other CDC members (note that insertion of the ILY β-barrel does not
occur if cholesterol is depleted from the membrane).

After pre-pore formation, the insertion of the PFO TMHs requires the appropriate
intermonomer β-strand alignment. Ramachandran et al. (2004) suggested that the
π-stacking interaction between Y181 and F318 guides the alignment of the TMHs of
adjacent monomers (Fig. 20.2B). Interestingly, while Y181 is completely conserved
in the 28 members of the CDC family, F318 is not. Instead of phenylalanine, this
position is occupied by valine in lectinolysin, vaginolysin, and PLY, by isoleucine
in ILY, and alanine in pyolysin. It will be interesting to determine if a mutation of
the conserved PFO-Y181-equivalent in ILY results in a pre-pore blocked derivative,
as observed in PFO.

20.3 The Role of Cholesterol in Membrane Binding

Among all the different lipids that shape the vast diversity of cell membranes, the
presence of cholesterol is a distinguishing feature of mammalian cells. The CDCs
have evolved to take advantage of this feature of mammalian membranes, and their
ability to perforate the target membrane is totally dependent on the presence of
cholesterol (Giddings et al., 2003; Palmer, 2004).

In liposomal membranes containing only phosphatidylcholine and cholesterol,
more than 30 mole % cholesterol is required for CDCs such as tetanolysin (Alving
et al., 1979), SLO (Rosenqvist et al., 1980), and PFO (Heuck et al., 2000; Ohno-
Iwashita et al., 1992), to bind and create a pore in the bilayer. For PFO, no binding
at all is detected when the cholesterol concentration in the liposomal membrane is
less than ∼30 mole% of the total lipids (Flanagan et al., 2009; Heuck et al., 2000;
Nelson et al., 2008). Thus, if cholesterol acts solely as a receptor, and hence as
a PFO binding ligand, reducing the cholesterol concentration in the bilayer should
only affect the kinetics of the cytolytic process. In other words, lowering the amount
of cholesterol in the membrane should result in a longer time required for PFO to
form a transmembrane pore. However, the sharp transition observed in the binding
isotherm of PFO suggests that the basis of this recognition is more complex than
a simple encounter frequency between PFO and individual cholesterol molecules
(Heuck et al., 2000).

20.3.1 Domain 4 and Membrane Recognition

The initial members of the CDC family were characterized by their sensitiv-
ity to oxygen and cholesterol (Alouf et al., 2006). Toxins isolated from culture
supernatants were inactivated by exposure to oxygen present in the air or when pre-
incubated with cholesterol. While the oxygen-dependent inactivation of the toxins
could be reversed by incubation with thiol-based reducing agents, inactivation by
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pre-incubation with cholesterol was not reversible. A direct consequence of these
findings was that the discovery of new CDC members was strongly influenced by
the search for these two distinguishing features in the newly encountered hemolytic
toxins: i.e. inhibition by oxygen and cholesterol. Therefore, it is not surprising that
the first sequences obtained for CDCs revealed that all of them contained a con-
served undecapeptide which was critical for cholesterol recognition, and a unique
cysteine in this segment that was sensitive to aerobic oxidation. This correlation
led researchers to postulate that the conserved undecapeptide, and attendant cys-
teine constituted the cholesterol-binding site for the CDC. However, advancements
in recombinant DNA technology soon allowed researchers to show that this unique
cysteine was not essential for cholesterol recognition. First, the replacement of this
cysteine with alanine rendered a protein that remained hemolytic (Michel et al.,
1990; Pinkney et al., 1989; Saunders et al., 1989; Shepard et al., 1998). Second,
the sequence of newly discovered CDC members showed that this cysteine was
indeed replaced by alanine during the evolution of different Gram-positive species
(Billington et al., 2001; Nagamune et al., 2000).

New protein homologues of the CDCs are being revealed as new genomes are
sequenced, and these new family members show greater variability in the amino
acid sequence of this segment. The multi-sequence alignment for the 28 CDC
sequences shows that 20% of the CDCs contain amino acid substitutions in the
conserved undecapeptide. Based on this newly accumulated evidence, the origi-
nal view of the conserved undecapeptide as the cholesterol binding site is being
replaced by alternative models for membrane-binding. It has been shown that one
of the CDCs, intermedilysin (ILY) recognize the target membrane by the specific
binding to a human protein receptor CD59, and it is therefore possible that other
members may also bind to the target membrane by as yet unidentified protein recep-
tors (Bourdeau et al., 2009). In addition to the undecapeptide, other well conserved
peptide loops located at the tip of D4 may contribute to the cholesterol recognition
motif (Ramachandran et al., 2002; Soltani et al., 2007a; Soltani et al., 2007b).

20.3.1.1 The Conserved Loops

PFO D4 has a 4 stranded β-sandwich structure that interacts with the membrane
surface only at one end, via the distal loops that interconnect the eight β-strands that
form the domain (Fig. 20.4A, Ramachandran et al., 2002; Rossjohn et al., 1997;
Soltani et al., 2007a). Superimposition of the D4 α-carbons for PFO, ALO, and ILY
reveals that the global structure of D4 is well conserved among these members. The
main differences arise in the conformation of the undecapeptide, involved in toxin-
membrane interaction, and in the loops that are close to the domain 2-D4 interface
(Fig. 20.4A).

Three of the four loops located at the distal tip of D4 are highly conserved
among the CDC members: the conserved undecapeptide (also known as the Trp-
rich loop), L1, and L2 (Fig. 20.4B). The L3 loop is less conserved and is located
farther away from the unique cysteine residue. Recent data obtained by Tweten
and colleagues suggest that in addition to the undecapeptide, the other D4 loops
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PFO H S G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
ALO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
CLO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
WLO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
TLO H Y G A Y V A Q F D K T A H Y E C T G L A W E W W R G T T L Y P
SPH H Y G A Y V A Q F D K T A H F E C T G L A W E W W R G T T L Y P
BLYe H S G A Y V A Q F D K T A H F E C T G L A W E W W R G T T L Y P
BLYb H S G A Y V A Q F D K T A H F E C T G L A W E W W R G T T L Y P
ALV H S G A Y V A Q F D R S A H F E C T G L A W E W W R G T T L Y P
TLY H S G A Y V A Q F D R T A H F E C T G L A W E W W R G T T L Y P
NVL H R G A Y V A K F G R T A H F E C T G L A W E W W R G T T L Y P
BLYc H S G A Y V A Q F D R T A H F E C T G L A W E W W R G T T L Y P
ILO H S G A Y V A R F D K L A H F E C T G L A W E W W R G T T L Y P
LLO H S G G Y V A Q F S K L A H F E C T G L A W E W W R G T T L Y P
PLY H S G A Y V A Q Y D L T A H F E C T G L A W E W W R G T T L Y P
MLY H S G A Y V A Q Y D L T A H F E C T G L A W E W W R G T T L Y P
PSY H S G A Y V A Q Y D L T A H F E C T G L A W E W W R G T T L Y P
SLY H S G A Y V A K Y N L T S H W E C T G L A W E W W R G T T L Y P
SLO H Q G A Y V A Q Y S K T S P F E C T G L A W E W W R G S T L S P
SLOc H Q G A Y V A Q Y S K T S P F E C T G L A W E W W R G S T L S P
SLOe H Q G A Y V A Q Y S K T S P F E C T G L A W E W W R G S T L S P
BVL H Y G W Y V A Q F D R T A P F E C T G L A W E W W R G T T L N P
LSO H S G G Y V A Q F S K L A H F E C T G L F W E W W R G T T L Y P
BRY H Y G A Y V A Q F D K T A H F E C T G L S W E W W R G T T L Y P
VLY H R G A Y V A R Y Y R T A H F E K T G L V W E P W R G T T L W P
LLY H K G A Y V A R Y N R T S G F E K T G L V W E P W R G T T L N P
ILY H D G A F V A R F N R G A H Y G A T G L A W E P W R G T T L H P
PLO H G G G Y V A K F A R T L G F E A T G L A W D P W W G T T L N P
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Fig. 20.4 The three dimensional structure of D4 is highly conserved in the CDC family. (A)
Comparison of D4 from three CDC homologs highlights the conserved architecture of this
C-terminal domain. A cartoon, upper left, clarifies the threading of 2 β-sheets and loops in
the β-sandwich and indicates the spatial organization of the undecapeptide, L1, and L2. The
α-backbone for the D4 domains of PFO, ILY, and ALO were superimposed using PyMol (DeLano
Scientific LLC; available at www.pymol.org). (B) Alignment of the sequence for the 28 CDC
family members reveals substantial conservation in loops L1, L2 and the undecapeptide. While
integrity of the undecapeptide was long recognized for being critical to the cholesterol-dependent
activity of these toxins, other loops are also important. Residues conserved in all sequences are
shaded in black, and highly conserved residues are shaded in gray. Protein names are as in Fig. 20.2.
Residue numbers correspond to the PFO sequence. Multiple sequence alignment was effected as
indicated in Fig. 20.3
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(L1–L3) may also play a role in the cholesterol-dependent recognition of the CDC
(Soltani et al., 2007b). Single amino acid modifications in these loops prevented the
binding of PFO to cholesterol-rich liposomes, and abolished the pre-pore to pore
transition for ILY in a cholesterol-dependent manner. Both of these events involve
the association of the D4 with the cholesterol-containing membrane. It has become
clear that the three-dimensional arrangement of the undecapeptide and the L1–L3
loops is important for the association of the CDC with the cholesterol-containing
membrane (Giddings et al., 2003; Polekhina et al., 2005; Soltani et al., 2007a, b).

Interestingly, changes in the pH of the medium which affect the conformation
of D4 also influence the cholesterol-toxin interaction. A reduction of the pH from
7.5 to 6.0 induces a conformational change in PFO causing the tryptophan residues
to be more exposed to the aqueous solvent, and also alters the threshold for the
minimal cholesterol concentration required to trigger binding of PFO to liposomal
membranes (Nelson et al., 2008). Since no major changes are expected to occur
in the structure of the membrane in between pH 7.5 and 6.0, one can assume that
protonation of certain amino acids in PFO may alter the D4 conformation, and as a
consequence, its ability to recognize cholesterol in the target membrane. A related
effect has been observed for listeriolysin O (LLO), a CDC recognized for having an
optimum acidic pH for activity (Bavdek et al., 2007). However, the loss of activity
of LLO at neutral pH can be rescued by increasing the concentration of cholesterol
in the membrane.

Given that conformational changes in D4 can alter the cholesterol-dependent
properties of the CDC, one can speculate that the conformational change triggered
by the binding of ILY to the CD59 receptor (Soltani et al., 2007a), may modulate the
cholesterol-dependent association with the membrane required for pore-formation.

Unfortunately, despite the various high-resolution structures available for the
CDCs, and the multiple functional data obtained by modification of amino acids
located at the D4 loops, it is still unclear how cholesterol modulates the confor-
mational changes required to anchor the toxin to the membrane and to insert a large
transmembrane β-barrel. Furthermore, is not clear if the binding of PFO (and related
CDCs) is triggered by the binding of a single cholesterol molecule (Geoffroy and
Alouf, 1983; Nollmann et al., 2004; Polekhina et al., 2005), or by the recognition
of a more complex cholesterol-arrangement in the bilayer structure (Bavdek et al.,
2007; Flanagan et al., 2009; Heuck and Johnson, 2005; Heuck et al., 2007; Nelson
et al., 2008).

20.3.2 Searching for Cholesterol in the Membrane

The binding of a protein domain to a membrane surface is in general, a two-step pro-
cess that involves the initial formation of non-specific collisional complex, followed
by the formation of a tightly bound complex. The first step is diffusional and may
involve electrostatic interactions, and the second step stabilizes the initial interac-
tion by membrane penetration of non-polar amino acids and/or specific interactions
between the protein and the membrane lipids (Cho and Stahelin, 2005). The initial
membrane association locates non-polar amino acids close to the interfacial region
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of the bilayer, facilitating their exposure to the hydrophobic core. Non-polar amino
acids are not usually exposed to the protein surface, and therefore conformational
changes are required to expose them to the membrane.

Exposure of the aromatic residues located in the undecapeptide occurs upon
membrane binding, though they do not penetrate deeply into the bilayer core (Heuck
et al., 2003; Nakamura et al., 1998; Sekino-Suzuki et al., 1996). The sensitivity of
the undecapeptide to amino acid changes suggests that the exposure of aromatic
amino acids and membrane binding requires precise conformational changes and/or
a particular three-dimensional conformation. A conformational change in the unde-
capeptide that modulates cholesterol binding and membrane anchoring has been
suggested for PFO (Rossjohn et al., 1997), however the binding site for cholesterol,
if any, remains elusive.

It has become apparent that in addition to the three dimensional structure of the
binding-domain, the arrangement of the cholesterol molecules in the bilayer is also
critical for successful binding. In a membrane, the cholesterol molecules are mobile
in the non-polar core of the bilayer with an orientation nearly parallel to the acyl
chains of the phospholipids. The non-polar hydrocarbon tail of the molecule ori-
ents towards the center of the bilayer, and the 3-β-OH group locates close to the
ester bonds formed by the fatty acid chains and the glycerol backbone of the phos-
pholipids near the membrane-water interface. Compared to the phospholipid head
groups, the polar group of the cholesterol molecule is not highly exposed at the
membrane surface. Therefore, it is not strange that at such relatively low concentra-
tions, few cholesterol molecules should be available to interact with water-soluble
molecules (e.g., cholesterol oxidase, cyclodextrins or CDCs) (Lange et al., 1980).

20.3.2.1 Cholesterol Availability in Membrane Bilayers

In multi-component membranes, the availability of cholesterol at the membrane sur-
face is regulated by the interactions between cholesterol and other the components
of the membrane (phospholipids, glycolipids and proteins). The more the choles-
terol interacts with the othere membrane components, the less available it will be
to interact with extra-membranous molecules. Factors that affect the interaction
of cholesterol with phospholipids are the length of the acyl chains, the presence of
double bonds in these chains, the size of the polar head-groups, and the ability
of the phospholipid to form hydrogen bonds with the hydroxyl group of cholesterol
(Ohvo-Rekilä et al., 2002).

When cholesterol is added to a membrane containing a single phospholipid
species, two phases appear in a concentration-dependent manner (Mouritsen and
Zuckermann, 2004; Sankaram and Thompson, 1991). This suggests that instead
of randomly distributing among the membrane phospholipids, cholesterol asso-
ciates with the phospholipids, presumably forming stoichiometric complexes
(Radhakrishnan and Mcconnell, 1999). When the phospholipids are in excess, most
of the cholesterol molecules form complexes with phospholipids. These complexes
are immiscible in the pure phospholipid phase and therefore a two-phase mixture
appears in the membrane. Increasing the cholesterol concentration will increase the
population of the complexes until they form a single phase containing the complexes
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with a minor presence of uncomplexed phospholipids and cholesterol molecules.
Beyond this point, the added cholesterol molecules (free cholesterol) will mix with
the complexes until they reach the solubility limit and precipitate out of the mem-
brane (Mason et al., 2003). Cholesterol molecules do not form stable single bilayers
in aqueous solution, so when present in excess they cannot form a new stable and
extended phase. The free cholesterol molecules in excess are likely to have a ten-
dency to “fly” away from the membrane, and outside the membrane due to their low
solubility they will be prone to associate to form multi-bilayer crystals in aqueous
solution (Harris, 1988).

The formation of phospholipid-cholesterol complexes can explain the low inter-
action detected between cyclodextrins and cholesterol when the membrane sterol is
present in low amounts (Mcconnell and Radhakrishnan, 2003). An alternative model
to account for this behavior was proposed by Huang and Feigenson (1999). These
authors propose that the hydrophobic effect positions the phospholipid head groups
toward the membrane surface to protect the hydrophobic molecule of cholesterol
from the unfavorable contact with water. When the concentration of cholesterol in
the membrane achieves and exceeds the protective capacity of the head-groups, the
tendency for the sterol molecules to exit the membrane will increase.

Both models provide a reasonable explanation for the increased accessibility of
cholesterol at high sterol/phospholipid ratios, and the consensus is that they are not
mutually exclusive (Lange and Steck, 2008; Mesmin and Maxfield, 2009). Binding
(and/or pore-formation) of the CDCs occurs at high cholesterol concentration where
free cholesterol becomes available, and therefore any of these models can be used
to explain the experimental observations.

In more complex lipids mixtures, when more than one phospholipid is present
in the membrane, the total cholesterol content will distribute unevenly between any
formed phases (Goñi et al., 2008; Veatch and Keller, 2002). How much cholesterol
is present in each phase will be governed by the interaction between cholesterol and
the components (lipids and proteins) present in the phases (Epand, 2006).

20.3.2.2 The Role of Other Lipids

The pioneering work of Ohno-Iwashita and colleagues on the binding of PFO to
membranes showed that the phospholipid composition affects the arrangement of
cholesterol in the membrane (see also Chapter 22). Using a protease-nicked derivate
of PFO they showed that the binding of the toxin was not only influenced by
the total amount of cholesterol present in the membrane, but also by the phos-
pholipid composition. They found that this PFO derivative preferentially binds to
cholesterol-rich membranes composed of phospholipids with 18-carbon acyl chains
(Ohno-Iwashita et al., 1992, 1991). An effect on cholesterol state in the membrane
by ceramides and glycerolipids was also suggested by Zitzer et al. (2003), based on
their studies of SLO pore-formation in liposomal membranes prepared with differ-
ent phospholipids. Lipids having a conical molecular shape appear to effect a change
in the energetic state of membrane cholesterol that in turn augments the interac-
tion of the sterol with the cholesterol-specific cytolysin. Interestingly, these authors



20 The Cholesterol-Dependent Cytolysin Family of Toxins 567

also showed that SLO was active when membranes were prepared solely with the
enantiomeric cholesterol, suggesting that the effect associated with the presence of
cholesterol may be other than a site specific binding event (Zitzer et al., 2003).

A more systematic analysis of the interaction of PFO D4 with membranes pre-
pared with different phospholipds and sterols revealed that PFO binding to the
bilayer and the initiation of the sequence of events that culminate in the formation
of a transmembrane pore depend on the availability of free cholesterol at the mem-
brane surface (Flanagan et al., 2002; Flanagan et al., 2009; Nelson et al., 2008).
These studies also showed that changes in the acyl chain packing of the phospho-
lipids and cholesterol in the membrane core do not correlate with PFO binding.
Taken together, all these studies suggest than the binding of PFO (and SLO) to the

A
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Fig. 20.5 PFO only binds to membranes containing free cholesterol molecules. Examples of
mechanisms for cholesterol-dependent anchoring of PFO to the membrane surface: (A) PFO can-
not stably bind to the bilayer if there are no free cholesterol molecules available in the membrane
surface. (B) At high cholesterol concentrations free cholesterol molecules become available (black
ovals), and D4 can anchor to the bilayer. In this example, a single cholesterol molecule binds to
D4 and induces the conformational changes required to expose the D4 loops to the bilayer core.
(C) Alternatively, the interplay between D4 and the membrane result in the redistribution of the
lipids at the surface, clustering the free cholesterol molecules underneath the tip of D4. Anchoring
may be accomplished by the interaction of multiple hydroxyl groups located in the cholesterol-rich
cluster and the conserved amino acids of the loops
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membrane is triggered when the concentration of cholesterol exceeds the association
capacity of the phospholipids, and this cholesterol excess is then free to associate
with the toxin (Fig. 20.5).

The requirement of such high cholesterol content in membranes was initially
associated with the binding of PFO to cholesterol-rich domains (or membrane rafts)
(Ohno-Iwashita et al., 2004; Waheed et al., 2001). However, recent results indicate
that this assertion may require further analysis and consideration. It was found that
the incorporation of sphingomyelin, a necessary component for the formation of
membrane rafts, inhibited rather than promoted the binding of PFO to membranes
(Flanagan et al., 2009). No correlation was found between PFO binding, and the
amount of the detergent-resistant fraction in membranes, a fraction usually asso-
ciated with membrane rafts (Flanagan et al., 2009). Incorporation of sterols that
promote the formation of ordered membrane domains was not critical to promot-
ing the PFO-membrane interaction (Nelson et al., 2008). Therefore, one needs to be
cautious when employing PFO as a probe to reveal the presence of membrane rafts
in cellular membranes. Rather than recognizing a particular membrane “raft”, PFO
seems to bind to membranes containing free cholesterol (or where cholesterol has a
high chemical activity).

20.3.2.3 Cholesterol Alone Is Enough

It was long known that incubation of SLO (Duncan and Schlegel, 1975; Johnson
et al., 1980), PFO (Mitsui et al., 1979), cereolysin (Cowell and Bernheimer, 1978),
alveolysin (Johnson et al., 1980), PLY (Johnson et al., 1980), and LLO (Vazquez-
Boland et al., 1989) with cholesterol dispersed in aqueous solution produced the
typical aggregated sterol-toxin complexes. For PFO and SLO, typical ring- and
arc-like structures were observed after incubation with cholesterol at concentra-
tions above its solubility limit (i.e., higher than 5 μM Duncan and Schlegel, 1975,
Haberland and Reynolds, 1973, Harris et al., 1998, Mitsui et al., 1979).

To clarify the role of cholesterol in PFO cytolysis, the extent to which the dif-
ferent steps of the cytolytic mechanism could be elicited solely by the presence
of cholesterol was analyzed (Heuck et al., 2007). Using site-directed fluorescence
labelling of PFO in combination with multiple independent fluorescence techniques
(Heuck and Johnson, 2002; Johnson, 2005), it was revealed that a selective inter-
action between the undecapeptide and the D4 loops with cholesterol dispersed in
aqueous solution is indistinguishable from the interaction of PFO with cholesterol-
containing membranes. Binding solely to cholesterol aggregates in aqueous solution
is sufficient to initiate the coupled conformational changes that extend throughout
the toxin molecule from the tip of D4 to the TMHs. Moreover, it was found that the
topology of D4 bound to cholesterol aggregates was identical to the one observed
in liposomal membranes, and that the binding of PFO to cholesterol aggregates was
sufficient to trigger the conformational change in domain 3 that has been associated
with oligomerization (Heuck et al., 2007; Ramachandran et al., 2004). As previously
observed for SLO in cholesterol micro-crystals (Harris et al., 1998), oligomeriza-
tion and formation of typical arc and ring structures were observed in the presence
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of cholesterol microcrystals. Surprisingly, none of these changes were produced by
epicholesterol, a sterol that differs from cholesterol only in that the hydroxyl group
is directed axially instead of equatorial (Heuck et al., 2007).

Taking advantage of the inability of PFO to recognize epicholesterol, compe-
tition experiments were done to examine how cholesterol packing in the bilayer
affects the interactions with the membrane. More than 48 mole % cholesterol is
required for PFO to bind to POPC-cholesterol liposomes (Flanagan et al., 2009).
However, when the epicholesterol was mixed with cholesterol to maintain the con-
centration of total sterols constant at 48 mole %, and to reduce the net amount of
cholesterol in the membrane, it was shown that in this case considerable binding of
PFO was found with as little as 19 mole % cholesterol. Epicholesterol apparently
intercalates in the bilayer and competes with cholesterol for association with phos-
pholipids, as reported for other membrane intercalating agents (Lange et al., 2005).
These data therefore confirmed that there are at least two distinctive states of choles-
terol in a typical membrane bilayer: one in which cholesterol is readily accessible
for binding to proteins such as PFO (free cholesterol), and one in which the sterol
is associated with surrounding membrane components that reduce its exposure to
the surface (e.g., phospholipid headgroups may obscure access to sterols associated
with phospholipid acyl chains).

The selective binding of PFO to cholesterol aggregates and not to epicholesterol
aggregates, suggests that the failure to bind epicholesterol when incorporated in
membrane bilayers is not related to the packing or association of this sterol with the
phospholipids. This failure is rather caused by the inappropriate orientation of the
hydroxyl group (Murari et al., 1986), which it may be required for the specific dock-
ing of the sterol molecule to a binding pocket located in D4 (Fig. 20.5B, Rossjohn
et al., 2007). Alternatively, the hydroxyl group may need to be properly exposed at
the surface of a lipid cluster, that may then act as a platform for the anchoring of the
D4 loops (Fig. 20.5C). Such a cluster may be preformed on the membrane before
binding, or formed as a result of the interaction of D4 with the bilayer surface.
Redistribution of lipids after protein-binding has been observed for LLO (Gekara
et al., 2005), and other proteins (e.g., Heimburg et al., 1999).

The PFO and SLO specific binding to cholesterol aggregates and microcrystals
(Harris et al., 1998; Heuck et al., 2007), together with the need for more than 30
mole% cholesterol in membranes to trigger binding (Flanagan et al., 2009; Heuck
et al., 2000; Nelson et al., 2008), suggest that the role of cholesterol in the cytolytic
mechanism of the CDC may be more complex than solely binding to a specific
binding site. An alternative explanation would be the need of a cluster of choles-
terol molecules at the membrane surface to provide a docking platform for the
D4 loops (Gekara et al., 2005, Heimburg et al., 1999, Heuck and Johnson, 2005).
Interestingly, the binding of pore-forming toxins to lipid clusters have been reported
for Staphylococcus aureus α-hemolysin (Valeva et al., 2006), and the need for small
cholesterol clusters have been recently suggested for the binding of LLO to mem-
branes (Bavdek et al., 2007). Further work is needed to unambiguously determine
the mechanism by which cholesterol specifically anchors the CDC to the target
membrane.
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20.4 Conclusions and Future Perspectives

Recent studies support the concept that there is a complex interplay between the
structural arrangement of the CDC D4 loops and the distribution of cholesterol
in the target membrane (Bavdek et al., 2007; Flanagan et al., 2009; Giddings
et al., 2003; Heuck and Johnson, 2005; Nelson et al., 2008; Polekhina et al.,
2005; Ramachandran et al., 2002; Soltani et al., 2007a; Soltani et al., 2007b).
Modifications in the lipid composition alter the cholesterol arrangement in the mem-
brane, and as a consequence, the binding of the CDC (Flanagan et al., 2009; Nelson
et al., 2008). At the same time, modifications to the structure of the CDC due to
mutations, changes in the pH of the medium or other factors, apparently modifies
the threshold for the amount of cholesterol required to trigger binding (Bavdek et al.,
2007; Nelson et al., 2008; Moe & Heuck, unpublished).

The presence of free cholesterol molecules at the membrane surface seems to
be critical to trigger the binding of most CDCs. A direct inference from these find-
ings is that the exposure of cholesterol at the membrane surface may be facilitated
by the action of other membrane-damaging toxins or enzymes secreted by these
pathogens like, for example phospholipase C. Such toxins cleave the head-groups
of phospholipids, and consequently increase the exposure of cholesterol molecules
(or availability of free cholesterol) to the membrane surface. Cooperation between
the CDC and different phospholipase C molecules contribute to the pathogenesis of
at least two organisms. A synergic effect has been reported for the action of PFO and
α-toxin in clostridial myonecrosis (Awad et al., 2001), and both phospholipase C and
LLO have been identified as key factors for the vacuolar dissolution and cell-to-cell
spreading mechanism of Listeria monocytogenes (Alberti-Segui et al., 2007).

Complete understanding of the mechanism of pore formation for the CDCs at the
molecular level will require high-resolution structures of the initial (water-soluble
monomer), the final (membrane-inserted pore/oligomer), and any intermediate pre-
pore state involved in the cytolytic process (including complexes with receptors or
lipids). Great progress has been achieved to this end, but there is much more to be
accomplished. A few crystal structures for monomeric CDCs are currently available
(PFO, ILY, ALO, Bourdeau et al., 2009 ; Polekhina et al., 2005; Rossjohn et al.,
1997), and the low resolution structure for the pre-pore complex and the membrane-
inserted oligomer of PLY have been obtained by cryo-electron microscopy (Tilley
et al., 2005).

It has become clear that the analysis of complex biological systems, in partic-
ular those involving membranes, benefits from the combination of high-resolution
structural techniques (e.g., X-ray crystallography, nuclear magnetic resonance and
electron microscopy) and spectroscopic analysis of probes incorporated at specific
positions in the proteins (e.g., electron paramagnetic resonance, fluorescence spec-
troscopy) (Cowieson et al., 2008; Heuck and Johnson, 2002; Hubbell et al., 2000).
In addition to providing structural information, by monitoring the spectral signal
of these probes as a function of time, one can determine the kinetics of the dis-
crete steps of the pore-formation mechanism (Heuck et al., 2000, , 2003) and the
dynamics of the structural transformations (Columbus and Hubbell, 2002).
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Understanding the CDC function in the establishment of the diseases caused
by various Gram-positive pathogens is far from complete (Marriott et al., 2008;
Schnupf and Portnoy, 2007). The actual role of CDCs in bacterial pathogenesis may
be more complex than merely forming a transmembrane pore. For example, it has
been proposed that SLO is involved in protein translocation during Streptococcus
pyogenes infection (Madden et al., 2001; Meehl and Caparon, 2004).

The involvement of protein receptors in the mechanism of certain CDC is another
area that requires further investigation. The discovery of the ILY receptor illumi-
nated two distinct roles for cholesterol in the cytolytic mechanism of this CDC
(Giddings et al., 2003). ALO’s strong preference for targeting the apical side of
gut epithelial cells suggests that a receptor (other than cholesterol) may be present
in these cells (Bourdeau et al., 2009). Clearly, there is much to be discovered
concerning the complex and fascinating roles played by the CDC in bacterial
pathogenesis.
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