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Abstract
The cholesterol-dependent cytolysins (CDCs) are a large family of pore-forming toxins that are
produced, secreted and contribute to the pathogenesis of many species of Gram-positive bacteria.
The assembly of the CDC pore-forming complex has been under intense study for the past 20
years. These studies have revealed a molecular mechanism of pore formation that exhibits many
novel features. The CDCs form large β-barrel pore complexes that are assembled from 35-40
soluble CDC monomers. Pore formation is dependent on the presence of membrane cholesterol,
which functions as the receptor for most CDCs. Cholesterol binding initiates significant secondary
and tertiary structural changes in the monomers, which lead to the assembly of a large membrane
embedded β-barrel pore complex. This review will focus on the molecular mechanism of assembly
of the CDC membrane pore complex and how these studies have led to insights into the
mechanism of pore formation for other pore-forming proteins.
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1.INTRODUCTION
The cholesterol dependent cytolysins (CDCs) are a large family of pore forming toxins that
are produced by many species of Gram-positive pathogens. These include species from
Clostridium, Streptococcus, Listeria, Arcanobacterium, Gardnerella, Bacillus and
Lactobacillus. It is likely that additional species that express a CDC will be discovered in
the future. The CDC gene is probably one of the most widely disseminated toxin genes
known, suggesting that many bacterial species find it useful to introduce large pores in
cholesterol containing eukaryotic membranes. How these bacterial pathogens use these
toxins to establish and/or contribute to the progression of an infection has been studied in
only a handful of organisms. It is clear, however, that these pathogens use the CDCs in far
more sophisticated ways than as simple cell lytic agents [1-4]. Many studies have shown that
the CDCs can induce various cellular effects, usually at levels that do not lyse a cell [5-20],
but the contribution of these effects to disease progression remains less well understood.
Some disease causing pathogens express CDCs that lack the ability to form a pore [21, 22],
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which suggests that there may be functions of the CDCs other than pore formation that can
contribute to disease.

The pore forming mechanism of these toxins has been the object of intense scrutiny for the
past 20 years, which has provided significant insights into their pore forming mechanism.
The CDCs exhibit several hallmark features that include a complete dependence of their
pore-forming mechanism on the presence of membrane cholesterol and the formation of
extraordinarily large membrane pore complexes. The study of the CDC pore complex has
focused on understanding how these soluble, monomeric proteins assemble into a large
membrane spanning pore complex. The subject of this review will be confined to providing
a description of the assembly of the CDC pore complex. As will be discussed below the
study of the CDC pore forming mechanism has revealed new paradigms in the assembly of a
membrane pore complex as well as providing insight into the mechanism of other pore
forming proteins.

2.THE CDC STRUCTURE
2.1. The CDC primary structure

The first primary structure of a CDC was reported in 1987 by Walker et al. [23] for the
Streptococcus pneumoniae CDC pneumolysin (PLY), which was followed shortly thereafter
by the primary structure for the S. pyogenes streptolysin O (SLO) structure [24]. Since that
time the primary structures of over 25 different CDCs have been reported in GenBank.
These structures revealed that most CDCs are secreted as soluble monomers from the
bacterial cell using a typical type II signal peptide. PLY is an exception to this rule since it
lacks a signal peptide: how PLY is released from S. pneumonia remains unclear. An early
study [25] suggested it was released by cell lysis whereas more recent studies suggest that
release is not associated with cell lysis but may be via an currently unidentified transport
system [26, 27]. Ultimately, the CDCs are released into the extracellular milieu as soluble
monomers that eventually bind to and form a large pore complex in cholesterol containing
membranes. The mass of the secreted CDCs range from about 50 to 72 kD. The core
structure responsible for pore formation is about 50 kD: several CDCs, however, exhibit
amino terminal peptide extensions that range from about a dozen amino acids to a 150
residue fucose binding lectin [28]. The function of these amino terminal extensions is
generally poorly understood. A short amino terminal peptide extension in the Listeria
monocytogenes CDC, listeriolysin O (LLO), appears to influence its stability [29, 30].
Another short peptide extension found at the amino terminus of SLO appears to contribute
to the SLO-mediated transport of another protein across the membrane of a eukaryotic cell
[4, 31]. The amino terminal fucose binding lectin of the Streptococcus mitis lectinolysin
(LLY) appears to modulate its cytolytic activity, but how it does so is not known [28].

The primary structures of the CDC family show a high degree of conservation (40-70%
identity). A highly conserved structural motif of 11 residues (ECTGLAWEWWR) near the
carboxy terminus is a signature motif for the CDCs. This motif, which is termed the
undecapeptide or tryptophan rich motif, contains the only cysteine residue normally found in
the secreted form of the CDCs and typically contains 3 tryptophans. As will be apparent
from this review it’s role in the pore forming mechanism has yet to be established
unambiguously. The primary structure of the secreted form of the CDCs is remarkably
hydrophilic with no obvious hydrophobic regions that could be potential transmembrane
regions.

2.2. The CDC crystal structure
The first crystal structure of the soluble secreted form of a CDC was solved in 1997 by
Rossjohn et al. [32]. They crystallized and solved the structure of the secreted form of the
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CDC from Clostridium perfringens, perfringolysin O (PFO). In retrospect, the choice of
PFO for crystallization trials was somewhat fortuitous, as the structures of the other three
most well studied CDCs at that time, SLO, listeriolysin O (LLO) and PLY, have yet to be
solved 14 years later. Other CDCs structures have been solved, however, and include
Streptococcus intermedius intermedilysin (ILY) [33], Bacillus anthracis anthrolysin O
(ALO) [34] and most recently Streptococcus suis suilysin (SLY) [35]. The structure of PFO
(Fig. 1) revealed an elongated four-domain protein that is rich in β-sheet. The structures of
the other CDCs mentioned above are highly similar to that of PFO with only small
differences in their overall shape. Initially, we proposed that the domain 4 undecapeptide
signature motif of PFO acted as a hydrophobic dagger to penetrate the membrane and form
the pore [32]. This model of pore formation was based on the previous observation by
Nakamura et al. [36] showing that the tryptophans of the undecapeptide entered the
membrane. As described below, however, even though the undecapeptide enters the
membrane it does not directly contribute to the formation of the membrane pore.

The crystal structure of PFO was an important discovery that was critical to the subsequent
elucidation of the pore forming mechanism of the CDCs. A combination of the PFO
monomer structure with biophysical and biochemical studies revealed significant insights
into the remarkable structural transitions in the CDC monomer that are required to form the
pore.

3. A BRIEF INTRODUCTION TO THE CDC PORE-FORMING MECHANISM
Before proceeding into the details of the pore forming mechanism the reader will be
provided a brief description of the general features of the CDC pore forming mechanism as
it relates to the PFO crystal structure in Fig. 1.

Bacteria release CDCs as soluble monomers: typically by a type II secretion pathway. The
soluble monomers then bind to the eukaryotic cell surface via cholesterol, although a few
CDCs have evolved to use human CD59 as their receptor [37, 38]. As described below the
CD59 binding CDCs still require the presence of membrane cholesterol to function [39-41].
The initial interaction of the cholesterol binding CDC monomers with the cell surface is
mediated via the tip of domain 4 (Fig. 1) where the conserved undecapeptide and loops L1-
L3 have been shown to anchor the monomer to the membrane [42, 43]. The monomers are
bound via the tip of domain 4 in an upright position that is perpendicular to the membrane
[44, 45]. Membrane binding initiates changes within the monomer structure that lead to the
formation of intermolecular contacts between membrane-bound monomers [46]. A major
transition that is required for monomer-monomer contact is the rotation of the loop
comprised of β5 and α1 (Fig.1) away from β4 of the domain 3 core β-sheet. This action frees
up the edge of β4 to pair with β1 of another monomer [46]. The monomers continue to
extend the oligomeric structure until a ring shaped structure is achieved. This structure is
termed the prepore complex and is defined as the completed ring complex that has not yet
inserted its β-barrel pore. The prepore state likely has several intermediate states that are
currently defined by whether the ring complex is SDS-sensitive or resistant [47-49]. During
assembly of the ring-shaped prepore complex two transmembrane β-hairpins (TMHs) from
each monomer are derived from the two domain 3 α-helical bundles (Fig. 1) and contribute
to the formation of the large β-barrel structure [50, 51]. To assemble the PFO pore
approximately 36 monomers form a completed ring complex, although this number can vary
by a few monomers either way [45]. Therefore, PFO assembles and coordinates the insertion
of a β-barrel structure that contains approximately 144 membrane-spanning β-strands or 72
β-hairpins, which results in the formation of a pore with a diameter of 250-300 Å. The CDC
pore is currently the largest known toxin pore.
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4. MEMBRANE RECOGNITION
4.1. Characteristics of lipid, sterol and membrane structure that influence CDC binding

Most CDCs bind to membranes by using the cholesterol as their receptor. One of the first
hallmark traits to be identified for the CDCs was the ability of added cholesterol to inhibit
the hemolytic activity of these toxins, presumably by occupying a receptor binding site
(reviewed in [52]). The interaction of these toxins with cholesterol and its role as the
receptor has been difficult to elucidate due to the insoluble nature of cholesterol and the
inability to generate cocrystal structures of the CDCs with cholesterol. Early studies by
Prigent et al. [53] showed that an intact 3-β-hydroxyl group, an aliphatic sidechain of
appropriate length at carbon 17 of the D ring, a methyl group at carbon 20 and an intact B
ring were important to its recognition by CDCs. Sterols with a 3-α-hydroxl or modifications
of the 3-β-hydroxyl were not bound by these CDCs, thus demonstrating that recognition was
restricted to the 3-β-hydroxyl. Other minor changes in the ring structure, such as the
saturation state of the B ring, did not affect their ability to inhibit the hemolytic activity of
the CDCs. These studies primarily determined the structures of purified sterols required to
bind and inhibit the CDCs, but as described below the lipid environment of intact
membranes also plays a major role in whether cholesterol will be recognized and bound by
the CDCs. In a subsequent study Alouf and coworkers also showed that that the
stoichiometry of the interaction between the CDCs and cholesterol was 1:1 [54], suggesting
a single cholesterol binding site was present on the toxins.

Ohno-Iwashita and colleagues have extensively studied the interaction of the CDC from
Clostridium perfringens, PFO [36, 55-67] with membranes and cholesterol. One of their first
observations was that chemical modification of the single cysteine in the conserved
undecapeptide of PFO caused a significant loss of hemolytic activity [55]. The loss in
activity resulted from an altered membrane binding affinity that was associated with a
reversible conformational change in PFO. This was the first evidence that suggested the
undecapeptide was involved in the interaction of PFO with the membrane. They also found
that PFO exhibited biphasic binding to cholesterol-rich membranes: high and low affinity
binding was observed [68]. Since both high and low affinity binding sites were dependent on
cholesterol, they suggested that cholesterol exhibited a heterogeneous distribution in
membranes and that only a fraction of the cholesterol was easily accessible and formed the
high affinity binding sites. This insight was prescient as Heuck et al. [69] subsequently
studied binding to cholesterol containing liposomes. Although they did not observe a
biphasic binding they did find that binding of PFO to cholesterol-rich liposomes exhibits a
sharp transition from undetectable binding at 40 mole% total membrane cholesterol to
maximal binding at 55 mol%. Hence, not all cholesterol at the surface of the membrane
forms a suitable receptor for PFO (and probably most CDCs). Typically, efficient binding of
CDCs requires >30 mol% of the total membrane lipid to be cholesterol [69-71], therefore,
only a fraction of the total membrane cholesterol likely serves as a suitable receptor.

The studies of Flanagan et al. [70] and Nelson et al. [72] showed that the accessibility of
cholesterol to PFO is dependent on the phospholipid structure: lipids that could pack tightly
with cholesterol, such as those with unsaturated acyl chains, tended to decrease binding to
cholesterol. Lipids that did not pack tightly with cholesterol, such as those with unsaturated
acyl chains, shifted the half maximal binding to lower cholesterol levels. They also found
that the addition of epicholesterol, which contains a 3-α-hydroxyl group and is not bound by
PFO, increased binding of PFO to the membrane. This apparently resulted from the
displacement of cholesterol by epicholesterol from its interaction with the lipids, thus
freeing up cholesterol from its association with lipid and increasing its availability to PFO.
These studies suggested that when the cholesterol concentration exceeded the associative
capacity of the lipid it was free to be recognized and bound by PFO. The phospholipid
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headgroup size also influences the availability of cholesterol at the membrane surface. Zitzer
et al. [73] have shown for SLO that lipids with smaller headgroups increase the binding of
SLO to membranes. In retrospect these observations makes sense since tightly packed lipid-
sterol mixtures or mixtures containing lipids with larger headgroups are more likely to
sterically occlude the relatively small 3-β-hydroxyl of cholesterol thereby restricting access
of the CDC cholesterol binding motif (described below) to the cholesterol 3-β-hydroxy
headgroup.

It was also shown by Waheed et al. [66] that PFO preferentially partitioned into the
detergent-resistant membrane (DRM) fraction of cells. Since microdomain structure is often
rich in cholesterol it made sense that PFO partitioned with the detergent resistant membrane
fraction. This observation, however, has been complicated by the recent studies of Flanagan
et al. [70]. They showed that increasing the molar fraction of sphingomyelin, a constituent of
rafts, in liposomes decreased PFO binding to cholesterol. Sphingomyelin contains
unsaturated acyl chains and would tend to pack more tightly with cholesterol. Since
sphingomyelin is concentrated in DRMs these data suggested that PFO would not
preferentially bind to sphingomyelin/cholesterol-rich microdomains in natural membranes.
More problematic, however, is the observation by Flanagan et al. that the PFO oligomer
alone exhibited a propensity to partition into the detergent resistant fraction, therefore
detergent fractionation cannot be reliably used to determine if CDC complexes are
associated with DRMs.

4.2. The CDC cholesterol recognition/binding motif (CRM)
The identification of the CDC cholesterol recognition/binding motif (CRM) has been an
elusive problem for nearly three decades. Many studies have shown that regions and
residues in domain 4 of the CDC structure affect binding of the CDCs to the membrane [36,
55, 62, 65, 67, 74-76]. More recent studies have narrowed the regions of domain 4 that
interact with the membrane to the undecapeptide [43] and three loops (L1-L3) at the tip of
domain 4 [42] (Fig. 1). The rest of domain 4 is surrounded by water throughout the
assembly of the oligomeric pore complex [42]. Investigators have generally accepted that
the conserved undecapeptide motif contributed to cholesterol recognition. This was not an
unreasonable theory since the undecapeptide is highly conserved in the CDCs and studies
showed that one or more of the tryptophans in the undecapeptide inserted into the bilayer
[36], although not deeply [43]. Furthermore, Ohno-iwashita and colleagues [55, 74] showed
that chemical modification of the undecapeptide cysteine of PFO decreased binding,
although the modification also induced a conformation change in the structure of PFO,
which could have affected binding indirectly. Furthermore, alanine mutants within nearly
every residue of the PFO undecapeptide resulted in significant perturbations in its hemolytic
activity and membrane binding [33]. Jacobs, et al. showed that monoclonal antibodies to the
undecapeptide inhibit binding [65], however a large antibody bound at the tip of domain 4
would likely disrupt any interaction mediated by this region with the membrane. In total,
these studies provided compelling evidence that the undecapeptide was the cholesterol-
binding motif.

A series of relatively recent studies, however, suggested the CRM resided within loops L1-
L3 rather than the undecapeptide. Soltani et al. [77, 78] showed that they could uncouple the
cholesterol-dependent membrane insertion of the undecapeptide from the cholesterol
binding function of the CDCs, which suggested that the CRM resided somewhere in loops
L1-L3. Furthermore, the solution of the crystal structures for other cholesterol binding
CDCs showed that the undecapeptide 3-dimensional structure in the crystal structures of
PFO, Streptococcus intermedius ILY, Bacillus anthracis anthrolysin O (ALO) and more
recently Streptococcus suis suilysin (SLY) adopt different structures (Fig. 2A), which makes
it difficult to envision how they could recognize and bind to a common receptor motif.
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These differences were not due to crystal packing forces, but appear to be the result of
differences in specific sidechain interactions between conserved residues of the
undecapeptide and residues outside of the undecapeptide.

Farrand et al. [40] alanine scanned the residues in loops L1-L3 of PFO and determined that
two mutations affected hemolytic activity and binding to a greater extent than any other
residues in these loops. These residues are a threonine-leucine pair (residues 490 and 491 of
PFO) in loop L1 (Fig. 2B). These residues are conserved in all known CDCs, even those that
use human CD59 rather than cholesterol as a receptor. As described below (section 4.3) the
Thr-Leu CRM is also necessary to the cytolytic mechanism of the human CD59 binding
CDCs, although it does not function as a receptor-binding motif in those proteins. Farrand et
al. showed that alanine and/or glycine substitutions for both residues in PFO, SLO and PLY
abolished binding to cholesterol rich liposomes, purified cholesterol and the cholesterol rich
membranes of eukaryotic cells. They also showed conservative substitutions for either
residue significantly decreased binding and activity: substitution of serine for Thr-490 and
either valine or isoleucine for the leucine-491 of PFO nearly completely abolished binding.
Therefore, even the most conservative substitutions are not well tolerated.

The cholesterol recognition/binding motif of the CDCs is surprisingly simple and inviolable.
Neither trait should be unexpected since the headgroup of cholesterol is also comparatively
simple when compared to other receptor molecules. A complex binding site on the CDCs for
cholesterol would not be expected since cholesterol has a relatively limited headgroup
exposed at the surface if the membrane. Only the 3-β-hydroxyl and possibly portions of the
A ring of cholesterol are exposed at the surface. One possibility is that the leucine inserts
into the bilayer and interact with the A ring and the threonine forms a hydrogen bond with
the 3-β-hydroxyl group. The leucine may constantly sample the membrane surface and only
upon the correct orientation with the cholesterol headgroup does the threonine lock in the
interaction by forming a hydrogen bond with the 3-β-hydroxyl. This interaction is also
stereo-specific, as the CDCs do not interact with epicholesterol, which has a 3-α-hydroxyl.

Once the Thr-Leu pair establishes an interaction with the membrane cholesterol the residues
within loops 2 and 3 insert into the bilayer and firmly anchor the monomer to the membrane
[40]. At some point, perhaps coincident with insertion of the L2-L3 loops, portions of the
undecapeptide also enter the membrane. The undecapeptide is located near the Thr-Leu pair
and so many of the previously described undecapeptide mutations [33, 55, 62] may have
altered its structure in a way that interfered with the interaction of the CRM with cholesterol
and/or membrane insertion of the loops L2 and L3.

4.3. Human CD59 binding CDCs
Streptococcus intermedius produces ILY, which was shown by Nagamune et al. [79] to lyse
only human erythrocytes: nonhuman primate erythrocytes were 100-fold less sensitive to
ILY whereas all animal erythrocytes tested were resistant to lysis. They further showed that
the hemolytic activity on human erythrocytes could be decreased by pretreatment of the
erythrocytes with a protease, suggesting that a protein contributed to ILY binding. This
observation was in stark contrast to what was generally understood about CDCs, which were
thought to use only cholesterol as their receptor. Nearly a decade after its discovery the basis
for the highly selective behavior of the ILY cytolytic activity was revealed by the studies of
Giddings et al. [37] who showed that human CD59 was the receptor for ILY. Since then two
more CDCs have been discovered that also use human CD59 as their receptor, Gardnerella
vaginalis vaginolysin (VLY) [38] and Streptococcus mitis lectinolysin (LLY) [80].
Interestingly, CD59 is a GPI-anchored surface protein and is an inhibitor of the complement
membrane attack complex (MAC) [81, 82]. CD59 protects host cells from complement-
mediated lysis during times of bacterial infection when complement is activated. It does so
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by binding to complement proteins C8α and C9, which are two proteins of the complement
system that are necessary for the formation of the complement membrane attack complex
(MAC) pore (reviewed in [83]). CD59 is homologously restricted [82]: i.e., it only functions
to inhibit the host’s complement and not that of other species. The fact that ILY only bound
and lysed human cells was shown to result from its ability to bind to the site on human
CD59 that also endowed it with its species-specific inhibition of the complement MAC [37,
82].

The ILY binding site for CD59 was recently mapped by Wickham et al. [80]. This CD59
binding site is located in domain 4 and contains a signature motif of YXYX14RS that is
found in VLY and was used to identify LLY as a member of the CD59 binding family of
CDCs. This motif is located on the outer surface of the ring on the side of domain 4 that is
predicted to face away from the lumen of the pore. As indicated above, the normal cellular
function of CD59 is to inhibit the assembly of the MAC pore complex by binding to
complement proteins C8α and C9. The ILY consensus sequence is not present in C8α or C9.
More details on the interaction of ILY and the complement proteins with CD59 are
described below in section 7.2, as the CDCs and C8α and C9 may share mechanistic and
evolutionary relationships.

For most CDCs binding to the cholesterol receptor initiates changes in the monomer
structure that lead to the formation of the pore complex. In ILY this function has been
transferred to the CD59 binding site [77]. Binding to human CD59 rather than cholesterol
initiates these same structural transitions [77]. Binding to CD59 still triggers these changes
in cholesterol-depleted membranes, but without cholesterol the pore itself does not form
[41]. Therefore membrane cholesterol remains important to the mechanism of ILY, even
though it has switched receptors from cholesterol to CD59. Why then does ILY still require
cholesterol for its pore forming activity and why did it retain the CRM if its receptor
function was replaced by CD59?

These questions were addressed in two studies: the first by Lachapelle et al. [39] and the
second by Farrand et al. [40]. Lachapelle et al. [39] first showed that ILY disengaged from
CD59 upon prepore to pore conversion. This study raised the question, however, that if ILY
disengaged from its receptor how did it maintain contact with the membrane so that it could
insert its β-barrel pore? Farrand et al. [40] subsequently showed that ILY containing a CRM
knockout remained bound to the membrane via its interaction with CD59 prior to conversion
of the prepore to pore, but upon conversion of the prepore to the pore the oligomeric
complex formed by the CRM knockout lost contact with the membrane as it disengaged
from CD59. Therefore, interaction between ILY and CD59 performs two important
functions: (1) it initiates the structural changes that are necessary for pore formation and (2)
it positions the CRM so that it can bind to cholesterol and initiate the insertion of loops L1-
L3 into the membrane. The additional membrane anchor provided by the cholesterol-
dependent insertion of loops L1-L3 is necessary to keep the prepore complex attached to the
membrane as it disengages from CD59 during the critical prepore to pore transition. If the
CRM is knocked out then the pore complex detaches from the membrane as it disengages
from CD59 and tries to insert the β-barrel pore [40].

Why does ILY disengage from CD59 during its transition to the pore complex? It appears
that the adoption of CD59 by ILY as its receptor did not occur without consequences. The
disengagement of ILY from CD59 is apparently necessary for the transition from the
prepore to pore. Wickham et al. [80] showed that mutations in either CD59 or ILY that
increased the binding affinity of the interaction decreased the rate of pore formation. Their
studies strongly suggested that the increased affinity of the ILY-CD59 interaction slowed
the rate at which ILY disengaged from CD59, therefore slowing the rate of the prepore to
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pore transition [80]. This predicted that if the binding affinity was sufficiently high that it
would prevent the prepore to pore transition. Therefore the binding affinity between ILY
and CD59 must be balanced such that it is not too high, which would slow the rate of pore
formation, but not so low as to affect the on-rate of binding, which would also slow pore
formation.

It is also interesting to note that in the absence of the CRM the residues of loops 2 and 3 do
not independently insert into the membrane and anchor ILY to the membrane surface. The
CRM of ILY cannot bind it to the cell surface if CD59 is absent [37], which suggests that
binding to CD59 must orient the CRM near the membrane so that it can interact with
cholesterol. Presumably binding to CD59 also brings loops 2 and 3 near the membrane since
they are juxtaposed to the CRM (Fig. 2B). Yet, in the absence of the CRM these
hydrophobic loops alone cannot insert into the membrane and anchor ILY. Therefore the
interaction of the CRM with cholesterol is a necessary prerequisite for the insertion of these
loops.

5. FORMATION OF THE PREPORE COMPLEX
The prepore complex is defined as a completed oligomeric complex on the verge of
inserting its β-barrel pore. Whether a prepore state was an assembly intermediate of the large
CDC oligomeric pore complex was initially an issue of debate. Palmer et al. [84] proposed a
model of pore assembly in which a CDC dimer inserted in the membrane followed by the
addition of monomers that enlarged the pore from a small pore to a large pore. They
suggested that insertion of such a large β-barrel pore from a prepore complex was
energetically unfavorable. In fact, the insertion of a naked amphipathic β-hairpin into a
membrane is energetically unfavorable [85]. The membrane core lacks hydrogen bond
donors or acceptors to which the polar atoms of the β-hairpin polypeptide backbone could
hydrogen bond, therefore significantly raising the energetic cost of positioning the hairpins
within the bilayer. Formation of a partial or wholly formed pre-β-barrel would be more
energetically favorable for membrane insertion. It was subsequently shown in two studies by
Shepard et al. [49] and Hotze et al. [48] that PFO formed a large prepore complex and that
this complex then converted to the pore complex. The formation of the prepore complex
may facilitate the organization of the large β-barrel pore prior to its insertion by allowing the
formation of some or all of the interstrand hydrogen bonds between the transmembrane β-
hairpins (TMHs). The fact that insertion of the β-barrel after prepore formation as favorable
was shown by the work of Hotze et al. [48]. They engineered a disulfide between TMH1 and
domain 2 (Fig. 1) that prevented the extension of TMH1 and allowed PFO to form a SDS-
resistant prepore on membranes. If the disulfide was then reduced after oligomerization was
completed the insertion of the β-barrel pore was rapid. These studies showed that (1) the rate
limiting step in the formation of the pore complex is the assembly of the oligomeric prepore
complex and (2) that once it is completed the insertion of the β-barrel pore is rapid.

More than one prepore state has been identified in PFO suggesting that monomer-monomer
interactions proceed through various intermediate states during the assembly of an SDS-
resistant prepore complex. Membrane binding primes the monomers for oligomerization:
once a monomer has bound to the membrane its structure changes to allow monomer-
monomer interactions. These interactions do not occur in solution, even at the high
concentrations of protein required for crystallization [86]. The extent to which the structure
of the CDC monomer changes upon binding, however, is incompletely understood.
Ramachandran et al. [46] have shown that the disruption of the edge-on interaction of β5
with β4 in domain 3 of PFO is kinetically linked to membrane binding. This event frees up
the edge of β4 to then pair and form interstrand backbone hydrogen bonds with β1 of
another monomer. In addition to the formation of interstrand hydrogen bonds an
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intermolecular π-stacking interaction is also formed between a tyrosine in β1 and a
phenylalanine in β4 (Tyr-181 and Phe-318 in PFO). This interaction is critical to the
formation of a SDS-resistant prepore complex; loss of either residue, or moving one of these
aromatics out of register on either strand results in the formation of an SDS-sensitive
prepore complex that cannot form a pore [46, 47]. It was suggested [46] that the π-stacking
interaction locks β1 and β4 into the correct in-register pairing of their backbone hydrogen
bonds. Although the great majority of CDCs maintain these two residues, the π-stacking
interaction is not present in the CD59 binding CDCs and is also missing in the cholesterol
binding CDCs pneumolysin, Lactobacillus iners inerolysin and Arcanobacterium pyogenes
pyolysin. Regardless of the function of the π-stacking interaction in those CDCs that
maintain this aromatic pair it is obvious that some CDCs have solved this problem in
another way.

Monomer-monomer contact may also help drive some of the domain 3 structural transitions
necessary for pore formation. As indicated above, elimination of one of the aromatics that
participate in the interstrand π-stacking interaction traps PFO in a SDS-sensitive prepore
complex. If mixed with functional PFO this π-stacking mutant can be driven to form an
SDS-resistant oligomeric complex and to insert its TMHs into the membrane [47]. This
presumably occurs because the functional PFO monomers form cooperative interactions
with the mutant PFO molecules that induce these monomers to undergo the necessary
structural transitions to form a pore. Hence, membrane binding may induce some structural
changes that prepare the CDC for oligomerization, but monomer-monomer interactions may
propagate additional structural changes necessary for pore formation.

A second structurally important signature motif of the CDCs was also revealed by these
studies: the presence of a conserved Gly-Gly pair (Gly-324 and 325 in PFO) that are located
in the β-loop between β4 and β5 (Fig. 1). Residues with sidechains cannot be substituted for
either glycine without blocking the disengagement of β5 from β4 [46], which suggests that
sidechains at this location clash with other residues and prevent rotation of β5 away from β4.
Interestingly, this motif is also positionally conserved within the recently solved crystal
structures of several membrane attack/perforin (MACPF) proteins (Fig. 3). The MACPF and
CDC proteins lack similarity at primary structure level, but the MACPF proteins exhibit
structural similarity with domain 3 of the CDCs (described in section 7 below) [87-90].

6. FORMATION OF THE β-BARREL PORE
6.1. The structure of the β-barrel pore

After solution of the PFO crystal structure one of the first features of the CDC mechanism to
be revealed was the structure of the membrane-spanning domain. Originally, we proposed
that the domain 4 undecapeptide acted as a hydrophobic dagger that plunged into the
membrane, which was based on the available data that showed the undecapeptide
tryptophans entered the bilayer [62]. Palmer et al. [91], however, identified three residues
within domain 3 of streptolysin O that also appeared to also enter the membrane and
proposed the presence of a membrane spanning amphipathic α-helix. Shortly thereafter
Shepard et al. [51] and Shatursky et al. [50] disproved both models by completely mapping
the membrane spanning regions of PFO using a combination of cysteine scanning and
fluorescence spectroscopy. Two sets of α-helical bundles that flank the domain 3 core β-
sheet, which extend from the domain 3 core β-strands 1-4 (Fig. 1), were identified that
underwent a change in secondary structure to form two amphipathic β-hairpins. Shatursky et
al. [50] further showed that these twin hairpins spanned the bilayer. Since the PFO
oligomeric complex is composed of 35-40 monomers (some CDCs may contain more
monomers) up to 160 amphipathic β-strands are positioned in the membrane to form the
CDC β-barrel pore.
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The primary structure of the TMHs is some of the least conserved primary structure of the
CDCs, although they maintain the typical amphipathic structure of a membrane spanning β-
hairpin. Other than the amphipathic nature of the TMHs, no other conserved features are
apparent in either TMH. Each TMH is approximately 30 residues long or 15 residues per β-
strand. A few residues are highly conserved within each TMH between the CDCs, although
no reason for their conservation has been identified. Leu-207 and Phe-211 of PFO are the
most well conserved in TMH1 among the CDCs (96% identity), but can be changed to
cysteine with comparatively little loss in pore forming activity [51]. Ala-293 in TMH2 is
also highly conserved (96% identify) among the CDCs. Substitution of Ala-293 with
cysteine did not significantly affect its pore forming activity, however, the subsequent
modification of the cysteine thiol with a fluorescent probe decreased the activity to less than
10% of native PFO suggesting that a bulky group at this position is not tolerated [50].

6.2. The CDC oligomeric pore complex
CDCs are often seen to form a mixture of rings and incomplete, or arc-shaped complexes by
electron microscopy (EM) [49, 92-94]. Whether these incomplete rings can insert a partial β-
barrel remains unknown: the available data suggests that they do not insert into the
membrane and may be artifacts of the EM process, dead end complexes or simply a matter
of partially inactive protein preparations. If incomplete rings inserted into the membrane
with the same probability as a complete ring then the likelihood of forming complete rings
would be comparatively low. It is possible that membrane inserted fragments could associate
to form a complete ring but they would require, like a puzzle, pieces that would be just the
right size to assemble the ring. This type of assembly mechanism would be a comparatively
inefficient method for assembling a ring, especially if formation of a ring complex was
necessary. A method of quantifying the formation of the CDC prepore and pore complex
was developed by Shepard et al.[49]. They used SDS-agarose electrophoresis [49], which
separated the very large CDC pore complex from the monomer and intermediates in the
assembly process. They showed that the only SDS-resistant form of the PFO oligomeric
complex was a fairly homogeneous high molecular weight species shown to be ring
complexes: intermediates in the assembly of the ring complex were rare, even at early stages
of assembly when they were stabilized by crosslinking. Furthermore, Heuck et al. [43] have
shown that at limiting dilutions of PFO where, on average, a single pore is formed in a
liposomal membrane the release of low and high molecular weight markers remains the
same as observed at higher concentrations of pores. Hence, the available data suggests that a
very large complex, which is presumably a complete ring, is the functional pore-forming
species.

6.3. CDC activation: disruption of the domain 2-3 interface
Disruption of the domain 2-3 interface is at the heart of the CDC pore forming mechanism.
This interface primarily exists between the α-helical bundle that ultimately forms TMH1 and
domain 2 (Fig. 1), although regions of domain 1 also form some contacts with the domain 3
α-helical bundle. In order to unravel this α-helical bundle to form and extend TMH1 it must
pull out of its interface with domains 2 and 3. Before it was understood that these α-helical
bundles formed the TMHs Rossjohn et al. [32] had noted in the crystal structure of the PFO
monomer that this interface exhibited poor complementarity, which was consistent with the
fact that this interface must be disrupted to extend TMH1.

How this interface is disrupted is incompletely understood. Heuck et al. [69] showed that
membrane insertion of the domain 4 undecapeptide was conformationally linked to the
insertion of the TMHs, demonstrating a link between structural changes in domain 3 that are
necessary for insertion of the β-barrel and membrane insertion of the domain 4
undecapeptide. Based on different crystal forms of PFO Rossjohn et al. [95] showed that
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rotational torsion between domains 1-3 and domain 4 broke several contacts at this interface:
presumably some torsion may be induced by binding of PFO to the membrane. Whether
binding alone can induce sufficient torsional stress to disrupt this interface and extend
TMH1 remains unknown. How this conformation signal is communicated from the tip of
domain 4, which interacts with the membrane, to this interface is also unknown. As
indicated above in section 5 monomer-monomer contact is also important in driving some
domain 3 structural changes [47]. Hence, it is likely that a combination of membrane
binding and monomer-monomer contact may be important in driving this transition.

6.4. Membrane insertion of the β-barrel pore
Shepard et al. [51] and Shatursky et al. [50] had clearly demonstrated that both TMH1 and
TMH2 crossed the bilayer, but the length of the extended TMHs were calculated to be only
long enough to reach the surface of the bilayer, but not cross it. This conundrum results from
the fact that the bottom of domain 3 is suspended about 40Å above the membrane, which is
approximately the length of the extended hairpins. Therefore, how did the β-barrel pore
cross the membrane? Czajkowsky et al. [45] solved this problem by using atomic force
microscopy to measure the height of the prepore and pore complexes. They first measured
the height of a PFO mutant that was trapped in the prepore state by an engineered disulfide
between domain 2 and the domain 3 α-helical bundle that inhibited the complete disruption
of the domain 2-3 interface [48]. The prepore complex was determined to extend about 113
Å above the membrane, which closely corresponded to the length of the monomer from the
tip of domain 4 to the top of domain 1. Upon reduction of the disulfide, which allowed the
prepore complex to convert to the pore complex, they showed that the pore complex
extended only 73 Å above the membrane. These data showed that insertion of the β-barrel
was associated with a 40 Å vertical collapse of the prepore complex, the distance required to
bring domain 3 sufficiently near the membrane surface to allow the hairpins to extend across
the bilayer. This was confirmed shortly thereafter by Ramachandran et al. [44] who used
Förster resonance energy transfer (FRET) based distance measurements between fluorescent
probes within domains 1 and 3 in PFO and the membrane surface. They showed that
domains 1 and 3 moved about 35 Å closer to the membrane when the prepore was unlocked
and allowed to convert to the pore complex.

Czajkowsky et al. [45] also proposed that once the domain 2-3 interface was disrupted that
the domain 2 structure collapsed or folded thereby allowing domains 1 and 3 to move
towards the membrane. Tilley et al. [96] later supported this scenario using cryoEM data of
the PLY pore, which they used to generate a 3D reconstruction of the pore complex that was
fitted with the crystal structure of the PFO monomer. Their data showed that the vertical
collapse of the prepore complex was associated with the appearance of a bulge on the outer
ring surface that was consistent with a folded domain 2 when fitted with the PFO crystal
structure.

6.5. Regulation of the listeriolysin O pore forming activity by pH
The disruption of the domain 2-3 interface is also used to control the pH dependent activity
of one CDC, listeriolysin O (LLO), from Listeria monocytogenes. For nearly 25 years it’s
been known that the pore-forming activity of LLO was sensitive to pH: LLO exhibits
maximal activity at lower pH ranges (pH 5-6) and undetectable activity at pH values of 7 or
higher [97]. LLO was also shown to be critical to the escape of L. monocytogenes from the
vacuole into the cytosol, where it replicated and could undergo cell-to-cell spread without an
extracellular phase, thereby protecting it from the immune system (reviewed in [98-100]). It
is important that LLO cytolytic activity be tightly controlled: it must function at the low pH
of the endosome to effect escape of the bacterial cell into the cytoplasm but must be
switched off once escape has occurred to prevent lysis of the host cell membrane. If the host
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cell membrane is lysed it exposes the bacterial cells to the immune system, which results in
an avirulent phenotype [1, 101-103]. The structural basis for the pH sensitivity of LLO was
unknown, although it was generally assumed to be similar to other pH-sensitive toxins, such
as diphtheria toxin and anthrax toxin. These toxins are inactive and stable at neutral pH, but
upon being taken up into an endosome, which is acidified by the vacuolar ATPase, the low
pH triggers the structural changes that allow them to insert into the membrane and
translocate their enzymatic fragment [104-110].

This mechanism, however, is not utilized by LLO to control formation and insertion of its β-
barrel pore. In contrast, acidic residues in domain 3 act as a pH sensor and prematurely
trigger the disruption of the domain 2-3 interface in the soluble monomer at neutral pH
above temperatures of 30°C [111]. The premature unfurling of the domain 3 α-helical
bundles in the soluble monomers inactivates LLO and causes it to aggregate in solution. The
aggregation results from the exposure of hydrophobic residues that are normally protected in
the soluble monomer, but which are exposed by the disruption of the domain 2-3 interface
[111]. Disulfide locking TMH1 to domain 2 significantly decreased the rate of this
inactivation, showing that it was the disruption of the domain 2-3 interface that results in
this inactivation. These structural changes do not occur at acidic pH, which is found in the
vacuole where the LLO monomers remain stable and capable of membrane binding and
insertion of the β-barrel pore. Hence, LLO is not pH activated, but is pH inactivated at
neutral pH at temperatures above 30°C. This mechanism allows LLO to function in the
acidic environment of the vacuole where it is required to effect release of the phagocytized
bacterial cell, but then is inactivated to prevent lysis of the host cell as the bacteria cell
escapes into the neutral environment of the cytoplasm.

The LLO pH sensor is composed of a triad of domain 3 acidic residues, Asp-208, Asp-320
and Glu-247. They are located in the domain 3 core β-sheet near the domain 2-3 interface
and their carboxylates are predicted to point in at each other [111]. The close proximity of
carboxylates is known to increase the pKa of carboxylates to pH 6-8 [112-115]: therefore at
acidic pH these residues are mostly protonated and domain 3 remains stable. However, as
the pH increases the carboxylates deprotonate and charge repulsion between the carboxylate
groups is predicted to destabilize the domain 2-3 interface and cause its disruption, which
inactivates the soluble monomer. Replacement of these LLO residues by those present in
PFO, a CDC that is stable at acidic and neutral pH, eliminated the pH sensitive nature of
LLO [111].

Therefore, at the acidic pH of the vacuole the LLO monomers remain stable and can bind to
the membrane and follow the normal mechanism of activation to form a pore, thus
facilitating the escape of the bacterial cell in to the cytoplasm. Remaining or newly
synthesized soluble LLO monomers that are present after escape of L. monocytogenes from
the vacuole would be rapidly inactivated in the neutral pH environment of the cytoplasm at
37°C. Hence, in LLO domain 3 plays a dual role, at acidic pH it functions normally to
extend the TMHs and form the β-barrel pore after membrane binding, but at neutral pH it
causes the premature unfurling of the α-helical bundles in soluble monomers, which results
in the inactivation of LLO thereby preventing the unwanted lysis of the host cell.

7. THE MEMBRANE ATTACK COMPLEX/PERFORIN FAMILY PROTEINS
7.1. Structural similarities between the CDC and MACPF protein families suggest a pore
forming mechanism for the MACPF proteins

The pore forming mechanism(s) of the complement membrane attack complex/perforin
(MACPF) family of proteins has remained ambiguous due to the technical challenges of
working with these proteins. The pore forming complement membrane attack complex
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(MAC) and perforin define the MACPF protein family (reviewed in [83, 116]), but there are
many members that are widespread among both eukaryotes and prokaryotes [117]. The
terminal pathway of complement, the MAC, is assembled from C5b, C6, C7, C8 and C9
proteins. C8 and C9 are the major proteins that form the MAC pore. This pathway is
involved in the defense against invading Gram-negative bacteria by the formation of pores
in their membrane [118]. Perforin is a major mediator of host cell destruction by natural
killer cells and CD8+ cytotoxic T-cells. Tumor cells, cells infected with viruses or
intracellular bacterial pathogens can be targeted for destruction. Perforin forms pores in the
host membrane, which can be directly cytotoxic. It appears, however, that its major function
may be effect the delivery of granzymes to the cytosol of the targeted cells to induce
apoptosis [119]. Regardless of the mechanism by which perforin effects cell killing the
perforin pore is required.

The mechanism by which the MAC and perforin form pores in the membrane has
languished due to the difficulty of working with these proteins and the difficulty in
expressing functional recombinant forms of these proteins. Recently, however, the crystal
structures have been solved for several members of the MACPF family of proteins. These
include complement protein C8 [120] and C8α [87, 90], mouse perforin [88] and a
complement C9-like protein, pleurotolysin, from the bacterium Photorhabdus luminescens
[89]. The MACPF crystal structures revealed that they contain a protein fold strikingly
similar to domain 3 of PFO (Fig. 3). The similarities of the MACPFs with the CDCs and a
description of the MACPF family of proteins has been the subject of an excellent recent
review by Rosado et al. [117]. This common protein fold, which is responsible for the
formation of the CDC pore [50, 51], was found only in the CDCs prior to the solution of the
MACPF crystal structures. This revelation was a major breakthrough in elucidating a
potential pore forming mechanism for the MACPF proteins. These investigators [87, 89, 90]
suggested that like the CDCs the MACPF proteins also unravel two α-helical bundles to
form two amphipathic β-hairpins that combine to form an oligomeric β-barrel pore complex.

If the MACPF α-helical bundles do form extended transmembrane β-hairpins like the CDCS
then there is at least one obvious difference in their structures when compared to the CDCs:
the estimated length of these hairpins is significantly longer, in most cases, than those found
in the CDCs. This suggests that these hairpins may be sufficiently long to span the bilayer
without a significant collapse of a prepore structure, as is found in the CDCs. Law et al. [88]
recently proposed that the putative hairpins of mouse perforin were sufficiently long to reach
and cross the membrane. In fact, they proposed that instead of extending out on the same
side of the perforin molecule that they extend to the opposite side of the molecule. If true
this would represent a remarkably deviation from the CDC mechanism.

Are there any other features of the CDCs that suggest a functional relationship with the
MACPF proteins? No sequence homology exists between the MACPF proteins and the
CDCs, however, the double glycine motif that exists in the loop that connects β4 and β5 in
the CDC domain 3 core β-sheet is also found in the MACPFs (Fig. 3). As indicated above in
section 5, these two glycines are conserved in all known CDC primary structures. They are
also conspicuously present in a similar location in the MACPF monomer crystal structures
(Fig. 3). We have shown that this glycine pair cannot be changed in PFO to residues with a
sidechain without loss of pore forming activity [46]. If amino acids with sidechains are
introduced at this location the rotation of β5 away from β4 is prevented, presumably due to
steric clashes of the sidechains with nearby residues. As mentioned above in section 5, this
rotation frees up the edge of β4 to pair with β1 of another monomer. The presence of a
glycine pair in a conserved location in the MACPF crystal structures suggests that these
residues may also be necessary for the rotation of the MACPF structure that is analogous to
the CDC β5-α1 loop away from β4 [46] to allow the intermolecular pairing of β1 and β4.
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Although it is compelling to suggest a mechanism of pore formation for the MACPF protein
family based on the structural similarities with the CDCs, they must be viewed with caution
until they are rigorously demonstrated.

7.2. Human CD59: The Yin and Yang receptor
As described in section 4.3 the CDCs ILY, VLY and LLY initiate the formation of the pore
by binding to human CD59. Interestingly, the primary function of CD59 on human cells is to
inhibit the formation of the complement MAC pore on the host cell membranes to prevent
their lysis during times of complement activation. Complement activation during a Gram-
negative bacterial infection results in the deposition of the complement complex MAC onto
the bacterial outer membrane, thereby forming a pore in the outer membrane of the bacterial
cell. Activated complement MAC, however, can also cause collateral damage to nearby host
cells. In addition to CD59 host cells can express a number of other proteins that antagonize
complement assembly at different stages (reviewed in [121]). CD59 is a GPI-anchored
terminal complement inhibitor that binds to MACPF proteins C8α and C9 and inhibits the
formation of the terminal MAC pore [122, 123]. In contrast, the CDCs ILY, VLY and LLY
initiate formation of their pores on human cells by binding to human CD59. Therefore,
CD59 serves to initiate the formation of the ILY, VLY and LLY pores whereas it inhibits
the formation of the complement MAC pore.

Prior to formation of the pore ILY remains bound to CD59 [39]. While bound to CD59 it
blocks the site on CD59 that interacts with complement proteins C8α and C9. Therefore,
CD59 cannot inhibit assembly of the MAC while ILY remains engaged with CD59 [39].
This results in the host cells being more prone to attack by their hosts own complement
system. This observation and prior studies [37] suggested that both ILY and C8α and C9
bound to similar sites on CD59. As discussed in section 4.3 above Wickham et al. recently
mapped the binding site for ILY on CD59. Interestingly, the binding site for ILY exhibited
an deep correspondence to the site on CD59 that binds to C8α and C9 [80]. Most of the
residues involved in the binding site for the CDCs were also involved in its interaction with
C8α and C9. As indicated above the ILY binding site for CD59 exhibits a consensus motif
of YXYX14RS that is not found in C8α or C9. In fact, neither C8α nor C9 exhibit significant
similarity in their binding sites for CD59 [122-125]. Therefore the MAC proteins and the
CDCs bind to a highly conserved site on CD59, yet their binding sites for human CD59
exhibit a remarkable lack of similarity [122, 123].

8. SUMMARY AND FUTURE PERSPECTIVES
The study of the CDC pore-forming mechanism has revealed new paradigms of how the
large CDC oligomeric pore complex is assembled. The study of the CDCs has shown that
they undergo significant secondary and tertiary structural changes in order to form the CDC
pore. Furthermore, the CDCs employ a novel cholesterol-binding motif to recognize and
bind cholesterol at the membrane surface. The study of the CDC mechanism has also led to
new insights into the possible mechanism of pore formation for the large family of
eukaryotic and prokaryotic MACPF proteins and suggests that they may be ancient
ancestors of the CDCs.

Some major features of the CDC pore forming mechanism still remain elusive. For instance,
we do not yet understand how the CDCs time the insertion of the large β-barrel pore.
Evidence suggests that this happens upon completion of the ring shaped complex, but the
nature of the mechanism that triggers/regulates the insertion remains unknown. After
insertion of the β-barrel the fate of the lipid and any associated proteins from the lumen of
the pore also remains unknown. Do the CDCs specifically carve out sections of membrane
that reduces the level of specific membrane proteins that may have important roles in
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cellular physiology or signaling? Over a decade ago Caparon and colleagues revealed that
the Streptococcus pyogenes CDC, SLO, specifically translocated another secreted protein
from S. pyogenes, a NAD glycohydrolase enzyme (SPN), into human keratinocytes in an
actin-independent process [4]. Remarkably, they recently showed that this translocation
system functions in the absence of pore formation by SLO by showing that the prepore
locked form of SLO translocates SPN as well or better than native SLO. Revealing the basis
of this transport system will likely reveal an entirely new non-pore forming function for
some CDCs. The study of the MACPF proteins also promises to reveal new insights into
how they form a pore. Like the CDCs they may form a β-barrel pore from the α-helical
bundle-derived β-hairpins, but are other features of the assembly of the CDC pore complex
conserved in the MACPF proteins? Future studies into these various problems will reveal
new paradigms that will likely change our understanding of this fascinating group of toxins
and provide new insights into the mechanism of other pore forming proteins.
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HIGHLIGHTS

• The cholesterol dependent cytolysins (CDCs) have a novel cholesterol-binding
motif.

• The CDCs assemble oligomeric membrane complexes composed of 35-40
monomers.

• CDCs undergo major secondary and tertiary structural changes to form a β-
barrel pore.

• Membrane attack complex/perforin immunity proteins may be related to the
CDCs.
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Figure 1. Molecular structure of Clostridium perfringens perfringolysin O
Shown is a ribbon representation of the PFO crystal structure (PDB ID: 1PFO) [32]. Specific
features of the structure are designated as D1-D4, domains 1-4; TMH1 and TMH2 (orange),
transmembrane hairpins 1 and 2; β1, β4 and β5, β-strands 1, 4 and 5, α1, α-strand 1. L1-L3,
loops L1-L3 The double glycine motif is shown as purple space filled atoms. All structures
where generated using VMD [126]
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Figure 2. The structure of the undecapeptide motif and location of the CRM
Shown in panel A is an overlay of domain 4 structures from Clostridium perfringens PFO
(red), Streptococcus suis SLY (PDB ID: 3HVN) [35] (yellow), Bacillus anthracis ALO
(PDB ID: 3CQF) [34] (cyan) and Streptococcus intermedius ILY (PDB ID: 1S3R) [33]
(blue). Shown in B is the location of the cholesterol recognition/binding motif of the same
CDCs as in A (colors assignments are the same as in panel A).

Hotze and Tweten Page 25

Biochim Biophys Acta. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. The crystal structures of MACPF family proteins showing a CDC domain 3 like
structure
The crystal structures of the MACPF proteins mouse perforin (PDB ID: 3NSJ) [88],
complement C8 (PDB ID: 3OJY) [120] and the Photorhabdus luminescens Plu-MACPF
(PDB ID: 2QP2) [89] are shown with that of PFO [32]. In each MACPF structure the PFO-
like domain 3-like fold is highlighted. Shown in purple ribbon structure in each MACPF
structure is the equivalent structure to the PFO α1-β5 loop that rotates away from β4. Shown
in red spacefilled atoms is the conserved twin glycine motif of each protein that is present at
the junction between β4 and β5, which is conserved in all know CDCs [46].
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