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Abstract 

The Membrane Attack Complex/PerForin (MACPF) / (Cholesterol Dependent 

Cytolysin (CDC) superfamily encompasses two branches of pore forming proteins 

(PFPs). The CDC branch is a well-described family of pore forming toxins secreted 

by pathogenic Gram-positive bacteria. The MACPF branch includes effectors of the 

vertebrate immune system as well as fungal defence toxins and animal venoms. 

Both MACPF proteins and CDCs share the ability to form giant membrane 

embedded pores and a common evolutionary ancestry as they all possess the 

common MACPF/CDC fold that constitutes the pore forming component of the 

protein. 

As such, the common fold shared by CDCs and MACPF PFPs suggests these 

proteins use a common mechanism to perforate membranes. Structural and 

biophysical studies have contributed much to our understanding of the basic 

mechanism of CDC pore formation.  In contrast, less is known about the MACPF 

branch of the family. Furthermore, the lack of sub-nanometer resolution structure of 

any MACPF/CDC pore limits our knowledge of the structural basis for pore 

formation. 

In order to address these problems, the CDC model of pore formation was first re-

examined employing molecular modelling techniques to understand how the toxins 

change shape to form pores. The CDC pore transmembrane region was suggested 

to adopt a novel structure in order to span the membrane. In addition, cryo-Electron 

Microscopy (cryo-EM) guided modelling resulted in an improved model of the CDC 

pore consistent with new experimental data. 

In the second part of this thesis, a structural model of the MACPF immune effector 

C9 in the oligomeric form was built based on the cryo-EM maps determined by 

collaborators. These data permitted an improved understanding of the molecular 

mechanisms underlying MAC assembly and MACPF pore formation. 

Collectively, the results presented in this thesis present a new understanding of the 

common pore forming mechanism utilised by important bacterial toxins and 

effectors of the vertebrate immune system. This study further highlights the 

variations of this common mechanism within both branches of the superfamily.  
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Preface to Chapter 1 

 

This chapter is a literature review of the research conducted on the Membrane-

Attack Complex/PerForin (MACPF) / Cholesterol Dependent Cytolysin (CDC) 

superfamily. The chapter focuses mainly on structural and mechanistic aspects that 

enable pore-forming superfamily members to change shape, from the secreted 

soluble monomeric state to the oligomeric membrane-embedded pore state. 

 

The present chapter reproduces an invited review submitted to BBA Biomembranes 

(in revision at the time of submission) and provides an introduction to the following 

chapters of this thesis. This review is presented in the original manuscript format 

and includes a discussion of the conclusions reached in the present thesis. 
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Abstract 

 

Pore Forming Toxins (PFTs) represent a key mechanism for permitting the passage 

of proteins and small molecules across the lipid membrane. These proteins are 

typically produced as soluble monomers that self-assemble into ring-like oligomeric 

structures on the membrane surface. Following such assembly PFTs undergo a 

remarkable conformational change to insert into the lipid membrane. While many 

different protein families have independently evolved such ability, members of the 

Membrane Attack Complex PerForin / Cholesterol Dependent Cytolysin 

(MACPF/CDC) superfamily form distinctive giant β-barrel pores comprised of up to 

50 monomers and up to 300 Å in diameter. In this review we focus on recent 

advances in understanding the structure of these giant MACPF/CDC pores as well 

as the underlying molecular mechanisms leading to their formation. Commonalities 

and evolved variations of the pore forming mechanism across the superfamily are 

discussed. 
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1. Introduction 

 

Pore forming toxins (PFTs), also referred to as pore forming proteins, have the ability 

to breach cell membranes by forming pores in the lipid bilayer. These pores can be 

either lytic to the target cell, e.g. by osmotic flux, or the pores can mediate the 

translocation of proteins (typically toxins) into the cytoplasm of the target cell. PFTs 

are commonly categorised into two groups depending on the elements of secondary 

structure used to span the cell membrane [1, 2]. α-PFTs utilise amphipathic α-helices 

to span the bilayer membrane whereas β-PFTs form amphipathic β-barrel pores. 

Regardless of the mechanism used, all PFTs are more generally characterised by 

their remarkable ability to change from water-soluble proteins into integral membrane 

proteins. 

 

Exemplars of well studied β-PFTs include virulence factors produced by pathogenic 

bacteria such as the cytolytic Panton-Valentine leukocidins and α-hemolysin (from 

Staphyloccus aureus) [3, 4], aerolysin-like toxins (from Aeromonas hydrophila) [5], 

and anthrax protective antigen (from Bacillus anthracis) [6]. In most β-PFTs, 7 to 9 

monomers self-assemble in a ring-shape oligomer on the cell surface 

transmembrane β-barrel pore typically less than 25 Å in diameter. In contrast, the 

Membrane-Attack Complex/PerForin (MACPF)/Cholesterol Dependent Cytolysin 

(CDC) superfamily form giant β-PFT up to 350 Å in diameter. This unusually large 

and diverse superfamily is found in all kingdoms of life and performs a wide variety of 

functions.  For example, members of this superfamily are involved in vertebrate 

immunity [7, 8] venom toxicity [9, 10], development [11], neural development [12] and 

pathogen invasion / egress [13-15].  
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1.1 The CDC family of proteins 

 

The CDC family of the MACPF/CDC superfamily is a group of toxins produced by a 

wide range of Gram positive bacteria. Extensive research has determined the role of 

important CDCs in pathogenicity and also highlighted a range of functions for the 

CDC pore. The CDC pneumolysin (PLY) is secreted by Streptococcus pneumoniae, 

the major cause of pneumonia and bacterial meningitis, and is suggested to directly 

mediate cell lysis [16]. Perfringolysin O (PFO, Clostridia perfringens) aggravates gas 

gangrene in synergy with the C. perfringens α-toxin [17]. Listeriolysin O (LLO, 

Listeria monocytogenes) enables phagosomal escape of the bacterium into the 

macrophage cytosol [18]. Finally, streptolysin O (SLO, S. pyogenes) is able to 

mediate translocation of a cytotoxic effector through the cell membrane without 

requirement for pore formation [19]. The function of CDCs is not solely limited to pore 

formation but extends to signalling events leading to a range of effects such as 

inflammation and adaptive immune responses (for a review see [20]). 

 

Comprehensive studies have shed light on the central conundrum of the cytolysin 

pore formation: how soluble monomeric CDCs can self-assemble on the target cell 

surface to form an oligomeric membrane embedded pore. Although, the pores 

formed by CDCs had been studied using Transmission Electron Microscopy (TEM) 

since the 1970s [21], a major breakthrough came in 1997 with the X-ray crystal 

structure of the CDC PFO, which provided the first atomic-resolution insights into the 

CDC family [22] (Figure 1A). The narrow elongated molecule was identified as being 

composed of four Domains. Together, the non-contiguous Domains 1 and 3 form a 

globular domain (Figure 1A).  Following the determination of the PFO structure, 
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biophysical experiments demonstrated that not one but two regions of Domain 3 

inserted into the membrane [23, 24].  

 

Over the last 15 years, biochemical and biophysical studies have defined a general 

three-step mechanism of CDC pore formation [25, 26]. Firstly, the secreted 

monomeric CDC molecules bind the target cell surface via recognition of a 

membrane receptor. 30 to 50 monomers then assemble into an oligomeric, ring-

shaped, prepore complex [27, 28]. Finally a massive conformational change permits 

formation of a giant transmembrane β-barrel pore 250 to 350 Å in diameter.  

 

Independent biophysical studies have also demonstrated that a 40 Å vertical collapse 

of the prepore accompanies conversion of the prepore to the membrane embedded 

pore [25, 26, 29]. Additionally, two bundles of α-helices per subunit unfurl from 

Domain 3 and refold to contribute two amphipathic β-hairpins (4 β-strands, Figure 

1B) to the pore [23, 24]. Thus, a ring of 30 to 50 CDCs will form a giant β-barrel 

composed of 120 to 200 β-strands.   
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Figure 1. The key steps of CDC pore formation 

A. Crystallographic structure of the archetypal CDC PFO (PDB ID: 1PFO) [22]. 
The MACPF/CDC domain, previously identified as Domain 1 and Domain 3, comprises the 
characteristic central bent β-sheet (red) sandwiched by the TMH regions (orange). Strand β5 

and the neighbouring α-helix are in pink. The remainder of the domain is in blue. The pair of 

conserved glycines is shown as red spheres. Domain 2 is composed of a non-contiguous 
elongated and twisted β-sheet. Domain 4 (Ig fold) is in yellow; the membrane binding L1-3 

loops are indicated. 

B. Schematisation of the unfurling and insertion of the TMH regions. 
In the soluble state the TMH regions (orange) are present as folded α-helices The central β-

sheet (red) is expanded by strand β5 (pink), which is diplaced upon membrane binding. In the 

prepore complex the central β-sheet is postulated to establish oligomeric contacts compatible 

with the final pore (strands β1 and β4). The TMHs also experience some degree of flexibility 

and unfolding. In the final pore the TMH regions insert into the bilayer membrane as 
amphipathic β-hairpins with a modest tilt of 19° to form the final pore. The up to 200 β-strands 

that compose the β-barrel extend the central β-sheet. 

C. Mechanism of CDC pore formation. 
After membrane anchoring by the Domain 4 loops (left panel), 30 to 50 subunits oligomerise 
(centre panel) through the flat faces of the MACPF/CDC domain to form the circular prepore 
complex. The dimensions of the individual subunits in the prepore resemble the monomeric 
structure. Finally, conversion to the pore (right panel) follows the vertical collapse of the 
MACPF/CDC domain most likely by coordinated domain movements that see Domain 2 rotate 

towards the bilayer surface. This brings the MACPF/CDC domains at the required height for 
TMH insertion as a giant transmembrane β-barrel. The pneumolysin prepore and pore maps 

are represented as grey surfaces [26], the corresponding protein models are from [30]. 
Bottom panel: Schematisation of CDC pore formation viewed from the top. The re-orientation 
of Domain 2 likely results in the coordinated rotation of the ring of MACPF/CDC domains. 
Only a quadrant of the ring is represented for clarity. 
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1.2 The MACPF proteins 

 

The MACPF domain was originally characterised as a common pore forming domain 

present in the immune effectors Membrane Attack Complex (MAC) of the 

complement system and perforin [31]. The MAC predominantly targets Gram-

negative bacteria and is initiated by a complex of proteins C5b, C6, C7 and C8 (C5b-

8) on the target membrane. Multiple copies of C9 bind to the C5b-8 complex for form 

the final MAC pore. Perforin is a cellular immune effector activated by virus-infected 

cells. In 1999, bioinformatics approaches identified MACPF domains in a diverse 

range of organisms including Chlamydia spp, Arabidopsis, sea anemones and fruit 

flies [32]. Now, the MACPF family is predicted to comprise over 1000 proteins 

distributed across all kingdoms of life [33]. 

 

Prior to any structural information, the MACPF domain was identified as being the 

site of transmembrane insertion in both the MAC proteins and perforin [8, 34]. In 

addition, both the MAC and perforin have been well characterised to form giant pores 

>100 Å in diameter [7, 35-37]. However, a lack of structural information limited our 

understanding of the detailed mechanism of MACPF pore formation. 

 

In 2007, concomitant elucidations of the structures of the bacterial protein Plu-

MACPF (from Photorhabdus luminescens), and human complement component C8α 

MACPF domain revealed the structural similarity between the MACPF domain and 

the non-contiguous CDC Domains 1 and 3 hereafter referred to as the MACPF/CDC 

domain (Figures 1A and 2) [38, 39]. This discovery demonstrated that effectors of 

immune defence and mediators of bacterial attack shared a common ancestor. 

Moreover, the shared ability to form giant transmembrane pores also suggested a 



	 13 

common mechanism of pore formation between both branches of the family. 

Commonalities in mechanism with the CDC family have now been experimentally 

supported in via the recent biophysical and structural characterisation of the fungal 

toxin pleurotolysin pore [40].  

 

1.3 The MACPF/CDC superfamily distribution 

 

Members of the MACPF branch of the MACPF/CDC superfamily are found in a broad 

range of organisms. These molecules have numerous functions,	 many of which are 

poorly understood. To date, MACPF proteins include important effectors of the 

animal immune system [8, 34, 41], animal venoms (sea anemone [9, 10]) and fungal 

defence toxins [40, 42]. In all of these systems experimental evidence supports that 

pore formation is related to their function. Interestingly MACPF proteins have also 

been identified in the plant immune system [43], fly development [11, 44, 45], 

vertebrate neural development [12] and parasite ingress/egress across host cell 

membranes [13, 14]. For these latter proteins it is not known whether pore formation 

is required for function. 

 

In contrast to the MACPF-like proteins, CDCs are predominantly found in many 

Gram-positive and several Gram-negative bacteria [46]. It is clear from a structural 

perspective that the MACPF and CDC members of the MACPF/CDC superfamily 

share a common evolutionary ancestor. However, at present, it is not clear which of 

the MACPF or CDC clades most closely resembles the common ancestor. Indeed it 

is possible that there are other, undiscovered clades of the MACPF/CDC 

superfamily. 
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Figure 2. Structures of the MACPF family 

A. Representative structures of MAC components. 

C8αγ, taken from the C8 heterotrimer (PDB ID: 3OJY) [47]. In C8α four N- and C-terminal 

ancillary domains decorate the MACPF/CDC domain shown in cyan with the exception of the 
conserved Epidermal Growth Factor (EGF) domain (green). The disulphide-bridged C8γ 

(lipocalin fold) is in grey. 

C5b6 (PDB ID: 4A5W) [48]: Nine ancillary domains surround the MACPF/CDC domain of C6 
(all coloured light blue except for EGF-like domain (green) and the Thrombospondin 1 (TSP1) 
domain (yellow)). As observed in the perforin and C8α structures, C6 has an EGF domain 

that contacts TMH1 (orange). Several other domains (cyan) form an extensive interface with 
C5b (shown as a transparent surface).  

B. The bacterial Plu-MACPF (PDB ID: 2QP2) [38]. The C-terminal membrane-binding 
domain (β-prism fold; yellow) also packs against the central helical cluster. Plu-MACPF has 

no reported pore-forming ability.  

C. Perforin (PDB ID: 3NSJ) [49]. Both putative TMH regions (orange) pack against the 
ancillary EGF-like domain, followed by a type II C2 domain with calcium-dependent 
membrane binding ability [50]. The height of the pore is compatible with the dimensions of the 
monomeric form. Calcium ions are represented as grey spheres. 
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1.4 The MACPF/CDC superfamily mechanism of pore formation 

 

Until recently, our knowledge of the whole MACPF/CDC pore forming mechanism 

was based solely on the well-studied CDC model of pore formation. However, in the 

past few years structural and biophysical studies have contributed to bridge the gap 

in our understanding of MACPF pore formation and have highlighted key similarities 

and differences with CDCs. Furthermore, the unanswered question of how CDC rings 

collapse towards the membrane has been revisited and new mechanisms proposed. 

This review aims at describing the three major steps of pore formation across the 

whole MACPF/CDC superfamily and identifying clade specific variations of the 

mechanism.  
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2. CDC pore formation 

 

Much of what we know about the MACPF/CDC pore forming mechanism was 

pioneered by the study of the CDCs PFO, SLO, LLO, PLY and intermedilysin (ILY).  

With a total of 10 monomeric crystal structures and two single particle cryo-electron 

microscopy (SP cryo-EM) reconstructions of both CDC prepores and pores [26, 51], 

the CDC family is now relatively well structurally characterised. Indeed, the 10 CDC 

crystal structures currently available have revealed a high degree of structural 

similarity across the CDC branch of the superfamily [52-56]. At first CDCs were 

described as being composed of four domains [22], however the non-contiguous 

Domains 1 and 3 are now better described as the common MACPF/CDC domain.  

 

The core of MACPF/CDC domain consists of a highly twisted and bent three-

stranded anti-parallel β-sheet that we term the “central β-sheet”. This central β-sheet 

is flanked by two clusters of α-helices termed the TransMembrane Hairpins (TMH) 1 

and TMH2 (Figure 1A). The first helical cluster (TMH1) is situated at the core of the 

domain and packs against Domain 2. The second helical cluster (TMH2) protrudes 

outwards the MACPF/CDC domain (Figure 1A). The non-contiguous Domain 2 is an 

elongated and twisted β-sheet that connects the MACPF/CDC domain to the C-

terminal Domain 4.  

 

The key pore forming steps that the CDCs undergo include 1) membrane recognition 

and binding using domain 4, 2) oligomerisation into a prepore and 3) final pore 

formation (Domain 3). Following membrane binding, 30 to 50 monomers diffuse on 

the membrane surface to assemble into a membrane-bound ring-shaped oligomer 

termed the “prepore”. After this oligomerisation step, each α-helical cluster refolds 



	 17 

into a β-hairpin. The combined unfurling of the TMH1 and TMH2 from all monomers 

of the prepore ring, together with straightening and untwisting of the central β-sheet, 

results in a giant, membrane spanning β-barrel pore [24] (Figure 1B). Each step of 

pore formation is described in details in the next sections. 

 

2.1. Membrane recognition and binding 

 

The CDC C-terminal region, Domain 4, is the highest conserved region of the 

molecule and displays a β-sandwich fold similar to the immunoglobin (Ig) fold (Figure 

1A). A set of four neighbouring loops termed L1-3 and the undecapeptide (Figure 1A) 

located at the tip of Domain 4 [57] confer CDCs membrane anchoring ability and 

specificity.  

 

In a majority of CDCs, Domain 4 specifically targets cholesterol-containing lipid 

bilayers. Indeed, it is suggested that cholesterol constitutes a membrane receptor for 

most CDCs [58-61]. The specific contacts between the L1-3 loops and cholesterol 

[62, 63] lead to structural changes in the MACPF/CDC domain that enable 

oligomerisation of the cytolysin into the prepore complex. The highly conserved 

undecapeptide motif was also found essential to the conversion of the prepore to the 

final pore. Mutations in this region result in the abrogation of pore formation [64]. 

 

A number of CDCs have been identified to have different membrane receptor 

preferences. CDCs such as ILY, vaginolysin (VLY) and lectinolysin (LLY), require the 

cellular receptor human CD59, rather than cholesterol, to recognise and bind the 

target membrane surface [65-67]. CD59 is a small glycosyl-phosphatidylinositol 

(GPI)–anchored membrane protein (18-21 kDa). The primary function of CD59 is to 
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inhibit complement activation, however, in the case of ILY, VLY and LLY, CD59 acts 

as a receptor. Conversion of these CDCs from the prepore complex to the inserted 

pore requires both the disengagement of CD59 from Domain 4 and the presence of 

cholesterol, [65, 68]. The structural basis for the interaction of ILY with CD59 has 

been recently been determined [69]. Interestingly, it is suggested that CD59 binds not 

one but two adjacent CDC molecules on non-overlapping sites of Domain 4 [69]. 

 

While cholesterol and CD59-dependent CDC membrane binding are now well-

documented, recent reports point to the existence of new co-receptors that act to 

enhance binding to the cell surface. Feil et al. have suggested that LLY uses an 

additional N-terminal lectin binding domain to target fucose-rich sites cell surfaces 

[67, 70]. Further, other studies showed that the CDCs PLY and SLO achieve 

enhanced membrane binding by targeting cellular glycan receptors on RBCs [71, 72]. 

Therefore, emerging cholesterol-independent modes of membrane recognition seem 

to co-exist with cholesterol recognition in CDCs. Such alternate ways of membrane 

addressing are likely to improve membrane affinity and specificity. 

 

2.2. Oligomeric assembly: the prepore complex 

 

After the initial membrane binding event, the CDC molecules oligomerise into a ring-

shaped prepore complex [27]. To this end, the CDC molecules undergo an essential 

structural rearrangement. Direct contact to the membrane triggers the 

disengagement of strand β5 from the central MACPF/CDC β-sheet [59, 73], a key 

step in the establishment of oligomeric contacts. The rotation of strand β5 away from 

the central β-sheet frees the edge of strand β4 (Figure 1A) thereby permitting initial 

subunits contact and strand-to-strand registration with strand β1 of an adjacent 
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monomer [59] (Figure 1B). The main-chain hydrogen bonds thus established are 

required to form the β-barrel formation.  

 

In PFO strand-to-strand registration is exemplified by the formation of an oligomeric 

Phe-Tyr aromatic interaction. In the prepore complex, Phe318 (strand β4) pairs with 

Tyr181 belonging to strand β1 of an adjacent monomer. Mutation of one of these 

amino acids abrogates monomer interactions and subsequent prepore formation [59]. 

The displacement of strand β5 is likely made possible by the conformational plasticity 

procured by a pair of strictly conserved glycines directly upstream of strand β5 [59] 

(Figure 1A). Thus strand β5 is hypothesised to occlude unwanted oligomeric contacts 

in the soluble state, hence preventing aggregation. 

 

Following disengagement of strand β5, membrane bound CDC subunits assemble to 

form a large prepore complex prior to membrane insertion [27, 28]. 30 to 50 subunits 

form this complete ring shape and the monomers interact predominantly via the flat 

faces of the MACPF/CDC domain. Contacts between the flat faces, that display both 

shape and charge complementarity, account for most of the prepore subunits 

interactions [22, 55, 74]. Domains 2 and 4 are thought to contribute only weakly to 

oligomeric contacts [58]. In the resulting prepore oligomer, the monomers stand 

upright on the membrane surface with a height of ~100 Å, as determined by TEM 

[26, 51] and Atomic Force Microscopy (AFM) [29]. This height correlates well with the 

dimension of the X-ray crystal structures of the soluble CDC monomer [22]. 

 

Sheppard et al. [27] showed that the prepore complex can be further separated into 

two distinct intermediate states based on its Sodium Dodecyl Sulfate (SDS)  

resistance: a SDS sensitive early prepore and a SDS resistant late prepore. 
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Recently, Wade et al. [74] suggested that the transition from the early to late prepore 

is most likely attributable to the formation of the initial oligomeric strands β1-β4 

backbone hydrogen bonds that will later become the top of the transmembrane β-

barrel pore. Moreover, analysis of the SP cryo-EM structure of the disulphide locked 

suilysin (SLY) prepore has suggested that the central β-sheet is subjected to slight 

unbending upon prepore formation while the TMH regions appear partially disordered 

[51]. This supports previous biochemical experiments on PFO that showed partial 

unfolding of the TMH regions in the prepore state [75]. The collective picture of the 

prepore that emerges from these studies is that of a dynamic assembly adopting a 

continuum of conformations. 

 

This structural heterogeneity present in the prepore is also likely to prime the 

complex for membrane insertion. Accordingly, the partial untwisting of the central β-

sheet together with the oligomeric pairing of strands β1 and β4 constitute a step 

towards the more open conformation found in the pore form. Similarly, the flexibility 

and partial unfolding of the TMHs contribute to their final unfurling as β-hairpins. This 

also highlights the likely lability of the TMHs/Domain 2 interface observed in 

monomeric crystal structures. The disruption of this interface has been inferred to be 

one of the first of the series of conformational changes that lead to pore formation in 

CDCs [30, 76]. Thus, the prepore likely constitutes a nucleation point for the 

structural changes associated with membrane insertion. 

 

2.3. Prepore-to-pore transition 

 

In the prepore complex the MACPF/CDC domain sits ~ 100 Å atop the membrane 

surface in a conformation resembling its soluble conformation [26, 51]. Thus, the 
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MACPF/CDC domain is at such height that even if the two TMH regions were 

completely unfurled, the corresponding β-hairpins (~30 residues each) can only just 

reach the membrane surface. In order to pierce the target membrane, the TMHs 

need to move closer to the membrane. Therefore the prepore-to-pore transition in 

CDCs must solve the problem of bringing the MACPF/CDC domain closer to the 

membrane. Accordingly, the prepore to pore transition involves a vertical drop of ~ 40 

Å that results in the membrane spanning region being brought closer to the 

membrane surface [25, 26, 29]. This vertical collapse has previously been attributed 

to the internal buckling of Domain 2 [26]. However, recent molecular modelling and 

cryo-EM studies have offere an alternate model for this essential structural change 

[30, 51]: after disruption of the Domain 2/TMHs interface, intact Domains 2 of the 

prepore oligomer rotate ~ 60° sideways to change from a perpendicular to near 

parallel orientation relative to the membrane surface. This has two effects of on the 

CDC prepore assembly. Firstly there is an obvious vertical collapse of the prepore. 

Secondly the MACPF/CDC domains rotate relative to their associated Domain 4 in 

an anti-clockwise direction [30] (Figure 1C). Thus the conversion of the prepore to 

the pore is likely associated with a coordinated domain rotation throughout the 

oligomer that relocates the MACPF/CDC domain and the TMHs closer to the 

membrane surface. Only in this position can the folded β-hairpins, extending from the 

central β-sheet, fully span the target bilayer to form the transmembrane pore. 

 

Concomitant to the prepore-to-pore transition, Domain 4 is also observed to pivot 

about the membrane surface, and slides away from the centre of the pore [26, 51, 

77]. This combined rotation and translation leads to a small expansion of ~ 15 Å of 

the pore outer diameter [51]. As a result, the MACPF/CDC domain is responsible for 

the majority of the oligomeric contacts in the final pore. It should be noted that similar 
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concerted domains rotations are involved in the prepore to pore conversion of the 

smaller β-PFT aerolysin [78]. This is suggestive that the same pore forming strategy 

co-evolved to refold from a membrane bound prepore to a membrane-inserted pore 

state. 

 

The trigger for the prepore-to-pore conversion is to date unclear. Allosteric signals 

originating from the contact of Domain 4 with the membrane have been proposed as 

possible trigger to the conversion of the PFO and SLO prepore to the final pore [79, 

80]. Additionally, oligomeric contacts of the MACPF/CDC domains in the prepore 

complex may also promote this conversion in PFO [73, 81]. 

 

Finally, it is clear that the transition from the prepore to the pore in CDCs is made 

possible by a series of potentially energetically costly structural rearrangements. In 

PFO, the prepore assembles on lipid membranes at 4°C without pore formation. 

Conversion to the pore is restored after raising the temperature to 37°C [27], 

suggesting the conversion is an endothermic reaction. The free energy barrier 

associated with the complex prepore-to-pore structural transitions is estimated to 

exceed a significant ~19 kcal/mol per monomer [74]. 

 

2.4 The final pore structure characteristics 

 

The CDC pore, formed by 120 to 200 β-strands and 300-350 Å in diameter, is an 

order of magnitude larger than the pores deployed by all other β-PFTs, typically 

comprising 14 to 18 β-strands (<25 Å). The large CDC transmembrane channel 

displays high conductance in planar lipid membrane (PLM) experiments (reviewed in 

[82]). Consistent with the wide CDC lumen, the SLO and PFO channels allow the 
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passage of a broad variety of cargos without reported electrostatic selectivity [57, 83, 

84]. 

 

In addition, the CDC β-barrel pore is characterised by a distinctive structure that sets 

CDCs further apart from other β-PFTs. Until recently, all β-barrels X-ray crystal 

structures determined to date were comprised by less than 26 β-strands and had a 

structural architecture ranging from S = n to S = 2n [85]. This results in a 

characteristic tilt of the β-strands with respect to the β-barrel axis ranging from 37° to 

56°, respectively [86]. In contrast, the giant CDC β-barrel belongs to a structural 

architecture previously unidentified (S = n/2). This unique architecture, first 

hypothesised by molecular modelling and confirmed by systematic disulphide 

scanning, is associated with a modest tilt of the strands of 19° (figure 1B) [75, 87]. 

Although there is no atomic resolution structures of a CDC pore as yet, the unique S 

= n/2 architecture has since been observed in the X-ray crystal structure of the 

bacterial secretin, CsgG, that forms a 36-stranded transmembrane channel with a 

lumen diameter of ~40 Å [88].  

 

2.5. Arciform pores 

 

Aside from the observation of prepores and pores, another notable phenomenon is 

the formation transmembrane channels by incomplete rings known as “arcs”. Bhakdi 

and colleagues originally proposed that SLO arcs could form membrane inserted 

crescent shaped oligomers and further proposed that these arcs could be 

physiologically relevant [89]. These unusual transmembrane channels were thought 

to be composed of a variable number of CDC subunits lined by two edges: one 

proteinaceous edge (the incomplete β-barrel) and one lipidic edge formed by the 
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curled-up membrane bilayer. A cohort of independent studies have supported the 

existence of incomplete inserted CDCs oligomers with a wide range of techniques 

such as AFM [29], size exclusion [90], EM [79, 91, 92] and PLM experiments [82].  

 

The existence and role of inserted arcs has remained debated for a number of years. 

Recent evidence that CDC arcs can disrupt membranes comes from advances in 

time-resolved AFM applied to SLY [51] and visualisation of such arciform pores by 

sub-tomogram averaging (PLY) [93]. SLY membrane inserted arcs (e.g. after vertical 

collapse) composed of a minimum of 5 subunits were directly observed using AFM 

[51]. It was found that the monomers can elongate a nascent incomplete prepore. 

Conversion of the crescent-shaped oligomers into membrane-embedded channels 

was determined to follow the depletion of available membrane-bound subunits. After 

these arcs have experienced the vertical collapse they can no longer be expanded by 

addition of SLY monomers and oligomers [51]. Much remains however to be 

determined about the activity and role of such arciform pores. After phagosomal 

internalization of the bacterium L. monocytogenes, arcs formed by the CDC LLO on 

the phagosomal membrane delay phagosome maturation and degradation of the 

bacterium [94].  
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3. MACPF proteins 

 

As the first structures of the MACPF proteins were determined, an outstanding 

question was whether MACPF proteins formed pores in a CDC-like fashion. Despite 

numerous studies of MACPF proteins such as perforin and components of the MAC, 

the structural basis for pore formation in the MACPF branch remained to be 

determined.  

 

Nevertheless, the first crystallographic structures of the MAC component, C8α, and 

the bacterial Plu-MACPF (Figure 2) defined the boundaries of the MACPF/CDC 

domain and revealed key structural differences between MACPF and CDC proteins 

[38, 39]. These differences include the lack of strand β5, substitution of the CDC 

Domain 2 β-sheet with a α-helix and a different composition and arrangement of 

domains ancillary to the MACPF/CDC domain (Figures 2 and 3). However, these 

structural disparities did not permit elucidating the mode of MACPF pore formation. 

 

In the following sections we present current findings that have improved our 

understanding of the MACPF pore forming mechanism, focusing on the vertebrate 

immune effectors MAC and perforin. We also focus on the fungal MACPF 

pleurotolysin, whose recent study has provided the most complete structural 

understanding of MACPF pore formation [40]. Other members of the MACPF family 

have relatively little known about their structure and mechanism. 
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3.1. The Membrane-Attack Complex (MAC) 

 

The MAC is a key component of the vertebrate immune system that can target 

bacteria and parasites [95, 96]. Activation of the complement system leads to the 

induction of multiple effector pathways including formation of the MAC. The MAC is 

deposited onto the outer-membrane (in the case of Gram-negative bacteria), which 

can result in pore formation. Little is known about how the MAC pore lyses Gram-

negative bacteria however it is known that the MAC can facilitate the passage of the 

glycoside hydrolase lysozyme into the peptidoglycan-rich periplasm [97]. 

 

The MAC is formed by the assembly of 6 proteins, 5 of which have been originally 

identified as containing a MACPF/CDC domain by sequence analysis [31]. These 

proteins are C6, C7, C8α, C8β and C9. All are separate plasma proteins with the 

exception of the C8 which is a heterotrimer composed of C8α covalently bound to 

C8γ, and non-covalently bound to C8β. Three to nine ancillary modules decorate the 

common MACPF/CDC domain at both termini, with three of them conserved amongst 

all five MACPF domain components (C6 – C9). These conserved core domains are 

the Thrombospondin 1 (TSP 1) domain and Low-Density Lipid Receptor class A 

(LDLRA) calcium binding region, positioned at the N-terminus of the MACPF/CDC 

domain, and an EGF domain, positioned at the C-terminus (Figures 2 and 3). The 

sixth protein, C5b, is the result of the proteolytic cleavage of C5 by the C5 convertase 

and is critical in initiating MAC assembly [98]. 

 

Early TEM observations identified MAC-induced membrane lesions that were 

estimated to be over 100 Å in diameter and to protrude by ~120 Å from the 

membrane surface (excluding C5b) [36, 37, 99]. The dimensions of the MAC pore 

are thus consistent with those observed for CDCs. Bioinformatics studies, based on 
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X-ray crystal structures, also identified two amphipathic TMH-like regions in the C6-9 

components [39]. Only recently have Weiland et al. demonstrated that TMH2 from 

C8α and C9 is capable of transmembrane insertion [100]. Together these data 

demonstrated that the MAC forms genuine MACPF/CDC pores. The giant size of the 

β-barrel indicates that each MAC protein would probably need to contribute two β-

hairpins per subunit to form the final pore, and therefore it is possible, but not known, 

that the MAC also use the S = n/2 β-barrel architecture. The MAC β-barrel is yet to 

be structurally characterised. 

 

The MAC follows a unique and seemingly complex assembly pathway. In the first 

step of MAC deposition, C5b binds C6 to form C5b6. Subsequent addition of C7 

results in the trimeric C5b7, which has been suggested to initiate membrane binding 

[101]. C8 is then recruited to form C5b8. At this stage, C8α TMH regions are 

proposed to penetrate the target membrane outer leaflet for final membrane 

anchoring, as suggested by fluorescent labelling experiments [102]. Therefore the 

pore forming regions TMH1 and TMH2 in the MAC seem capable of contacting the 

target bilayer prior to completion of a ring. Then, an estimated 12 to 18 C9 subunits 

expand C5b8 to further complete the full MAC pore. 

 

The last decade has seen breakthroughs in the structural biology of the MAC. X-ray 

crystal structures of C6, C5b6, C8α and C8 have characterised the structure of the 

MACPF/CDC fold in these proteins [47, 48, 103, 104]. In addition, 24 Å resolution SP 

cryo-EM structures of C8 and the soluble form of the C5b-9 complex (sC5b-9, a 

multimer comprised of C5b8 and several copies of C9) have been determined [48, 

105]. Overall, the orientation of C8α and C8β in the C8 X-ray structure, together with 

the cryo-EM maps of sC5b-9, strongly supported that the orientation of the 
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MACPF/CDC domain adopted in the MAC is the same as observed in CDC pores 

[47, 105].  

 

The combined analysis of C8, C6 and C5b6 crystallographic structures [47, 103, 104] 

may give some additional insights into the MAC assembly. Initially, the binding of 

C5b to C6 induces conformational changes throughout the molecules [103]. While 

some of these changes affect the C5b binding regions, the central β-sheet in C5b6 is 

found modestly less twisted than in C6 alone [48, 103]. This partial straightening is 

accompanied by the rotation of four C6 ancillary domains, including the EGF domain 

and the TSP2-3 domains that flank the MACPF/CDC domain. These structural 

changes that mirror the first steps of the CDC prepore-to-pore transition have been 

speculated to prime subsequent MAC assembly [103]. To date, there has been no 

report of a MAC prepore-like intermediate. 

 

Thus, these recent studies have highlighted features common to both the MAC and 

CDC pores: MACPF/CDC domain orientation, TMH2 insertion and putative central β-

sheet unbending. However, structural discrepancies also suggest major differences 

in the MAC mechanism of pore formation. The X-ray crystal structures of C6, C5b6 

and C8 have shown the presence of a linker α-helix, as observed in all MACPF 

proteins structures solved to date, in place of the CDC Domain 2 [47, 48, 103, 104] 

(Figure 2). In addition, the MAC component proteins lack the same Ig-like ancillary 

domain observed in CDCs that is responsible for binding to membranes. Whilst the 

MAC component proteins are flanked by between three and nine ancillary domains, 

little is known about how these contribute, if at all, to membrane binding (Figure 3). In 

CDCs both Domains 2 and 4 are intrinsically linked to the mechanism of pore 

formation and condition the final height of the CDC pore. In the MAC, however, this 
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common α-helix and the lack of an Ig-like domain would suggest a pore-forming 

mechanism exempt of vertical collapse. Additionally, the analogous heights of the 

C5b6 complex together with the dimension of the inserted MAC further argue against 

a CDC-like vertical collapse [36, 104].  

 

3.2. Perforin 

 

Perforin, a key effector of the cellular immune system, is secreted by either cytotoxic 

T lymphocytes or Natural Killer cells. Perforin is stored in specialised granules until 

activation of the effector cell by virus-infected or neo-cancerous cells. The granules 

are then transported to the immune synapse where perforin is released. Perforin 

targets the membrane surface whereupon 18 to 25 monomers self-assemble into 

large pores (~120 Å inner diameter) in a calcium dependent fashion [35, 49]. There, 

the perforin pores allow the delivery of a cocktail of pro-apoptotic proteases, called 

granzymes, into the target cell cytosol. The granzymes activate the apoptosis 

pathway thereby ensuring removal of the target cell from the host (reviewed in [106]). 

 

A short N-terminal module decorates perforin MACPF/CDC domain. At the C-

terminus an EGF-like domain packs against TMH1 followed by a C2 domain [49] and 

an elongated C-terminal loop (Figure 2). The C2 domain is solely responsible for 

perforin membrane recognition and binding. Unlike CDCs, perforin does not require a 

specific membrane surface receptor for efficient anchoring. Little is known about 

perforin lipid specificity and membrane composition requirements. Although it was 

initially reported that perforin preferentially targets phosphorylcholine lipid 

headgroups [107], the prevalence of phospholipid spacing for membrane anchoring 

was later suggested [108].  
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Figure 3. Ancillary domains associated with MACPF/CDC domains  

In CDCs the MACPF/CDC domain includes Domain 2 (dark blue) to form a folded continuous 

350 amino-acid structural entity usually referred to as Domains 1 and 3 [52]. CDCs possess 

a secretion signal anterior to the MACPF/CDC domain up to 150 amino-acids in length. In 

the CDC LLY the N-terminal lectin domain is suggested to enhance pore formation [70]. 

Perforin, MAC members C6, C7 C8α, C8β, C9 and the sea anemome toxin PsTx-60A/B [9, 

10] have reported lytic ability. MPEG1 (found in animal macrophages) [41] and PfPLP1 

(secreted by the parasite Plasmodium falciparum) [13] are suspected to exhibit lytic activity. 

CT153 (of chlamydial origin) [109], PcPV2 (snail egg neurotoxin) [110], CAD1 (part of the 

plant immune system) [43], BSAP-1 (an antimicrobial protein secreted by the gut symbiot 

Bacteroides fragilis) [111]  and astrotactin1/2 (involved in neural development) [12] have no 

reported pore-forming ability. PcPV2 is disulphide linked to a lectin-like domain susceptible 

to address the protein to the membrane [110]. 
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A better characterised property of perforin is its strict requirement for calcium to 

achieve membrane anchoring. The membrane binding C2 domain, specifically its 

calcium binding region (CBR), is solely responsible for recruiting calcium ions [49, 50, 

112, 113], found in abundance at the immune synapse. The CBR is formed by four 

loops in a position equivalent to the CDC Domain 4 membrane binding loops, and is 

composed by a network of aspartate amino acids. The CBR is only able to recruit 

calcium ions at neutral pH when the aspartate residues are fully deprotonated, 

resulting in perforin membrane binding [50]. Interestingly, prior to secretion into the 

immune synapse, perforin is stored in specialised secretory granules. The low pH of 

the granules and low calcium concentration prevents disruption of the vesicle 

membrane and prevents perforin potentially harmful escape to the host cytosol. 

Consequently, perforin pH and calcium dependent membrane binding offers the host 

organism a self-protective mechanism against perforin-mediated cytolysis. 

 

Critical aspects of perforin oligomerisation and pore formation remain elusive. Early 

TEM imaging showed that perforin forms giant ring-shaped pores (50-160 Å inner 

diameter), similar to that observed for the MAC [35, 114]. Identification of 

amphipathic sequences in the TMH1/2 regions and the presence of the MACPF/CDC 

fold suggested that perforin could form giant β-barrel pores similar to that observed 

for CDCs [49]. However, the cryo-EM structure of the 20-mer perforin pore together 

with labelling experiments supported that the MACPF/CDC domain in perforin adopts 

an orientation reverse to that of CDCs (with the bent portion of the central β-sheet 

facing outside the pore, Figure 2). The low resolution of the structure however 

precluded determination of the molecular details of the assembly [49]. 
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To achieve pore formation perforin assembles through the flat faces of the 

MACPF/CDC domain, as evidenced by the identification of critical salt bridges on 

these faces [115]. Whether a prepore-like intermediate is formed remains still 

unclear, although the existence of a CDC-like prepore is suspected [116]. However, 

what can be concluded with confidence is that the height of the pore was found 

similar to that of the monomer. This suggests that perforin pore formation is not 

associated with a CDC-like vertical collapse. This lack of collapse is consistent with 

the presence of the conserved linker α-helix in the perforin structure, similarly to 

MAC components structures, and the lengths of TMH1 and TMH2. In perforin the 

TMH regions each comprise ~55 residues, while in CDCs they are composed of ~30 

residues. These additional residues in perforin could thus allow formation of a longer, 

higher, β-barrel pore, without necessitating a CDC-like collapse to bring the TMH 

regions closer to the membrane surface. Although the molecular details of the 

perforin pore remain to be established, the pore displays selectivity for positively 

charged proteins [84]. This observation is indeed in agreement with the ability of 

perforin to deliver positively charged granzymes into the target cell cytosol [117, 118].  

 

Finally, it is suggested that perforin displays, like CDCs, the ability to form 

transmembrane channels from incomplete rings. Conductance measurements on 

PLMs [116, 119] were found to correlate with arciform structures as imaged by AFM 

and deep-etch electron microscope [119].  
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3.3. The bi-component system pleurotolysin 

 

The fungal MACPF pleurotolysin is a bi-component system composed of PlyA (15 

kDa) and PlyB (59 kDa) from the mushroom Pleurotus ostreatus [42, 120]. Of the two 

components it is PlyA that was originally identified as a member of the aegerolysin 

family of PFTs found in fungi and Clostridia spp and known to bind to sphingomyelin 

rich membranes [121]. PlyA is responsible for membrane recognition and binding 

although PlyA lacks the ability to perforate the lipid membrane compared to 

aegerolysin homologues [42, 122, 123]. PlyA thus plays an analagous role to that 

discussed for the CDCs Domain 4. PlyB contains the MACPF/CDC fold essential to 

oligomerisation and pore formation. Only in concert do PlyA and PlyB exhibit cytolytic 

activity [42, 120]. 

 

The combined use of biophysical, crystallographic and SP cryo-EM studies have 

recently elucidated the monomeric, pore intermediates and pore structures at an 

unprecedented level of details in the MACPF/CDC superfamily [40]. Pleurotolysin 

therefore provides a model to further our understanding of MACPF pore formation 

and has the potential to shed further light on the CDC pore-forming mechanism. 

 

3.3.1. The structures of PlyA and PlyB 

 

PlyA targets specifically sphingomyelin lipids of cholesterol-rich membranes. PlyA 

crystal structure shows a β-sandwich bearing structural similarity to the actinoporin 

family of α-PFTs, originally identified as sea anemone toxins. However PlyA lacks 

the N-terminal α-helical segment known to insert into the membrane [124]. 

Interestingly the structure of PlyA conclusively unites the aegerolysin family with the 
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actinoporin family of pore forming toxins. The cryo-EM structure of the pleurotolysin 

pore also revealed that PlyA functions as a dimer where two PlyA monomers 

associate to form a V-shaped head-to-head dimer (Figure 4) [40].  

 

PlyB presents the typical MACPF/CDC fold; a bent and twisted four stranded β-sheet 

surrounded on both sides by one helical cluster (TMH1/2) (Figure 4A). Unlike all 

other MACPF family protein structures determined to date, PlyB has a fifth β-strand 

that extends the four stranded central β-sheet. This is similar to CDCs, however, this 

β-strand is part of TMH2 and contributes directly to the transmembrane β-barrel [40]. 

TMH1 packs against the central bent β-sheet and the C-terminal domain, a diverged 

trefoil-like fold. 

 

3.3.2. Pore formation by the MACPF pleurotolysin 

 

The majority of pleurotolysin pores are formed by 13 membrane bound PlyA dimers 

and 13 PlyB subunits nestled on top of the PlyA dimers. This complex results in a 

transmembrane channel with an ~80 Å inner diameter and is the smallest 

MACPF/CDC pore identified to date [40, 125]. Interestingly the pleurotolysin pore 

appears to selectively allow the passive diffusion of small cationic proteins such as 

granzyme B over small neutral and anionic proteins [84].  
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Figure 4. Structural transitions of the fungal MACPF pleurotolysin upon membrane 

insertion 

A. Crystallographic structures of PlyA (PDB ID: 4OEB) and PlyB (PDB ID: 4OEJ). PlyA forms 
a dimer (yellow and light orange) in the crystallographic and pore cryo-EM structures. The 

TMH regions of PlyB are highlighted in orange and pack against the central MACPF/CDC β-

sheet. The HTH motif (magenta) interacts with the top of TMH2 and the central β-sheet. The 

remainder of the MACPF/CDC domain is in blue. The α-helix that connects the C-terminal 

domain (green) is indicated. 
B. Thirteen PlyA dimers bind the membrane in a ring shape onto which the thirteen PlyB 
monomers dock to form the final pore (PDB ID: 4V2T). The central β-sheet is largely open 

and the TMH regions are inserted into the membrane as amphipathic β-hairpins. The pore 

fitted model is in cartoon representation within the cryo-EM map (grey surface). 
C. After membrane binding (central panel) and initial oligomerisation, the TMHs partially 
unfold (dashed line) and the central sheet opens slightly. Progressive opening of the central 
sheet is associated with the displacement of the HTH motif and leads the insertion of the β-

hairpins into the bilayer. Only the MACPF/CDC domain undergoes conformational changes 
during pore formation. Prepore intermediate 1 (PDB ID: 4V3M), prepore intermediate 2 (PDB 
ID: 4V3A), 
D. Upon pore formation, the central β-sheet opens largely. The HTH motif rotates from the 

crystallographic (pink) to the pore (magenta) conformations to accommodate such opening. 
TMH1/2 are omitted for clarity. Crystallographic, prepore intermediates and pore structures 
are from [40]. 
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The PlyB ancillary C-terminal domain accounts for all the contacts with PlyA and sits 

in the centre of PlyA V-shaped dimer. This locates the MACPF/CDC domain ~90 Å 

above the membrane surface. The MACPF/CDC domain adopts an orientation 

similar to that of CDCs, that is, with the bent portion of central β-sheet lining the pore 

lumen. Single cysteine fluorescent labelling studies further confirmed that TMH1 

spans the membrane as an amphipathic β-hairpin and showed that the TMH2 can 

penetrate the membrane [40].  

 

The SP-cryo EM map of the final pore revealed a remarkably tall β-barrel (~100 Å, 

Figure 4B) [40], which is much taller than that of CDCs (~65 Å). The height of this β-

barrel is comparable in height with the anthrax protective antigen β-barrel pore [6]. 

Moreover, just as was experimentally elucidated for CDCs, the β-barrel displays the 

S = n/2 architecture suggesting it is a shared feature of the MACPF/CDC 

superfamily. Interestingly, most of the interfacial contacts between the proteins within 

the oligomer are contributed primarily by the β-barrel itself and to a lesser degree by 

the flat faces of the MACPF/CDC domain [40]. PlyA and the ancillary domains 

contribute marginally to oligomeric contacts. It is therefore proposed that the 

MACPF/CDC domain drives oligomerisation. 

 

Another remarkable feature of the pleurotolysin pore is that the major conformational 

changes required for pore formation are exclusively limited to the MACPF/CDC 

domain. Comparison of the monomeric and pore conformations identified 

unambiguously the structural changes associated with pore formation. Like CDCs, 

these changes include untwisting of the MACPF/CDC central β-sheet and refolding of 

the TMH regions into β-hairpins. However, in contrast to CDC pore formation where 

Domains 2 and 4 are subjected to structural changes, the domains ancillary to the 
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MACPF/CDC domain in pleurotolysin are unaffected by pore formation. Indeed, this 

demonstrates that pore formation in the model MACPF pleurotolysin deviates 

significantly from the CDC pore-forming mechanism. 

 

3.4 Prepores/Intermediate steps 

 

In addition to the pleurotolysin pore complex, three SP cryo-EM structures of 

disulphide linked pore intermediates, akin to the CDC prepore, were further 

determined [40]. All intermediates exhibited the same stoichiometry and dimensions 

as the pore. Comparative analysis suggested a pathway towards membrane insertion 

with the progressive opening of the central β-sheet, oligomeric strand-to-strand 

registration and gradual unfolding of the TMH regions to finally follow a top-down 

zippering of the β-barrel. Interestingly, partial unfolding of the TMH regions were 

identified at an early prepore stage, concomitant with modest unbending of the 

central β-sheet (Figure 4C). Overall, these findings mirror the plasticity of the two 

TMH regions in the CDC prepore as discussed in section 2.2. 

 

Further analysis of the prepores dimensions also shed more light on how 

pleurotolysin inserts into membranes. The observed heights of the prepores and pore 

are identical thereby excluding a CDC-like collapse. In CDCs, the ~40 Å vertical 

collapse of the ~100 Å high prepore provides a mean to insert the otherwise too short 

β-barrel (~65 Å) into the lipid bilayer. Notably, the pleurotolysin TMH regions are 

composed of ~45 amino acids each, while in CDCs they are composed of ~30 

amino-acids. Thus the longer TMH1 and TMH2 in pleurotolysin allow both regions to 

reach further and fully span the membrane bilayer as β-hairpins. Therefore, there is 
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no requirement for a vertical collapse in pleurotolysin. The MACPF/CDC domain 

alone undergoes the conformational changes necessary to membrane insertion. 

 

A notable structural change is the displacement of a helix-turn-helix (HTH) motif upon 

pore formation (Figure 4D). Situated directly above the hinge of sheet unbending, the 

motif caps the hydrophobic pocket formed by TMH2 and central β-sheet itself in the 

monomer. In the pore conformation, the HTH motif accommodates the opening of the 

sheet with a rotation of ~15° to form a circular oligomeric ring directly exposed to the 

pore lumen. Further molecular modelling of the prepores cryo-EM structures 

suggested that the motif is involved in triggering the MACPF/CDC domain structural 

changes. The authors proposed that disruption of the intimate contacts at the 

HTH/TMH2 interface trigger the release of TMH2 that subsequently enables the 

essential opening of the central β-sheet [40]. Of note, this structural motif is present 

in all MACPF proteins structures solved to date (Figure 2). The HTH motif in all 

CDCs is substituted by a strand β5-turn-helix motif (Figure 1) where the major α-helix 

also forms hydrophobic contacts with TMH2 and the central β-sheet. Thus we 

hypothesise that the displacement of this motif in CDCs may play a dual role: 

enabling oligomeric registration of the monomers as well as triggering the release of 

TMH2 and unbending of the central β-sheet.  
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4. Lessons for MACPF/CDC pore formation 

 

4.1. Common features of pore formation  

 

Comparison of proteins of the CDC and MACPF families allows us to identify and 

discuss structural and mechanistic features shared across the superfamily. These 

are summarized in Table 1. Arguably, analysis of the commonalities of pore 

formation by CDCs and the fungal MACPF pleurotolysin are of particular interest as 

they represent the best described members of the MACPF/CDC superfamily. Such 

common features are as follows: 

 

- The analogous orientation of the MACPF/CDC domain in the pore, that is, the bent 

region of the central β-sheets faces the pore lumen. 

	
- The central β-sheet opens and contributes two β-hairpins per monomer (TMH1 and 

TMH2) to the final β-barrel pore. 

	
- The giant β-barrel is characterised by the distinctive S = n/2 architecture. 

	
- The existence of a membrane bound, ring-shaped, prepore intermediate. 

 
Furthermore, the common MACPF/CDC domain accounts for the majority of 

interactions between subunits both in the prepore and pore states. 

 

Remarkably, these analogous features are all attributable to the MACPF/CDC 

domain, which, alone, undergoes similar structural transitions in CDCs, pleurotolysin 

and the MAC. Although no MAC prepore intermediate has been reported, 

experimental evidence supports the analogous orientation of the MACPF/CDC 
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domain and unbending of its central β-sheet [48, 103, 104]. Accordingly, these data 

reveal the hypothesised common mechanism of MACPF/CDC pore formation. 

 

Despite these comparable features, discrepancies are indeed apparent. The CDC 

vertical collapse is most likely absent from all the MACPF PFTs described in this 

review. Thus, an interesting question arises from our comparison: why do these 

molecules, where the MACPF/CDC domain plays a similar role, adopt such divergent 

ways to alter membrane integrity? Examination of the singular differences between 

CDCs and MACPF family members may give us clues to answer this question. 

 

4.2 Differences between MACPF and CDC clades 

 

Clear differences are the domain composition and their arrangement. In CDCs, the 

Domains 2 and 4 pair is undoubtedly critical to the well-documented vertical collapse, 

as discussed in section 2.3. This pair of domains is absent from the hetero-oligomeric 

MAC and the bi-component pleurotolysin. These two MACPF systems adopt a pore 

forming mechanism largely different from CDCs. Thus, we speculate that the 

variations in ancillary domain composition are intrinsically linked to the variations in 

the pore-forming mechanism. In other words, the most logical hypothesis is that the 

MACPF/CDC domain encapsulates the core conformational tools for oligomerisation 

and membrane insertion (overall shape, orientation, central  β-sheet unbending, 

TMHs). In support of this hypothesis, the common MACPF/CDC domain accounts for 

the majority of the interactions between subunits both in the prepore and pore states. 

The role of the ancillary domains may be to supply specific membrane binding (e.g. 

pleurotolysin) or scaffolding (e.g. the MAC) to allow pore formation. 
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In this light, we note in MACPF PFTs the presence of a common α-helix in place of 

the CDC Domain 2 in all crystal structures determined to date (Figure 2). We also 

note in place of the CDC Domain 4 the variability in domain composition determined 

from structural and bioinformatics analysis (Figures 2, 3 and 4). We thus further 

postulate that this range of domain composition reflects possible deviations from the 

pore-forming mechanisms observed in CDCs and pleurotolysin. MACPF PFTs may 

thus display variations on the common MACPF/CDC pore-forming mechanism co-

evolved with a specific structural scaffold, provided by precise ancillary domains. 

 

Characterising the discrete structural steps and events of the conversion from the 

membrane-bound oligomer to the final pore has defined a common conformational 

trajectory of the MACPF/CDC domain in CDCs, pleurotolysin and to some extent the 

MAC. However, the question of how this conversion is triggered remains. 

Interestingly, this transition to the pore form occurs, at the superfamily level, 

regardless of the ancillary domains. Thus, we argue that the oligomeric context 

provides the MACPF/CDC domain the ability to drive membrane insertion in a top-

down direction and dictates the timing of insertion into the target bilayer. 

 

This suggested role of the MACPF/CDC domain in triggering the conversion of the 

CDC prepore to the pore is in opposition with previous hypothesis. It has been 

proposed that allosteric signals emerging from contacts of Domain 4 with the 

membrane surface would act as the CDC membrane insertion trigger [79, 80]. 

However, further support for this top-down insertion comes from the already 

established role of the MACPF/CDC domain oligomeric contacts in driving CDC β-

barrel insertion [73, 81]. While we cannot rule out a role for allosteric signalling in 
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triggering the CDC prepore-to-pore conversion, we speculate that the transition is 

simply initiated by the oligomerisation step. 

 

4.3 Evolution of the pore forming mechanism 

 

This comparison leads us to consider the evolution of the MACPF/CDC superfamily. 

MACPF-like protein structures of the Gram negative P. luminescens and B. 

thetaiotamicron both have an α-helix and resemble the MACPF-like toxins in overall 

sequence and structure [38, 126] (Figure 2). Moreover, there are predicted MACPF-

like sequences in bacteria such as Chlamydia spp [32]. Likewise, CDC-like 

sequences (including conservation of Domain 4) have been characterised not just in 

Gram positive bacteria but also in Gram negative bacteria, such as Desulfobulbous 

propionicus, and in the diatom Thalassiosira oceanica, a eukaryotic organism [33]. 

While it seems likely that these proteins function as pore forming proteins, to date no 

such activity has been identified for bacterial MACPF proteins. 

 

Overall, this suggests an early duplication of the family into MACPF-like and CDC-

like genes that evolved separate mechanisms of pore formation. A key question is 

did the common evolutionary MACPF/CDC ancestor have a MACPF-like “non-

collapsing” mechanism or a CDC-like “collapsing” mechanism? It is too preliminary to 

conclude either mechanism until there is more research on the structure and 

mechanism of the bacterial MACPF-like PFTs. 

 
 
  



	 43 

 
Table 1. Key features of MACPF/CDC pores and pore-forming mechanisms 
 
              Molecule 
Feature CDCs MAC Perforin Pleurotolysin 

MACPF/CDC 
domain orientation: 
bent β-sheet line 
the pore lumen 

Yes Yes 
Proposed 

“inside-out” 
orientation 

Yes 

Two β-hairpins per 
protein Yes Possible Possible Yes 

S = n/2 β-barrel 
architecture Yes ? ? Yes 

Prepore 
intermediate Yes ? Suspected Yes 

Vertical collapse Yes Unlikely Unlikely No 

Linker 
region/domain 

Domain 2 (non-
contiguous β-

sheet) 
Linker α-helix Linker α-helix Linker α-helix 

Ancillary and 
membrane binding 
regions 
 

Ig domain 
(Domain 4) 

3 – 9 ancillary 
domains 

EGF-like and 
C2 domains 

Separate 
protein (PlyA) 
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5. Conclusion and future perspectives 

 

The shared ability of MACPF/CDC members to form large pores together with their 

common ancestry suggested that MACPF PFTs formed pores in a fashion similar to 

the well-characterised CDCs. However, recent studies made possible by the advance 

of biophysical techniques have demonstrated that members of the superfamily have 

evolved variations of the common conformational strategy (summarized in Table 1). 

 

Features common to the superfamily are conferred by the shared MACPF/CDC fold. 

They include an analogous domain orientation, mechanism of sheet opening and 

insertion of two β-hairpins to form a giant β-barrel of distinct architecture, unique 

among all β-PFTs. 

 

Structural and mechanistic variations have also come to light. The ancillary domains 

in the MACPF/CDC proteins seem to form an integral component of the clade-

specific pore forming mechanism. With CDCs subjected to complex coordinated 

domains movements compared to the essentially static MACPF pleurotolysin we may 

have observed both ends of the MACPF/CDC spectrum of pore-forming 

mechanisms. Given the diverse domain composition in the superfamily and the 

already suspected role of such domains (MAC) we suggest that pore formation may 

follow a case-by-case scenario within the superfamily. 

 

An unresolved question common to all MACPF/CDC PFTs is what triggers the 

insertion of the pore-forming regions? When considering the superfamily as a whole, 

it is apparent that pore formation occurs either from a prepore intermediate or an 

incomplete oligomeric ring and is independent of a specific combination of ancillary 
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or membrane binding domains. We have thus put forward the idea that a possible 

trigger to pore formation is encapsulated in the common MACPF/CDC domain itself. 

 

The best understood MACPF/CDC proteins form characteristic giant pores, unique in 

structure and size among all PFTs. Other superfamily members remain to be 

characterised and still to be determined whether they form pores and how these 

relate to their respective physiological role, including immunity, toxicity, development 

and neural development. It is however, suggested from the common structure of the 

MACPF/CDC fold that if the proteins do form pores these pores will be giant β-PFT 

typical of the MACPF/CDC superfamily. 
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Preface to Chapter 2 

 

This chapter describes our work predicting how CDCs span the membrane via a 

novel β-barrel architecture. The β-barrel architecture is unusual and we suggest it is 

unique to giant exemplars of such structures. The chapter is presented in the journal 

article format and was published in Bioinformatics [1]. The supplementary material is 

reproduced at the end of the chapter. 

 

In order to investigate the architecture of the CDC transmembrane channel, we first 

investigated the structural features of small homo-oligomeric β-barrels (<25 β-

strands) using available X-ray crystal structures. These data were then applied and 

extrapolated to the CDC β-barrel. The latter structures are an order of magnitude 

larger (120-200 β-strands), than known, experimentally described  β-barrels [2].  

 

We found that the previous model put forward by Tilley and colleagues [3] where the 

β-strands are perpendicular to the membrane, is incompatible with the dimensions 

of the CDC pore. In addition, we found that the range of architectures observed in 

small β-barrels is also incompatible with the dimensions of the CDC pore. 

 

Here, a single alternative and novel β-barrel architecture is described that satisfies 

both the dimensions of the CDC pore and general principles of β-barrel atomic 

structure. Moreover, we discuss why this previously uncharacterized structure is not 

found in smaller proteins and is specific to giant β-barrels. 

 

Following publication of these data, another group experimentally validated our 

work through systematic disulphide bond scanning and spectroscopic quenching 
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[4]. Accordingly, this finding raises the question of whether or not the same β-barrel 

architecture is deployed in the MACPF family. This question is addressed in Chapter 

4.  

 

Finally, it is notable that the unique giant β-barrel architecture we have identified has 

been recently observed at near-atomic resolution in the transmembrane segment of 

a mitochondrial bacterial secretin (GsgG, a molecule that contains 36 β-strands) [5, 

6]. Consequently, this demonstrates that the β-barrel architecture deployed by 

CDCs is not exclusive to CDC pores and highlights the relevance of this work across 

protein biology. 
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by Cholesterol Dependent Cytolysins 
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Preface to Chapter 3 

 

This chapter describes our analyses of CDC structures and the predicted structural 

rearrangements that take place in these molecules during transition from the 

prepore to the pore form. Previous published experiments revealed that the CDC 

monomers assemble together  into a prepore complex following interaction with the 

lipid membrane.  Atomic force microscopy (AFM) [7] experiments suggested that the 

CDC prepore subsequently undergoes a major conformational change in order to 

form the final pore.  Remarkably, the prepore to pore transition includes a 40 Å 

vertical collapse of the bulk of the structure towards the membrane surface, later 

confoirmed by Förster resonance energy transfer [8] and single particle cryo-

electron microscopy (SP cryo-EM) [3]. 

 

Here, the SP cryo-EM 3D reconstructions of the CDC prepore and pore 

conformations were used to develop a structural model for the vertical transition of 

the prepore to pore form.  We were particularly interested in the movements that 

take place at the putative crucial “hinge” region (Domain 2) [3]. Previously it was 

proposed Domain 2 crumples in order to accommodate the conformational change.  

In this publication we propose an alternative model for this collapse. Our new model 

is presented in the journal article format and was published in PLoS Computational 

Biology [9]. The supplementary material is reproduced at the end of the chapter. 

 

A systematic structural analysis of the entire cohort of CDC crystallographic 

structures available at the time (early 2014) was used to investigate the potential 

trajectory of CDC domains movement. Based on these analyses and using 

molecular modelling guided by cryo-EM density we suggest that the prepore 
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collapse involves a simple rotation of Domain 2 [3]. Our new model is consistent 

with the 29 Å resolution SP cryo-EM reconstruction of the CDC pneumolysin pore. 

Further, it is suggested that the new model is more structurally plausible in 

comparison to the previous model [3]. The models have been made publicly 

available to the community and experiments to validate this new mechanism are 

discussed. 

 

Since the publication of the present study in August 2014, Leung and colleagues 

[10] have obtained an improved 15 Å resolution SP cryo-EM reconstruction of the 

CDC suilysin pore. The higher resolution data obtained directly supports the 

proposed mechanism of pore formation presented in this chapter. 
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Supplementary Material 
 
 
 
Dataset S1. 
PLY prepore model Cα coordinates. 
doi:10.1371/journal.pcbi.1003791.s001 
(PDB) 
 
Dataset S2. 
PLY pore model Cα coordinates. 
doi:10.1371/journal.pcbi.1003791.s002 
(PDB) 
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Figure S1. 
Structural alignment illustrating the variability of CDC structures. Conformers of 
PFO with a tight Domain2/TMH2 interface (see Table 2) are in blue, conformers with 
a weaker interface are in orange. ILY conformers are in green; ALO in red (both 
conformers are represented and have an overall rmsd <0.1 Å); SLO in yellow and 
SLY in teal. 
doi:10.1371/journal.pcbi.1003791.s003 
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Figure S2. 
Domain 2 plasticity and Domain 4 flexibility in CDCs. A. Left panel: distance of 
the Domain 2/TMH2 interface (see also Table 2). Center and right panels: values of 
twist at positions discussed in the text. The coloured vertical bars correspond to the 
range of twist values derived from the structural analysis. The pairs of residues 
considered are indicated at the top of each plot. The starting conformation for each 
MD simulation is indicated on the left of each panel. B. Each panel corresponds to 
an MD simulation whose starting conformation (cartoon representation, grey) is 
indicated at the left of the molecule. Cα positions taken from snapshots of the 
simulations are represented as dots after alignment on Domains 1–3 of each CDC 
molecule. 
doi:10.1371/journal.pcbi.1003791.s004 

 
 
  

! 1 

!



	

	 99	

Figure S3. 
Proposed conformational change involving residues of the β5 strand. Coloring 
of C6 (pdb id: 3t5o) mimics CDC structurally equivalent positions. 
doi:10.1371/journal.pcbi.1003791.s005 

 
 
 
 
Figure S4. 
Monomer-Monomer β1–β4 Hydrogen bonds in the prepore model. Mainchain 
atoms are represented in stick with one monomer in yellow and the adjacent 
monomer in blue. Dashed lines display the hydrogen bonds present in the model. 
The residues corresponding to the β5 strand of the yellow monomer are not 
displayed for clarity. 
doi:10.1371/journal.pcbi.1003791.s006 
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Figure S5. 
Domain 4 residues exposure in the prepore conformation of PLY. The position 
of residues is indicated by spheres at their Cα position. Asn402 (blue, Asn433 PFO 
numbering) was quenched by a collisional quencher in the prepore complex [9]. 
Lys395 (green, Lys426 PFO numbering) was not quenched. The membrane surface 
is defined by the cryo-EM map. 
doi:10.1371/journal.pcbi.1003791.s007 
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Figure S6. 
Exposure and location of β-barrel forming residues. A. Location of residues in 
the barrel overlaid with the cryo-EM density of the PLY pore. Residues in red have 
been determined to be located near the surface, in grey to be near the centre of the 
bilayer and in orange to be part of the hairpin turns [27]. B. Amphipathic pattern of 
membrane spanning amino-acids. Residues in grey have been determined to be 
exposed to the membrane bilayer, residues in blue have been determined to be 
exposed to the aqueous milieu [26], [27]. 
doi:10.1371/journal.pcbi.1003791.s008 
 

 
 
 
Figure S7. 
Domain 4 residues exposure in the pore conformation. Spheres at the position of 
their Cα indicate the position of residues. Only Domain 4 is shown. The residues 
shown are at position equivalent to PFO and in three categories: exposed (blue), 
interfacial (yellow) and buried (grey) as determined by Ramachandran et al. [29]. 
doi:10.1371/journal.pcbi.1003791.s009 
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Figure S8. 
Pore conformation in the context of representative CDC crystallographic 
structures and the prepore model. The prepore model is in yellow, the pore 
conformation in pink. PFO I is in blue and ILY IA in green. 
doi:10.1371/journal.pcbi.1003791.s010 
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Figure S9. 
Proximity of Domain 2 to adjacent subunits in the pore form. The regions of 
potential interactions (red; Ala54-Asn56 and Thr384-Ser386, PFO numbering) are 
discussed in the text. 
doi:10.1371/journal.pcbi.1003791.s011 
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Figure S10. 
Molecular dynamics simulation of the pore conformation. A. Final snapshot of 
the simulation. The tetramer conformation is in cartoon presentation. Only the 
cholesterol oxygen (pink) and DMPC phosphate atoms (orange) are represented for 
clarity. The periodic box is depicted in grey. The regions indicated by arrows are 
discussed in the text. B. Tetramer rmsd plot versus simulation time. 
doi:10.1371/journal.pcbi.1003791.s012 
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Video S1. 
Molecular dynamics simulation starting from PFO I (simulation 1). The pair of 
relevant residues is represented as Cα spheres. 
doi:10.1371/journal.pcbi.1003791.s013 
(MP4) 
 
Video S2. 
Molecular dynamics simulation starting from PFO I (simulation 2). The pair of 
relevant residues is represented as Cα spheres. 
doi:10.1371/journal.pcbi.1003791.s014 
(MP4) 
 
Video S3. 
Molecular dynamics simulation starting from PFO IIIA. The pair of relevant 
residues is represented as Cα spheres. 
doi:10.1371/journal.pcbi.1003791.s015 
(MP4) 
 
Video S4. 
Molecular dynamics simulation starting from PFO IIIB. The pair of relevant 
residues is represented as Cα spheres. 
doi:10.1371/journal.pcbi.1003791.s016 
(MP4) 
 
Video S5. 
Molecular dynamics simulation starting from PFO IIIC. The pair of relevant 
residues is represented as Cα spheres. 
doi:10.1371/journal.pcbi.1003791.s017 
(MP4) 
 
Video S6. 
Molecular dynamics simulation starting from ILY IA. The pair of relevant residues 
is represented as Cα spheres. 
doi:10.1371/journal.pcbi.1003791.s018 
(MP4) 
 
Video S7. 
Molecular dynamics simulation starting from ALO A. The pair of relevant 
residues is represented as Cα spheres. 
doi:10.1371/journal.pcbi.1003791.s019 
(MP4) 
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Preface to Chapter 4 
 
 

This chapter presents our structural model and analysis of the C9 polymer (poly-C9) 

in the context of the Membrane Attack Complex (MAC) assembly and the broader 

field of MACPF pore formation. The MAC is an important element of the vertebrate 

innate immune system that forms pores on the cell membrane of target gram-

negative bacteria and some pathogenic parasites [11, 12].  C9 is a major component 

of the MAC forming 65% of its mass and the major component of transmembrane 

pore formation [13]. 

 

The MAC is formed by the assembly of 7 proteins, 5 of which contain a 

MACPF/CDC domain [14]. These proteins are C6, C7, C8α, C8β and C9. All are 

separate plasma proteins with the exception of the C8 hetero-trimer, composed of 

C8α, C8β and C8γ. C5b, the seventh component, results from the proteolytic 

cleavage of C5 by the C5 convertase and is critical in initiating MAC formation [12]. 

 

The MAC follows a unique and complex assembly pathway (Figure 4.1). In the first 

step of MAC deposition, C5b binds C6 to form C5b6. Subsequent addition of C7 

results in the trimeric C5b7 [15]. C8 is then recruited to form C5b8. Then, an 

estimated 12 to 18 C9 subunits expand C5b8 to further complete the full MAC pore 

(Figure 4.1) [13, 16]. 

 

It has long been observed that C9 can be induced to oligomerise into a ring shape 

oligomer with dimensions similar to the MAC and in the absence of other MAC 

components (Figure 4.1) [17, 18]. Interestingly, this oligomer referred to as poly-C9 

is a water soluble complex [17-19]. Observations of poly-C9 tubules by transmission 
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Electron Microscopy (EM) span the last 35 years [13, 18, 20, 21] yet the structural 

basis for poly-C9 assembly has remained elusive. 

 

 

 

Figure 4.1. Mechanisms of poly-C9 and MAC assembly 
Top. General Mechanism of MAC assembly. Following the initial binding of C6 (orange) by 
C5b (pink) to form C5b6, C7 (yellow) and C8 (green, C8γ is omitted for clarity) are 
subsequentially recruited to form C5b7 and C5b8, respectively. At this stage, C8α TMH 
regions are proposed to penetrate the target membrane [22] (grey). An estimated 12 to 18 C9 
subunits (blue) are added to the nascent ring. Formation of the final MAC pore is thought to 
result from the insertion of the TMH regions of all MACPF/CDC domain-containing 
components into the bilayer membrane. 
Bottom. Poly-C9 assembly, Formation of poly-C9 follows the circular oligomerisation of an 
estimated 14 to 18 C9 subunits in an aqueous environment. The TMH regions are thought to 
form the walls of the poly-C9 ‘tubule’. 
 

 

Here, the Single Particle cryo-EM reconstruction of poly-C9 was used to develop a 

structural model of this soluble MAC mimic. This 3D reconstruction constitutes the 

first sub-nanometer resolution (8 Å) structure of poly-C9 to date and the highest 
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resolution SP cryo-EM reconstruction in the entire MACPF/CDC superfamily. The 

unprecedented level of details allows for an unambiguous assignment of C9 

individual domains and sub-domains. The work performed as part of this thesis and 

presented in this chapter includes the molecular modelling used to build the 

structural model of poly-C9 within the 3D reconstruction. Methods used and the 

derived structural basis for C9 polymerisation are presented in the revised 

manuscript format submitted to Nature Communications. The supplementary 

material is reproduced at the end of the chapter. Additional methods details not 

included in the manuscript are presented in the section Additional Methods. 

  

Our structural model reveals a ring of 22 C9 MACPF/CDC domains from which 

protrudes an unsually long  β-barrel forming the tubular walls of the oligomer. This 

 β-barrel adopts the S = n/2 architecture consistently with others MACPF/CDC 

PFPs. Unexpectedly, the N-terminal ancillary Thrombospondin-1 domain (TSP1) is 

positioned on the outer edge of the ring and found to contribute significantly to C9 

oligomeric interface. The poly-C9 structure further suggests that the TSP1 region 

contributes to the sequential and uni-directional assembly of poly-C9 and the MAC.  
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Abstract 

The Membrane Attack Complex / Perforin-like (MACPF) protein Complement 

component 9 (C9) is the major component of the MAC, a multi-protein complex that 

forms pores in the membrane of target pathogens. In contrast to homologous proteins 

such as perforin and the cholesterol dependent cytolysins (CDCs), all of which require 

the membrane for oligomerisation, C9 assembles directly onto the nascent MAC from 

solution. However, the molecular mechanism of MAC assembly remains to be 

understood.  Here we present the 8 Å cryo-EM structure of a soluble form of the poly-

C9 component of the MAC. These data reveal a 22-fold symmetrical arrangement of 

C9 molecules that yield an 88-strand pore-forming β-barrel. The N-terminal 

thrombospondin-1 (TSP1) domain forms an unexpectedly extensive part of the 

oligomerisation interface, thus likely facilitating solution-based assembly. These 

TSP1 interactions may also explain how additional C9 subunits can be recruited to the 

growing MAC subsequent to membrane insertion.  
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Introduction 

 Paul Erhlich originally characterised the haemolytic properties of human 

blood over 100 years ago 1. Subsequent work revealed that the terminal “Membrane 

Attack Complex” (MAC) portion of Complement represents the lytic, pore forming 

part of the system 2,3. This structure is responsible for eliminating Gram-negative 

bacteria and other pathogens.  

The MAC comprises seven components: C5b, C6, C7, C8 (a heterotrimer 

composed of C8α, C8β and C8γ) and multiple copies of C9 (Supplementary Fig. 1). 

In vitro studies reveal that multiple C9 subunits are recruited to the C5b678 complex, 

whereupon it self-assembles to form large, ring-shaped pores with a lumen over 100 

Å in diameter embedded in the membrane of target cells 4. C9 can also be induced to 

form poly-C9 pore-like structures in solution that closely resemble the MAC pore 5. 

C6, C7, C8α, C8β and C9 all belong to the MACPF/CDC superfamily 6,7 and include 

a common set of 4 core domains; a TSP1 domain followed by a Low Density 

Lipoprotein Receptor Associated (LDLRA) domain, a MACPF domain and an 

Epidermal Growth Factor (EGF) domain (Supplementary Fig. 1).  

Much of our understanding of the MACPF/CDC superfamily comes from 

studying CDCs 8–10. Briefly, soluble CDC monomers bind to and then oligomerise on 

the membrane surface to form a prepore intermediate 10,11. Next the assembly 

undergoes a concerted conformational change that involves significant opening and 

untwisting of a central, four-stranded β-sheet. This event permits two helical regions 

(termed transmembrane hairpins TMH-1 and TMH-2) to unravel and insert into the 

membrane as amphipathic β-hairpins (Supplementary Fig. 2).  

Studies on the MAC have revealed mechanistic distinctions from other family 

members. For example, perforin, pleurotolysin and CDCs bind to membrane lipids or 
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membrane associated proteins via ancillary domains prior to oligomerisation 9,12,13. In 

contrast, C9 does not contain any obvious membrane-binding domain. Thus even 

when the nascent MAC (C5b678) is associated with the target cell, the assembly 

process must include the recruitment of C9 from solution (i.e. from plasma, 

Supplementary Fig. 2B). Consistent with this, a soluble form of the MAC can also 

assemble independently of the membrane and be detected in blood plasma 

(Supplementary Fig. 2B). 

To understand the mechanism of MAC assembly, we determined the sub-

nanometer resolution single particle EM structure of C9 in a polymerized pore-like 

form.  These data reveal the unexpected finding that the TSP1 domain forms a 

significant portion of the interface between interacting C9 monomers.  This finding 

may explain why the MAC, in contrast to related molecules such as perforin and the 

CDCs, is able to assemble from monomers directly recruited from the soluble phase.  

The additional interactions mediated by the TSP1 domain may also explain previous 

observations 14 that C9 monomers are recruited to a MAC that has already entered the 

target cell membrane. 

 

 

Results 

The structure of polyC9 

To understand MAC assembly we determined the 8 Å single particle cryo-EM 

reconstruction of soluble poly-C9 from 5,000 particles (Fig. 1A-D, Supplementary 

Fig. 3-6). These data revealed a symmetrical assembly of 22 C9 monomers (Fig. 1A-

C) that closely resembles the MAC 4. The structure comprises a ring-shaped assembly 

of globular domains atop a large β-barrel (Fig. 1A, B). The latter part of the structure 
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is flexible and is less well resolved than the top half of the structure. However, the 

diameter of the β-barrel (120 Å) is consistent with the predicted 88-stranded structure 

and is of sufficient size to permit passage of proteins such as lysozyme 15. We further 

observed density consistent with two N-glycosylation sites, one on each TMH 

sequence (Supplementary Fig. 1 and 7). We observe a bulbous feature at the base of 

the β-barrel and suggest that this may be a consequence of structural rearrangements 

to protect the hydrophobic surface that ordinarily contacts the membrane (Fig. 1B).  

Higher resolution data will be required to validate this suggestion. 

In the top, better-resolved portion of the map the position of each of the four 

domains in C9 can be unambiguously assigned. Although no crystal structure of C9 is 

available, we were able to interpret the poly-C9 structure using the core TSP1-

LDLRA-MACPF-EGF assembly from the crystal structure of C6 (Fig. 1E, F; 

Supplementary Fig. 1)16,17. Indeed, only minor changes in domain orientation are 

required to dock the C6 structure into the bulk of the poly-C9 density (Fig 1E, F). 

 

The C9 TSP1 domain makes a major contribution to the oligomer interface 

Structural studies on other MACPF/CDC proteins reveal that most interactions 

within the pre-pore or pore assembly appear to be formed between the relatively flat 

faces of the MACPF domain 8,11,13. In contrast the poly-C9 structure reveals that the 

TSP1 domain packs against the C-terminal α-helix of the MACPF domain of an 

adjacent monomer and forms an additional and significant portion of the oligomer 

interface (Fig. 2). Thus in the pore form, each TSP1 domain is wedged between two 

C-terminal α-helices – one contributed in trans from an adjacent monomer and one in 

cis. This interaction at the outer edge of the ring-like assembly forms a quarter (~690 

Å2 ) of the total (~3000 Å2)  surface buried in the globular, non-barrel region (Fig. 2).  
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The remainder of the interacting surface is contributed by interactions between 

MACPF domains. 

In the MAC it is anticipated that the MACPF domain of the related 

complement components C6, C7 and C8 form part of the overall circular assembly 3. 

Like C9, C6-C8 all contain an analogous TSP1 domain that is functionally important 

(Supplementary Fig. 1) 14. It is therefore suggested that the TSP1 domain of each 

protein in the complete MAC will be positioned at the subunit interface. Indeed, we 

suggest that the specialized TSP1 / MACPF interactions likely explain the unusual 

ability of the nascent MAC to recruit components directly from solution. In contrast, 

proteins such as perforin, pleurotolysin and CDCs lack a TSP1 equivalent and do not 

readily self-assemble in solution. Instead, they require membrane anchoring via 

ancillary domains in order to oligomerise. Indeed, it is known from the study of 

receptors that restriction to the membrane plane can favour oligomerisation through 

weak protein-protein interactions 18. 

 

Conformational transitions during pore formation 

 We next examined the conformational changes that take place in the transition 

from the soluble monomer to the pore form. Comparison with C6 suggests that the 

largest conformational rearrangements during the transition from the monomer to the 

pore form take place within the MACPF domain 19,20. The bottom half of the central 

β-sheet is rotated by approximately 10º relative to its position in C6. This movement 

shifts the lower part of the β-sheet laterally by ~5.5 Å (Fig. 3A, B). Concomitantly 

with this change, TMH1 and TMH2 unravel to form the β-barrel (Fig. 1B).  

 The lateral movement in the central sheet of the MACPF domain repositions 

the conserved helix-turn-helix (HTH) region that sits on top of TMH2 in the soluble 
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monomeric form. Consistent with this, the top of the poly-C9 pore lumen is lined by 

pairs of α-helices (Fig. 3C). Previous mutagenesis and structural studies on the fungal 

MACPF protein pleurotolysin as well as the CDC suilysin suggest a role of the HTH 

region in pre-pore assembly and in controlling the transition to the pore 13,21. 

 

Discussion 

The structure of polyC9 provides mechanistic insight into how components of 

the MAC may assemble through additional interactions mediated via the TSP1 

domain.  Furthermore, the structure provides insights into self-association by MACPF 

domain containing proteins more generally. In particular, our present poly-C9 

structure may resolve the controversy regarding the orientation of perforin in the pore 

assembly. Our previous analysis of the low resolution EM structure of the perforin 

pore suggested that perforin monomers are orientated in the pore assembly opposite to 

the CDCs and pleurotolysin 8,11. The latter two proteins, however, share very limited 

(<10%) sequence identity in the MACPF domain with perforin, whereas C9 is more 

closely related (~25% identity). Accordingly, we superposed the perforin structure 

onto the poly-C9 model. This suggests that perforin most likely oligomerises similarly 

to C9, following minor rearrangements of the TMH2 and HTH domains 

(Supplementary Fig. 8). We note that residues shown through mutagenesis studies to 

interact at the pore interface are brought into close proximity with one another 22. 

Further, the absence of the TSP1 domain in perforin at the outer edge of the pore 

assembly may explain the heterogeneity in perforin pore size and shape. We thus 

conclude that the present 8-Å-resolution poly-C9 map thus provides a better model for 

the perforin assembly.  
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Finally, the new structural insights may help explain how the MAC assembles 

with respect to target cell membranes. In the current view, C7 and C8 sequentially 

insert into the membrane, anchoring it in place prior to the recruitment of multiple 

copies of C9. However, this mechanism contrasts with the current view of the 

MACPF/CDC pore formation, in which the amphipathic hairpins are proposed to be 

inserted in a concerted fashion in the context of a complete or incomplete ring 11,23. 

The latter mechanism seems more plausible because the conformational change in the 

MACPF domain during membrane insertion is extensive and would be predicted to 

disfavor the addition of new subunits. The poly-C9 structure provides new insights 

into this problem. The additional TSP1 / MACPF interactions involve regions of the 

molecule that do not undergo significant conformational change. We therefore 

hypothesise that the TSP1-mediated interactions may permit addition of C8 and C9 to 

a nascent MAC that has already entered the target membrane.  

To conclude, we have determined the structure of poly-C9 at a resolution 

sufficient to confidently position individual domains and to resolve helical features in 

density. Our data further reveal an unexpected contribution of domains ancillary to 

the MACPF domain that likely function to stabilize the overall assembly and the top 

half of the β-barrel pore.  

 

Methods 

Cryo-electron microscopy sample preparation and data acquisition 

Complement C9 was purified from human apheresis plasma as described in 

Supplementary Methods. This project was deemed by the Monash University Human 

Research Ethics Committee (project CF14/3761 – 2014001968) to be exempt from 

ethical review.  
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Monomeric C9 was polymerized by overnight incubation at 1 mg mL-1 and 

37°C. The resulting polyC9 was applied to lacey carbon coated copper grids (Agar, 

UK) and frozen with a FEI Vitrobot™ Mark III (FEI, Eindhoven) at 22°C and 100% 

humidity. Images were recorded manually on a Tecnai G2 Polara microscope (FEI) 

operating at 300 kV with a Quantum energy filter and K2 Summit detector (Gatan, 

UK) in counting mode, at a pixel size of 2.76 Å. Exposures were recorded at 1.2 

electrons (Å2)-1 s-1 for 25 s, with defocus values ranging from 1.2-4.9 µm 

(Supplementary Fig. 3). 

 

3D reconstruction of polyC9 

The detector movies were aligned using IMOD 24. CTF parameters were 

determined with CTFFIND4 25. 10800 particles were extracted manually using Boxer 

(EMAN 1.9) 26. Classification and refinement were performed using RELION 27. 2D 

classification in IMAGIC (ref 29) revealed mainly end views with 22-fold symmetry, 

with a small fraction of particles having 21- or 23-fold symmetry (Supplementary Fig. 

3). The initial model with 22-fold symmetry was created by angular reconstitution 

from 2D class averages of particles with all orientations in IMAGIC 28 and refined by 

projection matching using SPIDER 29. A subset of ~5000 particles in side and tilted 

views (homogeneous with respect to diameter of the wide part of the ring, 

corresponding to the 22-mers) was refined with RELION using the initial model from 

SPIDER filtered to 20 Å. 22-fold symmetry was applied during refinement. The final 

map was corrected to the modulation transfer function of the detector and sharpened 

by applying a B-factor 30 determined by RELION. The final resolution calculation 

based on gold-standard FSC was estimated at 0.5 and 0.143 FSC in RELION. Local 

resolution was estimated using the ResMap program 31 (Supplementary Fig. 4).  
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Determination of handedness 

In order to determine the absolute hand of the 3D reconstruction, the 

crystallographic structure of C6 was fitted into the map as well as into the map with 

opposite handedness. Although the fit of the C6 conformation was found to favour 

one hand over the other, the differences in cross-correlations were too small to 

conclusively assign the hand of the map (C6: 0.63 vs 0.59; calculated using Chimera 

software 32). 

To resolve this issue, we examined the fit to both maps (A & B) of conserved 

structural features of the MACPF domain. The C-terminal α-helical bundle of the 

MACPF domain (Supplementary Fig. 5) is likely to be clearly discernable in an 8-Å-

resolution cryo-EM density. Its characteristic arrangement of α-helices is asymmetric 

and highly conserved in all the crystallographic structures of MAC components 17. 

We therefore expected that it should be possible to identify the correct hand from 

analysis of the fit of this structural motif in the enantiomeric maps (Supplementary 

Fig. 5 B,C). 

Accordingly, we found the map in Supplementary Fig. 5B showed distinct 

density corresponding to the C-terminal α-helical bundle. The region of the map 

identified by rigid body fitting excellently reproduces the topology and length of the 

α-helices. Conversely, the map in Supplementary Fig. 5C produces a comparatively 

poor agreement with the fitted position of C6 (Supplementary Fig. 5C). We concluded 

that the map in Supplementary Fig. 5B represents the correct hand.  

 

Fitting of atomic models 

A homology model of C9 was fitted into the EM map by employing a 

combination of manual, rigid body and flexible fitting. The C9 homology model was 
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generated using the crystallographic structures of C6 (PDB IDs: 3T5O, 4A5W) and 

C8 (2RD7, 3OJYA, 3OJYB) and Modeller 9.14 33. The TMH1/2 regions were 

discarded because these regions form a β-barrel in polyC9.   

Five symmetry-related monomers were then subjected to flexible fitting (MDFF 

methodology as implemented in NAMD 2.10 34) using symmetry restraints 35. The 

protein secondary structure was restrained to avoid overfitting. Oligomeric main chain 

hydrogen bonds between the β-sheets forming the top of the β-barrel were also 

restrained to reproduce the pattern conserved in the MACPF/CDC superfamily 13,36. 

Two independent 5-ns simulations were performed in vacuo at 310K (γ=0.3; 1 fs time 

step; 12 Å cutoff for long range interaction) using the CHARMM36 force field 37 and 

followed by 5000 steps of energy minimisation (γ=0.5). The resulting model with the 

highest CC (0.93; Molprobity score of 1.15) was replicated with C22 symmetry and 

combined with a structural model of the 88-stranded β-barrel (architecture S = n/2 38) 

using Modeller, thus extending the β-strands of the central MACPF β-sheet as 

performed in 11,13,39. The final polyC9 22-mer model (CC of 0.94) is shown (Fig. 1). 

In order to assess the reliability of the fitting procedure, the flexible fitting step 

was repeated using cryo-EM maps calculated from randomly partitioned half-sets, 

independently refined using RELION and used to determine the resolution of the final 

cryo-EM map (see EM methods). Individual residue RMSDs of both fitted models 

were calculated with respect to the structural model obtained from the whole dataset 

(Supplementary Fig. 6). Structural elements displaying an overall high RMSD (e.g. 

not fitted in a reproducible manner; >3.5 Å) were not included in the final structural 

model.  
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Figures and Figure Legends 

 



	 129 

Fig. 1 The structure of poly-C9. (A) Top down-view of a C9 trimer in the poly-C9 

map and (B) Cut through of the poly-C9 map with cartoon (red) of the poly-C9 

model. Approximate dimensions and the predicted amphipathic region are indicated. 

(C) Cartoon of the full poly-C9 pore (alternating red and yellow monomers). The 

barrel is best modeled with the architecture S = n/2 38. (D) Cryo EM end and side 

views of poly C9 in individual images (top) and class averages (bottom). (E) and (F) 

With the exception of the mobile region of the MACPF domain (which in poly-C9 has 

rearranged in order to form the barrel), the crystal structure of C6 fits well into the 

map (PDB: 3T5O: TMH1 and TMH2 are omitted for clarity). In this figure the 

conserved β-sheet of the MACPF domain is in red, the body of the MACPF domain is 

in blue, the EGF domain in green, the TSP1 domain in purple and the LDLRA 

domain in pink (labeled).  
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Fig. 2 Interactions made by the TSP1 domain: (A) A view of the outside of the 

globular portion of the poly-C9 map showing the TSP1 domain (purple) located at 

each subunit interface. The central C9 monomer is colored as in figure 1, with the 

monomers each side in dark yellow and purple (TSP1 domain). (B) A view from the 

top showing placement of the TSP1 domain between the C-terminal helix (marked 

with a *) of each MACPF domain. 
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Fig. 3 Comparison between the structure of C6 (PDB ID 3t5o; yellow) and model 

of poly C9 (red / blue): The shift of the central bent β-sheet (red) shows (A) a ~ 10° 

rotation of the bottom half of the sheet together with (B) a ~5.5 Å lateral movement. 

(C) The HTH region (a pair of α-helices) lines the pore lumen. A trimer is shown 

with the central monomer colored red, blue and pink.  
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Fig. S1. Schematic of domain composition of the Membrane Attack Complex 
proteins 

Schematic of the domain composition of C9 in comparison with C6, C7, C8α, C8β. 
The schema of C9 includes the sites of C-mannosylation (WW) and N-glycosylation 
(N) of C9 as determined according to methods and in agreement with published data 
1,2. The two predicted TMH regions are also labelled. Colours are the same as used 
throughout the domain coloured figures. TSP =  Thrombospondin Type 1 domain, 
LDLRA = Low-Density Lipoprotein Receptor Type A, MACPF =  Membrane Attack 
Complex/Perforin / Cholesterol Dependent Cytolysin, EGF = Epidermal Growth 
Factor-like, CCP = Complement Control Protein, FIMAC = Factor I / Membrane 
Attack Complex domain. Colours are the same as used in Figs 1, 2 and 3. 
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Fig. S2 The general mechanism of MACPF/CDC pore forming proteins (adapted 
from 3).  

A) The well-defined CDC pore forming mechanism. i) Membrane recognition and 
binding, ii) two dimensional diffusion of the monomers on the membrane and iii) 
oligomerisation into the prepore state. iv) β-barrel pore formation, postulated to occur 
as a concerted, simultaneous insertion of the two TMH regions. Insets at the top show 
the state of the membrane in the prepore and pore states. 
 
B) The general mechanism of the Membrane Attack Complex (MAC) formation. 
After formation of C5b (pink, panel (i)) there is sequential binding of C6 (orange, 
panel (ii)), C7 (yellow(iii)) and the C8 heterotrimer (green, C8γ not shown, panel 
(iv)). It is postulated that the C8α component (dark green) of C8 inserts its TMH2 
region into the membrane at this stage. In panel (v) the final pore formation is 
depicted with the sequential addition of ~18 C9 molecules (blue; initial interface 
proposed to be with C8).  
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Fig. S3 Electron microscopy of polyC9 and MAC. 

Representative cryo-EM (A) views of four raw images of polyC9 with the (B) 
corresponding averaged views. Scale bar, 10 nm.  
(C) Rabbit red blood cell ghosts incubated with C9 depleted serum without the 
addition of purified C9 (left) and with the addition of purified C9 (right). MAC pores 
are indicated by white arrows. (D) Symmetry of polyC9 
pores. Representative averaged views of 21, 22 and 23-fold symmetric pores (upper 
row) with proportion of particles with each symmetry detected in the data set and 
corresponding rotational autocorrelations (lower row). The bar is 10 nm.  
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Fig. S4 Map quality of poly-C9. 

(A) A surface view of the sharpened final map colored according to local resolution. 
(B) As in A, but a cut-through view. (C) Fourier-shell correlation curve.  
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Fig. S5 Structural alignment of the MACPF domain of MAC components and 
determination of handedness. 

(A) The alignment identifies two crossed pairs of α-helices (far left, circled) as a 
highly structurally conserved region of the MACPF domain. The topology and lengths 
of the individual α-helices are identical in MAC components (middle and right 
panels). Superpositions of the crystallographic structures of C6 (PDB ID 3T5O, 
orange), C8α (PDB ID: 2RD7, green) and C8β (PDB ID: 3OJY chain B, blue). (B) 
The hand of map chosen in this study and (C) the mirrored map. The crystallographic 
conformation of C6 (PDB ID: 3T5O, pink) is in cartoon representation.  
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Fig. S6 Reproducibility of the flexible fitting step. 

Regions displaying a high RMSD are limited to the C-terminus and the loop at 
positions 74-79. 
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Fig. S7 The N-glycosylation of C9 

(A) MS-MS characterisation of the two N-glycan sites. Most of the N-glycans have 
two sialic acid groups each.  
(B) Superposition of the glycan models from the NMR structure of human chorionic 
gonadotropin (PDB ID: 1HD4). These N-glycans lack the sialic groups but show the 
potential degrees of freedom of each of the 44 glycan groups located in the pore 
lumen.  
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Fig. S8 Superposition of perforin on the model of polyC9.  

Illustration of the arrangement of two perforin molecules (red and orange) generated 
by superposition of the perforin structure (PDB ID: 3NSJ) on the model of poly-C9 
(blue).  In the superposition R213 (mutated to a Glu in 3NSJ) is in close proximity to 
E343 as previously predicted 4.  These data further suggest that D191 which has been 
shown to be important for pore formation forms a salt bridge with R67.   
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Supplementary Methods 
 
Protein purification 
Out-of-date apheresis human plasma was supplied by the Australian Red Cross and 
stored at -80°C until required. Plasma C9 was purified using protocols adapted from 
established protocols 5,6. Briefly, apheresis plasma treated with 0.1 mM PMSF, 0.1 
mM benzamidine, 0.5 mM EDTA and one protease inhibitor cocktail per 100 mL 
plasma (Roche) was diluted with 0.4 volumes of ultrapure water at 4° C. Protein was 
precipitated with between 6-20% (w v-1) PEG 4000 and re-suspended in 10 mM 
sodium phosphate pH 7.4, 45 mM NaCl, 10 mM EDTA. The suspension was passed 
over I.D. 2.5 cm x 4 cm loosely packed lysine resin (lysine sepharose 4b, GE 
Healthcare Life Sciences), and the flow through was then passed over I.D. 5 cm x 4 
cm of DEAE resin (DEAE sepharose fast flow, GE Healthcare Life Sciences). The 
protein was eluted with a gradient from 10 mM sodium phosphate pH 7.4, 45 mM 
NaCl, 10 mM EDTA to 10 mM sodium phosphate pH 7.4, 350 mM NaCl, 10 mM 
EDTA. C9-containing fractions from DEAE were pooled and loaded onto I.D. 2.5 cm 
x 4 cm ceramic hydroxyapatite resin (CHT type I, BioRAD) equilibrated in 10 mM 
sodium phosphate pH 7.0, 100 mM NaCl. Protein was eluted with a sodium phosphate 
gradient from 45 mM to 350 mM pH 8.1. The fractions containing C9 were further 
purified by size exclusion chromatography (Superdex 200 resin, GE Healthcare Life 
Sciences) in I.D. 2.6 cm x 60 cm column in 10 mM Hepes pH 7.2, 200 mM NaCl, and 
10 mM EDTA.   
 
The protein underwent an additional chromatography step using MonoQ ion exchange 
chromatography (GE Healthcare Life Sciences). Here, pooled fractions from the size 
exclusion chromatography step were concentrated using a 30 kDa MWCO centricon 
concentrator and buffer exchanged 2-3 times into 10 mM Tris-HCl pH 7.2, 100 mM 
NaCl. Buffer exchanged protein was loaded onto a 1 mL MonoQ column and eluted 
over a linear gradient from: 10 mM Tris-HCl pH 7.2, 100 mM NaCl to 10 mM Tris-
HCl pH 7.2, 350 mM NaCl.  
 
Haemolytic assays and MAC assembly on ghost cell membranes 
Sheep red blood cells (sRBC) were washed with DGHB++ pH 7.4 (Dextrose Gelatin 
HEPES Buffer; with 2.5% (w v-1) D-glucose, 0.1% (w v-1) gelatin, 5 mM HEPES pH 
7.4, 71 mM NaCl, 0.15 mM CaCl2, 0.5 mM MgCl2,). 6.5 x 108 sRBC were sensitized 
with an equal volume of anti-sheep antibody to a concentration of 0.75 mg ml-1 and 
incubated at 30°C for 30 min to activate the classical pathway. Excess antibody was 
washed off prior to reactions. The lysis reactions were set up in triplicate with 0.2 ml 
sRBC (3.75 x 106 cells), 1 µl of C9 depleted serum (Complement Technology, USA) 
and 15 µl of C9 (initial concentration 8 µg ml-1) and 2-fold dilutions of purified C9 in 
thin walled PCR tubes. Reaction tubes were incubated at 37°C on a PCR heat block 
for 30 minutes and immediately placed at 4°C, then centrifuged for 20 seconds. The 
supernatant (150 µl) of the lysis reactions was transferred to a 96-well plate and 
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absorbance at 405 nm was measured. The reactions were normalized to 0% lysis with 
a buffer control or to a reaction containing PlyA and PlyB 7 for 100% lysis.  
 
Ghost membranes were prepared with rabbit red blood cells (rRBC) washed with 
DGHB++. Packed red blood cells were pre-incubated with C9 depleted serum for 15 
minutes at 37°C. The rRBCs were washed of excess sera and re-suspended in 
DGHB++. Purified C9 protein was added to rRBCs and incubated at 37°C for 15 min. 
Reactions were immediately centrifuged for 30 seconds at 16100 rcf and the 
supernatant transferred to new tubes. The supernatant was further centrifuged for 10 
minutes at 16100 rcf and the pellet containing membranes washed once with 
DGHB++ and then resuspended in 10 mM phosphate buffer pH 8.0, 50 mM NaCl to 
make ghosts. Carbon coated copper grids containing formvar were glow discharged, 
then floated over 8 µL of re-suspended ghosts followed by and staining with 2% (w v-

1) uranyl acetate for 1 minute. Pores were examined on a Hitachi H7500 TEM at 80 
kV.   
 
Characterisation of the glycosylation state 
Purified C9 was reduced with 2 mM DTT, alkylated with 5 mM iodoacetamide and 
digested with trypsin (Promega) in 1:40 ratio at 37°C overnight. The digest was 
desalted with C18-packed tips (OMIX, Agilent) prior to nanoLC-MS/MS (Dionex 
Ultimate 3000 LC coupled to QExactive Plus, Thermo). Peptides (~1 µg) were loaded 
on a 2 cm trap column (100 µm ID, Acclaim PepMap 100, Thermo Scientific) in 2% 
(v v-1) acetonitrile, 0.1% (v v-1) trifluoroacetic acid and resolved on a 50 cm column 
(75 µm ID, Acclaim PepMapRSLC, Thermo Scientific) with a non-linear 25 minute 
gradient from 2% (v v-1) to 34% (v v-1) acetonitrile in 0.1% (v v-1) formic acid. 
Spectra were acquired in a Top12 strategy with full scans (375-1800 m z-1) acquired 
at 70000 resolution and data-dependent HCD MS2 spectra acquired at 17500 
resolution.  Peptide assignment was performed with the Preview and Byonic software 
(Protein Metrics 8) utilizing Preview-determined modifications and mass tolerances, a 
focused human database from an initial Byonic search and N- and O-glycosylation 
databases for assignment of glycan compositions.  All glycan composition 
assignments were manually validated.  Skyline software (University of Washington) 
was employed for semi-quantitative assessment of site-specific glycan compositions, 
using parent scan extracted ion chromatograms 9 (Supplementary Fig. 7). 
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Additional Methods 

 

Homology model of human C9 

Our structural model of poly-C9 relies on the the flexible-fitting of 22 individual 

subunits of C9 into the determined cryo-EM map of the poly-C9 assembly. A 

monomeric C9 homology model was thus generated given the absence of an 

existing crystallographic structure. The resulting C9 model was then used as the 

reference structure for the flexible-fitting procedure. The crystallographic structures 

of the MAC components C6, C8α and C8β served as structural templates. These 

proteins that take part in the final MAC assembly and have long been identified as 

C9 sequence and structure homologues [23-26]. 

 

The multiple sequence alignment obtained using ClustalW 2.1 [27] (and also 

including C7) is presented in Figure 4.2.C. Sequence identities to C9 (over 538 

positions; UniProt ID P02748) are as follows: 26.3% (C6; P13671), 26,4% (C7; 

P10643), 30.9% (C8α; P07357), 27.4% (C8β; P07358). The sequence alignment was 

further manually edited based on the structural alignment generated with 

MatchMaker [28] (2.4 Å RMSD over 273 positions; Figure 4.2.A).  

 

Figure 4.2. Structure and sequence alignments of MACPF-domain containing proteins 
of the human Complement 
A. Structure alignment of crystallographic of C6 (PDB ids: 3T5O, red; 4A5W, orange), C8α 
(2RD7, light green ; 3OJY:A, dark green) and C8β (3OJY:B, yellow). Only the regions of the 
structures that display sequence homology to C9 are depicted. 
B. Homology model of human C9. The TSP1 domain is in purple; the LDLRA domain in pink 
and the EGF domain in green. The MACPF domain is in blue, the TMH1/2 regions are 
highlighted in orange. Regions of the protein discussed in the text are highlighted. 
C. Sequence alignment of C6,C7, C8α, C8β and C9. The sequence and numbering of C9 
excludes the 21 residues long signal peptide. Proteins domains and regions are boxed below 
the alignment with colours identical to B. Amino-acids are coloured using the ClustalX 
scheme [27] highlighting conservation of physico-chemical properties at the corresponding 
alignment position. 
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Figure 4.2. (Continued) Structure and sequence alignments of MACPF-domain 
containing proteins of the human Complement 
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Despite the relatively modest level of sequence identity, the structural alignment 

emphasises the significant conservation and arrangement of the core domains, all 

shared with C9 (LDLRA, TSP1, MACPF and EGF domains). Moreover, the alignment 

highlights the regions of high structural similarity: the LDLRA motif, the TSP1 

domain and the structural core of the MACPF domain including the C-terminal α-

helical bundle and the upper portion of the central MACPF β-sheet, as previously 

noted [23-26, 29] (Figure 4.2.A-B). It is apparent from the sequence and structural 

alignments that the most variable positions correspond to the TMH1/2 regions 

together with the lower portion of the MACPF β-sheet (Figure 4.2.A). This most likely 

reflects the conformational lability of both the TMH1 and TMH2 regions as well as 

the ability of the central MACPF β-sheet to open upon pore formation [26, 29, 30]. 

 

Modeller 9.14 [31] was then used to generate 2500 homology models of C9 that 

were further ranked according to the normalised DOPE score [32]. The top-ranking 

model is shown in Figure 4.2.B and was used as the C9 structural model during the 

flexible-fitting procedure.  
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Chapter 5 

 

 

General Discussion 
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5.1 Introduction 

 

Cholesterol Dependent Cytolysins (CDCs) are a well-studied family of β-pore 

forming toxins mostly secreted by Gram-positive bacteria. They form giant, 

oligomeric ring-shaped transmembrane channels 200 to 300 Å in diameter. Such 

large pores mediate bacterial pathogenicity through direct cell lysis, synergy with 

other virulence factors (that move through the pore) or by triggering host invasion by 

the bacterium. Extensive biochemical and biophysical studies spanning over two 

decades have greatly contributed to our understanding of how CDCs convert from 

solubly secreted monomeric state to form an oligomeric membrane embedded pore 

[3, 7, 8, 33-37]. However, because of the limited resolution of published Single 

Particle cryo-Electron Microscopy (SP cryo-EM) data obtained [3] key aspects of 

CDC pore structure and the underlying molecular mechanisms associated with CDC 

pore formation have remained unclear. 

 

The evolutionary relationship between Membrane Attack Complex / PerForin 

(MACPF) and CDCs was first identified through structural studies. These data 

revealed that, despite limited sequence identity, the pore forming region of both 

families was homologous [14, 38]. It was further suggested that these proteins 

function in an analogous fashion. Accordingly, proteins sharing this fold have since 

been referred to as members of MACPF/CDC superfamily [39]. Members of the 

MACPF family can now be identified in all kingdoms of life and perform functions in 

animal and plant immunity, developmental biology, venom toxins and parasite 

invasion and egress.  The mechanism of function of these proteins most commonly 

involves pore formation [39, 40].  
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In 2010, structural and biochemical studies of perforin, including the first SP cryo-

EM structure of a MACPF protein, led to the proposal that perforin would form pores 

in a manner distinct to CDCs [41]. Specifically, labelling experiments suggested that 

the MACPF/CDC domain may adopt an orientation reverse to that of CDCs, the 

“inside-out” orientation (Figure 5.1). However, the low resolution of the data (28.5 Å) 

precluded further understanding of the structural basis for perforin pore formation 

[41].  

 

The work presented in this thesis aimed to address two critical questions with 

respect to the MACPF/CDC pore forming mechanism. Firstly, the pneumolysin pore 

structure was re-examined using modern molecular modelling methods in order to 

better understand the pore forming mechanism of the CDC branch of the 

superfamily (Chapters 2, 3). Secondly, in order to gain further insights into MACPF 

pore formation a molecular model of the MACPF immune effector C9 oligomer 

(termed poly-C9) was built using the sub-nanometer SP-cryo-EM maps provided by 

collaborators (Chapter 4).   

 

Collectively, this research aimed at producing a critical assessment of the existing 

data and hypothesis, as well as expanding our general understanding of how giant 

pores are formed in the MACPF/CDC superfamily. 
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Figure 5.1 Orientation of the MACPF/CDC domain in the pore form 
A. MACPF/CDC domain orientation in CDCs. Left panel: perfringolysin O X-ray conformation 
is shown in cartoon representation [34]. The orientation of the central β-sheet characteristic 
of the MACPF/CDC fold (red) is schematically represented (right panel). The segment of the 
β-sheet that inserts into the membrane lines the pore lumen and forms the transmembrane 
β-barrel (middle panel). The remainder of the MACPF/CDC domain is in blue, Domain 2 in 
green and the membrane binding Domain 4 in yellow. The 38-mer pneumolysin pore cryo-
EM density is shown in grey [3]. The change in height (~40 Å) of the monomer upon 
membrane insertion is often referred to as the CDC ‘vertical collapse’ [3, 7, 8].	
B. Proposed orientation of the MACPF/CDC domain in the perforin pore. The 
crystallographic conformation of perforin is shown (left panel) and found compatible in height 
with the cryo-EM reconstruction of the 20-mer perforin pore (grey, middle panel) [41]. In the 
published model of perforin the orientation of the MACPF β-sheet (red, right panel) is reverse 
to that of CDCs: the region of the bent β-sheet that extends towards the membrane bilayer 
lines the outer edge of the assembly. The remainder of the MACPF/CDC domain is in blue, 
the membrane-binding C2 domain in yellow and the EGF-like domain in green.  
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5.2 A novel β-barrel architecture composes the CDC pore 

 

As determined by numerous studies, CDCs is proposed to form pores via three 

discrete steps. Firstly, solubly secreted CDC monomers recognise and bind to 

cholesterol-rich membranes. Secondly, 30 to 50 subunits then assemble into a ring-

shaped oligomer termed the prepore. This prepore complex then undergoes 

dramatic conformational changes that result in the insertion of the giant β-barrel 

pore into the bilayer membrane. 

 

It has long been established that CDCs perforate the target membrane by deploying 

a transmembrane β-barrel [35, 42]. Here, two sets of α-helices termed TMH1/2 of 

the MACPF/CDC domain undergo substantial remodelling and refold into two β-

hairpins upon membrane insertion. Each monomer thus contributes 2 β-hairpins (4 

β-strands) to the final transmembrane β-barrel formed by 120-200 β-strands. This β-

barrel originates and protrudes from the MACPF/CDC domain. 

 

CDCs form giant β-barrels that dramatically contrast with other smaller β-pore 

forming toxins (PFTs).  The latter proteins typically form pores less than 25 Å in 

diameter that comprise a maximum of 18 β-strands. In the CDC β-barrel pore, the β-

strands had originally been hypothesised to be orientated perpendicular to the 

membrane surface (tilt of 0° with respect to the barrel axis) [3]. Notably, this β-barrel 

architecture has never been observed at atomic resolution: in all architectures 

reported to date the β-strands adopt a tilt greater than 29° [43].  

 

All possible β-barrel architectures were modelled employing established geometric 

principles from small β-barrels (<25 β-strands) and refined structural parameters 
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(Chapter 2 and [44]). The results presented in Chapter 2 identified that a single β-

barrel architecture (tilt of 19°, termed S = n/2 architecture; where S is the shear 

number and n the number of β-strands) best explains the dimensions (diameter and 

height) of the CDC pneumolysin 38-mer pore. This unique architecture had never 

been identified in any PFP or other soluble protein. 

 

This surprising prediction was experimentally validated by others in 2013 using 

systematic disulphide link scanning [4]. That CDCs employ a unique β-barrel 

architecture sets them further apart from other β-PFTs. In addition, this novel 

architecture raised the question of whether the molecular modelling previously 

performed on the CDC pneumolysin pore needed re-examination [3]. Moreover, this 

also asked the question whether MACPF PFPs perforate the target bilayer 

employing the identified β-barrel structure. 

 

5.3 Coordinated domains movements best explain the CDC ‘vertical collapse’ 

 

Another major well-documented structural transition associated with membrane 

insertion is the ‘vertical collapse’ of the CDC prepore, that sees the MACPF/CDC 

domain descend onto the membrane by ~40 Å. Critically, this collapse brings the 

domain close to the membrane surface and enables the insertion of the TMHs to 

reach and span the membranes as β-hairpins. Molecular modelling studies 

performed in 2005 had proposed that the dramatic change in altitude of the 

MACPF/CDC domain derives from the crumpling of Domain 2 [3], an elongated 

twisted β-sheet bridging the common MACPF/CDC domain (Domains 1 and 3 of 

CDCs) and the membrane binding domain (Domain 4). 
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In order to better characterise the conformational transitions associated with the 

prepore-to-pore-transition, systematic structural analysis of all available CDC 

crystallographic structures (the majority of which were unavailable in 2005) together 

with molecular dynamics simulations were performed. This study presented in 

Chapter 3 indicated that Domain 2 did not have the propensity to crumple, in 

contrast with the previously published model of CDC pore formation. 

 

Motivated by these data, the conformation of the 38-mer pneumolysin pore was re-

examined. It was found that pneumolysin pore conformation could be modelled 

within the published cryo-EM reconstruction with an unaltered Domain 2. The 

proposed structural rearrangement was predicted to take place via a significant 

rotation of Domain 2 (~ 60°) such that it lies parallel to the membrane surface atop 

the membrane binding Domain 4. As a result, the suggested rotation of Domain 2 

brings the MACPF/CDC domain close enough to the membrane surface for efficient 

β-barrel insertion. This new model of CDC pore formation therefore suggested that 

the CDC vertical collapse originated from the coordinated rotations of Domain 2 

throughout the prepore oligomer to finally form the membrane embedded pore 

(Figure 5.2). 
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Figure 5.2 Revised model of CDC membrane insertion 

Schematic representation of proposed CDC pore formation. Domain 1 is in blue, Domain 2 in 
green, Domain 3 in red and Domain 4 in yellow. After membrane binding, the flexible 
monomers self-oligomerise into the prepore complex (30-50 subunits). Upon membrane 
insertion, the orientation of Domain 2 flattens with respect to the membrane. This is 
accompanied by a vertical collapse of Domain 1 and 3, thereby bringing them closer to the 
bilayer surface and allowing insertion of TMH1/2 as β-hairpins (orange and purple 
respectively). 

 

This new model of vertical collapse highlighted the complex molecular mechanisms 

underlying CDC bacterial attack. Further support for this revised model came in 

2014 with the 15 Å resolution cryo-EM structures of the 37-mer CDC suilysin 

prepore and pore. Here it was concluded that the rotation of Domain 2 best 

explained the suilysin pore conformation [10] (reproduced in appendix A). The 

improved resolution of the data thus directly substantiated the mechanism of pore 

formation presented in Chapter 3.  

 

5.4 Poly-C9 structure provides significant insights into MAC assembly and 

MACPF pore formation 

 

In order to gain insights into the less understood MACPF pore formation, a 

structural model of poly-C9 was built using molecular modelling methods and based 

on an 8 Å resolution SP cryo-EM map (Chapter 4).  At this resolution α-helices are 
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identifiable  and the individual domains of C9 can be unambiguously assigned This 

work has highlighted key structural aspects of a MACPF pore at the highest 

resolution obtained to date. 

 

The poly-C9 ring formed by 22 tightly packed C9 molecules is ~120 Å in inner 

diameter, compatible with the passage of lysozymes through the pore lumen [11]. 

The overall height of the assembly (~170 Å) is consistent with that of the membrane 

inserted MAC and suggests that the MAC does not undergo a CDC-like collapse 

upon membrane insertion. Accordingly, the β-barrel formed from the refolding of C9 

TMH regions is unusually high (~100 Å versus ~60 Å in CDCs).  Further the structure 

of the barrel is consistent with the S = n/2 architecture identified for  CDCs. Further 

comparisons of the Poly-C9 conformation with crystallographic structures of other 

MAC components (C6, C8) suggested that only a modest opening of the central 

MACPF/CDC β-sheet is required upon β-barrel formation. 

 

In poly-C9, oligomeric contacts are mostly accounted for by the packing of adjacent 

MACPF/CDC domains. However, the N-terminal TSP1 domain, located at the 

wedge between MACPF/CDC domains, contributes a notable fraction of the 

contacts between C9 subunits (23% of the oligomeric interface). Unexpectedly, this 

ancillary domain is likely to play an architectural role and contribute to the overall 

poly-C9 stability. This domain is also suggested to confer stability to the MAC, given 

that the TSP1 domain is uniquely found in all terminal MAC components and no 

other reported MACPF PFP.  

 

In addition, it is noted that the TSP1 domain is located clockwise with respect to C9 

MACPF/CDC domain (top view, Figure 5.3), consistently matching the reported 

unidirectional assembly of poly-C9 and the MAC [45, 46]. It is thus speculated that 
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the free TSP1 domain at the edge of the nascent poly-C9 (and likely of the nascent 

MAC) may contact available C9 subunits and play a role in their sequential 

recruitment to the final ring (Figure 5.3).  

 

 

 

Figure 5.3 Schematic model of Poly-C9 elongation and assembly 

Poly-C9 elongation is represented in a top view. Contacts between available C9 subunits 
and the free TSP1 domain (purple, clockwise edge) are suggested to participate in the 
sequential and unidirectional elongation of Poly-C9. The MACPF/CDC domain is in blue. 
Arrows indicate the clockwise direction of Poly-C9 elongation. 
 

 

Finally the MACPF/CDC domain was found to adopt a CDC-like orientation, in 

contradiction with the proposed perforin ‘inside-out’ orientation. It is thus suggested 

that poly-C9 procures an adequate template for understanding perforin pore 

formation since both MACPF vertebrate immune effectors share together a closer 

evolutionary relationship (25% sequence identity) than with the bacterial CDCs 

(<10%). Consequently, this work supports that the perforin ‘inside-out’ orientation is 

not a MACPF-specific feature and, on the contrary, that perforin adopts the 

common CDC/C9 orientation. However, the molecular details underlying perforin 

pore formation remain to be determined. 

 

  



	

	 159	

5.5 Concluding remarks 

 

The work presented in this thesis has revealed hitherto unsuspected structural and 

mechanistic insights into the MACPF/CDC superfamily. The new model of pore 

formation proposed for CDCs and the structure of the MACPF poly-C9 allow for a 

comparison of the pore forming mechanisms deployed by both branches of the 

superfamily, summarised in Table 5.1. 

 
 

Feature 
 

Molecule 

Prepore 
intermediate 

Membrane 
Insertion 

as β-Barrel 
 

β-Sheet 
opening 

MACPF/CDC 
domain 

orientation 

Vertical 
drop 

Involvement 
of ancillary 

domains 

CDCs Yes S = n/2 
architecture 

Yes TMH2 faces 
the lumen* 

Yes Coordinated 
rotations 

Poly-C9 / 
MAC 

Unknown S = n/2 
architecture 

Yes TMH2 faces 
the lumen* 

Unlikely Oligomer 
stability 

Perforin Suspected 
[47] 

Inferred from 
sequence1 

? TMH2 faces 
the lumen*§ 

Unlikely ? 

Table 5.1 Structural features of MACPF/CDC pore formation 
The common MACPF/CDC pore forming mechanism identified in this work is highlighted in 
grey boxes. 
* Also referred to as the CDC-like orientation. 
§ Suggested in this work. 

 

The work presented in this thesis has identified key features that constitute the 

common MACPF/CDC pore forming mechanism, as originally proposed. They 

include the orientation of the MACPF/CDC domain and the same transmembrane β-

barrel architecture deployed after analogous conformational steps of the 

MACPF/CDC domain. Although perforin has been proposed to adopt the ‘inside-

out’ orientation, our work in contrast supports a CDC/C9-like orientation.  
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In addition to these commonalities major structural and mechanistic differences 

between the CDC and MACPF branches of the superfamily have come to light. In 

contrast to CDCs, which undergo dramatic structural changes (coordinated rotation 

of Domain 2 and ‘vertical collapse’), the MACPF C9 deploys an unusually high β-

barrel rendering a CDC-like vertical collapse unnecessary to reach the target 

membrane. However, it is important to note that in both cases the domains ancillary 

to the MACPF/CDC domain are involved in the formation of the final oligomer, albeit 

differently (Domain 2 enabled CDC ‘vertical collapse’ versus the architectural C9-

TSP1). This suggests that the molecular mechanisms underlying pore formation in 

the MACPF/CDC superfamily may have co-evolved with the ancillary domains 

themselves. 

 

 These hypotheses are further substantiated by recent structural studies of the 

pleurotolysin pore, a MACPF fungal PFT. Pleurotolysin pore formation was exempt 

of a ‘vertical collapse’ while the domains ancillary to the MACPF domain were found 

to play an architectural role in the pore complex [30] (reproduced in appendix B). In 

summary, given the diverse domain composition in the MACPF family (Figure 5.4), it 

is hypothesised that each MACPF PFP may have evolved a variation of the general 

MACPF/CDC pore forming mechanism. 
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Figure 5.4. Schematic domains composition across the MACPF/CDC superfamily 

The MACPF/CDC domain is in blue. In CDCs the domain includes Domain 2 (dark blue) to 
form a folded continuous 350 amino-acid structural entity usually referred to as Domains 1-3 
[48]. CDCs possess a secretion signal anterior to the MACPF/CDC domain. In the CDC 
lectinolysin a lectin domain is present and suggested to enhance pore formation [49, 50]. 
Perforin, MAC members C6, C7 C8α, C8β, C9, the two-component pleurotolysin (PlyA/B) 
[30] and the sea anemome toxin PsTx-60A/B [51, 52] have reported lytic ability. MPEG1 
(found in animal macrophages) [53] and PfPLP1 (secreted by the parasite Plasmodium 
falciparum) [54] are suspected to exhibit lytic activity. CT153 (of chlamydial origin) [55], 
PcPV2 (snail egg neurotoxin) [56], CAD1 (part of the plant immune system) [57], BSAP-1 (an 
antimicrobial protein secreted by the gut symbiot Bacteroides fragilis) [58] and astrotactin1/2 
(involved in neural migration) [59] have no reported pore-forming ability. PcPV2 is disulphide 
linked to a lectin-like domain susceptible to address the protein to the membrane [56]. 
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In contrast to the bacterial CDCs, MACPF proteins are found in all kingdoms of life 

and perform important roles including immune defence, venom toxicity and 

development. While members of the MACPF branch of the MACPF/CDC 

superfamily involved in immunity (including perforin and the MAC) have been the 

focus of numerous studies, it remains to be determined which MACPF proteins form 

pores, how they form pores and how this relates to their function.  Finally, despite 

the advances presented here, a near atomic resolution structure of a MACPF/CDC 

pore still remains to be determined. Further understanding of the detailed pore-

forming mechanism by MACPF/CDCs awaits such an advance. 
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in this thesis. This journal article makes a significant contribution to the CDC field of 

research and is reproduced in the article format. 
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Abstract Membrane attack complex/perforin/cholesterol-dependent cytolysin (MACPF/CDC) 
proteins constitute a major superfamily of pore-forming proteins that act as bacterial virulence 
factors and effectors in immune defence. Upon binding to the membrane, they convert from the 
soluble monomeric form to oligomeric, membrane-inserted pores. Using real-time atomic force 
microscopy (AFM), electron microscopy (EM), and atomic structure fitting, we have mapped  
the structure and assembly pathways of a bacterial CDC in unprecedented detail and accuracy, 
focussing on suilysin from Streptococcus suis. We show that suilysin assembly is a noncooperative 
process that is terminated before the protein inserts into the membrane. The resulting ring-shaped 
pores and kinetically trapped arc-shaped assemblies are all seen to perforate the membrane, as also 
visible by the ejection of its lipids. Membrane insertion requires a concerted conformational change 
of the monomeric subunits, with a marked expansion in pore diameter due to large changes in 
subunit structure and packing.
DOI: 10.7554/eLife.04247.001

Introduction
The bacterial CDCs and ubiquitous MACPF proteins are expressed as soluble monomers but assemble 
on membranes to form large, oligomeric pores. They form two branches of the largest superfamily of 
pore-forming proteins. Proteins of this MACPF/CDC superfamily share a common core topology of a 
highly bent and twisted β-sheet flanked by two α-helical regions, though lacking any detectable sequence 
homology between the two branches (Rosado et al., 2008). Crystal structures of CDCs in their sol-
uble, monomeric form (perfringolysin, Rossjohn et al., 1997; anthrolysin, Bourdeau et al., 2009; sui-
lysin, Xu et al., 2010; listeriolysin, Köster et al., 2014) revealed extended, key-shaped molecules. 
Pore-forming domains 1 and 3 (see also below) are linked by a long thin β-sheet (domain 2) to an 
immunoglobulin fold domain (4) which can bind to the membrane via a tryptophan-rich loop. CDCs 
form heterogeneous rings and arcs (Dang et al., 2005; Tilley et al., 2005; Sonnen et al., 2014) on 
cholesterol-rich liposomes and lipid monolayers (for example, the CDC perfringolysin O hardly binds to 
membranes with <30% molar concentration of cholesterol, Johnson et al., 2012). Extensive biophysical 

*For correspondence: 
  

†These authors contributed 
equally as first authors to  
this work

‡These authors contributed 
equally as last authors to  
this work

Competing interests: The 
authors declare that no 
competing interests exist.

Funding: See page 15

Received: 05 August 2014
Accepted: 24 November 2014
Published: 02 December 2014

Reviewing editor: Volker Dötsch, 
Goethe University, Germany

 Copyright Leung et al. This 
article is distributed under the 
terms of the Creative Commons 
Attribution License, which 
permits unrestricted use and 
redistribution provided that the 
original author and source are 
credited.

RESEARCH ARTICLE

http://elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/
http://dx.doi.org/10.7554/eLife.04247
http://dx.doi.org/10.7554/eLife.04247.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Biophysics and structural biology

Leung et al. eLife 2014;3:e04247. DOI: 10.7554/eLife.04247 2 of 17

Research article

and molecular analysis of CDCs established that, on CDC binding to the membrane (Ramachandran 
et al., 2004; Hotze et al., 2012), α-helical regions in domain 3 unfurl to form transmembrane β-hairpins, 
denoted as TMH1 and TMH2 (Shepard et al., 1998; Shatursky et al., 1999). If the TMH regions are 
trapped by introducing a disulphide bond (Hotze et al., 2001), prepore oligomers are formed on the 
membrane surface. Cryo-EM and single particle analysis of liposome-bound CDCs led to low-resolution  
3D structures of prepore and pore forms of pneumolysin, a major virulence factor of Streptococcus 
pneumoniae (Tilley et al., 2005). These structures, as well as an AFM study of perfringolysin (Czajkowsky 
et al., 2004), established that the 11 nm high molecule must collapse to a height of 7 nm above the 
membrane in order to insert the TMH regions. Simple pseudo-atomic models were obtained by fitting 
domains (broken at plausible hinge points) into the EM density maps. It was proposed that the long, 
thin β-sheet domain 2 collapses after the molecule opens up to release the TMH regions. However, 
because of the heterogeneity of the oligomeric assemblies and aggregation of the liposomes upon 
pore formation, resolution has been limited by the difficulty of obtaining sufficiently large data sets.

After comparing several CDCs (pneumolysin, suilysin, anthrolysin, and listeriolysin), we found that 
suilysin was less susceptible to these problems and we chose it to pursue new structural and dynamic 
studies. A disulphide-locked double cysteine mutant of suilysin, designed to prevent TMH1 insertion, 
enabled us to trap an active prepore state as well as to visualize the pore formation process by AFM 
in solution. Cryo-EM reconstruction and fitting revealed new details of the β-sheet unbending and 
changes in subunit packing upon conversion of prepores to pores. AFM images reveal that the pre-
pore state is highly mobile. Following the addition of DTT to trigger insertion of the disulphide-locked 
prepore, time-lapse AFM yielded real-time movies of its conversion to ring and crescent-shaped pores. 
The observed distributions of rings and arcs can be explained by a theoretical model for kinetically 
trapped, noncooperative assembly, fully determined by the relative kinetics of monomer binding to 
the membrane and monomer assembly on the membrane surface. Together these studies provide 
substantial new understanding of the structure and dynamics of CDC pore formation.

Results
Conformational changes in prepore and pore states determined by 
cryo-EM
Negative stain EM and rotational symmetry analysis of complete rings of disulphide locked (Gly52Cys/
Ser187Cys) suilysin prepores and wild-type pores formed on lipid monolayers revealed that most rings 

eLife digest Many disease-causing bacteria secrete toxic proteins that drill holes into our cells 
to kill them. Cholesterol-dependent cytolysins (CDCs) are a family of such toxins, and are produced 
by bacteria that cause pneumonia, meningitis, and septicaemia.

The bacteria release CDC toxins as single protein molecules, which can bind to the membrane 
that surrounds the host cell. After binding to the membrane, the toxin molecules assemble in rings 
to form large pores in the host membrane. There are several stages to this process, but our 
understanding of what happens at the molecular level is incomplete.

Leung et al. studied suilysin, a CDC toxin produced by a bacterium that has a big impact on the 
pig farming industry because it causes meningitis in piglets. The bacterium can also cause serious 
diseases in humans through exposure to contaminated pigs or pig meat.

Leung et al. used a technique called electron microscopy to obtain atomic-scale snapshots of the 
toxin structures before and after the toxins were inserted into the membrane. In addition, real-time 
movies of the process were gathered using another technique called atomic force microscopy.

The experiments show that suilysin forms assemblies on the membrane that grow by one molecule 
at a time, rather than by the merging of larger assemblies of molecules. This results in a mixture of 
ring-shaped and arc-shaped toxin assemblies on the membrane. The arcs of suilysin are incomplete 
ring assemblies, but they are still able to make holes in the cell membrane. In order to insert into 
the membrane, the toxin molecules in the arcs and rings undergo a dramatic change in shape.

Understanding how CDCs assemble in membranes will guide further work into the development 
of new vaccines that can target these proteins to reduce the damage caused by bacterial infections.
DOI: 10.7554/eLife.04247.002
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contain 37 subunits (Figure 1—figure supplement 1). Unexpectedly, the diameter of the 37-fold suilysin 
prepore was smaller than the diameter of the 37-fold pore (see below for quantification), indicating 
that conformational changes during pore formation are accompanied by changes in subunit packing.

3D reconstruction of suilysin prepores and pores in liposomes was performed using a pseudo 
single-particle approach (Tilley et al., 2005), yielding a 15 Å cryo-EM map of the prepore using 
the disulphide-locked construct (Figure 1A,D), and a 15 Å cryo-EM map of a wild-type suilysin pore 
(Figure 1B,F, see also Figure 1—figure supplement 2). The 3D maps, both of 37-mers, confirmed a 

Figure 1. Structural transitions during pore formation. 3D cryo-EM maps of 37-mer prepore and pore forms of 
suilysin are shown with fitted atomic structures. (A) Density map of prepore, surrounded by the extracted disk of 
membrane, with domains 1 and 4 fitted. (B) Density map of pore with all domains fitted, including the β-barrel with 
strands at 20° tilt. (C) Suilysin crystal structure with the domains labelled, showing positions of cysteines introduced 
in the locked form (black circles) and a helical domain adjacent to the bend in the central β-sheet (dashed oval). 
(D) Cross-section through one side of the prepore map with the partial fit of atomic structures. (E) Overlay of one 
side of the prepore (blue) and pore maps (red), aligned to the same centre, showing the displacement of domain  
4 (arrow). (F) Pore section with fit. (G) View of 4 subunits from outside the prepore. (H) View of 4 subunits from 
outside the pore. (I) Cartoons of domain packing in prepore and pore.
DOI: 10.7554/eLife.04247.003
The following figure supplements are available for figure 1:

Figure supplement 1. Symmetry of suilysin prepores and pores, determined by negative-stain EM. 
DOI: 10.7554/eLife.04247.004

Figure supplement 2. Resolution curves for EM maps. 
DOI: 10.7554/eLife.04247.005

Figure supplement 3. Electrostatic potential maps and interacting residues. 
DOI: 10.7554/eLife.04247.006

Figure supplement 4. Comparison between prepore and crystal structure conformations. 
DOI: 10.7554/eLife.04247.007
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significant expansion in ring diameter upon pore formation. In order to interpret the maps, we per-
formed flexible fitting of suilysin domains from the crystal structure (Figure 1C; Xu et al., 2010; 
PDB:3hvn). Domain deformations and hinge movements were identified by normal mode analysis 
(Lindahl et al., 2006). Additional evidence for the correctness of the fits followed from electrostatic 
potential maps and analysis of interacting residues at the interfaces of domain 1 (Figure 1—figure 
supplement 3). The results show that both models have extended regions of complementary charge 
on the predicted interacting surfaces. Although the extent of complementary charge is less in the pore 
model, in this case the oligomer is stabilized by the β-barrel of the pore. Measured from the fitted 
position of the base of domain 4, the prepore and pore diameters are 296 Å and 319 Å, respectively 
(Figure 1E), an expansion of 8%. In addition to the 4 nm reduction in height, each pore subunit 
approximately doubles in width.

The prepore is distorted from the crystal structure, with some collapse of domain 2 and opening 
of the β-sheet (Figure 1—figure supplement 4), despite the presence of the disulphide bridge 
(Figure 1D). However, the map features are not sufficiently defined to guide fitting, most likely owing 
to the greater flexibility of the prepore state, as described below.

The pore structure is similar to that observed with pneumolysin, but with improved resolution, 
and showing significant differences in the hinge bending and domain movements. The β-strands are 
tilted by 20°, in agreement with previous results (Reboul et al., 2012; Sato et al., 2013). The distor-
tion to domain 2 differs from that proposed in the earlier model (Tilley et al., 2005). Seen from outside 
the ring, domain 2 collapses sideways, to the right, such that domain 1 is aligned above the adjacent 
domain 4, with a sideways tilt that expands the ring. The expansion is clearly seen in the wider spacing 
between subunits at domain 4 (Figure 1G,H,I). Domain 2 must bend at a central hinge point to fit into 
the EM density (Figure 1H,I; Reboul et al., 2014). As expected, there is a major opening of the bent 
β-sheet. In addition, a helical subdomain flanking the bend of the central β-sheet (residues 335–347, 
dashed oval in domain 3, Figure 1C) moves as a separate rigid body, as also shown by a spectro-
scopic study (Ramachandran et al., 2004). Notably, the equivalent region has been implicated in 
the triggering mechanism for unbending in a recent EM study of a remotely related MACPF protein 
(Lukoyanova et al., in press).

Real-time visualization of the prepore-to-pore transition and membrane 
perforation
When imaged by negative-stain EM, both the prepore and pore states appeared in heterogeneous 
ring- and arc-shaped assemblies (Figure 2A,B; Sonnen et al., 2014; Köster et al., 2014). The expan-
sion in ring diameter upon membrane insertion was confirmed by a statistical analysis of the radius of 
curvature of the arc assemblies (Figure 2—figure supplement 1), which also revealed significantly 
larger variations in arc curvature, that is, larger flexibility, for the prepore than for the pore state.

To facilitate AFM imaging of the disulphide-locked suilysin prepores, the protein was confined to 
well-defined domains on phase-separated lipid membranes (Connell et al., 2013), showing densely 
packed suilysin rings and arcs that extended 10–11 nm above the membrane surface (Figure 2C,D), 
consistent with the structural data for the prepore state (Figure 1A,D).

At lower packing density on the membrane, suilysin prepores were only resolved when the temper-
ature was lowered to 15°C. Cooling appeared to reduce the prepore mobility such that individual 
prepore assemblies could be observed while diffusing over the membrane (Video 1). When imaged 
at room temperature, suilysin prepores appeared as streaks in the AFM images—as can be expected 
for highly mobile proteins—with slightly improved contrast at the lipid phase boundaries (Figure 3A). 
As demonstrated by real-time AFM images of the same area on the membrane, the disulphide-
locked suilysin reproducibly converted from the prepore to the pore state upon exposure to DTT 
(Figure 3A–E, Figure 3—figure supplement 1): in less than a minute, exposure to DTT triggered the 
appearance of diffuse rings and arcs that became progressively clearer and more prominent (bottom 
half of Figure 3A), adopting the reduced height typical of the pore state (Figure 3B–C). This process 
was accompanied by a gradual disappearance of the diffuse streaks (i.e., suilysin prepores), while 
additional high (white) features appeared on the surface. We identify these features as lipid micelles 
or fragments being ejected from the membrane. This interpretation is supported by the subsequent 
appearance of larger plateaus that were consistent in height with the collapse of newly formed lipid 
layers on top of the membrane (Figure 3D). After about 20 min, the membrane was cleared of these 
features, leaving a heterogeneous population of suilysin pore assemblies perforating the membrane 
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(Figure 3E). The transition from prepore to pore, 
as well as the emergence and clearance of lipid 
aggregates, could also be observed via height 
profiles taken along various topographic features 
in these images (Figure 3F,G).

AFM demonstrates that 
incomplete, arc-shaped assemblies 
perforate the membrane
The heterogeneity of ring- and arc-shaped assem-
blies was confirmed for wild-type suilysin by neg-
ative-stain EM on egg PC:cholesterol monolayers 
and by AFM in solution on supported bilayers 
(Figure 4A,B). EM and AFM yielded quantita-
tively similar arc-length distributions for identical 
lipid composition, protein concentration, and incu-
bation temperature (Figure 4—figure supple-
ment 1). Qualitatively similar behaviour could be 
observed by negative-stain EM on lipid vesicles 
(Figure 4A, inset). Unlike the disulphide locked 
construct, wild-type suilysin was converted from 
its soluble, monomeric state (Figure 4—figure 
supplement 2) to the pore state without the 
appearance of prepore intermediates, within the 
time resolution of our AFM experiments. Rings and 
arcs had a height of 7–8 nm in AFM (Figure 4B, 
inset), in agreement with the cryo-EM data on the 
pore state (Figure 1B,F).

To verify if suilysin rings and arcs perforate the 
membrane, we used high-aspect ratio AFM tips to 

probe the membrane in the pore lumen (Figure 3G). Both rings (Figure 4C) and arcs (Figure 4D) enclosed 
local depressions in the membrane, the depth of which was tip-dependent, but in many cases exceeded 
the 2.2 nm length of an extended lipid molecule, indicating that the lipid bilayer was locally removed. 

Figure 2. Negative-stain EM and AFM of disulphide-locked suilysin. (A) Negative-stain EM disulphide-locked 
suilysin (ds-SLY) on egg PC:cholesterol monolayers (45:55%), locked in the prepore state (−DTT). (B) as  
(A), for disulphide-locked suilysin incubated in the presence of 5 mM DTT in solution to reduce the  
disulphide bridge, so that the suilysin is rapidly converted to the pore conformation. (C) AFM of densely  
packed suilysin prepores, confined to the egg PC-rich domain of a phase-separated egg PC:DDAB:Cholesterol 
(33:33:33%) supported lipid bilayer, with its corresponding height distribution (D) referenced to the membrane 
surface.
DOI: 10.7554/eLife.04247.008
The following figure supplement is available for figure 2:

Figure supplement 1. Radius of curvature for arc-shaped suilysin assemblies in the prepore and pore states. 
DOI: 10.7554/eLife.04247.009

Video 1. Mobile disulphide-locked suilysin (prepore) 
assemblies diffusing on the membrane. At a temperature 
of 15°C, the mobility of disulphide-locked suilysin is 
sufficiently reduced for the assemblies to be resolved 
by real-time AFM at 15 s/frame. This sequence of 
images was captured ∼30 min after protein injection 
and at 384 pixels per line. The timing of the video  
is accelerated by a factor of ∼100. Full z-colour  
scale = 20 nm.
DOI: 10.7554/eLife.04247.010

http://dx.doi.org/10.7554/eLife.04247
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http://dx.doi.org/10.7554/eLife.04247.009
http://dx.doi.org/10.7554/eLife.04247.010
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Figure 3. Real-time imaging of the prepore-to-pore transition and membrane perforation by suilysin. Subsequent 
AFM frames of the same area were alternatively recorded from top to bottom and from bottom to top, as indicated 
by white arrows. Frame time: 4 min, colour scale: 35 nm. (A) Loosely bound to sphingomyelin-rich domains in the 
phase-separated lipid mixture (DOPC:sphingomyelin:cholesterol, 33:33:33%), the prepore intermediates of 
disulphide-locked suilysin appear as diffuse streaks. 5 mM of DTT is injected on about 50% completion of the scan. 
(B) On consecutive scanning, the streaks become more clearly defined as arc-shaped oligomers and complete 
rings. Towards the top end of the scan, clusters of arc-shaped complexes, mostly in the prepore intermediate 
(∼10.5 nm high), can be distinguished (Δ). (C) With the scan direction reversed, and the same area scanned again, 
the cluster of prepore complexes has converted into the pore state (∼7.5 nm high), within ∼2 min. The prepore to 
pore transition is followed by the ejection of globular features of varying dimensions exceeding 15 nm above the 
suilysin in the pore state. We interpret these as ejected lipids. (D) These lipids gradually detach from the surface on 
the pore state suilysin assemblies and can be observed as patches of lipids condensing back onto the membrane. 
The prepore to pore transition of the suilysin is now complete. (E) After ∼20 min, the surface is almost clear of the 
ejected lipids. (F) Cross-sectional line profile extracted as indicated (Δ in B–C), illustrating the prepore to pore 
Figure 3. Continued on next page

http://dx.doi.org/10.7554/eLife.04247
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These depressions were reproducible between the trace and retrace versions of the AFM line scans and 
were observed for various lengths and orientations of the arcs (Figure 4E). We therefore conclude that 
suilysin can perforate the membrane irrespective of the completion of the ring assembly, locally remov-
ing the lipids to create partial β-barrel pores with an unsealed edge of the lipid bilayer. This is in agree-
ment with recent cryo electron tomography data on pneumolysin assemblies (Sonnen et al., 2014).

Besides isolated rings and arcs, we observed interlocked arcs (Figure 4A,B, arrows), in which one 
or both ends of the arc contacted another arc or ring. As was the case for the isolated arcs, we found 
these interlocked arcs capable of perforating the membrane and form membrane lesions that can 
be smaller, but also larger than those in closed rings (Figure 4F). Once assembled in the pore confor-
mation, the arcs were stable and did not evolve further; even interlocked arcs did not merge into 
complete rings (Figure 4G).

Interestingly, the prepore-to-pore transition and membrane perforation by the wild-type suilysin 
was largely prevented, in a dose-dependent manner, by adding the disulphide-locked mutant in the 
incubation process (Figure 4—figure supplement 3). Subsequent exposure to DTT restored normal 
pore formation.

Suilysin assemblies are consistent with kinetically trapped 
oligomerization
To analyze the oligomerization process, we measured the arc-length distributions of wild-type suilysin 
in the pore state and of the disulphide-locked mutant in prepore (−DTT) and reduced, pore (+DTT) 
configurations, based on negative stain EM analysis under the same conditions (Figure 5A–C). The 
distributions show a broad peak centred between lengths of 10–30 monomers and a smaller, narrow 
peak corresponding to completed rings of about 37 monomers. The arc-length distributions for disul-
phide-locked prepores and pores after reduction by DTT are practically identical. Combined with the 
observation that suilysin does not oligomerize before binding to the cholesterol-containing membrane 
(Figure 4—figure supplement 2), this demonstrates that assembly is completely determined and 
terminated in the prepore state, i.e., is not affected by the prepore-to-pore transition. This conclusion 
is further confirmed by the lack of growth of individual arcs in the pore state upon subsequent, further 
addition of wild-type suilysin (Figure 5—figure supplement 1), and greatly simplifies the interpreta-
tion of the arc-length distributions.

To explain these distributions, we calculated the oligomeric populations for a model in which mono-
mers from the solution irreversibly bind to the membrane with a rate constant kb, and in which irre-
versible oligomerization on the membrane occurs only by monomer addition, with a rate constant ka 
(Figure 5D). In such a simple model, the oligomerization reaction is arrested by depletion of mono-
mers, yielding kinetically trapped assembly intermediates. Since the resulting populations only depend 
on the ratio ka/kb and on the (experimentally known) total number of monomers per unit area of mem-
brane (C), this model can be used to fit the experimental data with a single free parameter (ka/kb). The 
broad peak for intermediate arc-lengths (Figure 5A–C and Figure 4—figure supplement 1) can thus 
be explained by a ratio ka/kb that is sufficiently large to ensure a steady supply of monomers to sustain 
the oligomerization reaction, but not large enough to yield only completed assemblies (i.e., rings).

Discussion
CDCs are protein toxins that are potent virulence factors in bacteria. They are part of the major 
MACPF/CDC superfamily of pore-forming proteins. Our data map the structure (Figure 1) and 
assembly pathways of membrane pore formation by the CDCs in unprecedented detail and accu-
racy, as summarized in Figure 6. Using the disulphide-locked suilysin variant, we have resolved the 

transition. (G) Cross-sectional line profile extracted as indicated (◊ in D–E), illustrating the lipid ejection and 
eventual formation of an aqueous pore in the membrane (*).
DOI: 10.7554/eLife.04247.011
The following figure supplement is available for figure 3:

Figure supplement 1. Reproducibility of real-time imaging of the prepore-to-pore transition and membrane 
perforation by suilysin. 
DOI: 10.7554/eLife.04247.012

Figure 3. Continued

http://dx.doi.org/10.7554/eLife.04247
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initial membrane binding of suilysin monomers (Figure 4—figure supplement 2), oligomerization 
(Figure 5), and membrane insertion stages (Figures 2–4) in pore formation.

Suilysin oligomers exhibit a broad distribution of arc- and ring-shaped assemblies (Figures 4 and 5). 
Under given conditions such as incubation temperature, lipid composition, protein sequence and con-
centration, these distributions are reproducible between EM and AFM experiments (Figure 4—figure 
supplement 1). The similarity between prepore and pore distributions (Figure 5B,C) implies that oli-
gomerization is arrested before pore insertion. Therefore, our work rigorously establishes that the 

Figure 4. Suilysin assembles into ring- and arc-shaped oligomers that perforate the membrane. (A) Negatively 
stained EM of arc- and ring-shaped assemblies of wild-type suilysin on an egg PC:cholesterol (45:55%) lipid 
monolayer, and (inset) on a liposome of egg PC:cholesterol (45:55%). (B) AFM topography of wild-type suilysin on a 
supported egg PC:cholesterol (67:33%) lipid bilayer. The wild-type suilysin extends 7–8 nm above the lipid bilayer 
background, as indicated by the height histogram for 402 individual particles (inset). (C) The AFM topography of a 
complete suilysin ring reveals a circular hole (dark) in its lumen, whereas the lipid bilayer surrounding the ring 
remains intact (green). (D) The topography of a suilysin arc shows a hole (dark) in the membrane only partially 
enclosed by the suilysin assembly. Images in C and D are shown in a 15° tilted representation, and height profiles 
measured across the ring/arc confirm membrane perforation. (E) Examples of wild-type suilysin arcs of different 
lengths. Transmembrane holes are consistently observed. (F) Examples of interlocked-arc assemblies. As shown  
in the right image, the membrane area removed by the two arcs is larger than the hole in the complete ring (C). 
(G) Sequence of AFM images of the same interlocked-arc assembly, stable for at least 50 min. Scale bars A–B:  
50 nm, C–G: 15 nm, full z colour scale B–G: 12 nm.
DOI: 10.7554/eLife.04247.013
The following figure supplements are available for figure 4:

Figure supplement 1. Suilysin pore assemblies by EM and AFM. 
DOI: 10.7554/eLife.04247.014

Figure supplement 2. Suilysin is a monomer in solution. 
DOI: 10.7554/eLife.04247.015

Figure supplement 3. AFM assays of wild-type suilysin (WT-SLY) doped with disulphide-locked suilysin (ds-SLY). 
DOI: 10.7554/eLife.04247.016
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whole CDC assembly takes place in the prepore 
state, as was previously suggested for perfringoly-
sin (Hotze et al., 2001; Hotze and Tweten, 2012).

As can be deduced from the prevalence of 
larger but incomplete assemblies of the disulphide-
locked suilysin, the association of such larger oli-
gomers ( 5≳  subunits) is not a determining factor 
in membrane pore formation by CDCs. On the 
contrary, the oligomerization appears to be dom-
inated by monomer addition (Figure 5), although 
the addition of smaller oligomers ( 5≲  subunits) 
cannot be fully excluded. As demonstrated by our 
oligomerization model, the measured arc-length 
distributions are consistent with the kinetically 
trapped product of a two-stage irreversible and 
noncooperative reaction. The outcome is largely 
determined by the ratio of the corresponding 
rate constants and the density of monomers per 
unit area of membrane (in addition to the effects 
of steric hindrance at higher surface densities). 
The first stage can be the binding of monomers 
to the membrane, as assumed here, or a rate-
limiting nucleation step that triggers the oli-
gomerization reaction, as assumed elsewhere 
(Hotze et al., 2001). The second stage of this 
reaction is oligomerization by addition of mono-
mers or very small oligomers. As the rate con-
stants can be expected to vary from one protein 
to another, this model implies that the various 
CDCs can yield differing oligomeric populations.

Figure 5. Oligomerization states for arc- and ring-shaped assemblies of suilysin. (A) The arc-length distribution of wild-type suilysin displays a broad 
peak for arcs that contain between 15 and 30 monomers, and a smaller, sharp peak for complete rings (37-mers). (B) Arc-length distribution for the 
disulphide-locked suilysin prepore intermediate. (C) For the disulphide-locked mutant incubated in the presence of DTT (pore-state), the arc-length 
distribution is practically identical to the distribution for the prepore-locked intermediate. (D) Calculated arc-length distributions for a simple model  
of kinetically trapped oligomerization, with C = 2000 monomers per square micron (see ‘Materials and methods’). The peak of the arc-length 
distribution shifts from smaller to larger oligomers on increasing the ratio between the rate constants for monomer association (ka) and monomer 
binding to the membrane (kb). Vertical scale bar: 40 counts. Grey, dashed lines in A–C denote fits of the experimental data with the oligomerization 
model, yielding ka/kb = 0.893 ± 0.008 µm2 (A); 0.438 ± 0.012 µm2 (B); 0.425 ± 0.012 µm2 (C). Numbers in brackets in A–C indicate the estimated total 
number of monomers per square micron. The experimental data here are based on negative-stain EM images on monolayers of egg PC:cholesterol 
(45:55%), incubated at 37°C.
DOI: 10.7554/eLife.04247.017
The following figure supplements are available for figure 5:

Figure supplement 1. Sequential addition of wild-type suilysin in the pore state. 
DOI: 10.7554/eLife.04247.018

Figure 6. Schematic representation of suilysin 
membrane binding, assembly, and pore formation. 
From left to right: monomers bind to the membrane 
and oligomerize. The assembly of monomers proceeds 
in the prepore intermediate and results in either 
complete rings or kinetically trapped arc-shaped 
oligomers. The arc- and ring-shaped assemblies 
subsequently collapse to the pore configuration with 
the transmembrane β-hairpins unfurled and inserted 
into the lipid bilayer in a concerted conformational 
change. Lipids are subsequently ejected from the 
membrane (shown as grey spheres) and aqueous pores 
of different sizes are formed in the membrane. The 
inset shows a possible configuration of lipids at the 
unsealed edges of the bilayer.
DOI: 10.7554/eLife.04247.019
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Suilysin prepore intermediates appear both more mobile (Figure 3A–E) and more flexible than 
pore assemblies (Figure 2—figure supplement 1). This is consistent with the observation that the 
β-sandwich membrane-binding domain 4 does not significantly penetrate the membrane (Nakamura 
et al., 1995; Ramachandran et al., 2002). In contrast to the earlier observations on pneumolysin 
(Tilley et al., 2005), prepore assembly in suilysin is accompanied by some opening of the central 
β-sheet. A possible explanation for this difference is that the wild-type pneumolysin preparation in that 
study formed many stable prepores, apparently in an inactive, dead-end state, whereas wild-type sui-
lysin is extremely active and is not observed in a prepore state.

The activity of wild-type suilysin was greatly impaired, however, by incubating it in the presence of 
an equal concentration of disulphide-locked suilysin (Figure 4—figure supplement 3) and recovered 
on unlocking the mutant. These results imply that wild-type and mutant co-assemble as expected, and 
that the prepore-to-pore transition requires a concerted conformational change of all subunits in the 
suilysin assemblies, suggesting a cooperative insertion of subunits into the membrane.

The mobility of prepore assemblies on the membrane surface makes it possible for the subunits to 
slide apart upon pore formation, as seen in the 8% diameter expansion. This size difference was seen 
in the earlier work, but the symmetry measurement was less clear, and it was explained by assigning 
a lower symmetry to the prepore (31 vs 38 for the pore) (Tilley et al., 2005). In view of the present 
observations, it seems likely that pneumolysin rings also expand and that the previous assignment of 
different symmetries to pneumolysin pores and prepores was most likely incorrect.

We observed arc-shaped assemblies as small as 5 subunits, with heights corresponding to the sui-
lysin pore state. This gives an estimate of the minimum oligomer size required for membrane insertion. The 
size of the AFM tip was too large to probe the membrane perforation in arc-shaped complexes smaller 
than about 15 monomers (see e.g., Figure 4E). We have observed membrane perforation for arcs at any 
size between 15 and 37 monomers, which unambiguously demonstrates that a fully enclosed β-barrel is not 
essential for the insertion of the transmembrane β-hairpins and membrane perforation, as was previously 
presumed (Hotze and Tweten, 2012). Unsealed lipid edges and incomplete β-barrels are a surprising 
by-product of this membrane perforation by incomplete CDC oligomers (Figure 4D,E), as was recently 
suggested based on electron tomography of various pneumolysin assemblies (Sonnen et al., 2014).

The size of the membrane lesions can thus vary between less than half the lumen in a completed 
SLY pore to the larger pores formed by interlocked arcs (Figure 4F,G), as suggested by conductance 
measurements on black lipid membranes (Marchioretto et al., 2013).

Regardless of the extent of oligomerization, both arc and ring prepores can convert directly to the 
pore configuration as the β-hairpins unfurl and insert into the lipid bilayer. This is followed by the ejec-
tion of lipids from the membrane as the pore is formed (Figure 3C,D and Figure 3—figure supple-
ment 1C,D). The results imply that the hydrophilic inner surface of the partially or fully completed 
β-barrel is sufficient to destabilize the lipid membrane in the pore lumen, leading to ejection of lipid 
micelles from the pore.

The approach of identifying hinge regions for domain fitting to the suilysin pore map has yielded a 
pseudo-atomic model that goes beyond the earlier rigid body fitting to pneumolysin (Tilley et al., 
2005). The mechanism of collapse through buckling of domain 2 involves a sideways movement 
around the ring, and the bending is in the opposite direction to that proposed in the earlier model. 
The resulting tilt of domain 1 results in the 8% radial expansion of the ring, clearly seen by the dis-
placement of domain 4 (Figure 1E). A helical subdomain thought to be involved in triggering of sheet 
opening in a MACPF protein (dashed oval in domain 3, Figure 1C; Lukoyanova et al., in press) is also 
likely to move in suilysin, strengthening the notion that the mechanism of unfolding and pore forma-
tion is conserved between the remotely related MACPF and CDC subfamilies.

In summary, we have visualized the various stages of membrane pore formation by a CDC at greatly 
improved spatial and temporal resolution, to provide new insights in domain movements and path-
ways of assembly for a major superfamily of pore-forming proteins.

Materials and methods
SLY expression and purification
Cloning of wild-type suilysin gene
Genomic DNA was extracted from S. suis (kindly provided by Dr Vanessa Terra, London School of 
Hygiene and Tropical Medicine; UK), using the PureLink genomic DNA mini kit (Invitrogen, Carlsbad, CA). 
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The suilysin gene was amplified using the primers: SLY_F, 5′- CGG CGC CAT GGC TTC CAA ACA AGA 
TAT TAA TCA GTA TTT TCA AAG -3′ and SLY_R, 5′-GAT AGG ATC CTC ACT CTA TCA CCT CAT CCG 
CAT ACT GTG-3′. These primers introduced restriction sites for NcoI and BamHI for subsequent clon-
ing into pEHISTEV (Liu and Naismith, 2009), in-frame with and downstream of nucleotides encoding 
a 6-histidine tag and a TEV protease cleavage site. The recombinant plasmid expressing suilysin was 
then transformed into Escherichia coli XL-10 Gold competent cells (Agilent, Santa Clara, CA), according 
to the manufacturer's instructions. Positive clones were identified by blue-white colony screening 
and were confirmed by sequencing. Plasmid carrying the suilysin gene was subsequently transformed 
into E. coli Rosetta-2 (DE3) (Novagen, Millipore, Watford, United Kingdom).

Creation of a disulphide-locked construct of suilysin
This mutant was made using a QuikChange Multi Site-Directed Mutagenesis Kit (Agilent). The primers 
G52C_F, 5′-CAC AAG AGA TTC TTA CAA ATG AGT GCG AAT ACA TTG ATA ATC CGC CAG C-3′ and 
G52C_R, 5′-GCT GGC GGA TTA TCA ATG TAT TCG CAC TCA TTT GTA AGA ATC TCT TGT G-3′ were 
used to replace the codon for Gly52 (GGA) in the wild-type with a Cys codon (TGC). The primers 
S187C_F, 5′-TGA AAC AAT GGC ATA CAG TAT GTG CCA ATT GAA AAC GAA GTT CGG AAC-3′ and 
S187C_R, 5′-GTT CCG AAC TTC GTT TTC AAT TGG CAC ATA CTG TAT GCC ATT GTT TCA-3′ were 
used to substitute the Ser187 codon (TCA) by a Cys codon (TGC) in the same construct. Following the 
digestion of the methylated/hemimethylated parental DNA with DpnI, the construct containing 
the double mutation was transformed into E. coli XL-10 Gold (Agilent). Positive clones were identi-
fied by blue–white colony screening and mutations confirmed by sequencing. Purified plasmid from 
selected clones was subsequently transformed into E. coli Rosetta-2 (DE3) (Novagen).

Expression and purification
Recombinant wild-type suilysin and the cys-locked version were expressed in Overnight ExpressTM 
Instant TB medium (Novagen) containing kanamycin (50 µg/ml; Sigma–Aldrich, Dorset, United 
Kingdom). Cells were harvested by centrifugation and lysed with 1x BugBuster protein extraction 
reagent (Novagen) supplemented with 10 µg/ml DNase I (Sigma–Aldrich), 5 mM MgCl2, and EDTA-
free protease inhibitor (Roche Applied Science, Welwyn Garden City, United Kingdom). Soluble cel-
lular extracts were clarified and loaded onto a HisTrap High Performance column (GE Healthcare, 
Little Chalfont, United Kingdom) in loading buffer (20 mM Tris–HCl, 150 mM NaCl, 20 mM Imidazole, 
pH 7.5). The column was washed thoroughly with 20 mM Tris–HCl, 150 mM NaCl, 50 mM Imidazole, 
pH 7.5, and the 6-histidine-tagged wild-type and cys-locked suilysins were eluted using a stepwise 
gradient of elution buffer (20 mM Tris–HCl, 150 mM NaCl, containing 0 to 500 mM Imidazole, pH 7.5). 
The purity of the eluted fractions was assessed by SDS-PAGE (Laemmli, 1970). The haemolytic activity 
of the suilysins was determined as described previously (Owen et al., 1994), except that 5 mM DTT 
was included in some assays as appropriate. Wild-type suilysin had a specific activity of 39,000 HU 
(haemolysis units)/mg protein. No haemolytic activity was seen with the cys-locked construct, in the 
absence of DTT, but in 5 mM DTT, its specific activity was 20,000 HU/mg protein.

Lipid and liposome preparation
All lipid materials (cholesterol, egg PC, DOPC, sphingomyelin, DDAB) were purchased from Avanti 
Polar Lipids (Alabaster, AL). Small unilamellar lipid vesicles were prepared by the extrusion method 
(Hope et al., 1985). Briefly, lipids in powdered form were weighed and dissolved in chloroform to 
produce a homogeneous mixture with a lipid concentration of ∼1 mg/ml. The solvent was then slowly 
evaporated for at least 5 hr by passing a steady stream of argon in a fume hood, yielding a dry lipid 
film. The lipid film was resuspended, by vigorous vortexing for 5 min, in 1 ml of 20 mM Tris, 150 mM 
NaCl, pH 7.8, to form large, multilamellar vesicles. This solution was transferred to a Fisherbrand 
FB11201 bath sonicator (Fisher Scientific, Loughborough, UK), maintained above the gel–liquid tran-
sition temperature of the constituent lipids. The large multilamellar vesicles were disrupted by 15-min 
sonication treatments at frequencies between 40 and 80 kHz, interspersed by two freeze/thaw cycles. 
The solution containing the lipid dispersion was loaded into an Avanti mini-extruder kit (Avanti Polar 
Lipids) and kept above the transition temperature of the lipids. The lipid solution was forced through 
a Whatman Nucleopore polycarbonate filter (GE Healthcare Lifesciences, Buckinghamshire, UK) with 
an 80 nm nominal pore diameter. The extrusion process was repeated at least 30 times to yield small 
unilamellar vesicles with a diameter near the pore size of the filter used, as verified by negative stain EM.

http://dx.doi.org/10.7554/eLife.04247
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For EM experiments, liposomes were prepared from 5 mM lipids containing ∼45 mol% of egg PC 
and ∼55 mol% cholesterol resuspended in 100 mM NaCl, 50 mM HEPES, pH 7.5 by extrusion through 
an 80-nm filter as previously described (Tilley et al., 2005).

Electron microscopy sample preparation and data acquisition
Negative stain
10 μg/ml monomeric wild-type suilysin was negatively stained with 2% wt/vol uranyl acetate. To form 
prepore and pore complexes on lipid monolayers, a solution of monomeric wild-type or disulphide-
locked suilysin (10 μg/ml), or disulphide-locked suilysin reduced by pre-incubation with 10 mM DTT for 
10 min, was overlaid with 1 μl of chloroform solution of the lipid mixture described above, at 1 mg/ml, 
for 25 min at 37°C and the monolayers were transferred to EM grids, as described before (Dang et al., 
2005). To image pores on liposomes, 1 μl of a 0.3–0.5 mg/ml solution of wild-type suilysin was incu-
bated with 1 μl of liposomes for 10 min at 37°C. Samples were negatively stained with 2% wt/vol uranyl 
acetate and imaged on a Tecnai F20 FEG microscope (FEI, Hillsboro, OR) at 200 kV under low dose 
conditions. Images were taken with a defocus of 0.5 μm on a Gatan 4k × 4k CCD camera giving a final 
pixel size of 1.85 Å.

Cryo-EM
For 3D reconstructions of the prepore and the pore, 1 μl of 0.3–0.5 mg/ml solution of either wild-type 
or disulphide-locked suilysin was incubated with 1 μl of liposomes for 10 min at 37°C. Liposomes were 
then applied to lacey carbon-coated copper grids (Agar Scientific, Stansted, United Kingdom) and 
frozen using Vitrobot Mk3 (FEI) at 22°C and 100% humidity. Images were collected on a Tecnai G2 
Polara microscope (FEI) at 300 kV, on a Gatan 4k × 4k CCD camera giving a final pixel size of 2 Å, at 
an electron dose of 20–25 e/Å2.

Image processing of suilysin prepores and pores on lipid monolayers
Ring images were centered and analysed by multivariate statistical analysis (MSA; van Heel, 1984) for 
classification into subsets of homogeneous diameter and subunit number. Suilysin arc length distribu-
tions were determined from negative-stain EM images at 1.85 Å pixel size and AFM images acquired 
at 26.8 Å pixel size. Using DNA Trace software (Mikhaylov et al., 2013), individual suilysin arcs were 
manually traced with a step size of 25 Å for both EM and AFM images. The number of monomers 
within each arc was then calculated by dividing the manually traced arc length by the average size of 
a monomer in the prepore and pore states, 23.6 Å and 25.7 Å, respectively, as estimated from rota-
tionally averaged negative-stain EM images. This approach yielded an error within ±2 monomers as 
estimated from averages of rings from the EM monolayer data.

3D reconstruction of suilysin prepores and pores on liposomes
The defocus of the cryo-EM images was determined by CTFFIND3 (Mindell and Grigorieff, 2003) and 
phases were corrected using SPIDER (Frank et al., 1996). Side-view images of prepores (1374) 
and pores (2700) were extracted using Boxer (EMAN 1.9; Ludtke et al., 1999). Images were aligned 
in SPIDER to reprojections of pneumolysin prepore and pore maps (Tilley et al., 2005) and the aligned 
images were sorted by diameter with MSA. Initial reconstructions were calculated by back-projection 
of either of class sums or aligned raw images, up to 35° from the side view plane, and symmetry 
estimated by maximising density variance within the maps. These estimates were consistent with the 
outcomes of statistical analysis for negatively stained prepores and pores formed on lipid monolay-
ers. Most of the pores (∼60%) and prepores exhibited 37-fold symmetry. These 37-fold maps were 
further refined by projection matching with up to 20° out-of-plane tilt. MSA was used to detect and 
correct for misalignments. Reconstructions were calculated by back-projection in SPIDER. 450 pre-
pore and 600 pore views were selected for the final reconstructions. The final resolution was esti-
mated by 0.5 FSC (Figure 1—figure supplement 2).

Atomic structure modelling
Pore map fitting
First, nine different β-barrel models (corresponding to domain 3, residue range 176–225 and 272–346) 
with architecture S = n/2 were generated as described in Reboul et al., 2012. These nine different 
β-barrel models were generated with slightly varying a (3.48 ± 0.1 Å) and b (4.83 ± 0.1 Å) bond 
lengths, where the value of a is the distance between Cα of adjacent residues in the same β-strand and 
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b is the distance between Cα of adjacent residues in adjacent β-strands. This resulted in β-barrel mod-
els with modest variations of radius and height, in which the β-strands are tilted by 20° from the pore 
axis (Murzin et al., 1994). All the β-barrels were fitted using the Fit-in-Map tool in Chimera 
(Pettersen et al., 2004; Goddard et al., 2007). Among the top three best-fitting β-barrels (CCC 
[cross-correlation coefficient] scores 0.43–0.44, as compared to 0.28–0.40 for the rest), the barrel with 
the height best matching the membrane was chosen by visual inspection. Next, the missing residues 
in the N-terminus of the native suilysin structure (PDB:3HVN) were modelled using MODELLER 
(Sali and Blundell, 1993). Normal Mode Analysis (NMA) was used to generate rough decoys for 
domains 1 and 2 using the NOMAD-Ref web server (Lindahl et al., 2006). 50 different decoys were 
obtained by randomly combining amplitudes of the first 20 modes. The value of the average coor-
dinate root mean square deviation between the native domains and the decoys was set to 5 Å.

The decoy models and the crystal structures of the individual domains were manually fitted as rigid 
bodies into the pore map. The best fitting model for each domain was selected by a combination of 
local fit quality and geometric constraints using Chimera. For domains 1 (residue 32–48, 85–175, 226–
271 and 347–370) and 2 (residues 49–84 and 371–387), the best fitting models were selected based 
on CCC from the decoy set. For domain 4 (residues 388–497), the crystal structure was used as the 
best fitting model (this domain shows very little flexibility based on NMA analysis). The geometric 
constraints were such that domain 2 is connected to domains 1 and 4, domain 1 is connected to the 
β-barrel, and domain 4 sits at the membrane surface.

For each domain, 50 models were generated with MODELLER using the above corresponding best 
fit as a template structure to refine the stereochemistry. Then the models were evaluated using the 
DOPE statistical potential score (Shen and Sali, 2006). The top models from the individual domains 
were connected with MODELLER into one partial model (containing domains 1, 2, and 4—but not 3), 
which was then C37 symmetrized in Chimera. Next, the map was segmented around three asymmetric 
units of the resulting pore model. Loop refinement was performed on the loops connecting domain 1 
and the corresponding strands from the barrel (only on the central asymmetric unit). The resolution 
was insufficient to include β5 from domain 3 in the model. The refined asymmetric unit was C37 sym-
metrized to give the final pore model.

Prepore map fitting
Only domains 1 and 4 were fitted into the prepore map. The starting structure was the crystal structure 
of suilysin monomer. We first rigidly fitted the whole crystal structure and then deleted domain 2 and 
3, as their corresponding density was not sufficiently resolved. The fit of domain 4 was further refined 
to improve the CCC, taking into account the position relative to the membrane. The final fits of domain 
1 and 4 were C37 symmetrized to give a final (partial) prepore model without clashes between the 
monomers.

Mapping of electrostatic potential and interacting residues
We calculated the electrostatic potential of domain 1 in both prepore and pore models using the 
APBS method (Baker et al., 2001; available in Chimera) and mapped it onto their molecular surface 
(Figure 1—figure supplement 3A,B). For the pore model, optimization of the side chain rotamers 
was done using SCWRL (Krivov et al., 2009) prior to the calculation of the electrostatic potential. 
We further analysed the contacts in adjacent monomers of domain 1 in the prepore and pore fit 
(Figure 1—figure supplement 3C,D). We considered two residues as interacting (interface residue) 
if their corresponding Cβ atoms are within a distance of 7 Å (Malhotra et al., 2014).

AFM sample preparation
Small unilamellar vesicles were injected onto a freshly cleaved mica surface at a concentration between 
5 and 25 nM in the presence of 60 µl of 20 mM Tris, 150 mM NaCl, 20 mM MgCl2, pH 7.8. Incubation of 
the vesicles on the mica for 30 min at room temperature allowed them to rupture and adsorb onto the 
surface, yielding an extended lipid bilayer film. Any remaining vesicles were removed by gently rinsing 
with 80 µl of the adsorption buffer. The rinsing process was repeated 3–7 times to ensure a clean and 
uniform surface conducive for AFM imaging. Wild-type and disulphide-locked suilysin were injected 
into a 150 µl fluid cell containing the supported lipid bilayers and allowed to equilibrate for ∼10 min 
prior to imaging. The concentration of suilysin in the various AFM experiments was 12–180 nM.

For the doping assays (Figure 4—figure supplement 1), wild-type and locked suilysin were mixed 
in the desired molar ratios and 60 nM of the protein mixture was incubated on the lipid bilayers for 10 min.
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AFM imaging and data processing
Real-time topographic images of suilysin on the supported lipid bilayers were collected on a Multimode 
8 system (Bruker, Santa Barbara, CA) by performing rapid force-distance (PeakForce Tapping) curves. 
The PeakForce method continuously records force-distance curves with a user-defined force set-
point (here about 50 pN) that is referenced to a continuously adjusted baseline. Typically, these force-
distance curves were recorded at a frequency of 2 kHz with a maximum tip-sample separation between 
5 and 20 nm. The topographic features were verified for consistency between trace and retrace 
images, as well as for their reproducibility in subsequent scan frames. For imaging, the vertical scan 
limit was reduced to ∼1.5 μm. Typically, images were recorded at 0.2–1 frames/min. Suilysin pre-
pores and pores were also imaged at rates of up to 10 frames/min using a home-built AFM system 
and miniaturized cantilevers (Leung et al., 2012), but this did not yield information additional to the 
data presented here. Suilysin prepores were only resolved at high concentration on the membrane 
(Figure 2C), or when the temperature was lowered to 15°C (Video 1). The real-time, low-temperature 
measurements were carried out on a Dimension FastScan AFM system in tapping mode with images 
acquired at 4 frames/min using FastScan Dx probes (Bruker).The AFM probes used for suilysin imaging 
had nominal spring constants ranging from 0.1 to 0.7 N/m and resonance frequencies between 10 and 
130 kHz in liquid. We used silicon nitride AFM probes with batch-processed silicon tips including 
MSNL E and F (Bruker), ScanAsyst Fluid+ (Bruker), and cantilevers with individually grown carbon 
tips, for example, Biotool (Nanotools, Munich, Germany). Batches of AFM probes were screened for 
tip sharpness and appropriate tilt angles prior to data collection.

All AFM imaging was performed in the presence of 20 mM Tris, 150 mM NaCl, 20 mM MgCl2, 
pH 7.8 with either an E or a J scanner with an integrated temperature control. Images were ana-
lysed by either the Nanoscope Analysis software package (Bruker) or using the open-source SPM 
analysis software, Gwyddion (www.sourceforge.net). The raw AFM images were plane-levelled 
and subsequently line-by-line flattened using the lipid membrane as reference. A Gaussian filter 
with a full-width-half-maximum of 2-pixels was applied to smooth out high frequency noise where 
necessary.

Oligomerization model
The assembly of suilysin (SLY) in the prepore state was described by the irreversible reactions 

(pre) (pre) (pre)
–1 1SLY +SLY SLY

n n
→  for oligomerization via monomer-association with a rate constant ka. Here 

n denotes the number of monomeric subunits in an oligomer, ranging from 1 to the maximum number 
of monomers in a complete ring, N = 37. The prepore monomers originated from the binding of 
soluble suilysin monomers to the membrane, (sol) (pre)

1 1SLY SLY→ , here assumed to occur with a rate 
constant kb.

σn(t) was defined as the number of suilysin prepore n-mers per unit area on the membrane, and 
C as the number of monomers in solution above a unit membrane area, immediately after injection 
of suilysin at time t = 0. With these definitions, the oligomerization reactions can be modelled by the 
rate equations
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These reactions lead to kinetically trapped prepore assemblies on depletion of free monomers on 
the membrane, that is, when σ1(t)→0 as time evolves. With the substitutions t = τ/kb and σn(t) = sn(τ)kb/ka, 
the rate equations can be rewritten in terms of a dimensionless surface density sn(τ) and a dimension-
less time τ, to demonstrate that the shape of the solution for sn(τ→∞) versus n, and thus of the resulting 
arc length distribution (σn(t→∞) versus n), is a function of the parameter Cka/kb only.

The coupled and nonlinear differential equations for sn(τ) were integrated numerically for different 
Cka/kb using the Runge-Kutta method, until a stationary solution was reached. For fitting experimental 
data, C was determined from the accumulated length of all measured oligomers, normalized to the 
measured membrane area. The best ka/kb then followed from the numerical solution that yielded the 
lowest sum of squared residues.
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Abstract
Membrane attack complex/perforin-like (MACPF) proteins comprise the largest superfamily
of pore-forming proteins, playing crucial roles in immunity and pathogenesis. Soluble mono-
mers assemble into large transmembrane pores via conformational transitions that remain
to be structurally and mechanistically characterised. Here we present an 11 Å resolution
cryo-electron microscopy (cryo-EM) structure of the two-part, fungal toxin Pleurotolysin
(Ply), together with crystal structures of both components (the lipid binding PlyA protein and
the pore-forming MACPF component PlyB). These data reveal a 13-fold pore 80 Å in diame-
ter and 100 Å in height, with each subunit comprised of a PlyB molecule atop a membrane
bound dimer of PlyA. The resolution of the EMmap, together with biophysical and computa-
tional experiments, allowed confident assignment of subdomains in a MACPF pore assem-
bly. The major conformational changes in PlyB are a*70° opening of the bent and
distorted central β-sheet of the MACPF domain, accompanied by extrusion and refolding of
two α-helical regions into transmembrane β-hairpins (TMH1 and TMH2). We determined
the structures of three different disulphide bond-trapped prepore intermediates. Analysis of
these data by molecular modelling and flexible fitting allows us to generate a potential tra-
jectory of β-sheet unbending. The results suggest that MACPF conformational change is
triggered through disruption of the interface between a conserved helix-turn-helix motif and
the top of TMH2. Following their release we propose that the transmembrane regions as-
semble into β-hairpins via top down zippering of backbone hydrogen bonds to form the
membrane-inserted β-barrel. The intermediate structures of the MACPF domain during re-
folding into the β-barrel pore establish a structural paradigm for the transition from soluble
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monomer to pore, which may be conserved across the whole superfamily. The TMH2 region
is critical for the release of both TMH clusters, suggesting why this region is targeted by en-
dogenous inhibitors of MACPF function.

Author Summary
Animals, plants, fungi, and bacteria all use pore-forming proteins of the membrane attack
complex-perforin (MACPF) family as lethal, cell-killing weapons. These proteins are able
to insert into the plasma membranes of target cells, creating large pores that short circuit
the natural separation between the intracellular and extracellular milieu, with catastrophic
results. However, the pore-forming proteins must undergo a substantial transformation
from soluble precursors to a large barrel-shaped transmembrane complex as they punch
their way into cells. Using a combination of X-ray crystallography and cryo electron
microscopy, we have visualized, for the first time, the mechanism of action of one of these
pore-forming proteins—pleurotolysin, a MACPF protein from the edible oyster mush-
room. This enabled us to propose a model of the pleurotolysin pore by fitting the crystallo-
graphic structures of the pore proteins into a three-dimensional map of the pore obtained
by cryo electron microscopy. We then designed a set of double mutants that allowed us to
chemically trap intermediate states along the trajectory of the pore formation process, and
to determine their structures too. By combining these data we proposed a detailed molecu-
lar mechanism for pore formation. The pleurotolysin first assembles into rings of 13 sub-
units, each of which then opens up by about 70° during pore formation. This process is
accompanied by refolding and extrusion of two compact regions from each subunit into
long hairpins that then zipper together to form an 80-Å wide barrel-shaped channel
through the membrane.

Introduction
Membrane pore-forming proteins have the unique property of being expressed as metastable,
water-soluble monomers that convert into a membrane inserted form. These proteins typi-
cally assemble into prepore oligomers on the target membrane surface. A dramatic confor-
mational change then permits membrane insertion and formation of transmembrane pores
[1–4].

The membrane attack complex/perforin-like family (MACPF) proteins form the largest su-
perfamily of pore-forming proteins identified to date. They include perforin and complement
component-9 (C9), mammalian pore-forming proteins that function as weapons of the humor-
al and cellular immune system, respectively [5]. The superfamily also includes a wide range of
molecules implicated in defense or attack [6–8]. For example, invasion by the protozoan para-
sites Plasmodium spp. and egress by Toxoplasma gondii requires MACPF proteins, plants uti-
lize the MACPF fold to combat bacterial infection [9], and MACPF-related proteins can be
identified in numerous Gram negative and Gram positive bacteria. Finally, a significant group
of MACPF proteins play important, but poorly understood, roles in embryonic development
and neurobiology [10–12].

Despite the absence of detectable sequence identity, the first crystal structures of MACPF
proteins revealed that the pore-forming domain unexpectedly shared homology with the pore-

Conformation Changes during Pore Formation by a Perforin-Like Protein

PLOS Biology | DOI:10.1371/journal.pbio.1002049 February 5, 2015 2 / 15

files for the sets of prepore models are available in
the Protein Data Bank database (accession numbers
4V3A (TMH1 lock), 4V3M (TMH2 helix lock) and
4V3N (TMH2 strand lock)).

Funding: HRS acknowledges support from the
Wellcome Trust (grant 079605/2/06/2) for EM
facilities and doctoral training support to KO (MRC
G1001602), the BBSRC (BB/D00873/1) and the ERC
(294408). MTacknowledges the BBSRC (BB/
K01692X/1) and Leverhulme Trust (RPG-2012-519).
We thank D. Houldershaw and R. Westlake for
computing support, L. Wang for EM support, and E.V.
Orlova, D.K. Clare and A.P. Pandurangan for
discussion. MAD is a National Health and Medical
Research Council of Australia (NHMRC) Career
Development Fellow. MAD acknowledges support
from the Australian Research Council (ARC)
[DP120104058, DP0986811, CE140100011] and the
National Health and Medical Research Council
[606471]. JCW is an NHMRC Senior Principal
Research Fellow. JCW also acknowledges the
support of an Australian Research Council Federation
Fellowship. CFR is supported by the Australian
Postgraduate Award. DTacknowledges the support
of an ARC Super Science Fellowship. RKT
acknowledges the National Institutes of Health, NIAID
[AI037657]. The authors acknowledge the support of
the Victorian Life Sciences Computation Initiative
(VLSCI, Melbourne, Australia) and the Multi-modal
Australian ScienceS Imaging and Visualisation
Environment (MASSIVE) (www.massive.org.au). The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

Abbreviations: CDC, cholesterol
dependent cytolysin; EM, electron microscopy; HTH,
helix-turn-helix; MACPF, membrane attack complex/
perforin-like family; SCCC, segment-based cross-
correlation score; TMH, transmembrane hairpin.



forming bacterial cholesterol dependent cytolysins (CDCs) family [13–15]. This structural
similarity extended across the key elements involved in pore formation (originally annotated
as three non-contiguous domains 1–3 in CDCs). The central, common feature of the
MACPF/CDC fold is a four stranded, highly twisted β-sheet decorated with three small clus-
ters of α-helices. Two of these helical bundles contain the regions destined to insert into the
membrane (transmembrane hairpins TMH1 and TMH2). The third α-helical region com-
prises a short helix-turn-helix (HTH) motif formed via a sequence insertion at the bend of
the central β-sheet. The HTH motif packs on top of TMH2. These structural similarities, to-
gether with commonality of a pore-forming function, suggested that MACPF proteins share
a common ancestor with CDCs and assemble into giant pores via a CDC-like mechanism
[13,14,16–19].

Previous studies have provided important insight into pore formation by CDCs.
Electron microscopy (EM), biochemical, and biophysical studies of CDCs showed that
monomers assemble into prepore oligomers on the membrane surface without major con-
formational changes in the subunits [17,19–22]. However, conversion to the pore form in-
volves dramatic secondary and tertiary conformational changes in which the highly twisted
β-sheet opens up and the assembly collapses*40 Å towards the membrane surface, allow-
ing unfurling of TMH1 and TMH2 and their insertion into the membrane as amphipathic
β-hairpins [19–22].

The CDCs form initial interactions with the membrane through a C-terminal lipid binding
immunoglobulin-like (Ig) domain. In the MACPF branch of the superfamily a wide variety of
domains are found both N- and C-terminal to the pore-forming MACPF domain. For example,
perforin includes a C-terminal lipid and calcium binding C2 domain (a variation of the Ig
fold). Similar to the CDC Ig domain, this region mediates initial interaction of perforin with
the target membrane. The MACPF domains in the complement membrane attack complex
proteins are flanked by arrays of small disulphide constrained domains (e.g., thrombospondin,
epidermal growth factor, and complement control protein domains). Rather than interacting
directly with membranes, the role of these regions includes mediation of key protein-protein
interactions that recruit the MACPF domain to the target cell surface [23–25].

The molecular structures of key intermediates in the assembly of MACPF and CDC pore
complexes remain obscure, but are necessary to understand the transition from a monomeric
form into oligomeric membrane prepores and then into pores. Here we have analysed this
transition, using a variety of structural and biophysical approaches. Structures of MACPF and
CDC oligomeric assemblies by EM have been very limited in resolution, owing to their hetero-
geneity and flexibility. To gain further insight into the structural conversions in pore forma-
tion, we chose pleurotolysin (Ply), a MACPF protein consisting of two components, PlyA and
PlyB, from Pleurotus ostreatus [26,27]. Previous studies have shown that PlyA binds mem-
branes and is required to recruit the pore-forming MACPF protein PlyB to the membrane sur-
face. PlyA and PlyB together form relatively small and regular pores in liposomes [27,28]. As
well as determining the structure of the pleurotolysin pore, we used protein-engineering ap-
proaches to trap and structurally characterise three distinct prepore intermediates. Together
these approaches allowed us to visualise a potential molecular trajectory of a MACPF protein
during pore formation.

Results
Crystal Structures of the Pleurotolysin Components
The 1.85 Å X-ray crystal structure of PlyA (Fig. 1A; S1 Table) revealed a β-sandwich fold, unex-
pectedly related to the actinoporin-like family of pore-forming toxins [29]. Previous studies
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suggest that actinoporin-like proteins interact with membranes via one end of the β-sandwich,
with the N-terminal sequence responsible for forming the pore [29]. However, PlyA lacks the
proposed actinoporin N-terminal transmembrane region consistent with the observation that
PlyA binds membranes, but is unable to form pores on its own [27].

The 2.2 Å structure of PlyB (Fig. 1B and 1C; S2 Table) reveals an N-terminal MACPF do-
main (blue/red/yellow) followed by three small β-rich domains clustered in a globular trefoil-
like arrangement (green). The MACPF domain of PlyB contains a central, four-stranded bent
and twisted β-sheet characteristic of the MACPF/CDC superfamily (red). The TMH1 cluster of
helices (yellow) is located on the inside of PlyB, next to the concave face of the central β-sheet.
TMH2 (yellow) comprises a single large α-helix and an additional β-strand (termed “strand
β5”), located on the edge of the central β-sheet. Together, the central β-sheet and the TMH re-
gions constitute the topologically conserved MACPF/CDC pore-forming fold.

Cryo-EM Structure of the Pleurotolysin Pore
EM images of liposomes with added PlyAB showed distinctive, ring shaped pore structures
(Fig. 2A and 2B). Analysis of negative stain EM images of oligomeric rings of Ply on mem-
branes showed that the majority of the oligomers had 13-fold symmetry (75%), but 12- (15%),
11- (5%), and 14-fold (5%) rings were also present (Fig. 2C). For 3-D reconstruction, we ex-
tracted 14,700 individual cryo-EM images of pore side views in liposomes (Fig. 2D). The im-
ages were analysed by the single particle approach, following the method developed for the
CDC pneumolysin [17]. This allowed us to sort the pore views by symmetry, enabling determi-
nation of an 11 Å resolution cryo-EM map of a liposome-embedded 13-fold pleurotolysin pore
from 8,770 views (Fig. 3A and 3B). We used the crystal structures of PlyA and PlyB together
with biophysical data (S1 Fig.) to interpret the map. A single PlyB moiety was fitted into the
upper part of the pore structure (Fig. 3C). The C-terminal trefoil (green) and the α-helices at
the top of the MACPF domain (blue) unambiguously fit the EM density with only minor struc-
tural rearrangement. The core of the MACPF domain undergoes a massive opening but does
not collapse as in CDCs (Fig. 3C).

The structure was modeled by flexible fitting in a multistep procedure [30]. In the pore
map, the position of PlyB is clearly recognizable in the upper part of each subunit, while the V-

Figure 1. Crystal structures of the two pleurotolysin components: PlyA and PlyB. (A) The structure of
PlyA showing a β-sandwich fold similar to that seen in actinoporins [29]. (B) The structure of PlyB, with the
bent, central β-sheet characteristic of the MACPF/CDC superfamily (red). The transmembrane hairpin
regions are labelled as TMH1 and TMH2 (yellow) and the helix-turn-helix motif is labelled HTH (outlined by
the dashed oval). The trefoil of C-terminal β-rich domains is shown in green. The upper part of the central
sheet is flanked mainly by helical regions (blue). The conserved pore-forming core consists of the bent β-
sheet and the TMH domains. (C) PlyB seen edge-on, clearly showing strand β5.

doi:10.1371/journal.pbio.1002049.g001
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shaped density at the base of each asymmetric unit accommodates two PlyA molecules. The
positions of PlyB subdomains were refined without TMH1 and TMH2, because these trans-
membrane regions are expected to refold to form the β-barrel of the pore. The best fits were
further refined with Flex-EM [30] via simulated annealing rigid-body dynamics.

To identify the sequence forming the transmembrane β-hairpins we carried out fluorescence
spectroscopy studies using single cysteine mutants in TMH1, as previously performed on
CDCs [20]. This approach revealed an alternating pattern of emission between residues 128–
147 consistent with a*30 Å membrane-spanning amphipathic β-hairpin structure (S1 Fig.).
This information provided a useful restraint for the fitting. In the resulting pore model, each
MACPF domain forms a four-stranded β-sheet (Fig. 3A–3C).

β-barrels are limited to discrete architectures, each with a characteristic strand tilt relative to
the barrel axis [31]. For a barrel composed of n strands, the shear number S describes the regis-
ter of hydrogen bonding between residues in adjacent β-strands and defines the strand tilt and
the dimensions of the formed barrel: the greater the strand tilt, the wider and shorter the barrel
[32]. Only three Ply barrel models, with S = 0 (0° tilt), S = n/2 (20° tilt), and S = n (36° tilt) have
dimensions comparable with the Ply pore cryo-EM map (S2 Fig.). The S = n/2 model gave the
best fit in diameter and height (CC = 0.90 versus 0.73 for S = 0 barrel and 0.74 for S = n).

This 52-stranded β-barrel was combined with a 13-mer ring of fitted PlyB molecules. Be-
cause of steric clashes with the barrel, further refinement using Flex-EM was performed on the
HTHmotif (residues 298–313) (Figs. 1B, and 3C, 3D). After refinement of the central asym-
metric unit, the pore was rebuilt with C13 symmetry in Chimera [33] to give the final pore
model. In this pore, the central β-sheet has straightened and opened by*70°, as measured
from the fitting, and TMH1 and TMH2 are fully unwound into β-hairpins to form a β-barrel
spanning the membrane bilayer (Fig. 3A–3C). The pore channel is thus formed by a 52-strand-
ed β-barrel that is 80 Å in inner diameter and over 100 Å in height.

Figure 2. Electronmicroscopy of pleurotolysin pores.Representative views of negatively stained (A) and
vitrified (B) Ply pores on liposomes. (C) Averaged views of 12-fold and 13-fold symmetric pores on lipid
monolayers (negative stain). (D) Averaged side view of Ply pores on liposomes (cryo-EM). Scale bar, 20 nm.

doi:10.1371/journal.pbio.1002049.g002
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The PlyB C-terminal trefoil sits in the cavity formed by a V-shaped wedge of density con-
tacting the membrane (Figs. 3C and 4A). This density can be accounted for by two PlyA mole-
cules, revealing a tridecameric PlyB/2xPlyA pore assembly. The symmetrical shape of PlyA
precludes discrimination of up/down orientation in the density. However, in the crystal struc-
ture of PlyA, we noted two different V-shaped dimers (termed N-dimer and C-dimer) in the
asymmetric unit (S3A and S3D Fig.). Both forms fitted adequately into EM density, placing ei-
ther the PlyA N-terminus (N-dimer) or C-terminus (C-dimer) in proximity to the membrane
surface. We tested the orientation of PlyA by adding a hexahistidine tag to the N-terminus

Figure 3. Structure of the pleurotolysin pore. (A) Cut away side and (B) tilted surface views of the cryo-EM reconstruction of a pleurotolysin pore with the
fitted atomic structures. (C) Segment of the pore map corresponding to a single subunit with pore model fitted into the density. The PlyB crystal structure is
superposed to show a 70° opening of the MACPF β-sheet (red) and movement of the HTHmotif (cyan). TMH regions (yellow) are refolded into
transmembrane β-hairpins. The PlyB C-terminal trefoil (green) sits on top of the PlyA dimer (pink). (D) Interface between TMH2, the HTH region, and the
underlying sheet in the PlyB crystal structure. The position of the TMH2 helix lock (pink spheres) and TMH2 strand lock (grey spheres) are shown. The highly
conserved “GG”motif (296–297) in the HTH region is represented as yellow spheres.

doi:10.1371/journal.pbio.1002049.g003
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(Fig. 4A and 4B), which abrogated membrane binding of PlyA to red blood cells whereas a C-
terminal tag had no effect on binding (Fig. 4B). Also, mutation of Trp 6 (W6E), located in the
PlyA N-dimer interface, reduced membrane binding and led to 100-fold lower pore-forming
activity (Fig. 4A, denoted as purple spheres; S4A and S4B Fig.). These data support an N-
dimer-like arrangement of PlyA molecules (Fig. 4A), consistent with the known orientation of
actinoporins on the membrane surface [29].

The resulting fit of 26 PlyA and 13 PlyB subunits had a cross-correlation coefficient of 0.8
with the map which includes part of the membrane as measured in Chimera [33]. To evaluate the
local quality of fit, the segment-based cross-correlation coefficient (SCCC) [34] was determined
and plotted on the pore subunit structure (S5 Fig.). This analysis shows that the fit is more reliable
for PlyB than for PlyA, because the map resolution is better in the region occupied by PlyB.

To probe the mechanism of pore assembly, we engineered a series of disulphide bonds to
limit movement in either TMH1 or TMH2. As performed for perfringolysin O and other
CDCs [35], the TMH regions were trapped by introducing cross-links to the central sheet or
other adjacent regions in the monomer structure. This trapping allows oligomer assembly but
prevents the TMH region from unfolding enough to insert into the membrane. The disulphide
trap mutants were engineered on a background PlyB variant that lacks the wild type cysteine
(C487A) in order to avoid incorrect disulphide bond formation. PlyBC487A retains wild type ac-
tivity according to haemolysis assay (S6A Fig.). We then determined the cryo-EM structures of
three different prepore-locked variants.

Structure of a TMH1 Trapped Intermediate
Oxidised TMH1 variant PlyBF138C,H221C (TMH1 lock) (Fig. 5A) possessed no detectable lytic
activity (S6B Fig.), but reduction of the disulphide restored wild type lytic activity. Further-
more, the oxidised form could assemble into oligomeric prepores on erythrocytes or liposomes,
and these prepores could be converted into lytic pores by disulphide reduction (S6C Fig.).
These data suggest that the TMH1 lock prepore structure is an intermediate in the formation
of the pore. The crystal structure of the TMH1 trapped variant was determined and is other-
wise indistinguishable from the wild type (S7 Fig.; S3 Table).

Figure 4. Validation of the orientation of PlyA. (A) Proposed orientation of PlyA dimer (pink) and interface with PlyB C-terminal trefoil (green). Trp 6 is
shown as purple spheres. (B) Western blot showing PlyA binding to red blood cells when untagged or C-terminally tagged but not when N-terminally tagged.

doi:10.1371/journal.pbio.1002049.g004
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In order to analyse the degree of β-sheet opening we created a library of thousands of molecu-
lar models and then performed constrained fitting into the prepore map. This procedure is
described in S8 Fig. Briefly, using the monomer and pore structures as end points, we generated
two series of angular sweeps of the beta sheet opening or closing, using the TEMPy software [36].
Each of these 2,300 generated β-sheet conformations was combined twice with the rest of the
PlyB structure, either with the monomer or with the pore conformation, using MODELLER/
Flex-EM [30]. The resulting 4,600 models were assessed by their fit to the prepore map and by
statistical potentials, and the best ranking fits were used to estimate the angle of β-sheet opening
in the prepore conformation (S4 Table).

Remarkably, the cryo-EM 3-D structure of the TMH1 lock prepore showed that the central
sheet of the MACPF domain in the prepore assembly had opened substantially (53° ± 9°)
(Fig. 5A). In these prepores, the top half of the barrel has formed, but not the lower, transmem-
brane part. Indeed, no density could be observed for most of TMH1 and TMH2 and it appears
that these regions are largely unstructured. Thus, these data reveal that locking TMH1 has little
effect in limiting the MACPF β-sheet opening.

Figure 5. Three dimensional (3-D) reconstructions of disulphide locked pleurotolysin prepores. (A) PlyB crystal structure with positions of TMH1
disulphide lock indicated by magenta spheres and corresponding side view average of the liposome-bound prepore (cryo-EM). Scale bar, 20 nm. Main panel,
cut-away view of the prepore cryo-EMmap with the model obtained by flexible fitting. No TMH density is seen in the TMH1 lock prepore map. (B) The
equivalent panels are shown for the TMH2 helix lock map and model. Partial density is seen for the TMH1 region. (C) Equivalent views of the TMH2 strand
lock map and model. No density is seen for the TMH regions. These regions must therefore be disordered and they were omitted from the fits. The disordered
regions are shown schematically as yellow dashed lines; the long TMH1 helix is illustrated in (B) but was not part of the fitting. Mutated residues are shown:
TMH1 lock; F138C (located in the TMH1 region, yellow), H221C. TMH2 helix lock; Y166C, G266C (located in the TMH2 helix region, yellow). TMH2 strand
lock; V277C (located in the fifth β-strand, TMH2 region, yellow), K291C, all on the C487A background.

doi:10.1371/journal.pbio.1002049.g005

Conformation Changes during Pore Formation by a Perforin-Like Protein

PLOS Biology | DOI:10.1371/journal.pbio.1002049 February 5, 2015 8 / 15



Structures of TMH2 Trapped Intermediates Identify a Key Region for
Controlling Sheet Opening
To lock TMH2 to the central core β-sheet of the MACPF domain we identified a second variant
PlyBY166C,G266C (TMH2 helix lock) that could be trapped in the prepore state (Fig. 5B). As with
TMH1 lock, addition of reducing agent allows it to continue its trajectory to the pore form
(S6D and S6E Fig.). The cryo-EM structure of the TMH2 helix lock prepore revealed a very dif-
ferent picture from the TMH1 lock. The core sheet opening is only 37° ± 11° with some density
remaining for TMH1, suggesting that this region remains partly ordered (Fig. 5B). These data
show that the MACPF fold oligomerises without substantial relief of the twist in the core sheet
or TMH1 release. As in the TMH1 lock prepore, no density can be seen extending to the mem-
brane surface, consistent with the absence of lytic function. The β-sheet opening was analysed
as above (S8 Fig.). Remarkably, the results reveal that restricting the movement of the top of
the TMH2 α-helix prevents unbending of the MACPF core β-sheet. This finding is opposite to
expectation, since TMH1 forms an extensive buried interface, whereas TMH2 makes fewer
contacts with the domain core sheet. However, our results are consistent with observations that
TMH2 is important for controlling pore formation in other superfamily members, including
interactions with the MAC inhibitor CD59, and the pH trigger of the CDC listeriolysin O
[25,37,38].

To further probe TMH2 function, a third PlyB disulphide lock was created to join strands
β4 of the central β-sheet to β5 of TMH2, PlyBV277C,K291C (TMH2 strand lock; Figs. 5C, S6F,
and S6G). Cryo-EM and modelling analysis showed that the central β-sheet was open to the
same extent as in the TMH1 lock (Fig. 4C, 49° ± 8°). This result provides an interesting contrast
to the consequences of the TMH2 helix lock and highlights that simply restricting TMH2
movement through locking strands β4 and β5 does not prevent opening of the core sheet. The
restrictions enforced by the TMH2 strand lock are, however, sufficient to prevent extension of
the TMH2 hairpin since no density is seen extending into the membrane. These data collective-
ly imply that neither TMH region can enter the membrane without the other, suggesting that
the TMH sequences have evolved for cooperative folding and assembly.

Discussion
Here, we present a series of structures that identify the major conformational changes during
MACPF pore formation. The final pore structure reveals that individual PlyB monomers in the
pore have the orientation seen for those in the distantly related CDCs [17]. Although se-
quence-related to perforin, their pores differ in several respects. Like CDCs, perforin is a thin,
key-shaped molecule, but it does not open up in the pore state [18]. This difference likely arises
from the divergent structures surrounding the conserved MACPF core, as well as from its lon-
ger TMH regions. In addition, C-terminal labelling indicated the opposite β-sheet orientation
in the perforin pore [18]. A model based on a more recently determined C8 structure [39] sug-
gests that the closely related terminal complement proteins would have the CDC orientation,
but there are currently no other data available for a more definitive conclusion on perforin.

Our findings highlight a critical role of the interface between the top of TMH2 and the sur-
rounding region in controlling sheet opening. The results of the constrained fitting suggest that
a key trigger for the conformational change includes displacement of the HTH motif away
from the bend in the sheet. Highly conserved glycine residues [14] adjacent to the HTH motif
may provide the hinge point for this motion (Fig. 3D). Consistent with this model, mutation of
the equivalent glycine residues in a CDC prevents oligomerisation [40]. It is notable that the
HTH packs against the top of TMH2, suggesting that interactions between these two regions
may govern unlocking of the bent conformation (Fig. 3D). After sheet unbending, we propose
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that membrane insertion and pore formation follow a top down, zippering mechanism with
the barrel assembling towards the membrane surface, energetically driven by refolding of the
TMH regions. This mechanism would also minimize the free energy cost of inserting naked
hairpins with unsatisfied hydrogen bond potential into the membrane.

Analysis of intermediate prepore structures provides the basis for a molecular movie (S1
Movie) that illustrates a possible trajectory of the core β-sheet in a MACPF protein unbending
from the soluble monomer conformation to the transmembrane pore (Fig. 6). The pore struc-
ture shows that Ply shares some features with CDCs, in particular the orientation of monomers
and opening of the molecule to release the TMH regions. On the other hand it resembles per-
forin regarding its longer TMH regions that refold into a*100-Å-long beta-barrel that reaches
down through the membrane without any collapse of the molecule.

This work provides new insights into the assembly of a two-component MACPF/CDC fami-
ly member, suggesting a basis for the study of more complex assembly systems such as the
complement MAC. Furthermore, the intermediate structures of the MACPF/CDC domain
during its refolding into the β-barrel pore establish a structural paradigm for the transition of
the prepore to pore, which is likely to be conserved across the MACPF/CDC protein family.

Materials and Methods
Protein Production and Crystallography
PlyA and PlyB were expressed in Escherichia coli. PlyA was expressed as a soluble protein; PlyB
required refolding. Crystals of selenomethionine-labelled PlyA were grown in 50 mMNa cit-
rate (pH 5.6), 12% (w/v) PEG3350, 0.2 MMgSO4, and the structure determined using single-
wavelength anomalous dispersion (S1 Table). Crystals of PlyB were grown in 0.2 M NH4Ac,
0.1 M Na citrate (pH 5.0) and 30% (w/v) PEG8000. In addition to two native datasets, diffrac-
tion data were also collected from four different heavy atom derivatives (S2 Table). The PlyB
structure was determined using multiple isomorphous replacement with anomalous scattering.
The PlyB TMH1 lock structure was determined by molecular replacement using the structure
of wild type PlyB.

Figure 6. Schematic diagram of sheet opening in pleurotolysin pore formation. (A) PlyA and Bmonomer structures with coloured shapes indicating the
major elements used in flexible fitting. (B) and (C) show the two types of prepore structures found, which can be considered as early and later stages of sheet
opening. The top 20 models (pink for the MACPF β-sheet and grey for HTH region) and best scoring model (red) in the pleurotolysin prepore maps are
shown. (B) TMH2 helix lock, in which the best scoring model has a rotation angle (β-sheet opening) of 37° relative to the monomer structure. (C) TMH2 strand
lock, in which the best scoring model has a rotation angle of 49° relative to the monomer. (D) Pore model with 70° open sheet and membrane inserted
TMH regions.

doi:10.1371/journal.pbio.1002049.g006
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Electron Microscopy and Atomic Structure Fitting
Pleurotolysin WT pores and engineered disulphide bond oligomers assembled on sphingomye-
lin/cholesterol liposomes were imaged by negative stain and cryo-EM, and sorted according to
diameter and symmetry by multivariate statistical analysis and multireference alignment.
Three-dimensional reconstructions were obtained by a combination of angular reconstitution
and projection matching for tridecameric pores and prepores. The PlyA and PlyB crystal struc-
tures and a model for a 52-stranded β-barrel [31] were fitted into the electron microscopy
maps using a combination of manual fitting, rigid body refinement, and flexible fitting. The de-
gree of unbending of the MACPF β-sheet in the prepore intermediates was estimated by using
a multistep procedure (S8 Fig.) to generate a library of sheet conformations in angular sweeps,
and selecting the top 20 best fitting ones for each prepore map. The goodness-of-fit of the cen-
tral asymmetric unit was assessed locally using SCCC (S5 Fig.) [33,34].

Detailed protocols are available in S1 Methods.

Supporting Information
S1 Fig. TMH1 unravels to form a membrane penetrating amphipathic β-hairpin. (A) The
fluorescence emission of NBD covalently attached to the individual cysteine substituted resi-
dues along the putative TMH1 hairpin is shown in the absence and presence of cholesterol-
rich liposomes. Dark grey, residues in a hydrophobic environment; light grey, residues facing
the barrel lumen; black bars, proposed β-hairpin residues; and the asterisks denote mutant pro-
teins that could not be produced in functional form. (B) Collisional quenching of the NBD
probe by a C12 doxyl group positioned on the acyl chain of phosphatidylcholine. The fluores-
cence data from TMH1 show an identical pattern to that observed previously for both mem-
brane-inserted TMHs of perfringolysin O where two residues immediately prior to the β-turn are
membrane associated and then the alternating pattern of membrane inserted residues is offset by
one residue in the second strand [41]. The position of proline residue 137 in TMH1 is consistent
with the suggested position of the β-turn. (C) Schematic of the TMH1 β-hairpin with strand 1,
predicted hairpin, then strand 2. Orange boxes are residues that are in contact with the mem-
brane, blue boxes are residues facing the lumen of the barrel, black boxes are the β-turn residues,
and white boxes represent mutant proteins that could not be produced in functional form.
(TIF)

S2 Fig. Fitting of different β-barrel models into the pleurotolysin pore reconstruction. The
diameter and the height of β-barrels depend on the number of strands (n) and shear (S) of the
β-hairpins relative to the barrel axis. (A) S = 0 (0° tilt) corresponds to a β-barrel with strands
parallel to the barrel axis. (B) S = n/2 (20° tilt) model. For a pleurotolysin pore with 13-fold
symmetry and each subunit contributing two hairpins the shear S is 26 [31]. (C) S = n (36° tilt)
and higher correspond to greater tilts of the β-strands and are typically associated with small
transmembrane β-barrels. (D) Fitting of pleurotolysin β-barrel models into the cryo-EM map
of the pleurotolysin pore revealed that the barrel height in models with S = n (purple) and
higher shear is not sufficient to cross the membrane. Of the three possible models, S = n/2
(blue) fits significantly better (cross-correlation 0.90) than S = 0 (green; cross-correlation 0.73)
and S = n (purple; cross-correlation 0.74). Coloured bars indicate the bottom of each corre-
sponding barrel fitted in the pore map.
(TIF)

S3 Fig. Comparison of PlyA orientation with actinoporins and domain 4 in CDCs. Two
crystal forms of PlyA revealed two different V-shaped dimers. (A) An N-terminus-N-terminus
dimer (N-dimer) of PlyA, which when fitted into EM density is positioned on the membrane
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similarly to actinoporins [29]; (B) Sticholysin II [29], phosphocholine is shown in space filling
format (grey spheres). (C) Superposition of PlyA and sticholysin II structures. (D) C-terminus-
C-terminus dimer (C-dimer) of PlyA, which fits into EM density in the orientation corre-
sponding to that of the C2 domain of perforin [18]. (E) Domain 4 of perfringolysin O [42] with
the cholesterol binding residues shown as cyan spheres. Both PlyA dimers (A and D) could be
fitted into the pleurotolysin pore density, with a slightly better fit for the N-dimer (cross-corre-
lation 0.74 versus 0.71 for C-dimer).
(TIF)

S4 Fig. Effect of His tags on the binding of PlyA to membranes and haemolysis. To test the
subunit orientation in the fit, we mutated a residue (W6E) located in the centre of the PlyA N-N
dimer interface (Fig. 4A). (A)Western blot analysis of a red blood cell (RBC) pull-down assay by
PlyA. This assay shows a reduced affinity of W6E PlyA compared toWT PlyA. (B) TheW6E PlyA
variant has significantly reduced (90–120-fold, duplicate experiment) pleurotolysin lytic activity.
(TIF)

S5 Fig. Local assessment of the quality of fit for a pore subunit. The local quality of fit in
each region (defined as in Fig. 1) was assessed using SCCC [34]. The pseudo-atomic pore subunit
model is shown colour-coded according to the SCCC score from blue to red (see colour key).
(TIF)

S6 Fig. Concentration and time dependence of haemolysis activity of wild type and mutant
pleurotolysin. (A) Titration based haemolysis assay of wild type pleurotolysin and PlyBC487A

mutant. Titration (B) and time course haemolysis assays (C) of TMH1 lock mutant, TMH2
helix lock mutant (D, E) and TMH2 strand lock mutant (F, G). In (B), (D), (F) all disulphide
locked mutants are compared to the PlyBC487A background in reducing and non-reducing con-
ditions. All the locked mutants lack haemolytic activity in non-reducing conditions (empty
squares) compared to reducing conditions (black squares). Titration assay shows that reduced
TMH1 lock (B) and TMH2 strand lock (F) mutants recovered the same activity as the back-
ground mutant, whereas the TMH2 helix lock (D) recovered 50% lysis activity at 3-fold higher
concentration than the background mutant. In the time-course haemolysis assay of prepores (C,
E, G), red blood cells were incubated with disulphide locked mutants to form prepores on the
surface of the cells. Unbound PlyA and PlyB were then washed off. Conversion of prepores to
pores was monitored (at 620 nm) in real time by decrease of light scattering resulting from lysis
of the cells (black circles), compared to either pre-lysed cells (empty triangles) or prepore loaded
RBC in non-reducing conditions (empty circles). Note that due to the long time required to lyse
the cells there is settling of the RBC in the negative control sample. These data show that all as-
sembled pleurotolysin prepores can convert to pores under reducing conditions.
(TIF)

S7 Fig. Overlay of PlyB crystal structure with PlyBF138C,H221C (TMH1 lock, purple). RMSD
0.47 Å (463 Cα). The disulphide bond is shown as sticks, with the 2Fo-Fc electron density con-
toured at 1σ level shown in blue (inset).
(TIF)

S8 Fig. Flowchart of PlyB conformational analysis for the three prepore maps. The input
models (A) correspond to the PlyB crystal structure and the pore subunit model (based on den-
sity fitting of PlyA and PlyB crystal structures and the β-barrel into the pore density map).
These were used as initial conformations for two series of angular sweeps of the MACPF β-
sheet (B), generated in steps of 0.5 Å translation and 1° rotation around the centre of mass.
Each sampled conformation of the MACPF β-sheet was then combined with the PlyB
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monomer structure or with the pore model, resulting in a library of*4,600 models (C). Each
model was then rigidly fitted into each of the prepore maps (D) and the goodness-of-fit of the
MACPF β-sheet was assessed using SCCC [34]. The top 20 models were then re-ranked (E)
based on the DOPE score [43].
(TIF)

S9 Fig. Resolution curves for cryo-EM reconstructions.
(TIF)

S1 Movie. Movie of the trajectory from soluble monomers (crystal structures) through to
the final assembled pore shows the opening of the β-sheet. The cryo-EM reconstruction of
the first intermediate (TMH2 helix lock) is shown with the model. This is followed by the cryo-
EM reconstruction of the TMH1 lock with the best-fit model. The final images show the 11 Å
resolution cryo-EM reconstruction of the assembled MACPF pore.
(MOV)

S1 Methods. Detailed protocols not described in the Materials and Methods section.
(DOCX)

S1 Table. Data collection and statistics for PlyA crystals.
(DOCX)

S2 Table. Data collection and statistics for PlyB crystals.
(DOCX)

S3 Table. Data collection and statistics for PlyB C487A,F138C,H221C crystals.
(DOCX)

S4 Table. Domain-orientation score [30] (DOS, translation, and rotation parameters) for
20 best fitting sheet conformations for TMH2 helix lock, TMH1 lock, and TMH2 strand
lock pleurotolysin prepores (Fig. 6).
(DOCX)
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